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- FI ELD OF THE | NVENTI ON The present invention relates to

- radi ati on detectors. _ APPARATUS, SYSTEM AND Nﬁ%ﬂq%

-~ . ] b 5

* GAMVARAY WQr96/05521 X- RAY DETECTI ON sslobbs
BACKGROUND OF THE | NVENTI ON Sem conductors as radi ati on
detectors are discussed in G F. Knoll, Radiation Detection and

- Measurenment, John Wley and Sons, Second Edition, 1989, pp. 349. Knol
defines an Chmc contact as "a nonrectifying el ectrode through which
charges of either sign can fIfMHR & yH fI“?Wi"@ﬁﬁc contacts are fitted
on opposite faces of a slab of sem conductor and connected to a detection
circuit, the equiljbriumcharge carrier concentrations,_in th
ser conduct or wi || TBE RARREAERSRVEPFLEN ERACERSnCH, TROEYIOD SEPE5REE a

one el ectrode, the sane carrier species is injected at the opposite

el ectrode to maintaln %SHJ‘ || RivigaBy G METHOD OFGR | SAMMERAY AND
sem conductor.” ApBRR eSér'4y;guygggumhuucn di ode detectors, Knoll
states on page 350: "The steady-state | eakage currents that are observed

using Chm c contacts are togakkgRouRvedPVTHE HRGENTHoRst resis- tivity
material available.... Instead, noninjecting or blocking

Semiconductors as radiation détectors are discussed in
G. F. Knoll, Radiation Detection and Measurement, John Wiley and
Sons, Second Edition, 1989, pp. 349. KXnoll defines an Ohmic
contact as "a nonrectifying electrode ﬁhrough which charges of
either sign can flow freely. If two Ohmic contacts are fitted
on opposite faces of a slab of semiconductor and connected to a
detection circuit, the equilibrium charge carrier concentrations
.in the semiconductor will be maintained. If an electron or hole
is collected at one electrode, the same carrier species is
injected at the opposite electrode to maintain the equilibrium
concentrations in the s;miconductor."

Regarding semiconductor diode détectors, Knoll states
on page 350: "The steady—staté leakage currents that are observed
using ohmic contacts afe too high, even with the highest resis-
tivity material available.;.. Instead, noninjecting or blocking
electrodes are universally employed to reduce the ﬁagnitude of
the.'current through the bulk of the semiconductor. If blocking
electrodes are used, charge carriers initially removed by the
application of én electric field are not replaced at the opposite

electrode, and their overall concentration within the semiconduc-
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el ectrodes are universally enployed to reduce the magni tude of the current
t hrough the bul k of the sem conductor. |If blocking electrodes are used,
charge cawgeessiinitially renoved by the application of arPCVEEISPINST i el d
are not replaced at the opposite electrode, and their overall
~concentration within the sem conduc- WO 96/ 05521

PCT/ US9X 09651 drisp VdfterdlapipafdaiiciP it Cal idedrah £18d ! nic field. "
Possi bl e use of cadmumtelluride for detection of pulsed x-rays in

medi cal tonograpiBossiblesardded £ icadnGum NelAikaik evior etdelectsdn RWS.
Tech. Phys. 26(9), Septenber 1981, pp. 1122-1125. Arkad eva et al state
on pp. MO3>Bed 24-rags used mexhicall P-tdmigraphy eisi tdesxsnibed ca agt s as., a
detector based on these crystals.. The current fromthe x-ray

exci t at ifgrkad e  moturyent )Phats ¢ fReqtet RNYS - s/ De wieptember t w81,
steady-state regime in the formj=e[err] [err]nE where e is the

el ect r ofR: i gtlzf['er Arkad'eyy et &l (stdte RbinR 1133 1k124ve 'Wectused

field, [err i.s the  concentration of hotocarrlers created by the
i ght %aé}r}vprﬁ%ﬁw%m IO S (PP a e ag i Jrasies (@ r]

t ransdutlgtet}esse[ ercgl"]eyﬁtabfﬁo{]g)t | Q@\ﬁ Fce)‘}extrfﬁlr?c'? eé[}f% 19?;1"?‘|dx 22 t hela’“?’aftﬁe%’t“?'bn (the
e s oo ARl R
1) and Z-dgMp&WrY eetfd - form j=ep AnE,_ where e is the electronic charge, u.'
is the carrier xﬁobility, ElS the electri_c field, An is the ‘
concentration of photocartiers created by the light, D n=px T 1,
where S is the quantum yield (8 = 1), Xk is the absorption
coefficient for x?rajs in the transducer, £ is the . carrier
‘lifetime, and I is theuradiation intensity."
| Fig.. 2 of Arkad‘eva et al graphs x-ray absorption at
vatlous energles for cadmium tellurlde crystals of thickness 1 mm
(curve 1) and 2 mm (curve 2)

Fig. 3 of Arkad'eva et al graphs dark current. (curves 1
and 2) and photocurrent (curves 1' and 2') as a function of the
voltage acrcss the device in continuous wave operation.

A method of menufacture for a high-resistance n-type
CdTe crystal-is described_ih K. Zanio, et al, IEEE Trans. Nucl.
sci., NS21, 315, 1974.

A method for attachlng contacts to the CdTe crystal is
described in R. E. Bralthwalte et al, SOlld State Electron., 23,
1091, 1980.

A preferred method for producing p-type HgTe is de-
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Fig. 3 of Arkad' eva et al graphs dark current (curves 1 and 2) and

phot ocurrent (curves 1' and 2') as a function of the wvolt {), govss t he
devi ce | nwp@ghssWOUS Wwave operati on. A et hod of manutacture for
a high-resistance n-type CdTe crystal is described in K- Zanio, et al,
| EEE Tr ageraibbdidcl in Bei JaniiB2and3R5, Tt9Bdulet, "Ohmic AomtRleds ftor p-type
attaching contacts to the CdTe crystal is described in R E Braithwaite
et al, Schiduwismat éeErLé@tlrisnandzgadmlgglmezgegy telluride" ,AdprefPbiyised D-.:
rret hod for El)rodum ng E). tyg e is de-

App Phys., 16 (1983), 2333 - 2340. PCT/ US95/ 09965 WD
96/ 05521 scribed in E._ Jani k and R Trihoulet, "Ohmic contacts to p-type
cadnium tel luride &nd &8firu n@@&%e%ﬁu?ﬁ&&"—é‘—m —%p@—ll-l—‘ad-

;F))E)c/)ts ocon%ﬁ% ‘zlé'g‘(?rsé’lllelngﬁ PUPIiElgES H‘Pé‘ﬁ?seer}c?%:ﬁ?u @h}sﬁslsn
1963, dei] %c@n g%mf%ll%%t a(%te&io%m gl WS 638CY c8 c33r}1-1aa%n el%] orb%t é}:"})ﬁ%ﬁt

is one tﬁa Supp es a reservolr carri‘ers ree y ava

sen cond g%,g,r i3 ”"ae‘rl"e%ervmr of car Iby ref?,fé ra‘%r%ﬂfatﬁé dde &R%‘S:e the

publlcatlo are he y |ncorporate
' semiconductor as needed."

" The disclosures of all the above publications are

- hereby incorporated by reference.
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SUMVARY OF THE | NVENTI ON

- WO 96/05521 : _ PCT/US95/09965

SUMMARY OF THE INVENTION

The present invention seeks to. provide an improved

‘radiation detector.

‘There is thus providéd_in accordance with a preferred
embodiment of the present invention a method for determining
gamma ray photon energy including irradiating a high resistance
n-type cadmium telluride alloy crystal with gamma ray photons,
providing first and second electric contacts which are in
electriéal communication with the crystal, which are
respectively negatively and positively biased and which provide
free flow of electrons from the negatively_biased contact to the
crystal and wherein holés, generated by absorption of the photons
in the crystal, recombine with the electrons, and determining the
photon energy by measuring the amount of charge generated per
photon absorbed by the crystal.

There is also provided in accordance with another
preferred embodiment of the present invention a gamma ray
photocurrent measuring method including irradiating ‘a high
resistance n;type cadmium telluride alloy crystal with gamma ray
photons, providing first and second electrical contacts which are
in electrical communication Qith'the crystal, which are respec-
tively negativeiy and positively biased, and which collect holes
and electrons, fespectively, from the crystal, wherein an elec-
tron enters the crystal from the negatively biased electrical

contact each time an electron is collected by the positively
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* The present invention seeks to provide an inproved radiation detector.
There is thus provided in accordance with a preferred enbodi nent of

_the prescWO9%M583hti on a nethod for determning gamma r RFIRIEBWEner gy
including irradiating a high resistance n-type cadmumtelluride alloy

cryst al biaskedgaeiectayicallot aentacr,oandi whefderist W senondb £l estddrical

contacts which are in electrical comunication: with -the crystal,

whi ch coatectr edpechiigdl enoagl ibrelensare fdeitt iths ynwitkesed @hd elfBactirons

provide free flow of electrons fromthe negatively biased contact to the

cryst al ceAdamtedet A% Sonf@rdisatidy ghess dhan diiefnumken st oreledtrons
crystal, .reconbine mﬁhg‘th | ectrons, and determ ning the photon energy
by meas ST AR aRSUTROPRTRI GERE ARSI RIRIRRRERAF hRAUsed Ky
crystal . : e i Q. pr.ovi.ded. . in ,accordance wth anot her
pr ef errgé’sé)%‘g&dior?er?t@o b rém?ro}sse%n ?ér?\?eerﬁﬁyosrf:a;l ‘ganma ray phot ocurrent
measuring et hod i Udg add ety vIldl LST Aaladd YRE;
cadmumtel |l uri de_eﬂ oy c_rysteﬁ Wt gaﬁﬁa_p?ra%/ phot ons, prow%al]?l%%fﬁr?ls_h
and sec bt e Prerlr ki eificd MR G¥f &chd Th1Rd it | DN e KOIBRIN PR iy h
the crystal, which are respec- tively negatively and positively biased,
and whi ghatdietientol aseasntlire) atd RS, inENpEDid VErYadid0ihdg he ciygh al re-
wherein an elec- tron enters the crystal fromthe negatively biased
el ectri calstayord aqi-tgaedh ¢cadmivm w2 Eoiricie i sl boy | ecystabywitle pgsmhavetryy
photons, providing first and second electrical contacts which are
in electrical communication with the crystal, which are reepec-
tively positively and negatively biased and which collect elec-
trons and holes, respectively, from the crystal, wherein a hole
enters the crystal from the positively biased electrical contact
each time a hole is collected by the negatively biased electrical
contact, and wherein the bias of electrical contact is high
enough to ensure that the number of holes collected at the con-
tacts is higher than the number of holes generated by the pho-
tons, and measuring photocurrent induced by absorption of the
photons in the crystal.

There is further provided in accordance with another
preferred embodiment of the present inveﬁtion a method for deter-
miniﬁg X-ray pheton energy including irradiating a high resist-
ance 'n—type cadmium telluride alloy crystal with x-ray photons,
'previding firet'and second electrical contacts which are in elec-
trical communication with the crystal; which are respectively

neéatively and positively biased and which provide free flow of

electrons from the negatively biased contact to the crystal and
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4 ' SUBSTI TUTE SHEET (RULE 26) WD 96/ 05521
PCT/ US95/ 09965 biased electrical contact, and wherein the bias of

el ectri calwooemss2et i s hi gh enough to ensure that the nunbePCEUSEHR9965 ons
collected at the contacts is higher than the nunber of electrons generated
by the photons, and neasuring photocurrent induced by absorption of the

phot ons yRetBenCry61dk, generated Thergbssrpddohi @pathy PpRYLERY i In  the
accordance with anot her preferred enbodi nent of the present invention a
gamma r agryghal pcuecembinerasthi tige nel éotirons| uadhdgdeteaniaihggthehpgbtone-
sistance: p-type cadmumtelluride alloy crystal wwth gamma ray photons,
provi di ngnérggt bnd measndingecthei ampusbnefcehaniecgenetated epert r phaton
comuni cation with the crystal, which are respec- tively positively and
negat|veF?sBFEQdeHthﬁhFEMSE%irect elec- trons and hol es, respectively,
fromthe crystal, erein,a hole enters e.crystal fromthe, positive

bi ased el ectrical CBRFSct 1Seal 5?|n8raYh6?5 FE CBFFBEPEBCSy v hne@HPFUEFy
bi ased el ec glcgl cong e eLp t he_bias, of ,el ectrical contact is
i g enBESREFESRns (PBLPHAPeDRe nBkberRS: REFSSNLo) LBYEBUIER | naRconk-Tay
tacts is RigBEL-EORD 'HEaDHERRY ChePRLES 9RBTLAYAY PYriB8iBB®hg a  high
' resistance_ n-type cadmium telluride alloy crystal with X-ray
photons, providing fi:st and eecond electrical contacts whieh are
in electfical communicafion with the crystal,_which are resﬁec-
tively negatiyely and positively biaéed, and which collect holes
and electrons,.respectively, from the crystal, wherein an elec-
.tron entefs the crystal from the negatively biased electrical
contact each ﬁime an elecﬁron.is collected by the positively
biased elecfrical centact, and wherein the bias of electrical
contact is high enough to ensure that ﬁhe number of electrons
eollected et the‘cohtacts is hiéher fhan the number of electrons
generated by the photoris, and measufing photocurrent induced by
absorption.of the photons in the crystal.

