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AHOTAIIISA

[{ao I3ecsH. TepmoarHaMiuHI Ta KIHETHYHI MPOIECH MOAU(IKYBaHHS T€TEPOCUCTEM
Ha TEJIypUIl KaJaMilo, 1HINIMOBaHI HAaHOCEKYHJHOIO JI€I0 1HTEHCHBHOTO JIa3€pPHOTO
BUNpOMiHIOBaHHs. — KBamidikaliiiHa HayKoBa Mpalisl Ha IpaBax PyKOIMHCY.

Huceprariiss Ha 3100yTTS HAyKOBOTO CTYIEHs JOKTOpa ¢igocodii 3 ramxysi 3HaHb
10 IMpupoannui Hayku 3a cnerianbHicTio 105 Tlpuknaana ¢izuka Ta HaHOMaTepiaiu.
— HamionanpHuit TexHIYHUN yHIBepcuTteT YKpaiHu «KHIBCHKUM TMOTITEXHIYHUN

1HcTUTyT IMeHi Irops Cikopcekoro», Kuis, 2025.

JucepramiiiHi  AOCHIPKEHHS]  IPHUCBAYEHI  BCTAHOBJIEHHIO Ta  OIHUCY
3aKOHOMIPHOCTEH TEepMOJMHAMIYHUX (HarpiB, (a3oBi Mepexoau) Ta KIHETUYHUX
(mudy3iss, MacomepeHoc) MPOIECiB y TEAypHJi KaaMil0 Ta IeTepOoCHUCTeMI ILTiBKa
Metany/CdTe npu noTy>kHOMY HAaHOCEKYHAHOMY Ja3€pHOMY OIPOMIHEHH] y PI3HUX
CepelloBHUIIaX, 1, BIAMOBIHO, BUPINMICHHIO MpoOjJeMu (QopMyBaHHS Ta KEPOBAHOI
3MIHM  (I3UYHUX (E€TEeKTPUYHUX, (OTOETEKTPUYHUX, ONTHUYHHUX) BIACTHUBOCTEU
MOBEPXHEBUX WIApIB JAHMX HAMIBIPOBIIHUKIB MpH peanizalii yMOB I1CTOTHOIO
BIIXWICHHS BiJ TEPMOJAMHAMIYHOI piBHOBaru. [lpm TeopeTHyHOMY OIHCi
EKCIIEpUMEHTAJIbHUX pe3yJbTaTiB Oyle BpaxoBaHO YacoBa Ta MPOCTOPOBA
HEJIOKAJIbHICTh Y KIHETHYHHX SBHUIIAX TICPEHOCY.

Ha ocHOBI OTprMaHMX EKCIEePUMEHTAIBHUX JaHUX 1 TEOPETHUYHOTO aHAII3y
OyoyThb OTpHMMaHI MPUHLMIIOBO HOBI (PYHJIAMEHTalbHI Ta HAYKOBO-IPAKTHUYHI
pesynbrat o0 (GopmMyBaHHS Ta Moaudikaiii HaHO- Ta MIKPO- PO3MIPHHUX IIapiB
TEeIypuay KaJMII0O Ta KpPEMHIIO, OCKUIbKM TMOTYKHE HAaHOCEKYHJHE Ja3epHe
OTPOMIHEHHS T€TEPOCUCTEM Yy PI3HUX CEepe/IOBUINAX (ra3u, PiAMHU) J03BOJISIE 3HAYHO
3MIHIOBAaTH Ta BapiloBaTH B MIUPOKOMY Jiana3oHi kKoedimieHTn cerperaiii, qudysii i
PO3YMHHOCTI JIOMIIIOK, JIETYIOUMX E€JEMEHTIB Ta BJIACHUX TOYKOBUX Je(dexTiB. A
TaKOXX, M0 BaXIWBO, €()EKTMBHO BUKOPUCTOBYBAaTH TaK 3BaHMA e(eKT

«3aMOPOKCHHA» aKTUBOBAHUX aTOMIB Ta «HETEIJIOBUI» mponuec BBCACHHA 3a/1aHOTO



JIETYIOUOTO €JIEMEHTY 32 MEXaH13MOM Oapoaudys3ii.

Ha ocHOBI1 maHux JOCTIKEHB B TOJATBIIOMY MOKe OyTH CTBOpEHA HIMPOKa
rama BUCOKOC(EKTUBHHX €JIEMEHTIB 1HPOpMAaIIHHOT TEXHIKH.

[IpoGnema GopMyBaHHS Ta KEpOBAaHOI 3MiHH (I3UYHHX (B T.4. CICKTPUYHHUX,
ONTUYHHUX) BJIACTUBOCTEH HAMIBIPOBIIHUKOBUX I'E€TEPOCTPYKTYP 1 TOHKOILTIBKOBHX
CUCTEM MpU il MOTY>KHOTO HAHOCEKYHJHOTO JIa3€pHOTO BUIIPOMIHIOBaHHS, MpHU
SKOMY Peajli3yIOThCsl YMOBH ICTOTHOTO BIJXHJICHHS BiJl TEPMOJAMHAMIYHOI PIBHOBATH
B YMOBaX MOpPYIICHHS MPUHIUIY JOKAJIbHOI TepMoauHaMiyHOI piBHOBaru. lle,
BI/IMOBIHO, MOTpeOye BUBYEHHSI Ta OMUCY TpolleciB nudysii (MacomepeHocy) Ta
Ne(eKTOYTBOPEHHS B YMOBAaX MOPYILIEHHS JaHOTO, OJHOTO 3 OCHOBHHX, IPUHLUIIIB
KJIACUYHOI TepMOJuHaMIKU. Taki yMOBH, MpU SKUX BiIOYBAIOTbCS IMIBUAKI (pa30Bi
MEePEeTBOPEHHS Ta CyOiiMarlisi, peamdi3yloThCs HANpPUKIa[ MNPU HAHOCEKYHIHOMY
IMITyJIbcHOMY ~ J1azepHoMy  ornpomiHeHH1 (IJIO) HamiBOpoBiIHUKIB B  00iacTi
(yHIaMEHTAIBHOTO MOTJIMHAHHS Ta METAaJIIB.

Takuii cnoci®d, Ha BiAMIHY BIJ THUNOBUX (KBa31piBHOBaXHUX) METO/IB
BUPOIICHHS Ta (OpPMyBaHHA HAHO- Ta MIKPO- PO3MIPHUX HaIiBIPOBIIHUKOBUX
mapiB, JO3BOJII€ 3HAYHO 3MIHIOBAaTM Ta BaplloBaTH B IIMPOKOMY J1ala30HI
KoedirieHTH cerperaiii, Audy3ii 1 PO3UMHHOCTI JOMIIIOK, JETYIOYUX EJICMEHTIB,
TOYKOBUX JIe(PEKTIB y HAMIBNPOBITHUKAX Ta MOJABUTH €(PEKT CaMOKOMIICHCAIil
JOMIIIKOBUX LIEHTPIB aKTUBALlli Yepe3 Tak 3BaHUM €(DEeKT «3aMOPOKEHHS».

HaGmwkeHHst JOKanbHOI PIBHOBaru CHpaBEMJIMBE, SKIIO Yac peiakcarli,
IPOTSATOM SIKOTO BCTAHOBIIOETHCS PIBHOBara y MakpoCKOIMIYHO Maiumx (ame 3
BEJIMKOIO KIUJIBKICTIO YAaCTUHOK) OOJacTAX, HabaraTo MEHIIE XapaKTepHOIro Yacy
KOHKpeTHOTO (izuunHoro mporecy (3okpema mnpu [JIO0), TOOTO MBUAKICTH
pyiHYBaHHS pIBHOBarv, OaraTo MEHILIE IIBUJIKOCTI pelaKcalli CHUCTeMH [0
JIOKaJIHHOI pIBHOBArH.

KoMmiekc ekcnmepuMeHTAIbHUX Ta TEOPETUYHUX JOCHIKEHb T03BOJIUTH
OTpUMATH 3arajibHi 3aKOHOMIPHOCTI TEPMOAMHAMIYHMX Ta KIHETUYHUX MPOIECIB
MOM(iIKyBaHHS T€TEPOCUCTEM Ta ONTHMI3yBaTH MapaMeTpH Ta PEKUMHU JIa3€PHOTO

OTMPOMIHEHHSI 1JI1 (POpMyBaHHS TMPHUIIOBEPXHEBUX IIApiB Yy HAIMIBIPOBITHUKOBUX
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MaTepiajax 13 3aJaHUMHU EJICKTPUYHUMH, (POTOCIEKTPUYHUMHU Ta ONTHYHUMHU
XapaKTEepUCTUKAMHU, 1110 MOKe OyTH BUKOPUCTAHO JJIsl MPHIATHUX (YHKIIOHATBHUX
CTPYKTYp  pPI3HOMAHITHOTO TpHU3HAauYeHHs (Hampukiaj, JAeTekTyBaHHs Y,
PEHTTEHIBCHKOIO Ta TaMMa BUITPOMIHIOBAHHS).

TepmoauHaMiuHI Ta KIHETHYHI TPOIECH MOAM(IKYBaHHS TETEPOCHCTEM Ha
OCHOBI KpEMHIIO Ta TEIypuay Kaamilo, a caMe¢ BCTAaHOBJICHHS Ta OIIHAC
3aKOHOMIpHOCTEH mu(y3il Jeryloumx aTroMiB Ta TEHEpalliiHO-pellaKcaIliiHuX
mporieciB y AehEKTHIA MACUCTEMI MPU HAHOCEKYHIHOMY JIa3€pHOMY OIPOMIHEHHI
CdTe, Si Ta cucreM IUIIBKa METaly/HaIlIBIPOBIIHUK, KOJHM PEANi3ylOTbCSI YMOBHU
JIOKaIbHOI 4acoBoi Ta(ab0) MPOCTOPOBOI HEPIBHOBAXKHOCTI, 3a3HAE CUIILHOTO BILTUBY
G13UYHOT Ta TEOMETPHYHOI HeiHIMHOCTEeW. 30KpeMa, BiIOYyBarOThCS HAJIIBUJIKI
nporiecu (ha3oBUX MEPEXOJIIB — TBEPJIE TII0-Ta3, TBEPAE TLIO-PO3ILIaB-TBEPAE TLIO 3
BEJIUKOI0 IIBUIKICTIO mMomupeHHs (azoBoi rpanuii (1-20 m/c). ToOto mporecu
MEPEHOCY JIETYIOUMX aTOMIB, JOMIIIOK, BakKaHCIi Ta MIXKBY3JIOBUX aTOMIB
Bi{OYBAIOTECS. B HAIIBIPOBIIHNKY IPH LIBUIKOCTI HArpiBy Ta OXONOMKeHHS ~10™°
K/c, mBuakocTi miaBieHHs-Kpuctamizaiii ~ 10 m/c, mo cmiBMipHE 31 HIBUIKICTIO
NOIIMPEHHsT BiacHe 30ypeHb KoHueHTpamwii. Lle, 3 oxHOT CTOpOHM, [03BOJISIE
OTpUMATH TPHUIIOBEPXHEBl IApU HAMIBIPOBIIHUKIB 3 YHIKAJIbHUMH (I3HUHUMH,
CICKTPUYHUMH, (HOTOCTEKTPUIHUMHU Ta ONTHYHUMH XapaKTEPUCTUKAMH, TMPOTE 3
JIpyroi CTOPOHH TOTpeOye KpPOMITKOTO EKCIEPUMEHTAIBFHOTO Ta TEOPETUYHOTO
BUBYCHHs TporeciB nudy3ii Ta AePEeKTOyTBOPEHHS B JIOKAIbHO-HEPIBHOBAXKHUX
yMmoBax. BiamoBinHo, Ha BHUpIIIEHHS AaHOiI (QyHIAMEHTaNIbHOI 3a/1ayl 1 CIpsSIMOBaHI
aucepTamiitHi - mocmimkeHHa. [lpu oMy Oynm BHMIpSHI Ta TpOaHai30BaHi
eJNeKTpHUYHI, (POTOCTECKTPUYHI Ta ONTUYHI XapaKTEPUCTUKU MPHUIIOBEPXHEBUX IIAPIB
CdTe micast HAHOCEKYHJIHOT'O JIA3EPHOTO OIIPOMIHEHHSI.

HoBu3zHa nucepraniiHux IOCHIIKEHb 0a3y€ThCS HA €KCIIEPUMEHTATILHOMY Ta
TEOPETUYHOMY oOnuci mnporeciB audy3ii (MaconepeHocy, AePEKTOYTBOPEHHS) 3
ypaxyBaHHSIM 4YacOBOI Ta IIPOCTOPOBOI HEJIOKAJIBHOCTEW IPU HAHOCEKYHIHOMY
Ja3epHOMY OMPOMIHEHH]1 HAMIBIIPOBIIHUKIB, K1 € 0a3010 (PyHKIIOHANBHOI (HOTO- Ta

onroenekrponiku - CdTe, cucrem mmaiBka merany/CdTe, Si. Metoau iMIyJIbCHOTO
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Ja3epHO-1HIYKOBAHOTO TBepaoda3HOro Ta piakoda3HOro JIETyBaHHS HAa ChOTOJIHI
IHTEHCUBHO BHUKOPUCTOBYIOTHCS i1 (POPMYBAHHS OMIYHMX Ta BUIPSIMIISIIOUUX
KOHTAaKTIB, ()OpMYyBaHHS TOHKUX Oap’€pHUX, 1HBEPCIMHUX Ta Bapi30HHUX T'OMO- Ta
reTepo- MIapiB 13 3aJaHUMHU EJNEeKTPUYHUMHU, (POTOCNEKTPUYHUMU Ta (PI3UYHUMHU
xapakTepuctukamu. lle HEoOXiHO TMpU CTBOPEHHI CTPYKTYp Ui TPUIIAJIiB
(hOTOETEKTPOHIKH, ONTOCIEKTPOHIKHA Ta CEHCOPHOI €JIEKTPOHIKH HOBOTO MTOKOJIIHHSI.

Takoxx, He3BaxalOY Ha IUIMA HAOPSIMOK pPOOIT II0AO0 HAHOCEKYHIHOI
Ja3epHO-1HAYKOBaHOT1 Moau(iKaIlii MpUIIOBEPXHEBUX MIapiB HamiBmposiaHukie CdTe,
Si Ta rerepocucTeM Ha iX OCHOBIi, IpH ommci (HI3MYHUX TPOIECIB B HUX HE OyIo
BpPaxoBaHO MPOCTOPOBY Ta (ab0) 4acoBy HeNOKaJdbHOCTI. B ToOi ke dac 1e mpocTo
HEOOXITHO Il KEepyBaHHSA PI3HOMaHITHUMH (PI3MYHUMU [apaMeTpamu Tpu
CTBOPEHHI HAIMIBIOPOBIIHUKOBUX CTPYKTYp Uil (PYHKIIOHAJIBHUX €JEMEHTIB
1H(}OpMAIIHHUX CUCTEM.

Mertorw aucepraiiiiHoi poOOTH € JOCHIKCHHS TEPMOJAMHAMIYHUX Ta
KIHETUYHUX MPOLECIB MOJIU(]PIKYBaHHS T'€TEPOCUCTEM HA OCHOBI TEIYpPUAY KaJIMIIO,
1HII1HOBaH1 HAHOCEKYHTHOIO JI€I0 IHTEHCUBHOTO JIA3EPHOTO BUIIPOMIHIOBAHHS.

VY nuceptarii Oys0 OTPUMAHO HACMYNHI HAYKOBI pe3y1bmamu.

Po3pobiena meToauka ja3epHO-1HAKYBAHOTO JIETYBaHHS 1 YTBOpPEHHS pP-N
nepexony B kpucragax CdTe. Ilig mi€ro ga3epHOro BHIIPOMIHIOBAHHS 0JIA€THCS
(eHOMEH CaMOKOMIIEHCAllll JEryIUUX JAOMIIIOK 1 BBOJUTHCS BUCOKA KOHIIEHTpAIlIS
In B ToHkuii moBepxHeBuii map CdTe i MoXHAa OTpUMAaTH MIiJKI Ta Pi3ki P-N
nepexonu. llinTBepakeHa mepeBara Jia3epHOTO JIETYBaHHS 3 BIJIHOCHO TOBCTOIO
Jeryr4doro miiBkow In. BumienaBenena Meroauka 3abesneuye jla3epHO-1HAYKOBAHE
neryBaHHs Oe3 HarpiBy obOmacti ToBcTol mwiiBku In i kpuctany CdTe, yHukaroum
TEPMIYHOIHIYKOBAHUX 3MIH Ta TMOTIPIIEHHS CTPYKTYPH 1 XapaKTepUCTHUK
HaITiBITPOBITHUKA.

BusnaueHo koedimienTu macornepeHocy inaito B CdTe y pisHuX 00nacTsax npu
HAHOCCKYHJTHOMY OIPOMIHCHHI CeKCHMMEpHHM JiazepoM cTpykTypu [n/CdTe.
OtpumMano mpodisib po3MoALTy aTOMIB 1HJIIO B TEIypHIl KaaMil0 p- THIY MiCIs

OJTHOKpATHOTO omnpoMmiHeHHs1 cTpykrypu [n/CdTe 3 OGoKy IUIiBKM iHAIIO IMITyJITBCOM
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ekcuMmepHoro (4 = 248 uM) na3epa, BU3HAUCHA ONTHMAaJbHA BEJIIMYMHA TyCTHHH
eHeprii 11t GopMyBaHHS 1HBEPCHOTO MPUITOBEPXHEBOTO I1apy (N- TUIY).

Byno 3malifieHo, 1m0 B Aianma3oHi MPOTSKHOCTI JIa3epHUX IMITYJIBCIB B MEXax
Bixm 7 HC g0 120 Hc, mopir rwiaBneHHs CdTe 3HauHO 3aleXHTh BiJl KOedillieHTa
MOTJIMHAHHA (/). 3aBIIKKW TOMY, IO TJIMOMHA TeIIoBoi audy3ii cTae 3HAYHO
OLIBIIOI0 HIK TIMOMHA NPOHHUKHEHHS Ja3epHOoro BumpominioBanHs B CdTe mis
IMITYJIbCIB MPOTSKHICTIO, JIOBIIE HDK 1 MKC, BOHAa TIOYMHAE 3aJekKaTH Bl
CIIEKTPAJIbHOI ~ 3aJIKHOCTI  KoedilieHTa BigbuBHOI 3maTHOCTI  R(4). byno
BCTAHOBJICHO, IO TOPIT TUIABJIEHHS 3HAYHO 3MIHIOETHCS 13 3MIHOIO JIOBKMHHM XBUJII
BUIIPOMIHIOBaHHSA A UL OLIbII KOPOTILHX JIA3EPHUX IMITYJIBCIB Tp.

BcranoBineHo, 1m0  JOMIHYIOYMM  MEXaHI3MOM  MacoIllepeHOCY  IpHU
HAHOCEKYHIHOMY JlazepHOMYy TBepaodaszHomy JjeryBanHi CdTe iHmiem €
O0apoaudy3zis. BiamoBigHo, IHTEHCUBHE Ta IIBUJIKE MPOHUKHEHHS aTOMIB 1HIIIO B
CdTe npu HaHOCEKYHIHOMY Jla3epHOMY oOmnpoMiHeHHI cTpyktypu In/CdTe
OoOyMOBJICHE 3HAYHMUMH TPaAJIEHTAMH TEPMOHAIPYT, IO BUHUKAIOTH 32 PaxyHOK
IIBUIKAX TPOIECIB HArpiBy, TUIABJICHHS, Mapo- 1 MJIa3MOYTBOPEHHS 3 «yIapHUMM)
HIBUIKOCTSMU NpOTiKaHHS. Tomy npu (popmMyBaHHI pi3KOTO P-N- Mepexoay Ha Maii
rimuouni 'y CdTe mpu CTBOpPEHHI JETEKTOPIB JOIUILHUM € 3a0€3MEeUYCHHS Pi3KOTO
IpaJileHTy TUCKY, a HE 3HAYHUN HArpiB MaTepiaiy.

[TokazaHo, IO MeXaHI3MHM KOHIEHTpamiiHoi audysii iamiro B CdTe 1
3aTSIryBaHHS aroMiB [n  (PpoOHTOM Ja3epHO-AYKOBAHOI yAapHOI XBWII TIpH il
BUHUKHEHHI Ta TOMUPEHHI HE € JOMIHYIOYMMHU Ta BU3HAYAJLHUMHU MEXaHi3MaMu
MacorepeHocy iHaio B cTpyktypi [n/CdTe 3 Tomumuowo miiBku /n 30-400 HM mpu
HAHOCEKYHIHOMY JIa3€pHOMY OIPOMIHEHHI.

Ilpakmuuna yinnicme Oucepmayilinoi pobomu TOJATaE y TOMY, IO
po3po0iIeHa METOAMKA JIA3EPHOIHIKYBAHOTO JICTYBAHHS 1 YTBOPEHHS P-N TIepexoay B
kpuctagax CdTe Oyna yCHilIHO BHKOPHCTaHa /Ui BHIOTOBJICHHS JETEKTOPIB
PEHTIeHIBCbKUX Ta P-PEHTTE€HIBCHKUX MTPOMEHIB, 5IK1 OyJIM BUKOPUCTaHI B MpUJafax 3
NUTaHb MOHITOPUHTY Ta O€3MEeKH HAaBKOJUIIIHBOTO CEPEOBHILIA.

OTpuMaHi pe3ynbTaTy MOKa3yl0Th MOKJIHMBICTh KOHTPOJIbOBAHOT MOAMDIKAIi



¢iznuanx BiactuBoctedt CATe mpu BHUTOTOBIIEHHI CTPYKTYp 1 MPWIAIIB Pi3HOTO
MPU3HAYCHHS Ha iX OCHOBI IIJISXOM 3MIHM KOHIIGHTpAIlil JOMIIIKOBHUX aTOMIB 1
BJIACHUX TOYKOBUX JE(EKTIB y pi3HuX 4acthHax 00’emy CdTe mpu IJIO Ta Oynu
BUKOPUCTaHI JUIsl ONTHUMI3alli JIa3€pHOCTUMYJIbOBAHOI OOpOOKM TMOBEpPXHI 1

CTHMYJIbOBAHOTIO JieryBaHHs kpucrtaiiB CdTe.

VY BCTyI AMCepTaIiifHOi poOOTH BU3HAYEHO 00’ €KT Ta HANIPSIMU JTOCIIIKSHHS,
chopMyILOBAHO METY 1 3aBAaHHS, BU3HAYEHO METOJU JOCIIJKEHHS, OOTPyHTOBAHO
aKTyaJIbHICTh Ta HAyKOBY HOBH3HY pOOOTH, MNPAKTUYHY I[IHHICTh OJEpPKAHUX
pe3yibTaTiB Ta HABEAEHO JaHi Mpo MmyOuikamii Ta ampoOalliio JucepTaliiHuX
JOCTIIKEHb.

Ilepwuii po30in NpUCBAYEHO OTJIALY Ta aHAII3Y JITEPATYPHHUX JAHHUX MO TeMl
aucepTaiiitHoi  poOoTu. Po3riasHyTo Ta mpoaHami3oBaHO POOOTH  CTOCOBHO
moudikarii ¢izuunux BinactuBocteit CAdTe nmpu BUTOTOBICHHI CTPYKTYP 1 MPHJIaIiB
PI3HOTO MPU3HAYEHHS HA iX OCHOBI.

Y opyzomy po3oini naBeneHo OCHOBHI METOJU JOCIIKEHb BIIACTHBOCTEH Ta
CTBOPCHHSI JIOCII/PKYBaHUX CTPYKTYp Ha ocHoBi CdTe: TexHoyoriuHi mporecu
niarotoBku kpuctamie CdTe mms IOCHIKEHb | BUTOTOBJICHHS JIOJHUX CTPYKTYP
In/CdTe/Au; xiMmiko-muHamiuHa O0OpOOKa TOBEPXHI KpPHUCTATiB;, (GOpPMyBaHHS
eJIeKTPOIB; (hOpMYBaHHS JIETOBAHOTO IIapy, JIOMIHECIHEHIIs, (OTOMPOBIAHICTH,
JOCTIPKEHHSI BOJIbT-aMIIEPHUX XapaKTEPUCTUK CTBOPEHHMX [IOJHUX CTPYKTYP
In/CdTe/Au.

Y mpemuvomy po30ini naBeneno pe3ynbratu MOJIETIOBaHHS JUY31HHOTO pyXy
HaHovyacTUHOK y kpuctanmi CdTe mnpu  jga3epHO-iHAYKOBAaHOMY  JIETyBaHHI.
3acTocyBaHHS JIJa3€PHOTO BUIIPOMIHIOBAHHS st JieryBaHHs kpuctani CdTe B aproi
noBoauTh, 1m0 giogu In/CdTe/Au BupoOJieHI MNpU EHEPreTHYHIH TYyCTHHI:
170 mJlx/cM® MalOTh Dy)Ke BHCOKI BHIIPSIMHI BIACTHBOCTI. 30KpeMa, KOHCTPYKIIis
Ma€e JyXe BUCOKHH MpSAMHA CTpyM MpH BIAHOCHO MajloMy cTpymi BUTOKY. Lle €
pocTa 1 peanizyemMa Bepcisi Teopli TEXHOJOTIT JeryBaHHsI KpUCTaliB 1 pOpMyBaHHA

miogHuX cTpyKTyp. [linTBEepIKEeHO MepeBaru JIa3epHoro JieryBanHs kpuctanis CdTe.
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JIazepHe yieryBaHHs HUISIXOM orpoMiHeHHs cTpykTypu In/CdTe 3a qomomororo
HAHOCEKYH/IHUX JIa3epHUX IMITYJbCIB — II€ TBepaoda3Huil mnpoiec 0e3 HarpiBaHHS
BeaMKol KimbkocTi kpuctanmiB CdTe, mo [03BOJISE YHUKHYTH IOIIKOKCHHS
kpuctana. Ilig miero ma3epa monaeTbcs (EHOMEH CaMOKOMIICHCAIIl JIETYIOUUX
JOMIIIIOK 1 BBOAUTHCS BUCOKA KOHIIEHTpaIlis IN B ToHKM# moBepxHeBuii map CdTe.

Otxe, B obmacti moBepxni CdTe, MokHa OTpUMaTH HETIMOOKI 1 rocTpi P-n
nepexonu. llinTBepmkeHa mepeBara Jia3epHOTO JIETYBaHHS 3 BiIHOCHO TOBCTOIO
JIETYIOYOI0 TI1BKOIO IN. OHIEI0 3 KIIIOUOBUX OCOOJMBOCTEH JTa3epHOT TEXHOJIOTI JJIst
JeryBaHHs Iiapy KpucramigHoro CdTe p-tuiry 3 qyKe BHCOKOK KOHIICHTPAIIEO
JIOMIIIOK N-TUITY € BUKOPUCTAHHS BIIHOCHO TOBCTOI JIETYI04O]1 TUTiBKH IN.

3abe3neuye Ja3epHO-1HAYKOBAaHE JIETyBaHHS Oe€3 HarpiBy oO0JacTi TOBCTOT
wriBku N 1 kpucrany CdTe, yHukaroun TepMIYHO iHAYKOBAHHMX 3MiH Ta MOTIPIICHHS
CTPYKTYpH 1  XapaKTepUCTHUK  HaIiBOpoOBiJHUKA. Po3pobinena  metoauka
JIa3epHOIHIKYBAHOT'O JICTYBaHHS 1 YTBOPEHHs P-N mepexoay B kpucranax CdTe Oyna
YCHIITHO BUKOPHUCTaHA IS BUTOTOBJICHHS JCTEKTOPIB PEHTITCHIBCHKHX Ta -
PEHTIeHIBCHKUX TMPOMEHIB, sIKI Oyau BUKOPUCTaHI B TpWiagax 3 [HUTaHb
MOHITOPUHTY Ta 0€3MEeKH HAaBKOJHUIIIHHOTO CEPEIOBHIIIA.