There is additionally prpvided. in. accordence with
another preferred eﬁbodiﬁent of the present invention an X-ray
photocurrent measurlng method including irradiating a high .re-
.slstance p-type cadmium telluride alloy crystal with x-ray pho-
tons, providing first and second electrical contacts which are in
electfical communication with the crystal, which are respective~
ly positively ahd negatively biased and which collect electrons

and holes, respectively, from the crystal, wherein a hole enters

6
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tons, and neasuring photocurrent induced by absorption of the photons in
the crystal. There is further provided in accordance wth
anot her  pr¥P@P¥Al enbodi ment of the present invention a net REA/USIH0ES er -
M ning x-ray photon energy including irradiating.a high resist- ance

n-type caffeuncigktsali deorl thy pogstalelit Bmséayemaett@i%al PeRWit@icRy Tddch
and second el ectrical contacts which are in elec- trical communi cati on

with the timetal hobhi th calkectedpbegt thel negatdaeilyeby asadd epe@eitiriielly con-
bi ased and which provide free flow of electrons fromthe negatively

bi ased cohagktt t@ndh@hgrygnathanulas of electrical contact is high enough
WD 96/ 05521 PCT/ US95/ 09965  wherein
hol es, geh@r aeBEUES §B§BrEhﬁoﬁumberhéfphéﬂéﬁsCpﬂlﬁﬁéedcﬁ$s¢@h contaddisne is
W th the electron and deternjning the_photon energ measuring the
amount of 6ﬂ5?§e gBﬁBraFBS "B@PerpHGtBHleébgGPﬁéa %ﬁeééﬁy fhiotons, and
There is__also, grovh ? agccor ﬁ anot.her referred )
enbodi nenPe3SYFingL P 8§85Fenln%8 byaﬁ orptdpn Sfoitdeur Pbetons  in
neasuri ng, FE 8 Fncludlng irradlatlng a high resistance n-type
cadn1un1teP uri 2 oy crystal with x-ray photons, providing first and

second el ectrical cegtafbs W.@..hc B cRbedanet At o C%'re%%mra C A et th

crystal, which are respec-
the present invention the p051t1ve1y biased contact is selected

to' provide free flow of electrons from the crystal to the
positively biased contact.

Still further in accordance with a preferred embodiment
of the present ipventidn the positively biased contact is
selected so as to prqvide recombination of electrons in the
cfystal with holes, injected into the crysfal by the positively
biased electrical contact.

Still further in accordaﬁce.with a preferredlembodiment
of the present invention the negatively biaéed contact. is
selected to provide free flow of holes from the crystal to the

 negative1y biased contact. o

Additionally in accordénce with a preferred embodiment
of the present invention the negatively .biased contact is
seiected. so as to proéide recombinatioﬂ of holes in the crystal
witq. electrons, iﬁjecféd into the crystal by the negatively
_biaséd electrical cbntaét.

| Further iﬁ accordance with a preferred embodiment of
Ithe present invention negatively biased contéct is formed of one

of the following group of materials: indium; cadmium; aluminum:
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tively negatively and positively biased, and which collect holes and

el ectrons, respectively, fromthe crystal, wherein an elec- tron enters
t he crystwiodensseit he negatively biased el ectrical contact peanises/ngses an
el ectron is collected by the positively biased electrical contact, and
wherein the bias of electrical contact is high enough to ensure that the

nunber oaf) 18h&G! r 313 oyed! lighefidg t RMLCOACR s Y Ahey, dhaD th:.eaﬁﬁ‘tic er of

el ectrons generated by the photons, and neasuring photocurr€nt ed by

absor pailem idunrt R&dPRRIIQIUM.N the crystal . There is
additionally provided in accordance wth another preferred enbodi nent

of the present i Stditli Gurtther rHay adutdidatidd XtHRAFd M R *H?«ﬂ:dd’i%é}fﬁ ng
irradiating.a high re- sistance p-type cadmumtelluride alloy crysta

Wi t h x-ofaykhepiprresendnsinvembiicti finef inesfa tarnk 1ge daiuber] emdritat] iGONt@AsGifed
which are in electrical communication with the crystal, which are
respectofv@n n~Eypesikanas ofhmendashiveesenticorstiictiar whi ch col | ect

el ectrons and holes, respectively, fromthe crystal, wherein a hole enters
6 WO 96/ 0552fAditionally in accordance with a prefquEd seEpiastigient: he

crystal fr therpositimel rg%.ase el ectrical contact each tinme a hole is

col I ectd By*% h@LFESRY VETYP B e e efTERE GMdudhie SRMARRIBIGEQe
bi as Ofcoqltea(étrl (iﬂcl%sacc}né soé‘l 'tq& %ql’l%ming grdup: n-type conductive

CdTe:; n-type conductive Hg,Cd,;_,Te (0 =< x =<1); n-type
conductive HgTe:; alloys of n-type conductive CdTe in which =zinc ‘
partially replaces Cd; and alloys of n-type conductive CdTe in

which selenium partially replaces.Te.

Further in accordance with a pfeferred embodiment of
the present invention wherein the positively biased cbntact .is
formed of one of .the following gréup of materials: gold;
platinum; copper; osmium; nickel; tellurium; carbon: and alloys
including one or mofe of gold; platiqum, éoﬁper, osmium, nickel
and tellurium. | | | :

Sfill further in accordancé with a preferred embodiment
of the present invention the positively.biased contact is formed
of a p-type layer of éonductive semiconductbr. |

| Additiohally“in accordance with a preferred 'émbodiment
of the present in&enﬁion the p-type conductivé semiéohductor
contdct includes one of the following group: p-type conductive
CdTe; p-type conductive ngcdlfxTe (O. =< X =< 1); :p-type
conductive HgTe; alioYs of_p-type condugtive.CdTe in which zinc

partially replaces Cd; and alloys of p-type conductive CdTe in
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“to ensure that the nunber of holes collected at the contacts is higher

t han the nunber of holes generated by the photons, and neasuring

_phot ocur r ®i96/8582iced by absorption of the photons in the RGHEU$HS09965
“Further in accordance with a preferred enbodi nent of the present invention

the poginiiorelat i %ﬁtﬂﬁ‘é}fﬁiaﬂcltlf Sl dLdre f0 provide free flow of
e crystal -t

el ectrons from gﬁ' 0o the positively biased contact.

Still further in @AGaA&IANCE WddbradHdd afied £NpedieRréa odnbb@imEREENbE
i nvention the positively biased contact is. selected so as to provide

r econbigha! igieddnte! fAokdatiion tHdheddtyisial y Wwidsdd! €ontadt et efoiméq t be
crystal by the positively biased electrical contact. Stil

f urt herorien et cithred il aw iniy ayyowgd esf ath teebball e Ngoldf phet pnesent coppenti on
the negatively biased contact is selected to provide free flow of holes
from t lesmiumi alnickehe telblRuiwel cartkert anhtaktlioys includingAdonei oqal |y
I n accordance with a preferred enbodi nent  of the present invention the
negat i VAL RhIlEorRIrtinum: 9RReRY AFRHENT NpFke] dendetehbrRkuleon of
Tl e Yokel s kil OBl S0 oL ALSUUEh IbRpbE SIS heL g B 1
nh 2 8F SELT SCREIBeOLIRU, Cln 1N REGRELLA10\ERALEA BEARLLECLY Dicoeds
cadniuqafa$u81£§5g conductivé semiconductor.

' | Additionally in acéérdance with a preferred embodiment
of the present inveﬁtion the p-type conductive semiconductor
contact includes one of the following group: p-type conductive
cdTe; p-type conductive ngCdi_xTe (0 =< x =< 1);' p-type
conductive HgTe} alloys of p-type.conductive CdTe in which zinc
partially replaces Cd; and alloys oé p-type conductive <CdTe in
whiéh selenium partially replaces Te. | | B

Fﬁrthér in accordance with a preferred embodiment of
the present invention the positively biased contact is formed of
one of the following group of materials: indium; cadmium;
aluhinum: gallium; alloys. including one or more of indium,
cadmium, aluminum and galliuﬁ.

Further in accordance with a preferred. embodiment of
the present invention the positively biased conta;t is formed of

.an.h-§§pe conductive semiconductor.
| | Still further in accordance with a preferred embodiment
of the present invention the n-type conducéive semiconductor

contact includes one of the following group: n-type conductive

CdTe; n-type conductive Hg,Cd;_,Te (0 =< x =< 1l); n-type
9
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7 WD 96/ 05521 : PCT/ US95/ 09965
gal lium alloys including one or nore of indium cadmum alum num and
gal lium WwoO096/05521 Still further in accordance with a pref BEF/ESSdi nent

of the present invention the negatively biased contact is forned ~of an
n-type | ayer of conductive sem conductor. CAdditionally in

accor daneenduth igepr ayae;ed12ahediore At-tydle H&%dﬂ'&%&%@t ddl‘tl‘ée'ltﬂ iR Lifre

conductive sem conductor contact includes one of the follow ng group:
n-type cpadbéailly €CepPdarcesnCiypandcaldoyisi W& nHgtlype’ KoM®iddile (Qre< i

=<l); n-QyBe conductive HgTe; alloys of n-type conductive CdTe I n which
zinc pabhighl gelepiyfepactiaddy zepdpsesf Te-t ype conductive CdTe in which
selenium partially replaces Te. Further in accordance with a

preferred enbodi neX€tof furkbegr doepccondanceom ithe repretflearredsi fenbeldiment
biased_cogt% t is_ fornmed of . one of the followng group of '
material & ESIBFesﬁpﬁtPHHﬁPt&BBpEP? 6§ﬁV@ﬁ1°ﬁWéﬁéﬂ;1ﬁeﬂqquumuthaDManand
al l oys Lpg¢luding. one or re of gold, platinum, -copper, osmum nicke
and ¥ellﬁﬁ§un$°TQOWlng efg FpgsfuﬁpaéPRPn S YEN C e 3MUH namyr efclilicatine,
enbodineg?omggetgg gpaiggt I nvention the positively biased contact is
formed of a p-type layer "of conductive seniconductor. .

Additionally in accordance with a preférred embodiment
of the present invention the p4type crystal is.doped with one of
the following elemenﬁs: Chlorine, brdmine,_ iodine, copper, ‘
'chrdmium or vaﬁadidm. ) o |

| Additionally in accordance with a preferred embodiment
of the present_ihVeﬁtion the cadmium telluride alloy crystal
includes a cadmium telluriée crystai.

Further in accordanée with a éreferred gmbodiment of
the present invention the cadmium telluride alloy crystal
includes a cadmiﬁm te;lﬁride alloy in which zinc partially
féplaces cadmium. | | |

Still further in a¢cordah§e wifh.a preferred embodiment
of the present invention the cadmium telluride alloy érystal
includes a cadmium telluride alloy in which .selenium partially
replacés'tellurium;

Additionally in accordance with a preferred embodiment
éf the ﬁresent invention thé'syétem also includes a cr§$ta1
equipped with a guard ring Surrounding one of the cbhtacts.

There is further provided in accordance with another

pféferred embodiment of the present invention a system for deter-

10
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%dditionally I n accordance with a preferred enbodinment of the present
I nvention the p-type conductive sem conductor contact includes one of

the follo p-type conductive. CdTe; p-type con
Hg[err]Cd\[AWf%gyﬁo =< x =< 1); p-type conductive %‘fﬁfgf{sﬁgggs of
p-type conductive CdTe in which zinc partially replaces Cd and aIons
of p- type'mxnmmgn|gnptqn19enengy of a gamma ray source including 8a high
WD 96/ 05521 PCT/ US95/ 09965 whi ch

sel eni um pef$igFaRce ephatERe TRadmium tellurjdet adloyncuyebadanceadinked by
preferred enbodrnent of the present invention the n;gatrvel bi ased
contact i sCR®rFHAUNRYfraYEORFC hef}BFFoﬂPﬁgsﬁFBUB BlerhréFpdl son§arts which