Y uemeepmomy po3oini HaBeneHO pe3yabTATU JOCTIHKEHb MEXaHI3MIB
maconieperocy iHmiro B Cd(Zn)Te mpu aii HAHOCEKYHIHHMX JIa3epHHUX IMITYJIbCIB.
OtpumMano mpodiib PO3MNOALTY aTOMIB 1HAIIO B TEIYPUAl KaaMIlO p- TUIY MICIS
OJIHOKpPATHOTO onpoMiHeHHs cTpyKTypu In/CdTe 3 O0Ky TUTIBKH 1HAIIO TOBIUHOIO 30
HM IMIYJIbCOM €KCHMMEpHOro (A =248 um) nasepa TpuBalicTIO 7, =20 HC TIpH
ryctuHi  eneprii  E,,, = 100 mJDx/cv®.  JlaHa — BeJIMYMHA TYCTUHHA €Heprii €
ONTHUMAJIbHOI JJis1 (POPMYBaHHS IHBEPCHOIO MPHIIOBEPXHEBOro mapy (N- THIy).
[IpoBenenHo anami3 CrEeKTPiB MPOMyCKaHHS (HOTOMPOBITHOCTI Ta (POTOTFOMIHECIICHITI].

Busisneno, mo rimmbuna nqudysii cranoButh 100 HM 1 CIOCTEPITAETHCS MK MPU
6 HM, 110 BKa3ye Ha MEpPEBHILEHHS JpeioBOI CKIAAOBOI IIBUJKOCTI aTOMIB 3a
nudysiiiny. BcraHoBieno, 1mo koedirieHT Maconepenocy aromiB /n B CdTe mpwu
HAHOCEKYHIHOMY JIa3€pHOMY OIPOMIHEHHI CTpyKTypH 1uriBka IN/CdTe 3anexurth Bif

BijcTaHi Big moBepxHi CdTe i 3pocTae, 1110 MOB’sA3aHO 31 IMIBUAKOIO 3MIHOKO 3 4aCOM
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HEOJHOPIIHOT Jedopmalii KpUCTaTiYHOT peliTKy (HapoCTaHHAM Ta criafoM gradP) y
nporieci audysii iHgifo. BusHaueHo koedimienTn Mmacoreperocy iHgiro B CdTe y
pPI3HUX 00JIACTAX TMPU HAHOCEKYHAHOMY OMNPOMIHEHHI €KCHMEPHUM Jia3epoM
ctpykrypu In/CdTe 3 TtoBmumHOIO TutiBKH [n 30 HM 3 OOKy MeTany TpH
E,w = 100 MJIx/cM% Do=1,1-10%cm%c, D;=3,9-10%cm?/c, D,=1,46-10° cm/c,
D3;=52-10"cm’/e.

Y n’amomy po3oini mnpencraBieHO pe3yNbTaTH JOCHIIKEHb 3aJCKHOCTI
nopora mmiasieHHs CdTe Big MOBKUHH XBWII Ta Yacy [ii IMIYJIbCY JIa3epHOTO
BUIIPOMIHIOBaHHS. Byo 3HaiiieHo 10 B Alana3zoHl TPOTSKHOCTI JIA3EPHUX IMITYJIbCIB
B Mexkax Bim 7Hc g0 120 mHe, mopir maBineHHs CdTe 3HAYHO 3aJCKHUTH Bif
Koe(ilieHTa MOTJIMHAHHS 0(4). 3aBIIKM TOMY IO TJIUOMHA TEIuioBOi audysii cTtae
3HAYHO OUTBINIE HIXK MIMOMHA MPOHUKHEHHS JIa3epHOTO BUNpoMintoBanHs B CdTe s
IMITYJIbCIB TIPOTSDKHICTIO JIOBIIE HDK | MKC, BOHa IIOYMHAE 3aJIeKaTH BIJ
CHEKTPaIbHOI 3aJIEKHOCTI KoedilieHTa BiAOMBHOI 3AaTHOCTI R(4). Bysio BcTaHOBIEHO
110 TOPIT IJIABJICHHS 3HAYHO 3MIHIOETHCS] KOJU JOBXKWHA XBUJII BUIIPOMIHIOBAHHS A
3MIHIOETBCSL A7l OUTBII KOPOTIIMX HPOTSHKHOCTEH JIa3epPHUX IMIYNBCIB 7. byno
3HANJIEHO 10 3MIHM B MapaMeTpax HEPIBHOBAXHUX HAJJIMIIKOBUX HOCIIB, TAKUX SIK
30UIBIICHHS B IIBUIKOCTI MOBEPXHEBOI pexomoOiHamii C Bix 10® m/c 1010° m/c i
TakoK B rubuni audysii Lp Bim 0,4 MKM 10 2 MKM MOXE 3MIHIOBATH MOPIT
wiasnenHs CdTe mionaiimenme Ha 25%. Moayssimisi MPOTSHKHOCTI IMITYJIbCIB
pyOiHoBoro jaszepa B Mmexax (20 +5) Hc mpuBomuTh 10 35% 3MIHM BIJJHOCHOTO
nopora tuiaBiicHHsT Aly/ly,. OOumcieHi 3HadeHHs nopora muiasiacHHs CdTe moOpe
CHIBBIAHOCATBCS J00pe 3 EKCHEePUMEHTAIbHUMHU JaHUMHU BIJIOMUMHU 3 JITEPaTyp.
Otpumani pe3yiabTaTd OyJd BUKOPUCTAHI JIJIsi OMTHMI3aIli JIa3epHOCTUMYIIbOBAHOT
00pOOKH MOBEPXHI 1 CTUMYJILOBAHOTO JieryBaHHs kpuctaiiB CdTe.

Y  wocmomy po3dini waBeneHo pe3yabTaTH  JOCHIDKEHb  IPOIIECIB
MacoONEPeHOCY I1HAYKOBAaHMX JIA3€PHUMH HAHOCEKYHIHUMH IMITyJIbCAaMH  Ta
(dbopMyBaHHS CHJIBHOJICTOBAaHUX IApy B TBEPAMX PO3YMHAX HAa OCHOBI TEIypUIY
KaaMmito. Bbyno BcTaHOBIIEHO, HIO0 JOMIHYIOYMM MEXaHI3MOM MAacolepeHocy Mpu

HAHOCEKYHIHOMY JlazepHoMy TBepaodasHomy JjeryBanni CdTe iHmiem €
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Oaponudysis. BinmoBigHo, IHTGHCUBHE Ta IIBUAKE MPOHUKHEHHS aTOMIB 1HIIIO B
CdTe npu HaHOCEKYHJHOMY Jla3epHOMY ONpoMiHeHHI cTpyktypu In/CdTe
OoOyMOBJICHE 3HAYHUMH TpaJIEHTAMU TEPMOHANpPYT, 10 BUHUKAIOTH 3a PaxyHOK
MIBUKUX TPOIECIB HATPIBY, MJIABJICHHS, Mapo- 1 MIa3MOYTBOPEHHS 3 «yJapHUMI
IIBUJIKOCTSMHU TIpOoTiKaHHSA. ToMy npu (popMyBaHHI pi3Koro P-N- rnepexoay Ha mMaiii
rmbuHi 'y CdTe mpu CTBOpPEHHI JETEKTOPIB JOLIIBHHUM € 3a0C3MEUYCHHS PI3KUX
TpaJieHTIB TUCKY, a HE 3HauUHUH HarpiB. [lokazaHo, 110 MeXaHI3MH KOHIICHTPAIIHHOT
audysii inmiro B CdTe 1 3arsaryBaHHs aTtomiB [n ()POHTOM Ja3epHO-1AyKOBaHOI
YIApHOI XBWJI MpU il BUHUKHEHHI Ta IMOMIMPEHHI HE € JAOMIHYIOUYHMH Ta
BU3HAYaJbHUMH MeEXaHI3MaMHU MacollepeHocy 1HIii0 B cTpykrypi [n/CdTe 3
ToBIIMHOIO TUTIBKH [n 30-400 HM mpU HAHOCEKYHJHOMY Ja3epHOMY OIPOMIHEHHI.
BcraHoBneHO, MO cepeiHs ApeiidoBa MIBHIKICTH mepemMimieHHs atoMiB /n B CdTe
OpM  HAHOCEKYHIHOMY Jla3epHOMY OIpoMiHeHHI cTpykTypu [n/CdTe mpwm
E,uo= 100 MJI/cM? CTAaHOBHTB 3a Pi3HHMH PO3paxyHKamu 3...24 cm/c. Atomu In
TuyHAYIOTh MM JI€0 MEXaHIYHOI CUJiM rpaaieHTy aedopmainiii. 3poOieHi
TEOPETUYHI PO3pPAaXyHKH B pamMKax JaHOI poOOTH MOXKYTb OyTH 3aCTOCOBaHI [0
OUIBIIOCTI CTPYKTYp IUTIBKA METaly-HallBIPOBIAHUK JJis TOBEJIECHHS aHali3y
MacoONEPEeHOCy y MOBEPXHEBHX Imapax Ta 00’eMi ctpykrypu npu IJIO B mporeci
BUTOTOBJICHHS (DYHKI[IOHAJIBLHUX HAMIBIPOBIIHUKOBUX CTPYKTYp PI3HOTO poay
3aCTOCYBaHHSI.

OcHOBHI pe3yJbTaTh AMCEPTAIlIHHOI pOOOTH OMyONIIKOBaHI y 5 CTarTax y
(axoBUX BITUM3HSHUX Ta MIXKXHAPOJHUX HAYKOBUX >KypHanax (2 crarTi - TpeTii
KBapTUJIb MDKHApOIHUX HaykoBo-meTpuuHux 0a3 SCOPUS ta WoS; 1 crarta -
YETBEPTHI KBapTHIIb MIXHApOJHUX HaykoBo-meTpuunux 0a3 SCOPUS ta WoS), 2

cTaTTl y (haxOBOMY BITUU3HSHOMY >KypHaJll Ta 4 Te3ax JIONOBIACH HAa KOH(PEPEHITIsX.

Kawuosi caosa: CdTe, CdZnTe, In/CdTe nasepHe ONpOMiHCHHS,
MacoTepeHoC, JIETyBaHHs. JlJa3epHE JCTyBaHHS, HAHOCEKYH/IHE JIa3epHE OMPOMIHCHHS,

ynapHa XBuJjs, u(y3is, AETEKTOPH PEHTT€HIBCHKOTO Ta Y-BUIPOMIHIOBAHHS.
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SUMMARY

Cao Zexiang. Thermodynamic and Kkinetic processes of modification of
heterosystems on cadmium telluride initiated by nanosecond action of intense laser
radiation. — Qualifying scientific work on manuscript rights. Dissertation for
obtaining the scientific degree of Doctor of Philosophy in the field of knowledge 10
Natural sciences in the specialty 105 Applied physics and nanomaterials. - National
Technical University of Ukraine "lhor Sikorsky Kyiv Polytechnic Institute”, Kyiv,
2025.

Dissertation studies are devoted to establishing and describing regularities of
thermodynamic (heating, phase transitions) and kinetic (diffusion, mass transfer)
processes in cadmium telluride and the metal film/CdTe heterosystem under powerful
nanosecond laser irradiation in various environments. and, accordingly, solving the
problem of formation and controlled change of the physical (electrical, photoelectric,
optical) properties of the surface layers of these semiconductors when implementing
conditions of significant deviation from thermodynamic equilibrium. The theoretical
description of the experimental results will take into account temporal and spatial
non-locality in the kinetic transfer phenomena.

Based on the obtained experimental data and theoretical analysis,
fundamentally new fundamental and scientific-practical results will be obtained
regarding the formation and modification of nano- and micro-sized layers of
cadmium and silicon telluride, because powerful nanosecond laser irradiation of
heterosystems in various media (gases, liquids) allows to significantly change and
vary in a wide range the coefficients of segregation, diffusion and solubility of
impurities, alloying elements and intrinsic point defects.

And also, what is important, effectively use the so-called effect of "freezing" of
activated atoms and the "non-thermal™ process of introducing a given doping element
by the barodiffusion mechanism.

On the basis of these studies, a wide range of highly effective elements of

information technology can be created in the future.
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The problem of the formation and controlled change of the physical (including
electrical, optical) properties of semiconductor heterostructures and thin-film systems
under the action of powerful nanosecond laser radiation, in which conditions of
significant deviation from thermodynamic equilibrium are realized, and especially in
conditions of violation of the principle of local thermodynamic equilibrium.

This, accordingly, requires the study and description of the processes of
diffusion (mass transfer) and defect formation in conditions of violation of this, one
of the main principles of classical thermodynamics. Such conditions, under which
rapid phase transformations and sublimation occur, are realized, for example, during
nanosecond (pulse) laser irradiation (PLI) of semiconductors in the field of
fundamental absorption and metals. This method, in contrast to typical (quasi-
equilibrium) methods of growing and forming nano- and micro-sized semiconductor
layers, makes possible to significantly change and vary in a wide range the
coefficients of segregation, diffusion and solubility of impurities, doping elements,
point defects in semiconductors and suppress the effect of self-compensation
impurity activation centers due to the so-called "freezing" effect.

The approximation of local equilibrium is valid if the relaxation time during
which equilibrium is established in macroscopically small (but with a large number
of particles) regions is much less than the characteristic time of a specific physical
process (in particular, in the case of PLI), i.e., the rate of equilibrium destruction is
much less than the rate of relaxation of the system to the local balance.

A complex of experimental and theoretical studies will allow to obtain general
regularities of thermodynamic and kinetic processes of heterosystem modification
and to optimize conditions and regimes of laser irradiation for the formation of near-
surface layers of semiconductors with specified electrical, photoelectric and optical
characteristics, which can be used for instrumented functional structures of various
applicatons (for example, detection of IR, X-ray and gamma radiation).

Thermodynamic and kinetic processes of modification of heterosystems based
on silicon and cadmium telluride, namely establishment and description of laws of

diffusion of alloying atoms and generation-relaxation processes in the defective
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subsystem during nanosecond laser irradiation of CdTe, Si and metal
film/semiconductor systems, when conditions of local temporal and/or spatial
imbalance, strong influence of physical and geometric nonlinearities are realized.

In particular, ultrafast processes of phase transitions occur - solid-gas, solid-
melt-solid with a high speed of propagation of the phase boundary (1-20 m/s). That
IS, the transfer processes of dopant atoms, impurities, vacancies, and interstitial atoms
occur in the semiconductor at a heating and cooling rate of ~10" K/s, a melting-
crystallization rate of ~10 m/s, which is commensurate with the speed of propagation
of concentration disturbances. This, on the one hand, makes it possible to obtain near-
surface layers of semiconductors with unique physical, electrical, photoelectric and
optical characteristics, but on the other hand, it requires detail experimental and
theoretical study of diffusion processes and defect formation in locally non-
equilibrium conditions. Accordingly, the dissertation research is aimed at solving this
fundamental problem. At the same time, the electrical, photoelectric and optical
characteristics of the near-surface CdTe layers after nanosecond laser irradiation were
measured and analyzed.

The novelty of the dissertation research is based on a detailed experimental and
theoretical description of diffusion processes (mass transfer, defect formation) taking
into account temporal and spatial nonlocality during nanosecond laser irradiation of
semiconductors, which are the basis of functional photo- and optoelectronics - CdTe,
metal film/CdTe, Si systems, etc.

The methods of pulsed laser-induced solid-phase and liquid-phase doping are
currently intensively used for the formation of ohmic and rectifying contacts, the
formation of thin barrier, inversion and varizon homo- and hetero-layers with
specified electrical, photoelectric and physical characteristics. This is necessary when
creating structures for devices of photoelectronics, optoelectronics and sensor
electronics of a new generation.

Also, despite a whole line of work on nanosecond laser-induced modification
of the near-surface layers of CdTe, Si semiconductors and heterosystems based on

them, spatial and (or) temporal non-locality was not taken into account when
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describing physical processes. At the same time, it is simply necessary to control
various physical parameters when creating semiconductor structures for functional
elements of information systems.

The aim of the dissertation is to study the thermodynamic and kinetic processes
of modification of heterosystems based on cadmium telluride, initiated by the
nanosecond action of intense laser radiation.

The following scientific results were obtained in the dissertation:

The method of laser-induced doping and formation of a p-n junction in CdTe
crystals has been developed. Under the influence of laser radiation, the phenomenon
of self-compensation of alloying impurities is overcome and a high concentration of
In is introduced into the thin surface layer of CdTe, and shallow and sharp p-n
transitions can be obtained. The advantage of laser alloying with a relatively thick
alloying film of In has been confirmed.

The developed technique provides laser-induced doping without heating the
region of the thick In film and CdTe crystal, avoiding thermally induced changes and
deterioration of the structure and characteristics of the semiconductor.

Mass transfer coefficients of indium in CdTe were determined in different
regions during nanosecond irradiation of the In/CdTe structure with an excimer laser.

The distribution profile of indium atoms in p-type cadmium telluride was
obtained after a single irradiation of the In/CdTe structure from the side of the indium
film with an excimer (4 = 248 nm) laser pulse, and the optimal value of the energy
density for the formation of the inverse near-surface layer (n-type) was determined.

It was found that in the laser pulse length range from 7 ns to 120 ns, the
melting threshold of CdTe significantly depends on the absorption coefficient a(A).
Due to the fact that the depth of thermal diffusion becomes significantly greater than
the penetration depth of laser radiation in CdTe for pulses longer than 1 s, it begins
to depend on the spectral dependence of the reflectivity coefficient R(4). It was
established that the melting threshold changes significantly when the radiation
wavelength A changes for shorter lengths of laser pulses z,. It was established that the

dominant mechanism of mass transfer during nanosecond laser solid-phase doping of
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CdTe with indium is baro-diffusion. Accordingly, the intense and rapid penetration of
indium atoms into CdTe during nanosecond laser irradiation of the In/CdTe structure
is due to significant gradients of thermal stresses arising due to rapid processes of
heating, melting, vapor and plasma formation with "shock" flow rates. Therefore,
when forming a sharp p-n junction at a shallow depth in CdTe, when creating
detectors, it is advisable to provide sharp pressure gradients, rather than significant
heating.

It is shown that the mechanisms of concentration diffusion of indium in CdTe
and entrainment of In atoms by the laser-induced shock wave front during its
occurrence and propagation are not the dominant and determining mechanisms of
indium mass transfer in the In/CdTe structure with an In film thickness of 30-400 nm
under nanosecond laser irradiation.

The practical value of the dissertation is that the developed technique of laser-

induced doping and formation of a p-n junction in CdTe crystals was successfully
used for the manufacture of X-ray and y-ray detectors, which were used in devices for
environmental monitoring and safety. The obtained results show the possibility of
controlled modification of the physical properties of CdTe in the manufacture of
structures and devices for various purposes based on them by changing the
concentration of impurity atoms and intrinsic point defects in different parts of the
CdTe volume during PLI and were used to optimize laser-stimulated surface
treatment and stimulated doping of CdTe crystals .

The introduction defines the directions and object of research, formulates the

goal and tasks, defines research methods, substantiates the relevance and scientific
novelty of the dissertation work, the practical value of the obtained results, and
provides data on the publication and approval of dissertation research.

The first chapter is devoted to the review and analysis of literary data on the

topic of the dissertation. Works related to the modification of the physical properties
of CdTe in the manufacture of structures and devices for various purposes based on

them were considered and analyzed.
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The second chapter presents the main methods of studying the properties and

creating the studied structures based on CdTe: technological processes of preparing
CdTe crystals for research and manufacturing of diode structures In/CdTe/Au;
chemical-dynamic treatment of the surface of crystals; electrode formation; doped
layer formation, luminescence, photoconductivity, study of volt-ampere
characteristics of the created diode structures In/CdTe/Au.

The third chapter presents the results of modeling the diffusion movement of

nanoparticles in a CdTe crystal during laser-induced doping. The use of laser
radiation for doping CdTe crystals in argon proves that In/CdTe/Au diodes produced
at an energy density of 170 mJ/cm? have very high rectifying properties. In particular,
the design has a very high forward current with a relatively low leakage current. This
is a simple and practical version of the theory of doping crystals and forming diode
structures. The advantages of laser doping of CdTe crystals have been confirmed.
Laser doping by irradiating the In/CdTe structure with nanosecond laser pulses is a
solid-phase process without heating large amounts of CdTe crystals, which avoids
crystal damage. Under the action of the laser, the phenomenon of self-compensation
of doping impurities is overcome and a high concentration of In is introduced into the
thin surface layer of CdTe. Therefore, in the area of the surface of CdTe, shallow and
sharp p-n transitions can be obtained. The advantage of laser doping with a relatively
thick doping film of In has been confirmed. One of the key features of the laser
technology for doping a p-type crystalline CdTe layer with a very high concentration
of n-type impurities is the use of a relatively thick In doping film. It provides laser-
induced doping without heating the region of the thick In film and CdTe crystal,
avoiding thermally induced changes and deterioration of the structure and

characteristics of the semiconductor. The developed technique of laser-induced

doping and formation of a p-n junction in CdTe crystals was successfully used for the
manufacture of X-ray and y-ray detectors, which were used in devices for
environmental monitoring and safety.

The fourth chapter presents the results of studies of the mechanisms of

indium mass transfer in Cd(Zn)Te under the action of nanosecond laser pulses. The
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distribution profile of indium atoms in p-type cadmium telluride was obtained after a
single irradiation of the In/CdTe structure from the indium film with a thickness of 30
nm by an excimer (A = 248 nm) laser pulse with a duration of 7, = 20 ns at an energy
density E,,q = 100 mJ/cm?. This value of the energy density is optimal for the
formation of an inverse near-surface layer (n-type). The analysis of transmission,
photoconductivity and photoluminescence spectra has been carried out.

It was found that the depth of diffusion is 100 nm and a peak is observed at 6
nm, which indicates that the drift component of the speed of atoms exceeds the
diffusion one. It was established that the mass transfer coefficient of In atoms in
CdTe during nanosecond laser irradiation of the In/CdTe film structure depends on
the distance from the CdTe surface and increases, which is associated with a rapid
change over time in the inhomogeneous deformation of the crystal lattice (rise and
fall of gradP) in the process of indium diffusion. The mass transfer coefficients of
indium in CdTe were determined in different regions during nanosecond irradiation
with an excimer laser of the In/CdTe structure with an In film thickness of 30 nm
from the metal side at E,g = 100 md/cm?: Dy = 1.1-10° cm®/s, Dy = 3.9-10°° cm®/s, D°
= 1.46-10° cm*/s, D3 = 5.2-10™ cm?/s.

The fifth chapter presents the studies results of the CdTe melting threshold

dependence on the wavelength and duration of the laser radiation pulse. It was found
that in the laser pulse length range from 7 ns to 120 ns, the melting threshold of CdTe
significantly depends on the absorption coefficient a(A). Due to the fact that the depth
of thermal diffusion becomes significantly greater than the penetration depth of laser
radiation in CdTe for pulses longer than 1 ps, it begins to depend on the spectral
dependence of the reflectivity coefficient R(A). It was established that the melting
threshold changes significantly when the radiation wavelength A changes for shorter
lengths of laser pulses z,. It was established that the melting threshold changes
significantly when the radiation wavelength 4 changes for shorter lengths of laser
pulses z,. It was found that changes in non-equilibrium excess carrier parameters,

such as an increase in the surface recombination rate of C from 10° m/s to 10° m/s
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and also in the Lp diffusion depth from 0.4 um to 2 pum can change the melting
threshold of CdTe by at least 25% .

Modulation of the ruby laser pulse length within (20 +5) ns leads to a 35%
change in the relative melting threshold Alth/Ith. The calculated values of the melting
threshold of CdTe correlate well with the experimental data known from the
literature. The obtained results were used to optimize laser-stimulated surface
treatment and stimulated alloying of CdTe crystals.

The six_chapter presents the results of studies of mass transfer processes

induced by laser nanosecond pulses and the formation of inversion and varison layers
in solid solutions based on cadmium tellride. It was established that the dominant
mechanism of mass transfer during nanosecond laser solid-phase doping of CdTe
with indium is baro-diffusion. Accordingly, the intense and rapid penetration of
indium atoms into CdTe during nanosecond laser irradiation of the In/CdTe structure
IS due to significant gradients of thermal stresses arising due to rapid processes of
heating, melting, vapor and plasma formation with "shock™ flow rates. Therefore,
when forming a sharp p-n junction at a shallow depth in CdTe, during detectors
fabricaton, it is advisable to provide sharp pressure gradients, rather than significant
heating.

It is shown that the mechanisms of concentration diffusion of indium in CdTe
and entrainment of In atoms by the laser-induced shock wave front during its
occurrence and propagation are not the dominant and determining mechanisms of
indium mass transfer in the In/CdTe structure with an In film thickness of 30-400 nm
under nanosecond laser irradiation.

It was established that the average drift speed of movement of In atoms in
CdTe during nanosecond laser irradiation of the In/CdTe structure at E,,q = 100
mJ/cm? is, according to various calculations, 3...24 cm/s. In atoms diffuse under the
influence of the mechanical force of the deformation gradient. The calculations
made in the framework of this work can be applied to most metal-semiconductor film

structures for the analysis of mass transfer (diffusion processes) in different parts of
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the volume of the structure during PLI in the manufacturing process of various
functional semiconductor structures.

The main results of the dissertation were published in 5 articles in specialized
domestic and international scientific journals (2 papers - the third quartile of the
SCOPUS and WoS international scientific and metric databases; 1 paper - the fourth
quartile of the SCOPUS and WoS international scientific and metric databases), 2

articles in a specialized national collection of papers and 4 abstracts of reports at

conferences.

Keywords: CdTe, CdZnTe, In/CdTe, laser irradiation, masstransfer, doping,
laser induced doping, nanosecond laser irradiation, shockwave, diffusion, X/y-ray

detectors.

CHUCOK NYBJIKALIA 3105YBAYA 3A TEMOIO JUCEPTALII

1. S.M. Levytskyi, T. Zhao, Z. Cao, A.V. Stronski. Modeling of Diffusion Motion of
in Nanoparticles in a CdTe Crystal during Laser-Induced Doping Physics and
Chemistry of Solid State V. 22, No. 2 (2021) pp. 301-306 DOI:
10.15330/pcss.22.2.301-306 (Web of Science Core Collection, SCOPUS Q4).

3n00yBaueM OTpPUMAaHO EKCIEPUMEHTAbHI PE3yJlbTaTH, MPOBEACHO aHaji3
Ja3epHO-1HAYKOBAHOTO JIETYBaHHA TIPH IMOBEPXHEBOTO Iapy, MPOBEACHO
pPO3paxyHOK TEMIIEpaTypHOTO MPOQiII0 MPH TMOBEPXHEBOIO APy, MPOBEACHO
aHaJI3 Ta MOJICIIIOBAHHS CIEKTPiB (POTOMPOBITHOCTI, TIPOBEICHO aHAJI3 ICHYIOUUX
METO/IiB BUTOTOBJICHHS JCTCKTOPHUX CTPYKTYP.

2. C.M. JleBunbkuii, 1. [lao, O.B. CtpoHcbkuit MexaHi3MH MacomnepeHocy 1HII0 B
Cd(Zn)Te mpu il HAHOCEKYHIHHMX Ja3epHUX IMITYJbCiB. ONTOEIEKTPOHIKA Ta
HAIIIBIIPOBITHUKOBA TEXHIKa, 2023, BMIL. 58 C.178-186/. doi:
https://doi.org/10.15407/iopt.2023.58.178

3n100yBaueM OTPUMAaHO EKCIEPUMEHTANbHI PE3yJbTaTH, MPOBEACHO aHali3

MEXaHi3MIB MAaCOIEPEHEHOCY MPHU IMIYJIbCHOMY JazepHoMy ompomineHHi (1JIO)
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HaIIBIPOBITHUKOBUX MaTepialliB, MPOBEJAECHO PO3PAXYHOK TETUIOBUX MPOIIECIB, 1110
BUHUKaOTh mpu 1JIO, mpoBeneHO aHami3 Ta MOJECIIOBAHHS MEXaHi3MiB
MacoIlepeHOCY y MPHU MOBEPXHEBIN 00J1acTi METasl/HaIIBIPOBITHHUK.