I Kk b d all | udi
e or hofREbr L @orﬁfeﬁgg¥rﬁtﬁ?gweﬂﬁéra ééﬁ?%rrﬁarﬁEer%gmaﬁgégrﬁwhgép“ 't
Still f f d t r nt
Chvent i on TEsPeSsRrEDy REGa MG B BhESE 1FRRS biRosa, Spg,ubibhay prpyade

d
amhodl nent L g %%“prﬁssﬁré?ﬁéé%??€%*¥ﬁ2@p5§§339§§%§uceres SERPEBtE or the

cortact | netkdemcemacintbe ohbtis ooghekael biPanERRNIL B HEchnotons
HgTe; alloyA othe-é&ypetadndretbmBir@TRitA ¢heCB1étRtons, and photon energy
measuring ~apparatus operative to measure the amount of charge
generated per photon absorbed by the crystal.
There is also provided in accordance with a preferred
embodiment of the present invention a system for measuring
- photocurrent induced by a gamma ray source including a high
resistance n-type cadmium telluride alloy crystal irradiated by
the gamma ray source, first and second electrical contacts which
are . in - electrical communication with the crystal, which are
respectively negatively and positively biased, which collect
holes and electrons, respectively, from the crystal, which cause
an electron to enter the crystal from the negatively biased
electrical contact each time an electron is collected by the
positively biased eiectrical contact, and wherein the bias of
electrical contact is high enough to ensure that the number of
electrons collected at the contacts is higher than the number of
electrons generated by the photons, and photocurrent measuring
apparatus operative to measure photocurrent induced by absorption
of the photons in the crystal.
There 1is additionally provided in accordance with a

preferred embodiment of the present invention a system for meas-
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partially replaces Cd; and alloys of p-type conductive CdTe in which
seleniumpartially replaces Te. Further in accordance with a
preferredyoegimsgi nent of the present invention the positPGED§ISHPWSed
contact is formed of one of the follow ng group of materials: indium
cadm um alum num gallium alloys including one or nore of i ndium

cadm umu B igripheB g 1@t ilHuced by a ganfmd LRSS é&ﬂé%ﬁ&ﬂﬁﬁﬂa@s te"‘g figh

preferred enbodi ment of the present invention the positively _
cont act desifstiames ofp-tapen-daduei o BIdINiRIeS TGN Ei6igal irradiated %3} I

further in accordance with a preferred enbodinent  of the present

i nvent i dihe gammat vy conchest i il i aoeh dectoord e le@tmiciall redritdese OneywicH he

foll owi ng group: n-type conductive CdTe; n-type conductive

Hg[ er r] @¥eer {ime eleFtricaly commuricatipn yidh the crystal, which are

9 WD 96/,05521 . _ _ - PCT/ US95/ 09965

conduct LRSPeGFiyely | é&&skﬁl‘?ﬁ]thé%mqj\Y@lddTé’iﬁﬁ%i' chvhigmc collect

par L1l eSS A 2 Sy P S 05 0 L e 1

Sones! ks, S SHI o My B Eadl T A A M

chloringjectrical contact each time a hole is collected by the negative-
ly biased electrical contact, and wherein the bias of electrical
contact 1is high enough to ensure that the number of holes col- ‘
lected at the_contacts is higher than the number of holes gener-
ated by the photons, and photocurrent measuring apparatus opera-
tive to measure photocurrent induced by absorption of the photons
in the crystal.

There is further provided in accordance with another
preferred embodiment of the present invention a system for deter-
mining the photon energy of an x-ray source including a high
resistance n-type cadmium telluride alloy crystal irradiated by
the x-ray source, first and second electrical contacts which are
in electrical communication with the crystal, which are respec-
tively negatively and positively biased and which provide free
flow of electrons from the negatively biased contact to the
crystal and wherein holes, generated by absorption of the photons
in the crystal, recombine with the electrons, and photon energy

- measuring apparatus operative to measure the amount of charge

generated per photon absorbed by the crystal.

There 1is also provided in accordance with a preferred
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“brom ne or iodine. Additionally in accordance with a preferred

enbodi nent of the present invention the p-type crystal is lg&g@g%ﬁ%#& one
of the o0 Yem58210 elenents chlorine, bromne, iodine, s
“chrom um or vanadi um Additionally in accordance with a

pref err egnb8aPRELEENLE Othet hBreBefseRhvA¥ERh 0B t@s%%m & tﬁ\|e| dh
alloy crystal includes a cadmumtelluride crystal. Furt

i n accor gastecuriéna piatiacead bgnbadlnnntayofsoh&&e priegarRidingnvant i ¢igh
the cadmum telluride alloy crystal includes a cadmum telluri e

al l oy ineswkakshcezi nctypercadhliym teplacddecadlioymerystal irradiaitdd by
further in accordance wth a preferred enbodi nent of the present _

i nvent i okheh¥-gaunPhetons,| firgs aad spcopdy sigictriggilugentagtsadhiion are
telluride al ich seleniym partially replaces tellurium

Addi ti on&dP| 95#’*:5&8 BLdSRERURLERtAOR, #ikhy Lhe GiyStiatenth wh oFe  FesRan-

I | ud I d
sur r oundEAyeehEPeTiYelg, ARl pESTR 1vR1y iR, WS Haect Bsthatod and
accor dang o birblis, aNQddElactVERY, " oDy att NGBl B | UG O

system fo
electron to enter the crystal from the negatively biased electri-

cal contact each time an electron is collected by the positively
biased electrical contact, and wherein the bias of electrical
contact 1is high enough to énsure that the number of electrons
collected at the contacts is higher than the number of electrons
generated by the phptons, and photocurrent measuring apparatus
operative to measure photocurrent induced by absorption of the
photons in the cfystal.

There is additionally provided in accordance with a
preferred embodiment of the present invention a system for meas-
uring photocurrent inqued by an x-ray source including a high
resistance p-type cadmium telluride alloy crystal irradiated by
the x-ray source, first and second electrical contacts which are
in electrical communication with the crystal, which are respec-
tively positively and negatively biased, which collect electrons
and holes, respectively, from the crystal, and which cause a hole
to enter the crystal from the positively biased electrical con-
tact. each time a hole is collected by the negatively biased
electrical contact{ and wherein the bias of electrical contact is
high enough to ensure that the number of holes collected at the

contabts is higher than the number of holes generated by the

13
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WD 96/ 05521 - PCT/ US95/ 09965 m ni ng
phot on energy of a gamma ray source including a high resistance n-type
cadm um t woewessz: al |l oy crystal irradiated by the gamua r acrHgsdsisoest i st
and second el ectrical contacts which are in electrical conmunication -
with the crystal, which are respectively negatively and positively

bi ased and which provide free flow of electrons fromthe negatively biased
cont adhatpnshe a )Eﬁt%ﬂf’%%fer“@afﬁufﬁﬂr& a%ﬁf"eﬁ%cpﬂﬁ/r%%’s‘fﬁ pEQ orMeAs T he

photons in the c Jeco wi.th tqﬁg’lﬁﬂa ot op ener
nmeasuribfy &g "Ugs/"cfa'er a;‘t'?%el‘%qﬂé FR rﬁci’ @F&F%@s er'éli‘

per photoQ%asorbed by the crystal. There is also prOV|ded in
accor dnt th.a preferred enbodinent of the present invention a system
for measuring photocurrent induced by a gammma ray source including a high
resi stance n-type cadmumtelluride alloy crystal irradiated by the ganma
ray source, first and second el ectrical contacts which are in electrical
comuni cation with the crystal, which are respectively negatively and
positively biased, which collect holes and electrons, respectively, from
the crystal, which cause an electron to enter the crystal fromthe
negatively biased electrical contact each tine an electron is collected by
the positively biased electrical contact, and wherein the bias of

el ectrical contact is high enough to ensure that the nunber of el ectrons
collected at the contacts is higher than the nunber of electrons generated
by the photons, and photocurrent neasuring :

14
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épparatus operative to nmeasure photocurrent induced by absorption of the

photons in the crgstal.' : There is additionally provided in
accor dance W& ?#08521 pref erred enmbodi ment of the present i nvenPCOAUSPS/a9968 em
for meas- 11 WO 96/ 05521

PCT/ US95/ 09965 uring photocurrent induced by a gamra ray source including
a high resistance p-type cadmiumtelluride alloy crystal irradiated by

the gamma ray source, fiPBIEENBESCREREGIONOFr THEI DRAWENESs which are in
el ectrical conmmunication with the crystal, which are respectively

positively and negafivel y_biased, which collect__electrons and hol es,
respectively, fron?%ﬁe c¥§§?§P$ and™RREACN: a1, hgﬁe t YNERESEOPHe  and

I : i t.ivel i : . h ti hol e .i
col ot ctPByebngtadaLErYE tnB, 23T1oui G Herrtaah BERER BV aRy unAHeR {HE
bi as of ??ﬁﬁPﬁbEQ n &@%ha%he'a:ﬁw&hgénaﬂguh&% ensure that the nunber of

hol es co ected at the contacts I°’s higher than the nunber of holes

gener- ated by.thejghohoRs aakdmpiatrQelr Fedht"RASW P&gh@%‘i%rafo%s o

tive to neasure photocurrent induced by absorption o e photons it Re
crystal . ray or gammadheag detedtoiecopstthid@eéd AndC CYedHIGYaMiln a3 rince

preferred enbodi ment of the present invention a systemfor deter-
with one preferred embodiment of the present invention:

Fig. 2 is a simplified front view illustration of an x-
ray or gamma ray detector constructed and operative in accordance
with another preferred embodiment of the present invention:

Fig. 3 is a simplified diagram of a preferred system
for measuring a photocurrent induced by x-rayé or gamma rays; and

Fig. 4 is a sihplified block diagram of preferred
spectroscopy apparatus constructed and operative in accordance
with a pfeferred'embodiment of the present invention;

Fig. 5 is a front view illustration of a detector which
is a wvariation of the détectors of Fig. 1 or Fig. 2 in that the

positive contact is surrounded by a guard ring contact; and

'Fig. 6 is a side view illustration of the detector of

Fig. 5.

15

SUBSTITUTE SHEET (RULE 26)



m ni ng the photon energy of an x-ray source including a high resistance
n-type cadmumtelluride alloy crystal irradiated by the x-ray source,
first andwmegwss2iel ectrical contacts which are in .electri scation
with the crystal, which are respec- tively negatively and positively

bi ased ‘and which provide free flow of electrons fromthe negatively biased
contact to the pEySiEED FEECHIEFEION NoF ESRE HISRICE Bt ©¥BOYT@EweE pt i on of the
photons in the crystal, reconbine with the el ectrons, and photon energy
measuri ng appar ®eferperat i e triowreasade tdeFbg®unt oan&haz gewh pemer aked

per photon absorbed by the crystal. There is also provided in
accor deingel if ied a Prhistratdions of an x-ray or gamma ray détector WO
96/ 05521 PCT/ US95/ 09965 enbodi nent  of

the prenspructedntand opergtiven inraceerdameeg Whhbt otwe r enespeatived
ol urawéﬁe{w?é’?é@?%@n?%%%l%ﬁev%ypre%mrfé{y%ﬁﬂé’éné‘ tfyf’?sfainmd“?ecand
el ectrical cont s which are in electr gopmuni c tion w
crystal, which a ré§p5%f fl%%ﬂ?aﬁﬁﬁ%téﬁg?ﬁ ahd %g ?%9§el§ ﬁ?gs%d i ch
coL e BhE e 5 HA0Go L FIRERG Bbaq o7 (e vzt Al and v eh
cal - cogt act eachpfw?a@ Ny Cb@BL T OPysEaf Ot bEChEGrbYable RORLGhYELYistance
indium-doped n-type CdTe crystal which may be manufactured in
accordance with conventional methods such as that described in K. ‘l
zanio et al, IEEE Trans. Nucl. Sci., NS21, 315, 1974
"b. ‘Attach contacts to the CATe crystal, using conventional
methods such as the method described in R. E. Braithwaite et al,
Solid State Electron., 23, 1091, 1980. According to one preferred
embodiment of the present invention, as illustrated in Fig. i,
the contacts comprise a negatively biased contact 20 which pro-
vides free entrance of electrons into the crystal, and a posi-
tively biased contact 30.which provides free exit of electrons
from the crystal. The contacts 20 and 30 may, for example, be
formed by deposition of indium on the crystal 10.

According to an alternative embodiment of the present
invention, the CdTe crystal 10 may comprise a high-resistance
chlorine-doped p-type CdTe crystal which is manufactured in
accordance with conventional methods such as that described in B.
Biglari et al, Phys. Stat; Sol. (a)l00, pp. 589-596, 1987. 1In
this embodiment, the positively biased contact 30 provides free

entrance of holes into the crystal and the negatively biased

contact 20 provides free exit of holes from the crystal. The
16

SUBSTITUTE SHEET (RULE 26)



bi ased el ectri cal contact, and wherein the bias of electrical contact is
hi gh enough to ensure that the nunber of electrons collected at the

gontacts i SVR9¢PER21t han the nunber of electrons generated byciriisesib@eons.,
and photocurrent neasuring - ‘apparatus operative to neasure photocurrent
I nduced by absorption of the photons in the crystal. There is

dditi | ] I ded | d ith _a. f d _enbodi f th
oL OB 959 LRanCRaT RRES eyl SHERAS AR S B ey
: - -_ di hi ahe - ] . cadui | lueide all
12 BB RERACLBE ol S eayah e it Gatp ugee) e | ke

contact scuhiehiagg. in electrical comunication with the crystal, which are
respec- tively positively and negatively biased, which collect electrons

and hol es, respect anehyterhafiveeter yaeakletadtorhi off gawse 12 j20liq 1=t LRL-Lr
the crystal fromthe positively biased electrical con- tact each tine a

hole is edl iacFéd.bg,t ha whjehi thley neigatddelyl biasedalcormactc20 afpt-oMialeri N

the bias of electrical contact is high enough to ensure that the nunber of

hol es colfireet eén&rane eodnedectrionshiigiter at hight resistanceof Mrdygse CdTe

generated by the 13 WD- 96/ 05521

PCT/ USO5cgys4al 10 and a positively biased contact 40 provides free
entrance of holes into the crystal. The negatively biased contact
20 may, for examble, be formed by deposition of indium on the
crystal 10. The positively biased contact 40 may, for example, be
formed of a thin léyer of conductive p-type CdTe deposited on the
cryétal 10.