. LEVYTSKYI1 Serhii, CAO Zexiang, KOBA Alexander, KOBA Maria Dependence
of the Melting Threshold of CdTe on the Wavelength and Pulse Lifetime of Laser
Radiation Materials Reports 2024, Vol. 38, No. 7 22120127-1 - 22120127-6
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BCTYII

AkTyanbHicTb poboru. CydacHi TexHOJOTii B  ONTHUII, (OTOHIILI,
OINTOENIEKTPOHIIl Ta CEHCOPHUIl MOTPEOYIOTh HOBHX Ta €(EKTUBHUX pIIICHb, €
KJIIFOYOBUM HaIpsSIMOM € po3poOKa HOBUX (DYHKI[IOHAJBHUX MarepiajiB 3
HEOOX1THUMHU BIACTHUBOCTSAMH, TOMY OJHIE€IO 3 aKTyaJIbHUX 33714 B IIbOMY HaIpsMy €
po3poOka Ta CTBOPEHHS HOBUX MarTepialiB 13 Hamepen 3aJaHuMu (I3MYHUMHU
BrnacTUBOCTAMU. CdTe € MepCrneKTUBHUM MaTeplajoM JJiS JETEKTOPIB Ta COHSIYHUX
eIeMEHTIB. [l BHUTOTOBIEHHS JIETEKTOPIB BHUKOPUCTOBYETHCS BHCOKOOMHHUU
HamiBOpoBiTHUK CdTe. XapakTepUCTUKU MaTepialy Takl $SK aTOMHHUA HOMEp
eJIeMeHTIB croaykH (48, 52), TycTuHa Matepiany (7,3 r/cm’) Ta 3a6oponeHa 30Ha (1,5
eB) crpusioTh CUIBHOMY MOTIMHAHHIO BUCOKOCHEPTETUYHUX (POTOHIB 1, BIJIMIOBITHO,
BUCOKY €(QEKTHBHICTh JAETEKTyBaHHA. L[pOMy Tako CHpHUSIOTH Takli €JIEKTPOHHI
BJIACTUBOCTI CIOJIYKH (4ac >KUTTS HOCIIB 3apsiay, PyXJUBICTb). BuilenaBeneHHi
XapaKTEPUCTUKU MaTepiaity 1 € TAMU niepeBaram, siki poossite CdTe nmepCrieKTUBHUM
MaTepiaaoM ISl IETEKTOPHUX Ta CEHCOPHHUX 3aCTOCYBaHb.

OnHuM 3 ePeKTUBHUX METOIIB YIPABIIIHHS BIACTUBOCTSMU HAMiBIIPOBITHUKIB
€ METOJ Jia3epHoi OOpOOKH, BUKOPUCTAHHS SKOTO JO3BOJISIE B 3aJIC)KHOCTI Bif
CHIBBIJIHOLIEHHSI BEJIMYMHU KBaHTA JIA3€pHOTO BUIPOMIHEHHS /i®w Ta UIUPHUHU
3a00pOHEHOI 30HU E4 TpaHC(OPMyBAaTH HOro IpH NnoBepxHeBl (Aw>Ey) un 00’eMHI
(hw<Egy) BmactuBocti. Ilpm nasepHOCTMMYNBbOBaHIM Moamdikamii HOBepxHi
HAMIBIPOBIIHUKIB € aKTyaJIbHUM TOYHE BW3HAYEHHS TMOPOTY TUIABJICHHS iAo
ONITUMAJIBHOTO KOHTPOJIIO 1 KepyBaHHS (POTOCTEKTPUIHIUMH BIIACTUBOCTSIMH.

JlucepTaliiiHi  JOCHIJKEHHSI  NPUCBAYEHI  BCTAHOBJICHHIO Ta  OMNHUCY
3aKOHOMIPHOCTEH TEpMOJIMHAMIYHUX (HarpiB, (a3zoBl MEpPexo]r) Ta KIHETUYHHUX
(mudy3isi, MacomepeHoc) MpPOIECiB Yy TeAypuIl KaaMil0 Ta TETEPOCHCTEMI TUTIBKA
meTany/CdTe npu MoTy)KHOMY HaAaHOCEKYHIHOMY JIa3epPHOMY OMPOMIHEHHI y Pi3HUX
CepelloBUIIAX, 1, BIAMOBIJIHO, BUPIMICHHIO MpoOjgeMu (QOopMyBaHHA Ta KEPOBAHOI
3MIHM  (I3UYHUX (ENIEKTPUYHUX, (DOTOETEKTPUUHUX, ONTUYHUX) BIIACTUBOCTEU

MOBEPXHEBUX IIIApiB JIaHMX HAIIBIPOBIIHUKIB MpPHU peajizaiii yMOB 1CTOTHOTO
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BIIXWJIEHHS BiA TepMoAMHaMiyHOi piBHoBaru. [lpm TeopeTmuHomy omuci
EKCIIEPUMEHTAJIbHUX  PEe3yNbTaTiB OyJ0 BpaxoBaHO YacoBy Ta MPOCTOPOBY
HEJIOKAIbHICTh Y KIHETUYHHX SIBUINAX TIEPEHOCY.

3B’f130Kk po0dOTH 3 HAYKOBHUMH @pOrpamMamMi, IUIaHAMH, TeMaMH.

Hucepraniitna po6oTa BUKOHyBaJlach Ha Kadenpi npukiagHoi ¢izuku Di3zuko-
TEXHIYHOTO 1HCTUTYTy HallioHanbHOTO TEXHIYHOTO YHIBEPCUTETY YKpaiHu
«KuiBcpkuii momiTexHiYHUNA 1HCTUTYT iMeHi Iropsi Cikopcbkoro» Ta B IHCTUTYTI
¢13uku HamiBrpoBigHUKIB iM. B.€. JlamkaproBa HAH VYkpainu y Binauiax ¢izuku
OTITOEJIEKTPOHHUX TPHUIIA/IIB T4 ONITOCIIEKTPOHIKH Y PAMKaX:
e KOIOJKETHOI ~ HAyKOBO-AOCHIIHOI  TemMu  «Enexktpuuni,  onTu4Hi  Ta
(bOoTOENEKTPUYHI XapaKTEPUCTUKU CUCTEM 3 HAHOCTPYKTYPOBAHUMHM TMOBEPXHSMU Ta
HAaHOKpHUCTANIaMH, (I3MYHI MEXaHI3MU MEPETBOPEHHSI BUIPOMIHIOBAHHS B CYyYaCHUX
ONTOCIICKTPOHUX  CTPYKTypax  JUIS  pPO3pOOJICHHS  HOBITHIX  NPUCTPOIB
ONTOCJIEKTPOHIKA, CEHCOPUKH, EHEProollaJHuX 3aco0iB OCBITJIIEHHS, 3acO0iB
peectpariii 1 30epexenHs iHpopmariiy (I11-04-21), nepkaBHUE peecTpamiiHuUit
nomep 0121U107979; a Takox y pamkax CHiBIpall 3 miapo3aiioMm «Matepianu st
€HEPreTUKH Ta ONTOENIEKTPOHIKay Jabopatopli CoHrxan ek marepiainc, JJoHrryas,
I'yanmonr 523808, Kurait (Energy Materials and Optoelectronics Unit, Songshan
Lake Materials Laboratory, Dongguan, Guangdong 523808, China), moroBopa mpo
criBrpaio di3uko-TeXHIYHOTro IHCTUTYTY HalioHaIbHOTO TEXHIYHOTO YHIBEPCUTETY
Vkpainn «KuiBcbkuil moniTexHidHui 1HCTUTYT iMeHi [rops Cikopcbhkoro» (kadempa
npuKiIaaHoi Gi3uku) Ta [HeTUTYTY (i3ukn HamiBnpoBiAHUKIB iM. B.€. JlamkapboBa
HAH VYxkpaian y Bigainax Gpi3uku onToeNeKTPOHHUX MPUIIAIIB Ta ONTOEICKTPOHIKH.

Merta Ta 3aBAaHHS J0CTiIKEHHS.

Mertorw aucepraiiiHoi poOOTH € JOCHIPKEHHS TEpMOJAMHAMIYHUX Ta
KIHETUYHUX TPOIECIiB MOIU(]PIKYyBaHHS TE€TEPOCUCTEM HAa OCHOBI TEIYPHUIY KaaMIio,
1HII1IIOBaH1 HAHOCEKYHIHOIO JI1€10 IHTEHCUBHOTO JIa3€PHOTI0 BUITPOMIHIOBAHHSI.

Peanizanis nmocraBjieHoi MeTH nepeadavasa po3B’A3aHHA TAKMX HAYKOBHUX
3aBJaHb!

1) PospobnenHs wMetoay GOpMyBaHHS €JICKTPHUYHHUX KOHTAKTIB, SKI €
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eJIEKTPUYHO-CTAOITbHIUMH 1 3a0€3MeuyIOTh XOpOIIUN eNeKTpUYHui Oap’ep, abo x

OMIYHICTb, IO € KJIOYOBOIO BUMOTOI0 IIPU BUTOTOBJICHH] JETEKTOPIB.

2) BcTaHOBIIGHHS Ta OMHC 3aKOHOMIPHOCTEH TEpMOAWHAMIYHUX (HArpiB,
¢da3oBl mepexoar) Ta KiIHETMUHHMX (mudy3is, MacolepeHoc) MPOIECIiB Y Teaypuii
KaJMio Ta rerepocuctemi ruriBka Metany/CdTe npu moTyXKHOMY HAHOCEKYHIHOMY
Ja3epHOMY OIIPOMIHEHHI Y PI3HUX CEpPeIOBUIIIAX.

3) Bupimenns mnpoOiaemMu (GoOpMyBaHHS Ta KEpOBaHOI 3MiHH (PI3HYHHX
(eIeKTpUYHUX, (POTOETEKTPUUHHUX, ONTHUYHHMX) BIACTUBOCTEH IMOBEPXHEBHUX IIAPIB
JAHUX HaIMBIPOBIIHUKIB MpHU peaiizaiii yMOB ICTOTHOTO BIAXHWJICHHS BIJl
TEPMOJIMHAMIYHO1 PIBHOBATH.

4) TeopeTHUHUI ONUC EKCIIEPUMEHTAIBHUX PE3YyJIbTaTIB 3 BpaXOBaHHS 4acOBOI
Ta MPOCTOPOBOI HEJOKATHHOCTI Y KIHETUYHUX SBUIIAX ITEPEHOCY.

O0’eKkT HOCHiTKEHHS — BJIACTHBOCTI TEIYpPHAY KaJMIIO Ta TE€TEPOCUCTEM Ha
OCHOBI TEIYpUIy KaJaMIIO TICIAs HAHOCEKYHJHOI Jl1i 1HTEHCHUBHOI'O JIA3€pHOIO
BUIIPOMIHIOBaHHSI.

IIpeamer foc/ilKeHHsT — TEPMOJUHAMIYHI Ta KIHETHUYHI TMPOLECH
MOAM(IKyBaHHS TE€TEPOCUCTEM HAa OCHOBI TeIypuay KaaMmiloo, 1HIIIHOBaHI
HAHOCEKYHIHOIO JII€10 IHTEHCUBHOTO JIA3€PHOTO BUIPOMIHIOBAHHSI.

VY Xoll BUKOHaHHS AMCEPTaLIHOI poOOTHM OyaM NPOBENECHHI TEXHOJIOTIYHI
nporecu miarotopku kpucraiaiB CdTe mist mocimikeHb 1 BUTOTOBJICHHS J1OJHUX
ctpyktyp In/CdTe/Au, mo B cebe BKIIOYAIU: MEXaHIUHY Ta XIMIKO-AMHAMIYHY
00poOKy KpucTamiB; popMyBaHHS €JIEKTPOIiB; (GOPMYBaHHS JIETOBAHOTO IIApY.

Metoau mociizKeHb BIACTUBOCTEH OTpuMaHUX CTpyKTyp Ha ocHoBi CdTe:
JIOMIHECIICHITIsI, (POTOMPOBIAHOCTh, JAOCHIIPKEHHS BOJIbT-aMIIEPHUX XapPaKTEPUCTHK
CTBOpeHUX AloHUX CTpyKTyp In/CdTe/Au.

HaykoBa HOBH3HA 0Jlep:KaHUX Pe3yJIbTATIB

HoBuzHa  aucepTamiiHux  JOCHIIKEHb  0a3yeTbCs  Ha  JICTAIbHOMY
EKCIIEPUMEHTAJILHOMY Ta TEOPETHYHOMY OMHUCI mporeciB audysii (MacomepeHocy,
ne(eKTOYTBOPEHHSI) 3 ypaxyBaHHSIM YacOBOi Ta MPOCTOPOBOi HEJIOKAIBHOCTEU MpH

HAaHOCEKYHIHOMY JIa3epHOMY ONpPOMIHEHHI HAMIBOPOBIAHHUKIB, $Ki € 0a3010
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¢dyHkmioHansHOI QoTo- Ta omroenekTpoHiku — CdTe, cucrem mutiBka merany/CdTe,
Si.

VY nuceprariii Oyi0 OTpUMAHO HACMYNHI HAYKOS8I pe3)ibmamu.

Po3pobnena MeToauka Ja3epHO-IHIKYBAHOTO JETyBaHHS 1 YTBOPEHHS p-N
nepexony B kpuctagax CdTe. Ilig miero ja3epHOro BHIIPOMIHIOBAHHS 0JIA€THCS
(heHOMEH CaMOKOMIIEHCAIlll JErYIUMX JAOMIIIOK 1 BBOJUTHCS BHCOKA KOHIIEHTpPAIlIS
In B ToHKHMI mOBepxHeBuil map CdTe i MOXKHa OTpUMAaTH HETJIMOOKI i TOCTpi P-N
nepexoau. lliaTBep/keHa mepeBara Jia3epHOTO JIETYBaHHS 3 BIJIHOCHO TOBCTOIO
Jeryrdoro 1iBkoro In. Po3pobnena Meroguka 3a0e3nedye Ja3epHO-1HAYKOBaHE
neryBaHHs Oe3 HarpiBy oOnacti ToBctoi TutiBkM In i kpucrtamy CdTe, yHukarouu
TEPMIYHO 1HJAYKOBAaHMX 3MIH Ta TOTIPIICHHS CTPYKTYpH 1 XapaKTepUCTHUK
HaIlIBIPOBITHUKA.

BusnadyeHo koedirientu Macornepenocy inaito B CdTe y pi3sHUX 00JIacTSIX MpH
HAHOCEKYHJIHOMY OIPOMIHEHHI €KCUMEpPHUM Jja3epoM cTpykrypu [In/CdTe.
OtpuMano mpodiib PO3MNOALTY aTOMIB 1HIIIO B TEIYPUAl KaIMIilO p- TUIY MICHSA
OJIHOKpPATHOTO omnpoMiHeHHs CTpyKTypu In/CdTe 3 OOKy TUTIBKH 1HAIIO IMITYJIHCOM
ekcumepHoro (4 = 248 HM) Jsa3epa, BU3HAUCHA ONTUMAaJIbHA BEJIWYMHA TYCTUHU
eHeprii 1y1si oOpMyBaHHSI IHBEPCHOT'O MPUIIOBEPXHEBOIO mapy (N- TUIly).

3HaiiIeHo, 110 B Jiana3oHi NPOTsHKHOCTI Ja3epHUX IMITYJIBCIB B MEXaX Bij 7 HC
1o 120 uc, nopir 1aBienHs CdTe 3HaYHO 3ayIekUTh BiJl KOeQillieHTa MOTJIMHAHHS
o(4). 3aBnsku TOMy, 10 TIMOMHA TeruioBoi Oudy3ii crae 3HAYHO OLIbIIE, HIK
ITMOMHA TPOHWKHEHHS JiazepHoro BumnpoMiHtoBanHs B CdTe mius iMImynbciB
NPOTSOKHICTIO JIOBIIE HiK 1 MKC, BOHAa IOYHMHAE 3aJIGKATH BiJl CHEKTPaIbHOI
3aJIe’HOCTI Koe(imienTa BimOMBHOI 31aTHOCTI R(4). Byno BCTaHOBIEHO IO MOPIT
TUTABJICHHS 3HAYHO 3MIHIOETBCS KON JOBKMHA XBWJII BUIIPOMIHIOBaHHS A
3MIHIOETBCS JUI KOPOTLIMX MPOTHKHOCTEN JIA3€pHUX IMITYJIBCIB T,

BcranoBieHo, 1o  JAOMIHYIOYMM  MEXaHI3MOM  MAacONEpeHOCY  Mpu
HAHOCEKYHIHOMY JiazepHoMy TBepaodasHomy JjeryBanHi CdTe iHmiem €
O0apoaudy3zis. BiamoBigHO, IHTEHCUBHE Ta IIBUJIKE MPOHUKHEHHS aTOMIB 1HIIIO B

CdTe npu HaHOCEKYHIHOMY Ja3epHOMY ONpoMiHEeHHI cTpykrtypu In/CdTe
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OOyMOBJIECHE 3HAUYHMMHU TPAJIEHTaMU TEPMOHANPYT, 10 BHUHHUKAIOTh 32 PaXyHOK
HIBUIKUX MPOIECIB HArpiBy, IUIABJICHHS, Mapo- 1 MIa3MOYTBOPEHHS 3 «yJIapHUMU
IIBUJIKOCTSMHU TIpoTiKaHHA. ToMy npu (opMyBaHHI pi3KOro p-N- rnmepexoay Ha mMaiii
rmbuHi 'y CdTe mpu CTBOpPEHHI JETEKTOPIB JOIIIBHUM € 3a0C3MEUYCHHS PI3KUX
I'PaJIIEHTIB TUCKY, a HE 3HAYHUN HArpiB.

[TokazaHo, MmO MeXaHI3MH KOHIEHTpamiiHOi audy3ii iHmiro B CdTe 1
3aTATYBaHHS aToMiB [n (POHTOM Ja3epHO-1AyKOBAHOI yAapHOI XBWJII MpH i
BUHHUKHEHHI Ta TOIIMPEHHI HE € JOMIHYIOYMMHU Ta BU3HAYAJbHUMHU MEXaHi3MaMU
MaconepeHocy iHi0 B cTpykTypi /n/CdTe 3 toBumHoto mwiiBku /n 30-400 HM mipH
HAHOCEKYHIHOMY JIa3€pHOMY OIIPOMIHEHHI.

IIpakTU4He 3HAYEHHS OJeP:KAHUX Pe3yJIbTATIB.
llpakmuuna yinnicme Oucepmayiunoi pobomu TONATAE Yy TOMY, IO PO3poOIIEHA
METO/IMKA JIa3€PHOIHAKYBAHOTO JIETYBAaHHS 1 YTBOPEHHS p-n MEPEX0Jy B KpUCTalax
CdTe Oyna ycoiniHo BUKOpPHUCTaHa JJi1 BUTOTOBJICHHS IETEKTOPIB PEHTI€HIBCHKHUX Ta
Y-PEHTTE€HIBCBKUX MPOMEHIB, $KI OylIM BHKOPUCTAaHI B TpWIagax 3 TMHUTAHb
MOHITOPUHTY Ta O€3MEeKH HAaBKOJHUIITHHOTO CEPEOBUIIIA.

OTpumaHi pe3ynbTaTh MOKa3yHOTh MOXIJIMBICTH KOHTPOJIBOBAHOI MOJMDiKaIli
¢isnunux BiactuBocTedt CATe mpu BUTOTOBJICHHI CTPYKTYp 1 MPHIIAIIB PI3HOTO
MPU3HAYCHHS Ha iX OCHOBI IIISAXOM 3MIHM KOHIICHTpAIli JOMIIIKOBHUX aTOMIB 1
BJIACHUX TOYKOBUX Ne(eKTIB y pi3Hux vactuHax 00’emy CdTe mpu VIO Ta Oynm
BUKOPUCTaHI JUIsl ONTUMI3aIlli J1a3epHOCTUMYJIHLOBAHOT OOpPOOKM TOBEpXHI 1
CTHMYJIbOBAHOTO JieTyBaHHsI kpuctaiiB CdTe.

Oco0ucrtuii BHecok 3100yBaya — Y gaHiil gucepTauiifHiil poOoTi y3arajibHeH1
pEe3yNbTaTH EKCIEPUMEHTAIBHUX JOCTIKeHb, [0 OyId BUKOHAHI aBTOPOM
OJIHOOCIOHO 200 pa3oM 3 CHIBpOOITHMKaMU [HCTUTYTY (I3MKM HAMiBIPOBIIHHKIB
iMm. B.€. JlamkaproBa HAH VYkpainu Ta iHmumMu crniBaBropamu poOitT. IloctaHoBka
3aBJaHh Ta BHU3HAYCHHS HAIpPsMIB JIOCTIIKCHHsS, OOTOBOPEHHS OTPUMaHUX
pe3ysbTariB, (GOpMyJIIOBaHHS BHCHOBKIB 3IIMCHIOBAJIUCH Pa3oM 3 HAYKOBUMH
kepiBHUKaMH 1. .-M. H. Ctporcbkum O.B. ta k.1.H. JleBunpkum C.M.

[linroToBKa HAyKOBMX CTaTell Ta Te3 KOH(EpeHId MpoBOAWIACH Pa3oM i3
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CHiBaBTOpaMu. ABTOp OCOOMCTO MpHUilMaB ydyacTh y KOH(EPEHIIsIX 1 MpEeACTaBIIsB
HayKOBI1 pe3yJIbTaTH y (GOpMi YCHUX Ta CTCHJAOBHUX JIOMOBIJICH.

Anpobauisn pe3yabTaTiB gucepramnii. Pe3ynpTaTi 10CHIIKEHB JIOMOBIAAINCH
Ta OOrOBOPIOBAIMCH Ha HACTYHHUX BCEYKPAaiHCHKHX Ta MDKHAPOJIHUX KOH(EpEeHIisnX:
Xl-th International Conference “Topical Problems of Semiconductors Physics” /
Edited by Ihor Stolyarchuk. — Drohobych 2024; 9-ta VkpaiHchbka HaykoBa
KoHGepeHuis 3 (Gi3UKH HamiBIOPOBINHUKIB. Yxkropoa, 2023; VIII Mixcnapooua
Haykoso-npakmuyHa xkougepenyia « DI3SUKA 1 XIMIA TBEP/[OI'O TIJIA: CTAH,
HOCAIHEHHA TA [IEPCIIEKTHUBHY», m. Jlyyvk, 2024.
Iyoaikamii
OcCHOBHI pe3yJbTaTH JIUCepTaIliiHOT poOOTH OmyOJiKOBaHI y 5 CcTaTTAX y (axoBHUX
BITUM3HSHUX Ta MDKHApOAHUX HAYKOBUX JKypHasax (3 3 HHMX BKIIOYEHI J0
MDKHApOIHOT HaykoBo-MeTpuyHoi 6a3u SCOPUS |, (2 crarti y 3 kBapTuii, 1 — cTarTs
y 4 kBapTwil), 2 cTarTi y 30ipHUKY HAYKOBMX Ipainb) Ta 4 Te3W IONOBIACH Ha
KOH(DepeHIisx.
Crpykrypa Ta 00csr aucepranii
Juceprariisi cKiIagaeTbes 13 aHOTAIlll, BCTYIy, IECTH PO3ALTIB, BUCHOBKIB, CIHCKY
BUKOpHUCTaHUX Jkepen. Podorta mictute 136 cropiHok y Tomy uuchi: 117 cropiHok
OCHOBHOTO TEKCTy, 20 pHUCYHKiB, / TaOnHIlb, CIHCOK BUKOPHCTAHUX JDKEpENn i3

HaliMeHyBaHb Ha 18 cTopinkax.
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Po3zin 1 Cd(Zn)Te TA MOI'0 BJIACTUBOCTI

Bcryn

Cku1aJiHi HaMmiBOPOBIIHUKOBI MaTepialid OTPUMAJI BETMYE3HOT yBaru sk 6a3oBi
NOTJIMHAIOYI MaTepianu ais (OTOENEeKTPUUHUX 3acTocyBaHb. (DyHIaMeHTalbHA
XapaKkTepu3allis Ta JOCIKEHHS KPUCTAIIB TeIYpPUIy KaJaMito odaiucs 01u3bpko 60
POKIB TOMY, 3aBIISIKH TIEPCIICKTUBHUM TIOTCHIIIHHUM 3aCTOCYBAaHHSM B ONTHYHHUX Ta
enekTpuuHux noisx [1-3]. Lleir Mmarepian HaIeXUTh 0 CKJIAHUX HAIMIBIPOBIIHHUKIB
Oimapuoi cumcremu II-VI. CdTe € oguuM 3 TEXHOJOTIYHO  BaXKIMBHX
HaIBIIPOBITHUKOBUX MaTepiajiB, 110 MalOTh 00JIacTi 3aCTOCYBaHHS, SIKI BUMAraroTh
BHCOKOI KOCTI 1 0e3nedexTHux miakinaaok. CdTe Takok BUKOPUCTOBYETHCS B SAKOCTI
JIETEKTOpa BUIIPOMIHIOBAHHSI 4Yepe3 BEJIMKE cepelHe aromHe uucio, Z = 50, 1
BUCOKHMIM NUTOMMI omip npu KiMHaTHIA Temneparypi [4]. [lopsa 3 umm, Tenypun
KaJIMII0 € JIOCTaTHHO €KOHOMIYHUM, IO CHPUSIE HOTO IIHHOCTI B €JIEKTPOHHUX, a
TakoX (POTOHHUX cuctemax [5, 6]. Sk marepian nis constyHux enementiB, CdTe mae
ONTUMAJIbHY IHpuHy 3a0opoHeHoi 30HU (1,49 eB) 1 Bucokuit koedimieHT
MOTJIMHAHHS OUIS Kpar CMYyTrW 1, TaKUM YUHOM, € BIAMIHHUM MaTepiajioM s
doroenekTpuyHoi TexHiku [7]. CdTe € MIHMM 1 BHCOKOXIMIYHO CTaOlTBHUM
MarepiaioM 1 TOMYy MWOro MOXHA HAHOCHUTH 3 BUKOPUCTAaHHSM BEJIMKOI
PI3HOMaHITHOCTI JOCTYIMHUX METO/IIB, 1 1Ie¢ pOOUTh MOro MPUIAATHUM JJIsl OTPUMAHHS
3pa3kiB 3 Benuwkoro Iwiomiero. Ilopsn 3 mum, CdTe mae mmpoky 007acTh
3aCTOCYBaHHS, OJHAK CJiJ BU3HAYWUTH, IO CHUHTE3 IIHOTO MaTepialy 3 BHCOKOIO
AKICTIO 1 CTEX1IOMETpi€I0 Bce e yTpyAHeHu. CkiIalHICTh Y BUPOLIYBaHHI XIMIYHO
OJTHOPITHUX BEJIMKOTA0APUTHUX KPUCTATNIB TMEPENIKOKAE€ IMBHUAKIA po3poOiri
OaratbOox TPUCTPOiB Ha ocHoBi migknaaku CdTe. Tomy OGarato 3ycuib
MPUKIAAAETBCS I BIOCKOHAJICHHS CHHTE3HHMX TEXHOJIOTIH 11 BHUPOIIYBAaHHS
Bucokosikichoro CdTe Tta crmopignenux cronyk [8]. s BUpOOHMIITBA MaTepialliB
CdTe Oymu po3poOiieHi pi3HI METOAM BHUPOIIYBAHHS KPHUCTAJIB, SIK CyOJIiMallis,
BEPTUKAIbHUN MeToa bpimkMeHa, METOI TOPU30HTAIHPHOTO PYXOMOTO HarpiBaya, Ta

in. [9-15].
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Kpucranu CdTe 3 npsamoro 3a6oponenoro 30H010 (Ey) onuHMIncs B LEHTpI yBaru y
doToenekTpuyHOMY 3acTocyBaHHi1 (PV), oCKiIbKU MOBIIOMIISIETHCS TIPO TaKi ONMTUKO-
€IIEKTPOHH1 BiacTUBOCTL: Ey4 (1,49 eB), kxoedimieHT noraMHaHHA (~10° cm ),
NMPOBIAHICTE p-THIy, KOHUEHTpamis HociiB (6 x 10 cm®) Ta pyxmusicTs
(1040 cM?/(V s)) sIKi € ONTHMAIBHAMH UL COHSYHUX Oatapei. KpiM TOro, CromyKu
Ha ocHoBi Cd, taki sixk CdTe i CdZnTe Takox € MUPOKO BUBYCHUMH B 00JIACTi a- 1 )-
JETEKTOP1B BUIIPOMIHIOBAHHS, 3aBIIAKH X HAI3BUYAIHIN TIEpeBary, TaKoi SIK BeITUKHMA
aTOMHUN HOMEp, Maja Bara, BUCOKAa MeXaHIYyHa TBEPAICTh, THYUYKICTb 1 HasBHICTb