According ' to an alternative implementation of Fig. 2,
the poéitively biased contact 40 provides free entrance of holes
into the high resistance p type crystal and the negatively biased
contact '20 provides ffee entrance of electrons into a p-type
cfystal. The positively biased contact 40 may, for example, be
formed by deposition of a thin layer of conductive p-tYpe'CdTe on
the crystal 10. The negatively biased contact 20 may, for
example, be formed of indium deposited on the crystal.

| Reference is now made to Fig. 3 which is a simplified
diagram of a preférfed system for measuring a photocurrent in-
duced by x-fays or gamma rays. The system of Fig. 3 preferably
includes a detector 44 which may be based on the detectors of
Figs. 1 and 2, connected to a voltage Bias source 50 such as a

battery or power supply, an electrical current measurement device

60 such as an ammeter and a radiation source 70 which may com-

17
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photons, and photocurrent nmeasuring apparatus operative to nmeas- ure
phot ocurrent induced by absorption of the photons in the crystal.

WO 96/05521 PCT/US95/09965
prise an x-ray tube whlch irradiates an object to be inspected,
or alternatively a gamma source such as a gamma radioactihe
material. | |

Preferably, the mode of_operation of the system of Fig.
3 is as follows: |
a. . The_1CdTe crystal is irradiated by a flux of x-ray
_photons Or gamma ray photons. |
b. As each photon is absorbed by the CdTe crystal; it
generates equal numbers of electrons and holes. These electrons
and holes flow in opposite directions, undef the influence of the
bias voltage applied to the detector contacts 20 and .30. The
electrons flow toward the positive contact whereas the holes flow
toward the negative contact. _ .

In the detector of Flg i,_if.the;crystal is an n-type
crystal, an electron reaching the positive“contact leaves the
crystal by entering the contact. In the oetector of Fig. 2, an
electron reaching the positive contact disappears by recombina-
tion with a hole injected into the cr&sta;lby the positive con-

_tact. -

If the crystal is a p-type crystal, then, in the

detector of Fig. 1, a hole reaching the negative contact 1eaves
'the crystal by enterinc the contactf In the detector of Fig. 2, a
hole reaching the negative contact disappears by_ recombination
with. an electron injected into the cfystal by the necatiﬁe con-
tact. |

c. This flow of e;ectrons-and holes results in an electric
current measured by the ammeter-so; According to the general

theory of photoconductivity, this current continﬁes, as more

18
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14 WD 96/ 05521 . PCT/ US95/ 09965
BRI EF DESCRI PTI ON OF THE DRAW NGS The pr esent I nvention

wll  be wowesdss2st ood and appreciated fromthe foll ow rrRETIESIS0$958
‘descri ption, taken in conjunction with the draw ngs in which: -
Fig. 1is asinplified front viewillustration of an x- ray or ganma ray
det ector_.constructed and .operative in_ accordan with one preferred

o 1§ The g

enbodi m_?ﬂte or e Sr"_esé’rﬂ 5178 ifgee to enter crygtaly $hpAugh edche
ot SN L R Y A L6 SRS S LS

operative i n accordance "wth ano erre 0

i nvent i pe positive Jt deg%t';isq(?a c%ﬁft;' %s@j&g:.rigég , q.xr%ief erd eedcéf/gr&sem

for neasuring a photocurrent I nduce -rays or rays,;” an

Fig. 4arid® hAed 'm.'d'dcp'pfé&buQ\C%ai@@ﬂfi@iﬁirpfthé)r@xfﬂvgﬁ bfﬁﬁé@é&?p%\ole

apparatus constructed and operative in accordance eferred

enbodi mecoxb st imresent i nventi on; Fig. 5is a front view
illustration of a detector which is a variation of the detectors of Fig. 1
or Fig. 2 in that THes electron or hole transition time through the crys-

tal is invérsely proportional to the bias voltage. Therefore,
application of a sufficiently.high bias voltage causes the tran-
sition time to become shorter than the electron or hole recombi-
nation timg. The photocurrent includes both electrons and holes
originally generated by the photons, and electrons or holes
entering the crystal through the contacts. Whenever the ' transi-
tion time is shortéf than the recombination time, the photocur-
rent is sighifidantly amplified (current gain) compared to the
current due only to the electrons and holes originally genefated
by the photons.

" For example, for a detector having a l.5 mm distance
between the contacts, ané a bias voltage of 200 V, amplification
by a factor of 250 may be obtained, relative to the signal
obtained with a conventional detector which is similar in every
.respect except that the contacts are blocking.

As described above, the contacts allow free charge.flow
into 'and out of the crystal so that the dark current in the
detector shown and described herein is high compared to conven-
tional CdTe detectors equipped with blocking contacts. However,
since the current gain is also high in the detector shown and

déscribed herein, relative to a conventional detector, the
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positive contact is surrounded by a guard ring contact; and Fig.

6 is aside viewillustration of the detector of Fig. 5.

15 wo 96068296/ 05521 PCTIST3/996%/ 09965
DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS Reference is now
made to,Figs., 1 .an 2_wWhi ch te ,sinmplified . illustratipops of. an x-ray or
Garme PAGNALTERraRER GHEEPOE Eathf ot 8 EPUPREEELA bE BT CRREESH FRaPuShat
respective : ' Lgqents of the present invention. The
X-ray %k aa ghagéggég¥gc§%?§g%$FFigs. 1 and 2 may be constructed by the

hi ghresr st ance. i Bar Tne Boag AR e S Ea TR rYRr ol i EATey B Nandr SERur ed
in acegrdanee Wkt HotORYesbteaabyRbliederagphingswibhindener tbgdthl K in
contrast to conventional detectors.
Referencé is now made to Fig. 4 which ié a simplified
blbck diagram of'preferréd épectréééopy sysﬁem constructed and

operative in accordance with a preferred embodimént of the

.present invention in which the charge generated by individual x-

ray photons or gamma ray ph_o'to'ns: is.mea'sured. ‘
The system of Fig{'4 preferably includes thé following

components: o

a. - A source 70 of X-ray or gamma rays. Fér example,l the

source may comprise an x-ray'sourcé such as an X-ray tube which
irradiates an oﬁjedt to be inspéCted. AlternétiQely, the source
may comprise an objectlto be inspected whiﬁh incorporates within
it a radiocactive source, such as a patient to whom a drug con-
taining a radioactive source has been administered. |

b. An x-ray or gamma ray detector 74 which may'be.based on

the detectors of Figs. 1 or 2;

c. A voltage bias source 50 such as a battefy or.é povwer
supply:

d. : A preamplifier 80 such as an EG&G ORTEC model number
142A; - | |

e. A spectroscopy amplifier 90, such as an EG&G ORTEC

model number 572; .
i A multi-channel analyzér (MCA) 100 such as an EG&G

ORTEC model number 916; and

20
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Zanio et al, IEEE Trans. Nucl. Sci., NS21, 315,-1974 b. Attach
contacts to the CdTe crystal, using conventional nethods such as the

met hod deswoOb&esseh R. E. Braithwaite et al, Solid State El BETUSHN99653
1091, 1980. According to one preferred enbodi nent of the present

I nvention, as illustrated in Fig. 1, the contacts conprise a negatively

bi ased .cogt act 20 whi gbmpuier YidesuEheaseahr apmeaef 28kectrons into the
crystal, and a posi- tively biased contact 30 which provides free exit of
el ectrons fromtheuniystab, Jbg root ands120 aped IOmAeyciktlyessaphablleas
formed by deposition of indiumon the crystal 10. . According to
an al t er nat i sénghgonpduhe, ohambdypthbecfammangpecivnscopy Sy$tenr,ysmarkbted
may conprise a high-resistance chlorine-doped p-type CdTe crystal which is
manuf act UPEJEFHC gB@EFdance with conventional nethods such as that
described in B. Biglari t al, Phys. Stat. Sol. (a)100, pp. 589-596, .
1987. In this enb HFﬁEﬁPPTYhetBSSWPpﬁeP§ ePsEatiohnpicthey syssemdes Fige

entrance of ,hol es ig%o the crystal and the negatively biased contact 20

provi des fra& 8%i £°6f°H8fes fromthe crystal. The

.16 WD 96/ 05 : « s . RCT/ US95/ 09965

contacts 30 and 30 %é%, FﬁTFhigegﬁﬁggfnéﬁt}rggdﬁgFﬁgdbyya EEQ& J¥ x-ray
photons or gamma ray photons.

<

b. As a single photon is absorbed by the CdTe crystal, it
generates equal numbers of electrons and holes. These électrons
and holes flow in opposite directions, under the influence of the
bias voltage applied to the detector contacts 20 and. 30. The
electrons flow toward the positive contact whereas the holes flow
toward the negative contact. |

If the cryst&l is an n-type crystal, then, in the
detector of Fig. 1, an electron reaching the positive contact
1eaves  the crystal by eptering the contact. In the detector of
Fig. 2, an electron reaching the positive contact disappears by
recombination with a hole injected into the cfystal by the posi-
tive contact. |

Simultaneously lwith the above-described electron and
heole flow, other electrons enter the crystal from the negative
contact and flow toward the holes. |

The flow terminates when all the electrons and holes
disappear from the crystal either by exiting through the
contacts, or by electron hole recombination within the crystal.

The spectroscopy system of Fig. 4 measures the charge
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'deposition of a thin |ayer of conductive p-type CdTe on the crystal
10. : An alternative to the detector of Fig. 1 is illustrat- ed in

Fig. 2, iwo9bssksthe negatively biased contact 20 provi despctfrusesosgdsr ance
of electrons into a high resistance n-type CdTe crystal 10 and a
positively biased contact 40 provides free entrance of holes into the
crystalC°¥hecﬁe§atﬁFQWyebpasédnEéﬁtQthOEOabﬁaybEdfby shengegechorf,or mad by

deposition f indi rysta . The positively biased contact 40
oyt GPEBXAREFe tHE PORMAATAFaL ¢ RARCFAVEE IR SEnGHEEERS pofypaiddTane

d6p05|t§g8g°"%th5§&%gtaLY1?H5 SggﬁfFﬁglyACpordlng to an alternative

I mpl ene ron o bi ased contact 40 provides free

entrance of hol esyp |ntthhegobggngeshﬁg?gggog tyRe;eLyst & g?ﬂglkge with

negatively biased contact provi des freé entrance of gPectrons into

p-type eteystrahs TherRosnyl VelkbmbithseHegallivet cOHRLERYE. T e¥arRhet Pein
formed by deposition of a thin layer of conductive p-type CdTe on the

cryst al cdfivefibéonagat caky detesedregnhates2fuary £1o6" a19xahRl faybe tbaarad

of indiumdeposited on the crystal. Ref erence is now nmade to
Fig. 3 whechnega&ivenpkiohtadt. dBagcemedectrpnefaowedssfasesrf othapasubleg a
photocurrent in- duced by x-rays or gamm rays. The systemof Fig. 3
pref er alpw,i nEhedefimg gegudred forwseobleke bbalrgecdoddechidondetiact dhe

of Figs. 1 and 2, connected to a voltage bias source 50 such as a battery
or poweRetBEEPYy, 2% efé&?rléaPrcﬁrﬁéthﬁE§§Er§#éﬁtlaevFQ@V36Gl§néﬁ a§d%e
ammet er _and Rok radlatlon source 70 ‘which may com

dete . _ ‘ o ‘l

Due to. the shorter charge collection time provided by
the method of_the.present invention, spectroscopic measurements
ma& be carried.eut.by the system of Fig. 4 with a higher signal-
to-noise ratio and/or at higher photon flux rates, compared -to
conventional CdTe detectors. .

A further advantage of the system of Fig. 4 is that the
deteetor is_not adversely affected by hole trapping within the
crystal. .

Suitable materials for use in the_spectroscopy. system
of Fig. 4 include the following high resistance n-type crystals:
a. | cadmium telluride;

b. Alloys thereof in whigh'an additional material such as
zinc_ replaces a certain percentage of the cadmium (Cd,_,2Zn,Te
where 0 <=x <= 1). | _ _

.c. _ Alloys thereof in which an additional material such as
selenium replaces a certaln percentage of the tellurium
(CdTel_xSex where_o <=X <= 1).

d. Combinations of a, b and c.
22
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« 17 WD 96/ 05521 . PCT/ US95/ 09965
prise an x-ray tube which irradi ates an object to be inspected
al t er nat iwe@log/ossa1 gamma source such as a ganmma radi oact ?ﬂmsﬁﬂ&é?? al .

< Preferably, the node of operation of thé systemof Fig. 3 is as follows:

a. The CdTe crystal is irradiated by a flux of x-ray photons
or gamma ray photoithe mh-type cry&taleacdy Haholdupdds S0l hetkdyide Sudie
crystal, it generates equal nunbers of electrons and hol es. These

el ect r on®s ;arididisimes galdiunh @dpusinum,dighdein ioves, hrwheind her | idd isence of
the bias voltage applied to the detector contacts 20 and 30. The

el ectrons flow t owfiNHARESHoRRIWiC idshifree Havwe 2f teledtorens ftovand ovweremn
t he negative contac‘]Eﬁ In the detector of Fig. 1, if the crystal

is an n-tyife crcyrsgfsatt i _f°eﬁ1 usq Jddt idie (RRHHERFIIRY FRFESY LR Fidnctd navvies

ol oct r on Loeshof RS R iy Sl st crbiows  tnohua-

\I/Vi‘t'[]hg 2?\.{/8 ;lrul‘lf‘ésgegqlbé_ yxg.eélrg.ygﬁ%ﬁgt%,a{%@11%%\%;%??écgﬁlfuct%(.)\pe- sté’j‘n(\:{éonductor
may be employed such as n-type conductive CdTe, n-type conductive
CcdS, n-type conductive ZnSe, and n-typé conductive Hg,Cd;_,Te (0
=< x =< 1).