CKJIaJIOBUX MaTepialiB.
1.1. Baracmueocmi mamepianie CdTei CdZnTe

3arajaoM, OCHOBHUM (aKkTOpOM, IO BIUIMBAE Ha €(PEKTUBHICTh MPAKTUYHUX
BUKOPUCTAHb (COHSYHI €JIEMEHTH, CEHCOPHU, € SIKICTh MaTepiady TeIypUIy KaJaMiio.
Buxin 6e3nedextnux kpuctaiais CdTe oOMexeHHi, 1110 00YMOBICHO JyKe BUCOKUMH
10HHUMHU EHEPrisiMU 3B 3Ky OCTaHHIX, IO TaKOX MPHU3BOIAUTH O yTBOpeHHs Te-
KJ1actepiB B posmuiasi. Lle ocoOnuBa BnactuicTs MatepianiB [I-VI rpynu [16]. Otxe
yucTa (aza, Xopola KPUCTATIYHICTh Ta BEJIUKUNA PO3MIP 3€PEH € KPUTEPIsIMU IS
BUKOPUCTAHHA  HANIBIPOBIJHUKOBUX  MaTepialiB  y  (OTOEIEKTPUUHOMY
3acTocyBaHHI. Bucokuil koedilieHT mnorinvHaHHS 3pa3ka 3abe3nedye e(exTUBHE
MOTJIMHAHHS BEJIMKOI KIJIBKOCTI CBITJIOBOI €HEprii 1 THM CaMHUM TeHepallii BeTUKOi
KUIBKOCT1 (hOTOr€HEepOBaHUX HOCIIB mepel iX pekomOiHaiiero. Bucoke BHYTpIlIHE
SJICKTPUYHE TI0JIE B P-N 00acTi 3a0e3reuye po3iIeHHS eJIEKTPOHHO-TIPKOBHUX Tap.
Takum 4YwHOM TMIAOIP BIAMOBIIHOTO AaKTUBHOTO MaTepialy TOTJIWHA4Ya JUIs
MOTJIMHAHHS CBITJIAa TOKJIAAA€ThCSl HE TUIBKM HAa 3HAYEHHS IIMPUHHU 3a00POHEHOI
30HM, a TaKOXX, Ha IHIIMX BJACTUBOCTIX MaTepiadiB, TakuX sSK p- ab0 n- THUII
MPOBIAHOCTI, PYXJMBICTH 1 4Yac >KUTTS HOCIIB 3apsy, KOHIIEHTpallis HOCIIB,
JEJeKTpUYHA TMPOHUKHICTh. Di3uko-XiMiyHi  BiacTuBocTi  KpuctamB CdTe

npecranieHi B Taommi 1.1 [3].
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1.2 Cmpykmypa

Banentni enekrponni koHdirypamii kaamiro (Cd, atomuuii Homep — 48) i aToMiB
tenypy (Te, aromunii Homep — 52) - 4d'°5s® ta 4d'°5s*5p”, BizmosimmHo. Ockinbku
CIICKTPOHETAaTUBHICTh, aToMiB Te € Habarato cuibHilIO, HiK atomiB Cd, Te
3aXOIUTIOE JBa eJeKTpoHW 3 atromMa Cd, mo mpu3BOIUTH A0 3MIHH EJICKTPOHHOI
koubirypamii Cd Bix 4d'%5s® mo 4d'°5s° i mms Te mo 4d'%5s*5p°. dismko-ximiui
napametpu kpucrtanie CdTe BHpoIlIEeHHX 3 PO3IUIABY, TaKOXK OyJIM IpEICTaBjCHI B
tabmui 1.1.

Tabnuns 1.1. ®dizuko-ximivHi BaactuBocti kpuctaiis CdTe [3].

BrnacTtuicTs Marepiany CumBon 3HavYeHHS
XimiuHa hopmyra CdTe
MonexkynspHa Bara W 240.1
['pyma Kanmiii — 12, Temyp - 16
Kpucraniuna crpykrypa Ky6iuna [13]
[TocriiiHa rpaTku A 6.482 A [13]
JienexktpuyHa crana 10.2
PyxnuBicTte gipok [T 65 cM*/(B ¢)
Pyx/uBicTh €NEKTPOHIB e 700 cm”/(B ¢)
KonmnenTpartist HOCiiB P 6 x 107 cm° [2]
PyxnuBicTh HOCIiB 0 1040 cm?/(B c) [2]
I'yctuna D 5.85 T/em®
Touka naBieHHS M.P 1092°C [17]
Touka KUTIIHHS B.P 1130°C
Monyns FOnra Y 3.7 x 101 qun/cm?
Monyns po3puBy 2.2 x 10° mun/cm”
[Toka3HUK 3aJI0MJIEHHS 2.67
3abopoHeHa 30Ha Eq 1.5eB (xkimHaTHa Temmieparypa) [ 18]
Tumn 3a060poHeHOT 30HH [Tpsima onTuHa 3a60poHeHa 30Ha [ 18]
KoeoimieHT normmHaHHS A >10° cm T [19]
KoedimieHT TepMiuHOTO PO3LIMPEHHS 5.9 x 10 °/K
[TuTOoMa TEIIOEMHICTH H 0.21 Ix/(r K)
TepmiuHa MPOBiAHICT 5.9 x 10-6/K
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Benukopo3mipui crexiometpuuHi kpuctaiu CdTe Oynu B OCHOBHOMY
OTpUMaHi 3 BUKOPUCTAHHSIM METOAY pocTy 3 posmiaBy (Bridgman- Stockbarger). €
KUJIbKa TOBIJOMJIEHb MPO BUKOpUCTaHHA MeTonay Yoxpanscekoro (CZ), meromy
pyxiuBoro  obOirpiBasa (THM), Meromy  BepTHKaldbHOTO  TPajiiEHTHOTO
3amopoxyBanHsa (VGF), ta Mmetony Beptukansnoro bpimxmena (LPVB) meton [4, 7,
10, 13-15, 19-23].

Tenypun xaamiio € CKJIaJHUM HAMiBIPOBIAHUKOBUM Martepianom rpymnu [1-VI
13 KpHUCTaJOM 13 CTPYKTYpPOIO IHMHKOBOi OOMAaHKH 1 BIJTHOCHUTBCS JI0 KyOIYHHX
HEIIEHTPOCHMETPUYHKX IPOCTOpoBUX Tpyn  F43m(T7Z). CxeMa aTOMHOI CTPYKTypH
kpuctaniB CdTe nokazana Ha pucynky 1.1.

[lo manum [3, 24, 25] mnapamerp pemritkun kpucrana CdTe ckiamae
a=6,47832 A. HamiBnposiguukoBi Mmatepianmu CdTe, Buporieni metogom LPVB

MalOTh KPUCTAIIYHY CTPYKTYpPY THUIy IMHKOBOI 0OMaHkH [14].

(I1I) Surface

. Group VI atom
O Group II atom

[ [
A

B ~@FS

(11
L gl )< A

' :
(IIT) Surface

Pucynok 1.1 — Kpucraniuna ctpykrypa (1imHKOBa oOmManka) crioiyk [1-VI [13]

[ITaaban Ta iH. [29] MOBIAOMIISUIH, IO MOJIKpUCTaMiuHi TOHKI miiBku CdTe

MalTh CTPYKTYPY IMHKOBOI 0OMaHKH (KyOiuHy). BoHM TakoX po3paxyBaim MiKpo-



36

napamMeTpu CTPYKTYPH, PO3MIPH KPHCTAIITIB 1 MikpoaedopMmarii 1 MpuAnum 10
BUCHOBKY, III0 KPHUCTaJIYHUUA po3Mip 30UIBIIYEThCS, a Mikpoaedopmaliis
3MEHIIYEThCS 13 30UIBIICHHSAM TOBIIMHU TUTIBKH. Y OUIBIIOCTI ONTOEIEKTPOHHUX
3aCTOCYBaHb JIOCHIAHUKMA Ta HPOMHCIOBICTh BUKOPUCTOBYIOTH MOHOKPHCTAIIYHI
3pa3Ku, OCKUIbKU HAJIEKHE PO3TalllyBaHHS aTOMIB, MIIHICTh 3B 3Ky € IapamMeTpamu
K1 BHU3HAYAIOTh (DYHKIIOHYBaHHS MPUCTporo. PerenbHe BH3HAUYEHHS IUIOMIMH Ta
BU3HAYECHHS IMapaMETpiB IPATKU, TYCTHHH, 00’€M KOMIPKH, PO3MIPY YaCTHHOK,
IIIJIBHOCTI JUCIIOKALlM, MiKpoaedhopMalliid TOIo, MO00 CYyJIUTH MPO KPUCTAl, MOXKHA

orpumatu 3 1aHux XRD.

1.3 Dizuuni énacmueocmi CdTe

1.3.1. Onmuuni énacmueocmi

MoHokpucTanu Teaypuy KaJaMmito MaroTh IpsiMy 3a00poHeHy 30HY (1,43 eB),
[ JI03BOJIAE JOCSITTH MaKCHUMaJIbHOTO TOTJIMHAHHS (POTOHIB COHSYHOTO CBITJIA B
HEBENMKIM  TOBIIMHM  TIOTJIMHA4Ya, Yy  TIOPIBHSHHI 3  HENPSMO30HHUMU
HAIIBIPOBITHUKOBUMH MaTepiaiaMu, TAKUMHU SK KpeMHii 1 repmaniit. Xoya CdTe
Ma€ BHCOKY TOKCHUYHICTh 1 BHCOKY TeMIIepaTypy IUIaBJICHHS, JOCIHITHUKH BCE IIIE
CTOATh 3a IIUM KpPHUCTaJOM B CHJIy BHINE3a3HAYCHUX MPUYUH 1 OMTUMAIbHUX
EnextpuuHi mapaMmeTpu BiAMNOBIAAIOTH MOTPIOHUM JIJIsi 3aCTOCYBAHHSI B COHSYHUX
Oarapesix. Kpucranu CdTe nposiBisitoTh pi3Kiii eKCUTOHHUI TiK Ha piBHI 1,59 eB, mi
MIKK CBIAYaTh MPO HMU3bKY KOHIEHTpalito HocliB [14]. B [26] Oynmu mpocmimkeH1
ONTHYHI  BJIACTHBOCTI  MOMIKpUCTamiYHMX TOHKMX 1iiBok CdTe. IlmiBku
OCaIDKYBAIKCS 3 PI3HUMH TOBIIMHAMH 1 U1 HUX OYyJM BUMIpsiHI 3a00pOHEHI 30HH,
npu ToBiMHI TUTiBKM 700 HM mupuHa 3a00poHEHOi 30HM cTaHoBuia 1,56 eB. 3
1HIIOro OOKy, [UIi MEHIIMX TOBLIMH IIIBOK MaeMO Ay>Ke BUCOKY Eg, B Mexkax 1,62—
1,94 eB. MikpoHanpyXeHHsI TaKMX IUTIBOK BHUSBISIIOTECA JIy’)K€ BHUCOKHUMH, Y
NOPIBHSAHHI 3 XapaKTepHUMH Ui TUTiBOK 3 ToBimHOK 700 HM. Kpucramu CdTe
e(peKTUBHO TOIVIMHAIOTh COHSYHE BUIIPOMIHIOBAHHS y BUAMMIN obOnacti. OnTuyuHa

3a00poHEHa 30HA 1 KOE(DIIIEHT MOTJMHAHHS € ONTUMAIBHUMU ISl 3aCTOCYBaHHS Y
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COHSIYHMX OaTapesx. BuBUamucs TakoX 3aJ€KHICTh ONTUYHUX KOHCTAHT BiJ YMOB

0Ca/KCHHS TOHKHMX TUTIBOK KPHCTAIIB, a TAKOX XapakTep JeryBaHHs [27-28].