Contacts providing free flow of holes to the crystals,
for use in the spectroscopy system of Fig. 4 may, for example, be
formed of gold, platinum, copper, osmium, nickel, tellurium,
antimony, carbon, and alloys including these méterials, as well
as p-type conductive semiconductors such as p-type conductive
CdTe or p-type conductive HgXCdl_#Te (0 =< x =< 1). or p-type
conductive HgTe. -

‘A preferred method for producing p-type HgTe is de-
scribed in E. Janik and R. Triboulet, "Ohmic contacts to p-type
cadmium telluride and cadmium mercury telluride", J. Phys. D.:
Appl. Phys., 16 (1983), 2333 - 2340. '

Suitable crystals for use in the photocurrent measure-
ment system of Fig. 3 include the crystals déscribed. above as
suitable for the embodiment of Fig. 4 and, additionélly, similar
crystals which are high-resistant p-type instead of n-type.

The p~type crystal may be doped with materials such as:

chlorine, bromine, iodine, copper, chromium or vanadium.

Contacts providing free flbw of electrons to p-type
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detector of Fig. 1, a hole reaching the negative contact |eaves the
crystal by entering the contact. In the detector of Fig. 2, a hole

reachi ng sWe9emsgzt i ve contact di sappears by reconbinati or]:cymgjg,ogﬁg

el ectron injected into the crystal by the negative con- tact. c.

This fl ow_of electgpns and hdﬁﬁ}l%ﬁﬁgts in an electric current neasured

by the afifethildn. QQﬁRﬁ%WQﬂt system of Fig.
phot Oconqucb%\ﬂ)g%gé%ssa%g raesnti'.hceorgoln ac cts, 23 descrlbed above~Wily s rRtms

I t f LB t h t
o | ve o aet Pl e rEOSH) FENATaS BT YU s B € iy Erom

negative 2QRtRClorys@SAQet i vel y, until electrons and hol es dlsappear in
pairs within the Crystal by electron hole reconbination. The

el ectron or hol e t iRhdaldten tplr‘&ﬂdlr%%éé’%l%&’%f Holles Ito %ﬂ&’erﬁ%ﬂ p-

proportional to the bias ‘voltage erefore application o

suffici erdylpe hirylsthlas \fort age dautte pPhotddirrert medsdrdiferdto of
shorter than the electron or hole reconbi- nation tine. The photocurrent

i ncl udes Figt.h &l amwrorfwraraicalm:lles be ithiendame @ dihd esbrivadtys, pladguisibend

el ectrons or holes 'entering the crystal through the contacts. \Wenever the

transi - above with reference to Fig. 4, which provide free flow of holes
into n-type crystals.

The operation of detectors made of p-type crystals is
generally the same as the operation of detectors having n-type ‘I.
crystals, as described above with reference to Fig. 3, except
thatl the major electric current carriers are holes rether than
eleetrons.

According to a preferred embodiment of the present
invention, as illustratedlin.Figs. 5 and 6, a guard ring 120 is
provided which surrounds at least one of the contacts, such as
the positive contact 30 (Fig. 1) or 40 (Fig. 2). The guard ring
reduces deterioraﬁion of the detector's performance due to the
-influence of the detector's side walls 130. The guard ring may be
identical in configufation and as to material to the positive
contact 30. The embodiment of Figs. 5 and 6 is suitable for the
spectroscopy application of Fig. 4.

One preferred methed for fabricating the positive
contact and the guard fing is as follows:

a. - Fabricate the positive contact;
b. Using photolithographic.techniques, separating a guard

ring out of the positive contact.
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£ tion tine is shorter than the reconbination tinme, the photocur- rent is
significantly anplified (current gain) conpared to the curreﬂ}gg&ﬁwgnly to
t he el ectyowgrosmd holes originally generated by the photoﬁ 1S

For exanple, for a detector having a 1.5 mm di stance between the contacts,
and a bias voltage of 200 V, anplification by a factor of 250 may be

obtai ned, relative fip e siienoblgaee yidtdh ARl grak, dOLAE! Oforn
which is simlar in every respect except that the contacts are bl ocking.
As descr iteghmiiay e, tdIrueiad actsr altodrér eeishaigeaf | ey  Fakerangdi eHbrof +o
the crystal so that the dark current in the detector shown and descri bed
herei n | ukdgpedmiparer, tprefawsily, ttonddpéal Teapet ect ors equi pped with

bl ocki ng contacts. However, since the current gain is -also high in the

det ect or shown and Itlesci$ beapbpreeciatedel thave varhousnveastones derect ehe

t he 19

SUBSTI TUTEYGrEHDPR RUIELGl)are, foxyrbarpEgpidescribed in the contexts of
PCT/ US95/ 09965 siq&g%- o-daék curreni ratio is conparable to or better
than thatSeRRTEER onTRRPRAURSNLE et BRY orlso be ‘provideds jin; fepbinasipAgeins a

the SySteglgélglgmbgdiﬁeﬁg?Icéggérsely, various features of the invention

which are, for brevity, described in the context of a single
embodiment may also be provided separately or in any sﬁitable
subcombination. |

It will be apprediated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described hereinabove.'Rathef, the scope

of the present invention is defined only by the claims that

follow:
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current is not affected by ho ' ii@mn the crystal, in contrast
to conventional detectors. \ m'lmm“jmﬁw’umu is now nade to Fig. 4 which
I s a sinpwiai9emes2ibl ock di agram ef pref ermed spectroscopy S\POTARIYE6Sr uct ed
and operative in accordance wth a preferred enbodinent of the
present invention in which the chargergemsrated by individual x- ray
photons or gamma ray photons is neasured. ~ The systemof Fig. 4
preferably includes the follow ng conponents: a. A" source 70 of
X-ray Gr. gamma rdysmetdod el determinideur gamnay c@aypr iph®tam x-erssrgy
source such as an x-ray tube which irradiates an object to be inspected.

Al t er n&MPXIXE1NGHe source nay. conprise an object to be inspected which

i ncorporates within_ J.t g radiogactive soyrce, such as a patient to whom a
drug con- taini Ag FAYEH O A g’e‘gé’o&'re(,sé' NGR 7 EYRR G . tedluride

An Xx-ray .or. ga ray .det ector ‘74 whi.ch nay be based on the detectors of
Fi gs. (}roy2; TYe _al %1%% b trzfé'e p6'1°as°"go'ur'ce 50 such as a battery or a.

power supply; it A3 A g | T S..an CRTEC_ .nodel
nunber 142A; efﬂ:;ovag fﬁrs?i%lgcée%m@ ﬁ%’%f%rai s%%%acécs aﬁ"h"f%‘&G

_ A spe opy anplifier ) a
ORTEC gpdel; Nudi@ictiizal icommunicatidh it ielery@ialy zenyidy® 1

such as an EGG ORTEC nodel nunber 916; and
respectively negatively and positively biased and which provide
free flow of ele;trons from the negatively biased contact to the
crYstal and wherein holes, generated by absorption of the photoﬁs ‘
in the crystal, recombine with said electrons; and

determining the photon energy by measuring the amount

of charge generated per photon absorbed by the crystal.

2. A gammé ray photocurreﬁt’meaéﬁring meﬁhodICOmprising:
irradiating a high resistance n-type cadmium .teiluride
alloy crystal with gamma ray phoﬁons:
providing first and second electrical contacts which
are in electrical commﬁnication with the crystal, which are
respectively negatively and positivelylbiased, and which collect
holes and electrons, respectively, from the crystal,
wherein an electron enters the crystal from the nega-
tively biased electrical contact each time an electron is col-
lected by the positively biased electrical contact, and
. wherein the bias of electrical contact is high enough
. to ensure that the number of electrons collected at the contacts
is higher than the number of electrons generated by the photons;

and
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g. A conputer 110 such aH!Nl“"H'\“NHImH!I' Units 80, 90, 100
and 110 ag@og/@eeaer Ci al |y avail akl'ecast  a sisngke modul e, naRETPSPHEINR M=
* Spectroscopy System marketed by EGG ORTEC. Preferably, the

node of operation of the systemof Fig. 4 is as follows: a. The
CdTe detector is ing=adiriiref Iphotoddnrventof inauded WhEESGrEiGRNMES I ayhe
photons. b.. As a single photon is absorbed by the CdTe crystal, it
gener at ephaxheals niomiidres axfysdiadct rons and hol es. These el ectrons and hol es
flow in opposite directions, under the influence of the bias voltage
applied to the detector contacts 20 and 30. The electrons flow toward the
positive contact whereas the holes flow toward the negative contact.
1f the crystal is dh FRWMHE Y Rhefocurkant inpasir ingiBethed crompyisingan

' entering the

el ectron reaching the positjve cqonfact |eaves the crystal _b
contact. In the det’e"c’fﬁl%‘?mq:i%%lﬁ, IR ?Ta%%%?nﬁa?’ﬂé‘“bos?ﬂ-%’énde

contact disappears b reconbi nation with a hole injected into the crystal
by the po%-‘rsl_-éjlpt‘f%*c%]nt‘_é’ﬁ‘ic‘? gamma ray p h"r&ﬁaneousl y with the
above-descrlbed 6|e§¥6élhf“51 first and second electrical contacts which

are in electrical communication with the crystal, which are

respectively positively and negatively biased and which collect
electrons and holes, respectively, from the crystal,

wherein a hole enters the érystal from the positively
biased electrical contact each time a hole is collected by the
negatively biased electrical contact, and

wherein the bias of electrical contact is high enough
to ensure that the number of holes collected at the contacts is
highér-than the number of holes generated by the photons; and

‘measuring phqtocurrent induced by absorption of the

photons in the c¢rystal.

4. . A method for determining xX-ray photon energy
comprising: | |
| irradiating a high resistance n-type cadmium telluride
" alloy crystal with x-ray photons;
providing - first and second electrical contacts which
are in electricai communication with the cfystal, which are
respectively negatively and positively biased and which provide

free flow of electrons from the negatively biased contact to the

27 .
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hole flow, other electrons en{éfm m the negative contact
and fl ow toward t he hol es. _ ”II‘] jlwﬂmlm ﬂ Eerm’ nates when all the
c L S *

el ect ronswﬁ%,gsszpol es di sappear'§ tal eithecTusys/o9es ting
t

t hrough e contacts, or by electron hole reconbination within the -
r | . T I g.
glysta I Jﬁgg£ﬁ$5ﬁ3§copy system of Fi 4 neasures the charge

holes, ge erated by a sorptm—/qfsgg;@gg%tqns
The st ot O RGO s, R e SRR Sbeor bed by the
el cotrons arrivi ng ¥ EHHENE FH PnasHE Rty HP ey Win, oW
Since ol o r oAt Seriateld Bl ndetlh el M oy 'olfe NS Bt Ted Tor

conplete charge collection in the detector of Figs. 1 or 2 is shorter
than in conventional = CdTe detectors. ' Due to the shorter charge

collectign tine praH deddy pHdtddiirant eddif iHP SR i ing:

spectroscopi ¢ nmeasurenents nmy be carried out by the systemof Fig. 4 with
a higher signal- tirralistinatd iyhd/res iaitdrighel-tphod dadiitn F A uride

conpared to :

alloy crystal with x-ray photons; .

providing first and second electrical contacts which
are  in electrical communication w:_i.th the crystal, which are ‘
respectively negatively and positively biased, and which collect
holes and electrons, réspectively, from the crystal,

wherein an electron enters the crystal from the nega-
tively biased electrical contact_eaéh time an electron is col-
.lected by the positiveiy biased electrical contact, and
| wherein the bias of electrical contact is high ’enough
tb ensufe that the number of electrons collected at the contacts
is higher than the numbér of electrons generated by the photons:
and

measuring photocurrent induced by absorption of the

photons in the crystal.

6.. A xX-ray photocurrent measuring method comprising:
irradiating a_high_resistance p-type éadmium telluride
alioy crystal with x-ray photons;
providing first and second electrical contacts which
are in eléctrical communication_with the crystal, which are

respectively positively and negatively biased and which collect
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*conventional CdTe detectors.:

; r advantage of the system of
Fig. 4 is that the detector: ||H!“H4lllﬂlmrlmjumgffect ed by hole tra&)% ng
Wi thin thavoseesszhl . - WSulct abl ennmeg er+ al s for use | RCT/HESN9965

“spectroscopy system of Fig. 4 include the follow ng high resistance n-type

crystals: a. cadmumtel luride; b. Al'l oys thereof in which an
addi tion Lal n§URB1e8S réLBEctiGBhaces Rt &l rcent age of the
cadniun1é%%§Fg§ﬁ Zn?err?Tg 'mﬁerg 8 <=X gé 1f?ﬂ cs% Q:lrlg’slca'%lll'oys t hereof in

whi ch an addi ti onaknapbehi ah HBEE eAterSchhll WiykeRANAGEHA (3  Yodit i
per cent age of the teIIuriun1_(CdTeFer?fSe[err]Ekhere 0 <=x <= 1?b%ﬁ§1vely

Conbi nat bgase@f alebtefidal. contact each time a hole is collect2d by WHe
.96/ 05521 The n-type crystal nay be doped with materials Such

as: indi negagavelynbiaked electrikali centhedni mador i odi ne.

Contacts providing free flow of electrons to and from the crystals, for
use in the spectroybepeinysths bias @f flegrricalf samd@as! isdiigh @abvugim
al um nu gallium and alloys includ- ing these materials. Al so, any -
n-type c RduhPREes Ehptoiiscypber of holes collected at the contacts is

higher than the number of holes generated by the photons; and

measuring photocurrent induced by absorption of the

photons in the crystal.

7. A method according to claim 1 or claim 4 wherein the
positively biased contact is selected to provide free flow of
electrons from the'qrystal to the positively biased contact.

p _
8. A method according to claim 1 or claim 4 wherein fhe
positively biased contact is selected so as to provide
fecombination of electrons in the crystal'with_ holes, injected

into the crystal by the_positively biased electrical contact.

9. A method according to claim 2 or claim 5 wherein the
positiveiy 'biased contact is selected to provide free flow of

electrons from the crystal to the positively biased contact.

10. A method aécording to claim 2 or claim 5 wherein the
positiveiy biaséd contact is . selected so as to provide
recombination of electrons in the crystal with holes, injected

into the crystal by the positively biased electrical contact.
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may be enpl oyed such as n-type n-type conductive CdS,
n-type conductive ZnSe, and n- Hmﬂr t“ F’i@ [err]Cd[err]Te (0 =< x =<
1). wo 96/0552gont act s provi.d hol es to t RETHSISHMWES,  f or
use in the spectroscopy systemof Fig. 4 may, for exanple, be forned of

2

gold, platinum copper, osmum nickel, tellurium antinony, carbon, and
al  oys including the rd I as LYR§ £cQh ctive :
sem con n‘tct ors suc zﬁeéﬁde;/pecqgcoo%ndﬁfﬁ Y e 30 ¥ cel§ ype c%haeuc‘?ll‘r\‘/e the

Hg[e”]gﬂigq J]h-%.fob‘iiéie < contad¥f id éé{l%téi?w jdd TEree £low of A

preferr or pro u0|ng p-type Hg e I's de- ‘“scribed in E. Jani k and
R Tribgidds £X3WNtthe WA= rtr{é/nee MY £ddal | dsnedpk cadm um
mercury telluride", J. Phys. D.: %Mys 16 (1983), 2333 - 2340.

Sui tabl e crystals for use in the photocurrent measure-- nment = system of
Fig. 3 include the crystals described above as. suitable for the

enmbodi ma®. of Fi g.A 4 methodddidamtiaid \to stinimr3 ar yslaim hiwierein the

hi gh-resistant p-type instead of n-type. The p-type crystal may
be dopedegativekieri dkasedh eantagth| ok$ ne, sekegtied, sodiar, toppeprovide
chrom um or vanpadi um Contacts providing free flow of el ectrons

to p_t>“gecomb1natlon -of holes in the crystal smgith electrons, injected

SUBSTI TL{rn ol—LI%ETéRU ¥ ].quy the negatively biased electrical contact.

|
13. A system accordinq to any of claims 1, 2, 3, 4, and ‘ }
6, wherein the ﬁegatively biased_contaet ie_fqrmed of one ofa the
followihg group of materiais:_indium: cadmium; aluminum; gal;ium:
alloys includinglfbne 6r more of indium, cadmium, aluminum and

gallium.

14. A method accordlng to any of c1a1ms 1, 2, 3, 4, 5 and
6, ‘wherein the negatlvely blased contact is formed of an n—type

1ayer of conductive semiconductor.

15. _ A method adcording telclaim214 wherein the nftype
conductive semiconducﬁer cohtact compfiees one of the following
group: n-type conductive CdTe; n-type conductive Hg,Cd;_y,Te (0 =<

X =<1): n-type conductive HgTe; alloys of n-type conductive CdTe
in whlch zinc partlally replaces cd; and alloys of n—type

conductive CdTe in which selenium paftially replaces Te.

16. A method accofding ta‘claim é or claim 10 wherein the
30 is Sheet Has Been Reﬂlaced
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' 1\‘/\3 gﬁlsgS:Sﬁlt he phot ocurrent rrea ‘“lm'mml“nulmmlh PC-II:-{ 3895/ 090es STyBia s,

sane
as the coWQ8W@S52Hescri bed above* wtht r%f ér- ence to Fi gp%sgﬁw%%e
provide free flow of electronsto and from n-type crystals.

Cont act s Peed¥iyedy Plesed Grndactoliss fmesy °ffr SR of tEhse fallawing grpup

use in the hotoqurrent measur enent system of Fig. 3 may, for exanple,

be the s&te Srié- ébntacts descri bed above with reference to Fig 4

whi ch provide free fl.aw of Q |nto e type cr. sta S

oper ati on of det ect &1 rrat?é‘aqfl"bm} by p & OBRFR | LA erfb’rca{ﬁ]y thtéeléawlgg

t he oper h t%@? S d oV th
ref erence tﬁg'iog{ pt adt\{.L e najlon(rglxﬁite?h?l cr?ezu%‘rae lgegr rc?ée)rs‘fa]\?%e

hol es ratpheartltrhﬁm el @agpms- osmium, IS NGnthordy prf&iHSth  an

embodi ment of the present invention, as illustrated In Figs. and 6,
a guard il ubkdm. s provi ded which surrounds at | east one of the
contacts, such_as the positive contact 30 (Fig. 1) or 40 (Fig. 2). The
guard ring reduces deterioration of the detector's performance due to
the influence of the detector's side walls 130. The guard ring may be

i denticalX?an confi g\mmm arncaerding e glaint B toe pbaini 1@ vheretnt the.

The enbodi nent of Fi 5 and 6 is suitable for_ the spectroscopy
app“(uﬂ|Rﬂﬁk#l¥3ky 1ased contact is formed of a p-type layer of

conductive semiconductor.

i8. A method according to claim 17. wherein the p-type
conductive semiconductor contact compriées one of the following
group: p-type conduétive CdTe; p-type conductive ﬁngdl_xTe (0 =<
X =< 1); p-type'conductiye HgTe; alloys of p-type conductiQe CdTe
in which =zinc pa;tially replaées Cd; and alloys of p-type

conductive CdTe in which selenium partially replaces Te.

19. A method acéording to any of claim 3 and claim 6
wherein the positively biased contact is formed of one of the
following group of materials:

gold; platinum; copper; osmium; nickel; tellurium;

carbon; antimony; and’ alloys including one or more of gold,

platinum,  copper, osmium, nickel, antimony, carbon and
tellurium.
20. A method according to any claim 3 and claim 6 wherein

‘the positively biased contact is formed of a p-type layer of.
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One preferred nethod or fabr Itive contact and the
guard ring is as foll ows: : |m&@ﬂu ml positive contact; b.
Usi ng phot 964883 aphi c technl que guard rl?@f’%ﬂs’o&“t he

positive contact.

PCT/ US95/ 09965 WO 96/ 05521 In the present specification and
cl ai ns, condustive sgmicpnducdoryri de" or "CdTe" is used to refer
either to wundopedCdTe or, preferably, to doped CdTe. It is
appreci ated that various features of the invention which are, for
clarity, descrlbed contexts qf separate enbodi nents nmay al so be
provi ded?*n conbi nﬁ‘t i S‘r‘? ?ﬁ‘?da aﬁcr?é'lqé'“gnb&‘,ﬁ ﬁ:&ﬁtlm Convaheaigin \ Fheoup-type

features of the.inventian %P for brevit.y, descrlbed i n the context

of a sinfPEUUETHSE nET AR é‘l"%&%&%‘r%?%é’d’“?é’ﬁéﬁa &P &F itheanfoddiavdinge
bcomb - I | I ed t h
R .cr?v"g#f%%ﬁ“% SRS R RS H B - (1
particul grly ahow@-%%éi%mu%w&ewb Qe oyl -té)gfe Eifuctive e
present invention iS defined only b clai ns
in which zinc partially replaces Cd; and alloys of p-type

conductive CdTe in which selenium partially replaces Te,

22. A method according to claim 11 wherein the negétively ‘
biased contact is formed of one of the following group of materi-
als: gdld: platinum; copper; osmium; nickei; tellurium; carbon;
 and ailoys including one or more of gold; platinum; copper:;

osmium; nickel and tellurium.

23. A method according to claim 11 wherein the negatively

biased contact is formed of a p-type conductive semiconductor.

24. A method. accérding to claim 23 wherein the p-type
conductive semiconductér contact comprises one of the following
group: p-type conductive CdTe; p-type conductivé Hg,Cd,_,Te (0 =<
X =< 1) ; p-type conductive HgTé; alloys of pftype conductive CdTe
in yhich. zinc partially replaces Cd; and .alloys of lp-type

conductive CdTe in which selenium partially replaces Te.

25. A method according to claim 1 or claim 4 wherein the

positively biased contact is formed of one of the following group

~ 32
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~fol | ow. | . 25
RN L el e
‘ conpri sing: irradi ating a high resistance n-type cadm um

tel l'uridegral | qigtemishial: Wilnd 9T da@n ROt O uminum; g PMil N9 afispd
and second electrical contacts which

including one or more of indium, cadmium, aluminum and gallium.

'26. A method according to claim 1 or claim 4 wherein the
positively biased contact is formed of an n-type conductive

semiconductor.

27. A method according to claim 23 wherein the n-typé
conductive semiconductor contact comprises one of the following
group: n-type conductive CdTe; n-type conductive Hg,Cd,_,Te (0 =<
X =< 1); n-type conductive HgTe; alloys of n-type conductive CdTe
in which 2zinc partially 'replaces cd: and alloys of n-type

conductive CdTe in which selenium partially replaces Te.

28. A method according to any of claims 1, 2, 3, 4, 5 and
6, wherein said n-type crystal is- doped with one of the
following elements: indium, gallium, aluminum, chlorine, bromine

or iodine.

29. A method according to any of claims 3 and 6 wherein
"said p-type crystal is doped with one of the follow1ng elements:

chlorine, bromine, iodine, copper, chromlum or vanadium.
30. A method according to any of claims 1 to 6 wherein the

cadmium telluride alloy crystal comprises a cadmium telluride

crystal.

31. A method according to any of claims 1 to. 6 wherein the

33
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are in electrical connunic nwththe crystal, which are.
respectively negatively and wmmmaj U m and which provide free flow
of el ect rwo96f0582N t he negat i ct to the cryaTaisosmepesher ei n
hol es, generated by absorption of the photons in the crystal, reconbine

with said el ectrons; and determ ni ng the photon energy by
measuring thandiRUNte19hys iRA" 43100N¢ p gbsorhed by

crystal. " A ga##a ray ph gto%g%?gnt%%gggg%g%g “melR6 ggnp%egﬂﬁﬁlde
Irradlatlnalmoplgh waabﬁteane PaktRa199dFepinkel! kabdsy "Oy crystal wth
gamma ray photons; providing first and secong el ectrical .
contacts which are in electrical comunication with the crystal, which

are respectively negatively and positively biased, and which col |l ect

hol es and 8Rectrons, Ar eepgbod welcprdfingmtbhangr p$t allaims 1 to 6 whBee&hn &Re
el ectron enters the crystal fromthe nega- tively biased electrical

contact eaEAdPiHE aﬁeéﬁéeﬂﬁén Pél@ﬁlCrYE&éﬂeGOByruﬁsSpQS|Cadmhymblaeédurlde

el ectri cal i nt agt , ﬁ erein the bias of electrical contact
i s high enB SHY ip ¥ %GPeSFH&PlPWePﬁaﬁBeAlUfrepéé9e§n§eéénreemed at the

contacts is hlgher t han the nunmber of el ectrons generated by the photons;
and : 26

33. A system accordlng to any of the claims 1 to 6 and also

comprising a crystal equlpped w1th a guard ring surroundlng one

of the contacts. _ P ‘

34. A system for determlnlng photon energy of a gamma ray

source comprising:

a high resistance n-type. cadmium telluride alloy
crystal irradiated by the gamma ray source;

first and second electrical contacts which are in
‘electrical communication with the'orystal, which are respective-
ly negatively and positively biased and which provide free flow
of electrons from the negatively biased contact to the crystal
and whereln holes, generated by absorptlon of the photons in the
.crystal, recombine w1th said electrons, and

photon energy neasuring apparatus operative to measure
the amount of charge generated per photon absorbed by the crys-

tal.

35. A system for measuring photocurrent induced by a gamma

ray source comprising:
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measuri ng photocurrent induced +“!|MF“HI““H““)"|‘t he photons _in the
crystal . wo86/05521 A gamma ray « ocurw erst measuring net ﬁSE’"é%ﬁ-’f‘BP?%i ng:
tirradiating a high resistance p-type cadmumtelluride alloy-crystal wth

gamma ray photons;; a high pesistiangefinstypad sedaidmel ¢elliuecdle alloy

contacts which are in_ electrical communication with the crystal, which
are respecerystglpbsrafivatedaby hhgaghmmhyrayasetdraed which col | ect
el ectrons and hol es, respectively, fromthe crystal wherein a

hol e enters the cryst BEiTFEonPPfe BBSPPAvePyeChTisad SoBtRCtSal VbdfbacRTgackN
time a hole |[s collected by the  negatiy hy giased | ectricgal contact, and
wher ei n theehﬁﬁ§rb?agleEPPKBBFCEBﬁP ctwﬁg hiGR SREEGR*t & r e #Rat SFPeC
nunber of hgl o] A ,S,.:hi gher t nu r_.of

hol es genergﬁgglgyk%ﬁgggﬂg %né?saﬁgg&%sbil& blgﬁ%%éuP%ﬁ%%bﬁgﬁ&fﬁg?gﬁees and
i nduced by ghagepPbh8) OtekpectRiRLYNS %Bmtﬂﬁeck¥?%%hl, which cause”an elec-
met hod for determ ning X-ray phot on energy conprising:

i rradiati ngtgoki JRor BatErARAE BrikRa1CFHGMU Bhiet edaitdveld HDaded/ Stedledidiital

X-ray photons; providing first and second electrical contacts
whi ch contact each time an electron is collected by the positively
biased electrical EOntact, and
wherein the bias of electrical contact is high enough
to ensure that the number of electrons coileeted at the contacts
is hiéher than the number of electrons generated by the lphotons;
and |

photocurrent measuring apparatus operative to measure

photocurrent induced by absorption of the'photons in the crystal.

36. A system for measuring photocurrent induced by a gamma
‘'ray source comprisings

a high resistance p-type cadmium telluride alloy
crystal irradiated by the gamma ray sourcej;

first and second electrical contacts which are in
electrical communication witﬁ the crystal, which are respective-
ly positively and negatively biased, which colleet electrons and
hoies, respectively, from the crystal, and which cause a hole to
eﬁter the crystal from the positively biased electrical contact

eadh time a hole is collected by the negatively biased electrical

contact, and

wherein the bias of electrical contact is high enough
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are in electrical comunication wth the érystal, which are :
respectively negatively and 3 E"M"Eﬂﬁﬂ“ﬂk&ﬂu and which provide free flow
: ct to the  PCT/US95/09965

of el ect RpH9ehdsin t he negati
27 WD 96/.05521 PCT/ US95/ 09965
crystal and wherein holes, generated by absorption of the photons in the

crysta|,'rESOHEEEGrﬁdEﬁaﬁakqﬁehﬁﬁgégnéfogegﬁs collectegfégrgbninﬁaggﬁts is

phot on energy by neasuring the anount ar ge - gener F B

absor bed byj&hercedsahathe nBmb &l ugL,e .ng nethod
con‘pr-ising:lé § ir?agigtsﬁgog ﬁ?éﬁsrggrgggﬁgg %9t§%8n§§§#§hﬁf ana :

telluride alloy cryphatosutrbentr ameRBQE9A§: apparatus opbe¥td89¢:5 r ik %ng
second el ectrical. contacts which are in "electrical comruni cation wn?

the crystphetomhicent dnducedspgchbuerptiegabivehy BROLBASH LhVehy EE?é%Ql.
and which collect holes and electrons, respectively, fromthe crystarl,
wherein an electron enters the crystal fromthe . nega- tively biased

el ectrical contact each tine an electron is col- lected by the positively
bi ased el eéfrical coft ¥Stemndor determinjngrtha phhtobi epevfyebécani catray
contact is_high -enough .,to ensure that the nunber of electrons collected
at the con?ﬁﬁgge Fgmﬁgéﬁépgfhan the nunber of electrons generated by the

photons. ; a high resistance ‘n-type cadmium telluride alloy
crystal irradiated by the x-ray source;
| first and s.etl:o_nd electrical contacts which are i‘-
electrical.communication with the crystal, which are respective-
ly negatively and positively biased and which provide free flow
of eleqtroné from the nggatively biased contaﬁt to the crystal
and whereiﬁ holes, generated by absorption of the photons in the
crystal, recombine.wiﬁh said.electrons; and
phqton energy measuring apparatus operative to measure

the amount of charge generated per photon absorbed by the crystal.

38. A system for measuring photocurrent induced by an x-ray
source comprising: |

a high resistance n-type cadmium telluride alloy
crystal irradiated by the x-ray photons;

first and second electrical contacts which are in
e{éctridal-communication'with the crystal, which are respective-
ly negatively and poSitivély biased, which collect 'hbles and
electrons, respectively, from the crystal, and which cause an
electron to enter the crystal from the negatiﬁely biased electri-

- cal contact each time an electron is collected by the positively
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‘and measuri ng photocur nduced absorption of the photons
in the crystal. 6. A X-r Eﬂu ,ﬂl l'“ l asurl ng net hod
M

.conpri si ng; i rradiati L nce p-type cadm um
‘tel luride "RIEF5%rystal with x-ray phot ons; . pr o FVRPO3: and
second el ectrical contacts which are in electrlcal comuni cation with

the crystal, which are respectively positively and negatively biased
and whlchbmﬂdeﬂxelectrlcal contact, and 2 8 WO 96/ 05521
PCT/ US95/ 09965 el ectrons and holes respectively, fromthe crystal,
wherein a hol e ent er‘fdlemrc@a dids af teleeqinsidd lvelgontacts ek aligf r |§,@d,u h
contact each tine a hole is collected by the negatively biased electrica
contact, &®iensure thatheinumber heldcion daldieakad @t tihe higintacts
enough tq ensure that the nunber of holes collected at the contacts is

hi gher t hd® tHEhRmTaRth ihes, G fdeHhrante ganaRked dng the  photons;
measuri ng phptocurrent induced by absorption of the photons in the

crystal . . A method according to claim1l or claim4 wherein the

photocurrent measuring apparatus operative to measure

photocurrent induced by absorption of the photons in the crystal.

39. An system for measuring photocurrent induced by an x-~

ray source comprising:
a high resistance p-type cadmium telluride alloy
crystal irradiated.by the x-ray source;
first and second electrical contacts which are in
electrical comﬁunication with the crystal, which are respective-
ly positively and negatively biased, which collect electrons and
holes, respectively, from the crystal, and which cause a holé to
enter the crystal from the positively biased electrical contact
each time a hole is coilected by the negative;y biased electrical
contact, and |
| wherein the bias of electrical contact is high enough
to ensure that the number of holgs collected at the contacts is
higher than the number of hqles generated by the photons; and
' photocurrent measuring apparatus operative to measure

photocurrent induced by absorption of the photons in the crystal.
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"positively biased contact is selected to provide free flow of electrons
fromthe crystal to the positively biased contact. 8. A net hod
according tWoeéessa1 1 or claim4 wherein the positively bi BEEUSISMSact
i's selected so as to provide reconbination of electrons in the

crystal with holes, injected into the crystal by the positively biased
el ectrical contact. 9. A net h?? according to claim2 or claimb5
wherein the positively biased contact g sel ected to provide free fl ow of

el ectrons fromthe crystal to the positively biased contact. A
met hod accordig& to cl io? 2 or _claimb5 wherein the Bsi'tivel‘t‘P b| ase
contact is | ected o assbo provi de reconbi n&¥ on of ectron

the crystal wtMNholes,|injecsfd into the crystal by t p05|t|vply |ased
el ectrical contact® L J |

PCT/ US95/ 09965 WD 9p4 05521 11. A method according g clai m3 or
claim®6 wherein th neggtli vel y biased contact is selectedq|to prpyide fre
flow of hotes from {he crlystafr t he negatively Braset—Ttyrt act . "ﬁ

Py

0O/

Fig. 1 | Fig. 2
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« 12. A method according to claim3 or claim6 wherein the negatively

bi ased contact is selected so as to provide reconbination of holes
in the cowsdemissari th el ectrons, injected into the crystal BSI¢$9809M88ati vel y
bi ased el ectrical contact. 13. A system according to any of clains

-1, 2, 3, 4, 5 and 6, wherein the negatively biased contact is forned. of

one of the follow ng group of naterlgéf i ndi um cadm um al um num
gallium alloys including one or of indium cadm um alum num and

gal lium 14. A method according to any of clainms 1, 2, 3, 4, 5 and
6, wherein the negatively blased contact is formed of an n-type |ayer of
conductive sem conduct or A nethod according to claim 14
wherein the n-type co1duct- sgrg conductor contact conprises one of

the following group: n{typd conducti've CdTe; n-type conductive
Hg[err]Cd[err]Te (0 =< x =<1); n-type conductive HgTe; alloys of n-type
conductive CdTe in mhiiF inc partially replaces Cd; and alloys of

n-type conductive CdTe i ich seleniumpartially replaces Te. 16.
A nmet hod according to claim 8 or claim 10 wherein the

]
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al l,oys i ncl ‘udi ng o] nore of gold, platinum copper _
ni ckel, antinony, carbon and tel lgni Ny s 17 A-nethod acrofding
to claim 8 or claim10 wherein the Tposrtively biaged contact is forpred
of a p-type layer of conductive sem conductor 1 A—rrettod
according tg claim17 wherein, the conduct i i ve sem conduct or
contact conph) sed msthodfor defermigingthe ﬁgergn Pgﬁ photpn of ienizingradietien contprising: -
p-type conductive Hg[err]Cd[err]Te (0 =< x =< 1); p-type conductive HgTe;
all oys of p-type conidadiating aChigh résistaﬁdech—typmcadmimri aellyrideegilgyc epystatl, wihd
all oys of p-type conductive CdTe in which seleniumpartially replaces Te.

19. photéns dTRéRIgitg rafigondi Ng to any of claim 3 and claim 6 wherein
t he p03|t|vely bi ased contact is fornmed of one of the foIIovm' ng group of

T3S S oy RO, AR g e 1

communication with the crystal, which are respectively negatively and positively biased and which

provide free flow of electrons from the negatively biased contact to the crystal and wherein holes,
generated by absorption of the photons in the crystal, recombine with said electrons; and
determining the photon energy by measuring the amount of charge generated

per photon absorbed by the crystal.

2)  Anionizing radiation induced photocurrent measuring method comprising:

irradiating a high resistance n-type cadmium telluride alloy crystal with a
photon flux of ionizing radiation;

providing first and second electrical contacts which are in electrical
communication with the crystal, which are respectively negatively and positively biased, and vﬁxich
collect holes and electrons, respectively, from the cry.stal,

wherein an electron enters the crystal from the negatively biased electrical
contact each time an electron is collected by the positively biased electri(;al -contact, and

‘wherein the bias of electrical contact is high enough to ensure that the number
of electrons collected at the contacts is higher than the number of élébtrons generated by the
photons; and

measyring photocurrent induced by absorptibn of the photons:in the crystal.



pk-ati num copper, osm um M car bon and tellurium
20. A nmethod according to !mm Ilualmr Mﬂ'“cl aim6 V\/nerel n the
positively biased contact is fornefl of & p-type I|ayer

31, /0 .
conduct i ve sz)?n c%ﬁﬁné%lgg rad]anoainduced phmocurre%g' i 6'#"&““’ ‘Pﬁg

wherein the p-type onduct sem conduct or conta conmpri ses ane . of
the following grodp? B“?%/ﬁeﬁlgﬁrfﬁﬂétlap% cadmiug, te @&ﬂa[@py\féystal with
Hog[err]Cd[err] Te (0 =< x =< 1); p-type conductive HgTe; alloys of p-type
conducPhafen fuxef iopizingyadigtion;nc partially replaces Cd; and alloys of p- type

5/ 09965
ai m 20

conductive CdTe in which seleniumpartially replaces Te. 22.
met hod accordi ng to mbeidingl firshendi secohd eloetgiodli \cohticts binhichd aﬁd)ﬁha®lectr$cal
formed of one of the followi ng group of materi- als: gold; platinum

Copne iR Ykt o UKo Uty RS g Wil
collect electrons and holes, respectively, from the crystal, ’
wherein a hole enters the crystal from the positively biased electrical contact
each time a hole is collected by the negatively biased electrical contact, and
wherein the bias of electrical contact is high enough to ensure that the number

of holes collected at the contacts is higher than the number of holes generated by the photons; and

measuring photocurrent induced by absorption of the photons in the crystal.

4) A method according to either of claim 1 and 2 wherein the positively biased contact

is selected to provide free flow of electrons from the crystal to the positively biased contact.

5) A method according to either of claim 1 and 2 wherein the positively biased contact
is selected so as to provide recombination of electrons in the crystal with holes, injected into the

crystal by the positively biased electrical contact.

6) A method according to claim 3 wherein the negatively biased contact is selected to

provide free flow of holes from the crystal to the negatively biased contact.

7) A method according to claim 3 wherein the negatively biased contact is selected so

as to provide recombination of holes in the crystal with electrons, injected into the crystal by the
REPLACEMENT SHEET

negatively biased electrical contact.
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23.. A method accordi ng to claim1l whereinitHe negat ively I ased

contact is formedlmun(miﬂlw IJHNulgctive seni conductlor 4 ¢ FEBA997 A

nmet hod. accordi ng rein the p-type conductive

sem conduct or contact conpri ses one of the fol | owi g roup. p-type
conductive CdTe; p-type conductive Hg[err]Cd[err]Te (0 =< Xx =< D--Ip-type
conductive Te; alloys of p-type conductive CdTe ™Th  which zinc
partially 8kpl Acwstemppccoring toany of slaims 1,2pnd\Aowhersinritie Begativelpbiased gowtastch -

seleniumpartially replaces Te. 25. A method according to claim1
or cl i fordied mﬁexleeoﬁthetfdsimwmpgtohp\ofh)atmaaseddmmntahmunﬁ afupnineel; gdlliamealddyst he
foll ow ng group WD 96/ 05521

PCT/ Uﬁ%ﬁi 6= orGhore JFdRtih Xadimiuth Alkium SACEAIHE, al urn num  gallium
alloys including one or nore of Indium cadnfum al uni num and:gallium

26. A method according to claim1l or claim4 wherein the positively
bi ased contact is fornmed of an n-type conductive sem conduct or . 27.

A method according to claim23 wherein_ the -type
9) A method according to any of claims 1,2 and 3 wherem the negatively biased contact

is formed of an n-type layer of conductive semiconductor.

10) A method according to claim % wherein the n-type conductive semiconductor
contact comprises one of the following group: n-type conductive CdTe; n-type conductive
Hg,Cd,..Te (0 = < x = < 1); n-type conductive HgTe; alloys of n-type conductive CdTe in which
zinc partially replaces Cd; and alloys of n-type conductive CdTe in which selenium partially

replaces Te.

11) A method according to claim 5 wherein the positively biased contact is formed of

one of the following group of materials:
gold; platinum; copper; osmium; nickel; tellurium; carbon; antimony; and
alloys including one or more of gold, platinum, copper, osmium, nickel, antimony, carbon and

tellurium.

12) A method according to claim 5 wherein the positively biased contact is formed of

a p-type layer of conductive semiconductor.

13) A method according to claim 12 wherein the p-type conductive semiconductor

contact comprises one of the following group: p-type conductive CdTe; p-type conductive

Hg.Cd,..Te (0 = < x = < 1); p-pe conductive HgTe; alloys of p-type conductive CdTe in which
3



con.duct i.ve sem conductor c one of the follow ng group:
n-type conductive CdTe; ﬂmmm mﬁﬁ Eﬁ [err]Cd[err]Te (0 =< x =< 1);
n-type conducti ve HgTe; aI I t)ysc o n-# nductive CdTe in which zinc

parti al l re ces_ Cd; y t duycti ve e. i n whi

el en uATsapa el fehiags b andelon’ap Hpe Condibie, GREE d culieh seictims pprily

claims 1, 2, 3, 4, 5 and 6 wherei n said n-type crystal is doped

W th oneeﬂamSTbhe followi ng el enents: indium gallium alumnum chlorine,
brom ne or iodine. 29. A nethod according to any of clainms 3 and
6 wherein said p-type crystal is doped with one of the follomnng elenents

chl orine, brom ne, iodine, copper chrom um or vanadi um

“met hod accor dj B 1 0aAGRY%nE 26 ?ch H&h %%'Emé Sqogfmelng%%h w&é&l i%rh%}% Oé-

all oy crystal conprises a ca m cry
accord| n of. clains .1 to. \/\herel n the
gwf g A9flong eroup of materials: PCT/ US95/ 09965

gold; platinum; copper; osmium; nickel; tellurium; carbon; antimony; and
alloys including one or more of gold, platinum, copper, osmium, nickel, antimony, carbon and

tellurium.

15) A method according to any claim 3 wherein the positively biased contact is

formed of a p-type layer of conductive semiconductor.

16) A method according to claim 15 wherein the p-type conductive semiconductor
contact comprises one of the following group: p-type conductive :CdTe; p-type conductive
HgCd, Te (0 = < x = < 1); p-type conductive HgTe; alloys of p-type conductive CdTe in wﬁch
zinc partially replaces Cd; and alloys of p-type conductive CdTe in which selenium partiallyl

replaces Te.

17) A method according to claim 6 wherein the negatively biased contact is formed of
one of the following group of materials: gold; platinum; copper; osmium; nickel; tellurium; carbon,

and alloys including one or more of gold; platinum; copper; osmium; nickel and tellurium.

18) A method according to claim 6 wherein the negatively biased contact is formed of

a p-type conductive semiconductor.
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i on 71 nc parti aily rept aces cacMIIBEINIT™s et hoe' accor aing 6

any of claims 1 to 6 wherein the *cadmtum'eflutide alloy crystal
conprises a ggdmumtelluyride . alloy in i ch seleniumpartially repl aces
tellurium C@gs. R me{hRHsafg?fémga@c%‘PHﬁ’ dg]wﬁefawythsmyn% cenductike semisogdugter
also conprising a crystal equi pped with a guard ring surrounding one of
t he cor‘ﬁf’g%f’ts comprisgs one of the fojlowing fgseupdep-&pei condycimveoCuiTep metypy @hdactive
ganma ray source conprising: a high resistance n-type
cadm ugddifTer(Dee< x =l Dy p-tyms yeridaktive Hgle2dlRGs bY piipse &ﬁﬂﬁ@tb{e@d’?@ﬂ{ which

first and second electrical contacts which are in el ectrica

comunizingt haalW Y ' e f e . Ly pnegativel v and
oSt 1 e yP oyl Fiplicas G ¥l Mllop BE°P oe”oqrRPAVE OHT5 dn, Wil SeRbinrt ity
negati\zgdla/ p sed contact to the crystal and wherein hol es, generated by
absor pti'on of the photons in the crystal, reconbine with said el ectrons;
and phot on.energy neasuring apparatus operative to nmeasure the
anount of charge generated per photon absorbed by the crys- tal. - 35.
A system for neasuring photocurrent induced by a ganma

20) A method according to claim 4 wherein the positively biased contact is formed of

one of the following group of materials: indium; cadmium; aluminum; gallium; alloys including

one or more of indium, cadmium, aluminum and gallium.

21) A method according to claim 4 wherein the positively biased contact is formed of

an n-type conductive semiconductor.

22) A method according to claim 21 wherein the n-type conductive semiconductor
contact comprises one of the following group: n-type conductive CdTe; n-type conductive
Hg,Cd;.(Te (0 = < x = < 1); n-type conductive HgTe; alloys of n-type conductive CdTe in which
zinc partially replaces Cd; and alloys of n-type conductive CdTe in which selenium partially.

replaces Te.

23) A method according to either of claims 1 and 2 wherein said n-type crystal is

doped with one of the following elements: indium, gallium, aluminum, chlorine, bromine or iodine.

24) A method according to claim 3 wherein said p-type crystal is doped with one of

the following elements: chlorine, bromine, iodine, copper, chromium or vanadium.
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e osssnc® <™t I ecrs usoss S606s  *©
a high resistance n-type cadmim‘*telldtide alloy crystal

i rradi at ed t he ga ay source; . i rst and second_e fcal
contacts \/\h%?ﬁ ar@‘ﬂ%‘é?‘%ﬁ‘idmgc%ﬂ any. gf £laims 4c3 &Thefew I SR EILIR p R AR BRI h
are respec- tively negatively and positively biased | | es

and eyl cpmprisesiacendovum sellugide trystalt he crystal, whi chy chuse 0 elRg-

tron to enter the crystal fromthe negatively biased ele trﬂ:gl B 9?Znt

each time an electron is collected by the positively bt ase |

contact, and wherein the bias of electri CE& cont act
e

enough to 2%25‘” A odta&@?ﬂa &‘fangno?kﬁﬁﬁ:g Q@gﬁg{?ilf e‘%ﬁ@t“

i s higher thah the nunber of el?ectrons generate LONs;

phot ocurrent neasuring.a at.us,,operative.to sur of ocurrent

i nduc &Y 5&@ COBRBIY A %fﬂ‘é‘flgg%"ﬁﬁapgﬁ?‘fv ct{ ﬁgxcaagga?léﬂrgpﬁaces c %B‘.“m- A system
for neasuring photocurrent induced by a gamm ray source conpri sing:

a high resistance p-type cadmum telluride al | oy '

27) A method according to any of claims 1-3 wherein the cadmium telluride alloy

crystal comprises a cadmium telturide alloy in which selenium partially replaces tellurium.

28) A method according to any of claims 1-3 and also comprising a crystal equipped

with a guard ring surrounding one of the contacts.

29) A method according to any of claims 1-28 and wherein said ionizing radiation is

>

gamma ray radiation.

30) A method according to any of claims 1-28 and wherein said ionizing radiation is

X-ray radiation.

31) A system for determining photon energy of an ionizing radiation source
comprising:
a high resistance n-type cadmium telluride alloy crystal irradiated by the
source;
first and second electrical contacts which are in elc?ctrical communication
with the crystal, which are respectively negatively and positively biased and which provide free
flow of electrons from the negatively biased contact to the crystal and wherein holes, generated by

absorption of the photons in the crystal, recombine with said electrons; and

6



ctystal irradiated by the gamm ra“"ﬂ:uﬂﬁluu"llwm first and second
el ectrical contacts which are in Kig i i IR nication with the :

%*

crystdl,which are respective- ly positively and negatively biased, which
coll ect electrons and 0 593?,? mdhe, c |
cause a hole to entpé‘rO totrﬂhéergggyyéﬁa oﬁ?@%gg‘%}w‘;\}e@y%ﬁ‘&aﬁy %Pg'co\t‘yﬁ{l g’gl
cont ac each, tine hole i.s .col].ected by the negatively biased

el ect r§ egenere@ﬂtngpﬁot%absorbed%ytLe cryStahherein the bias of el ectrical
contact is high enough 35 WO

96/ 05521 PCT/ US95/ 09965 to ensure

that the nunber of holes collected at the contacts is higher than the

nunber of hd2ys gexeyatmdfobyndabering) phetotirrefdnduced by an ioniZhe cRliatde 8urce
measuri ng apparatus operative to neasure phot ocurrent induced by

absorpéoh% isffe- the photons in the crystal. 37. A system for
determ ni na tghe phot on energy of an x-ray source conpri sing:

0, T ST SLance g A L Sl S oS B o1
are in el ectrical communication with the crystal, which are respective-
source;
first and second electrical contacts which are in electrical communication
with the crystal, which are respectively negatively and positively biased, which collect holes and
electrons, respectively, from the crystal, which cause an electron to enter the' crystal from the
negatively biased electrical contact each time an electron is collected by the positively biased
electrical contact, and
| wherein the bias of electrical contact is high enough to ensure that the
number of electrons collected at the contacts is higher than the number of electrons generated by
the photons; and

photocurrent measuring apparatus operative to measure photocurrent

induced by absorption of the photons in the crystal.

¢ 33) A system for measuring photocurrent induced by an ionizing radiation source
comprising:
a high resistance p-type cadmium telluride alloy crystal irradiated by the
source;
first and second electrical contacts which are in electrical
communication with the crystal, which are respectively positively and negatively biased, which

collect electrons and holes, respectively, from the crystal, and which cause a hole to enter‘t.he_

REPLACEMENT SHEET
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|y _negatively and positivel 4mu“ﬂﬂﬂl“ﬂﬂllmlmh provide free flow "~ of
electrons fromthe negativelk Gond 8ol t o the crystal and wherein
hol es,* generated by absorptidh &f the"photons in the crystal, reconbine
wiih saj t : : 3 | r

oper at (e HORRE xRy pissed clectrical oty SEHARE DhoLR UMM BPRE FRiivoly,
by the,crystal .. 38. A system for neasuring photocurrent induced by
an x-rgwgf‘gﬁﬂ??écemﬂq ng: ] a high resistance n-type '
cadmum telluride alloy crystal irradiated by the x-ray photons;

first and second el ec¥hdreinithe binsaeftelecttigal ehntagtris highhenough éx emguceithat the
.comuni cation with the crystal, which are respective- |y negatively and

posi ti vighperbofobsles colfdcedd Acthe @ohtabsl Bshigiied thare HRCihunilieg of IR ERhtNedd/ by fthom
the crystal, and which cause an electron to enter the crystal fromthe

negat i Lased electri- cal contact each tinme an electron is collected
by theﬁg(gés‘ﬁ%@% y 36 WO 96/ 05521

PCT/ US95/ 09965 bi ased ,el ectrical contact, and ) wherei n t.he
bi as of electrical cont dﬁptch“?ﬂtgﬁ‘eéﬂgﬁﬁhapw%%gmn‘f%&l m%@fﬁfh%?cwm
el ectrons collected at the contacts

induced by absorption of the photons in the crystal.

34) A system according to any of claims 31-33 and wherein said ionizing radiation

source is a gamma radiation source.

35) A system according to any of claims 31-33 and wherein said ionizing radiation

source 1s an X-ray radiation source. o LACEMENT SHE_E]
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“phot ocurrent neasuring ‘a
Py absorption

ZMrs

gher than the négt‘sg of el ectg‘@qs ogg@epgt?d]by t he photon ;‘./x:—jf
p t i

arat us opera
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(57) Abstract

This invention discloses a method for determining
gamma ray photon energy comprising irradiating a high
resistance n-type or p-type cadmium telluride alloy
crystal (10) with gamma ray photons, providing first
and second electrical contacts (20, 30, 40) which are in
electrical communication with the crystal (10), which are

“respectively negatively and positively biased and which

provide free flow of electrons from the negatively biased
contact to the crystal and wherein holes, generated by

.absorption of the photons in the crystal, recombine with

said electrons and determining the photon energy by

‘measuring the amount of charge generated per photon

absorbed by the crystal.
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