1.3.2.Enexmpuuni én1acmugocmi

VY 3araJilbHOMy BHMAJKy ONTHUKO-EJIIEKTPOHHI BJIIACTMBOCTI € OCHOBHUMH JIJIsI
nigoopy noriauHava (abcopbepa) a TakoK BIKOHHUX IMapiB ISl COHSYHHMX OaTapei.
st eheKTUBHOTO (POTOCNEKTPUYHOTO MPUCTPOIO EICKTPUYHI MapaMeTpu IMOBHHHI
OyTH BUCOKHMH, TOOTO 1I€ CTOCY€EThCA PYXJIMBOCTI 1 KOHILIEHTpAIlli HOCIiB. 3 1HIIOrO
00Ky, MUTOMUH OMip aKTUBHOTO 200 MPO30pOro IIapy NOBUHEH OYTH HU3BKUM, 00U
MJICUITIOBATU PYX HOCIs 6€3 Oy/Ib-SKOro po3CitoBaHHS a00 peKOMOIHAIT].
Kpucramu CdTe MarTh €JIEKTPONPOBIAHICTh P-TUIY, KOHIICHTpAIlii HOCIiB B
miamasoni 10-10"/cm®, pyxmusicts BapitoBanacs Big 50-100 cm?/(B ¢) i muromuii
omip mopsiaky 10°-10° OM cM. 3 BHIIEHABEICHHX PEe3y/IbTATIB BHILIMBAE, IO BUCOKA
MOOUIBHICTh MOCWJINTh €()EKTUBHICTh 30MpaHHs HOCIiB 10 iX pekomOiHamii. Kpim
TOTO, HU3bKHI MUTOMHUH OIIp 3MEHIIYE PO3CIIOBaHHS (POTOTEHEPOBAHUX HOCIIB B
MIPOIIEC] TPAHCIIOPTYBAHHS B COHSYHUX Oarapesx [2].
Enextpuuni BractuBocti kpuctanis CdTe Oynm BuB4eHi mpu ix neryBanHi Ge i1 Sn
[29]. Kpucranu BupolyBaiv BEpTUKATHLHUM 1 TOPU30HTAIBHUM MeTo10M bpimxmena
BIIMOBIJHO, 3MiHA EJEKTPUYHMUX BJIACTUBOCTENW MO BIJHOIICHHIO J0 BUXIJTHUX
MartepialiiB npejcTapieHa B Tabmuii 2. Crnocrepiranaocs, 10 MUIBHICTh HOCIIB st
KPHUCTaJIIB BUPOIIEHUX 10 bpimkMeHy 1 it KpUCTaiB, BUPOIICHHUX 3 PO3YUHY, TOTO
K TOPSIIKY, aje jeroBani kpuctaau CdTe MaroTh HUXKYY KOHIIGHTpPALIFO HOCIIB, HIX
YUCTI (HEJIETOBaHi).

SImama [27] moBimomuisaB, IO BHpOIIeHI 3 po3miaBy kpucramu CdTe
JTEMOHCTPYIOTh p-THIT €JIEKTPONPOBITHOCTI 3 BHCOKHM ITUTOMHM OTIOPOM TIPH

IIIBUIIICHIN TeMITepatypi.
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Tabmung 1.2. Enekrpuani BiractuBocti kpuctamis CdTe + Ge(Sn) npu kiMHATHIN

temnepatypi [29]

Metoa oTpuMaHHA Tun Jomimxka KonuenTpaunis PyxausicTs,
NMPOBITHOCTI HOCIiB, cM > CMZ/(B c)
Meron bpimxmena p Ge 10°% —10%° 70
Merox Bpimkmena p Ge 10" -10° 70-80
Merton bpimxmena n Sn 1.5 x 10° 850
Merton bpimxmena n Sn 2.4 %107 710
Meron bpimxmena n Sn 4.7 x 10° 610

1.3.3. /lechekmu

Jucnokanii, 1edekTu Ta AePEeKTH YIAaKOBKM MOKYTh HEraTMBHO BIUIMHYTH Ha
INPUAATHICTh KPUCTAIB JJIA Oy/Ib-SIKOTO 3aCTOCYBaHHA. TakuM 4MHOM, Oe31e(eKTHI
KpUCTaJIu € moTpebda dyacy s NpoBeACHHS (yHIAMEHTaIbHUX JIOCHIIKEHb Ta
BUTOTOBJICHHS TPUCTPOiB y pizHOMaHITHUX cepax [1]. B [13] moBimomumiu mpo
IIUTBHICTh JUCIIOKaNin Juis kpuctanie CdTe BHpoImeHNX 3 BUKOPUCTAHHIM METOY
bpimxmena B Mexax BiJ 8 X 10% 1o 2 x 10% em ™. [{ixaBo BiJI3HAYUTH, IO JJIs1 OY/Ib-
SKOTO METOJy POCTY BaXKJIMBA SKICTh BUXIJIHUX MartepiajiB, 0COOJUBO y BHUIIAIKY
kpuctanie CdTe Hu3pka yuCTOTA MaTepialliB MPU3BOAUTH IO HAMOKAHHS B aMITyJIi.
Buxignuii martepian Mae OyTH HaJICKHUM YHWHOM OYHIICHUH 1 YUCTI aMITyJId
HEOOXITHO BUCYIIHMTH, 1 TOMY IIIO HaBiTh aTMOC(epa MOXKe rmoctayatu kucenb Ha Cd i
Te mig yac mponecy kpucramzaiii. CTpyKTypHI Ae(deKTH, TOMIIIKH, AUCIOKALIIi,
TOIIO HA TIOBEPXHI KPUCTAJIB HETAaTUBHO BIUIMBAIOTH Ha (HOTOCTEKTPUYHI
XapaKTEPUCTUKU MPUCTPOI0. 3 LBOTO MPUBOAY 1H(MOPMAIS/JOCHIIKEHHS 00
dopmu nedekriB y kpuctaii CdTe e BakiauBoro/Mu. [Iporiecu yrBOpeHHs 1e(PEKTIB y
BUTJISI JIBIMHUKIB, 3epeH Tomio B kpuctamax CdTe i CZT (Cd(Zn)Te) maroth pi3Hi

MEXaHI3MH.

YTBOpeHHs1 KiacTepiB Te € OCHOBHOIO NPUYMHOI MOJIKPUCTAIIYHOI
CTPYKTYpH CTpyKTypa, sik moBimomssie Fiederle, et al. [30]. Lli aBTopm Takox
IPUITYCKaOTh, IO TIEPETPIB B MaTepiaii TOMOMOXKE MOA0IATH 10 Tpodiemy. Husbka

temtonposigHicts (0,06 Bt/cm'K) kpucranie CdTe € HacTymHHM OCHOBHHM




39

JDKEpeNioM JUisi IBIMHUKIB 1 3epeH. SIkicTh BuximHux kpuctanis CdTe Bu3Hauae ix

e(eKTUBHICTh Y POTOBOIBTATUYHUX TA CEHCOPHUX 3aCTOCYBAHHSIX.

1.4. 3acTocyBanHs

1.4.1.@omosonvmaika

[MoBimomisieThest mipo edextuBHicTs 16,5% constunmii enement CdTe mms
KoMepiiiHux monyniB koedimieHT kopucHoi mii (KKJ[) cranoButs 11%. Tumnona
CTPYKTypa coHsuHOI KoMmipku CdTe Britouae: CKISIHY MiTKIAIKy, SKa € MPO30PUM
nposigauM okcuaoMm (TCO), n-CdS, p-CdTe i, miakmanky InSh [31], e cxematudano

MOKa3aHo Ha PUCYHKY 1.2.

Electrode
Contact layer
Front side Mg, Cd, _,Te
barrier
Absorber n-CdTe
Back side n-Mg; ,4Cd 70 T€
barrier (Np =5 % 107 cm~3)

n-CdTe

Contact layer
Sl (N, =5 x 107 cmd)

Eylibe (Np =5 % 107 cm™3)

n-InSb
substrate

Pucynok 1.2 — Ctpykrypa constanoi komipku CdTe/Mg,Cd, ,Te [3, 31]

[Ticns consunux OGarapeit Ha ocHoBi Si, CATe € HaOLIBIT ITUPOKO BUBYCHUM i
HOIYJISIPHUM MaTepiajioM JIJIsl BUTOTOBJICHHS COHSIYHHUX EJIEMEHTIB. AJie BCE OJHO
BIJICYTHIM MOBHMUI OaHK JaHHUX IIOJ0 1O (DYHKI[IOHAJBHUX MapamMeTpiB KPUCTAJB
TeTypuly KaaMil0 s 3acTOCyBaHb B I[boMYy HampsiMy. OCHOBHI 3HaHHS PO
Kpuctayiv, (Hi3WYHI BIACTUBOCTI Ta TEXHOJIOTIYHI TMPOLECH  MOJETTIYIOTh

BUT'OTOBJICHHS Ha ocHOBI CdTe TpaH3KMCTOPIB, a TAKOK COHSUHUX €JICMCHTIB.
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[Ipy BHUrOTOBIEHHI COHSYHHUX e€JEMEHTIB BHKOpUCTOBYI0Tb MOCVD HaHeceHHs
CdTe na monokpuctani GaAs. Sk HoMIIKH BUKOPUCTOBYIOTH Muiil sk (AS) 1 oz (1)
st orpuManns CdTe p-tumy Ta N-Tumy, BiAMOBiAHO. 3 1HIIOrO OOKY, CTPYKTypa
COHS'YHMX €JIEMEHTIB Oylia BUTOTOBJICHAa NUIIXOM BupoiryBanHs CdTe n-tumy
Oe3mocepelHbO Ha 00 €MHHX MOHOKpHCTamiuHuX miakmaakax CdTe p-tumy, sk
noBiiomssuiocs: B [32]. Ha pucynky 1.3 moka3zaHa CXeMaTH4HO MOJIKpUCTaIIdHA
IUTACTUHA 3 JOBUIBHO PO3TAlIOBAHOIO KIJIBKICTIO 3€pPeH 1 MOHOKPHUCTAIIYHOI
wiactuau CdTe,

Grains pac1\<e’d randomly Solid single-crystal material

=) )

Schism between
grains

Well-ordered
structure

® Te atom \\_/

Polycrystalline CdTe O Cd atom Single-crystal CdTe

O—0 Bond between atoms
= Bound electrons

Pucynok 1.3 — Cxema MoJIiKpUCTATIYHOTO Ta MOHOKpHUCTaIiuHOro KpucTainis CdTe [32]

B [33] moBimomuim, mo, coHsuHi ememeHTd CdTe mokasamu MOKpaIeHHS
e(eKTUBHOCTI (7)) 3aBASIKA PO3BUTKY MOKJIUBICTb €(QEKTUBHOTO 3BOPOTHOIO
KOHTaKTy a00 3aHbOT0 BijiOMBaya, 3MIHOK 3a00pPOHEHOT1 30HU ILISIXOM JIETYBaHHS
CdSe,Te;,—, B mnornunanni CdTe, 3amimieHHsAM cCynbdiay KaaMmilo MPO30PHM
oydhepuum mapom MgZnO Ta iHI1I0I0 NTepepOOICHOI0 CTPYKTYPOIO COHAYHOT KOMIPKU
(puc. 1.4).

B [34] nosigommsinocs npo 15,8% KKJI mist coHsiaHOTO €1eMeHTYy Ha OCHOBI
CdTe. IligBumieHHs ePEeKTHBHOCTI OyJ0 OTpUMaHO B MOAM(DIKOBaHIN KOHCTPYKIIT
npuctporo coHstaHoi Oartapei CdTe, Bunanenusm OydepHoro mapy CdS, BpaxoByroun

HOBI (DYHKIIIi HANMPHUKIaa, BBeAeHHAM Miai B kpuctanu CdTe 1 Ouibln mpo3opum N-
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IapoM Ta IHIIMMH 3MIHAMHU B TEXHOJOTIYHMX mpouecax. Ll 3miHM gomomoriu
JTOCSTTH €(PEeKTUBHOCTI MPUCTPOiB 110 21,5%, 1 mi3Hime nokpampm cs 1o 22,1% [35,

36].

Metal . Back contact
Back reflector )
3
CdTe
» Absorber
Cdbe 1e; .
MZO } Buffer layer
TCO } Front contact

Substrate

Pucynok 1.4 — Cxema constanoi komipku ITO/TCO/MZO/CdSe,Te, ,/CdTe/3aaniii

BijiOMBay/MeTasieBa CTPyKTypa npuctporo [33]

Beenennst CdSe 30ibiye KBaHTOBY €PEKTHBHICTD SIK Y CUHIN 00J1acTi (BUCOKa
€Heprisg) Tak 1 B JOBroxBuUJbOBIA oOnacti (825-930 um) [37]. Tomy BiamosinHe
HeoOxinHe 3wmimyBanHs CdSe i CdTe mapiB HUISXOM aKTUBAIIHOT 0OpOOKH
yTBOproe (hotoaktuBHy CdSe,Te;  cronyky, sika Mae By)X4y 3a00pOHEHY 30HY, HiXK
guctuii  (HeneroBanuii) CdTe, omke, (GOTOHM 3 MEHIIOK EHEPTi€ TaKOX
MOMJIMHAETBCA UM HamiBnpoBigHukoM. CdTe € mepcneKTHMBHHM MatepiajioM Yy

dboToBonbTailll [3].

1.4.2. Cencopuxa

CdTe € mepcrieKTUBHUM MaTepiajioM B 0araTbOX CEHCOPHHMX 3aCTOCYBaHHSX [ 1,
38-47]. HamiBizonsuiitauii HamiBrnpoBigauk CATe mpornoHye CpusSTINBE MOETHAHHS
(GI13MYHMX BJIACTUBOCTEH, IO pOOUTH MOro mpuUBaOIMBHUM B SIKOCTI MaTepiaiy s
JETEKTOPIB ~ BUCOKOCHEPTETUYHOTO BUIPOMIHIOBAHHS Yy IIHPOKOMY  CIIEKTPi
3aCTOCYBaHb: CHCTEM Bi3yamizamii B Oe3merni Ta MEIUIMHI, MOHITOPUHTY
IPOMHUCIIOBUX  MPOIECIB, sAepHOi  Oe3meku, acTpoHoMmii Tomo  [38-47].

HamiBrpoBigHUKOBI TBepAOTUIBHI AeTekTopu CdTe 3 BucokuM aToMHHM dHciioM (Z)
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MalOTh BUIIY KBAHTOBY €(EKTUBHICTh, HI)K IETEKTOPY HA OCHOBI 1HIIMX YyTIUBHX IO
PEHTTeHIBChKUX IIPOMEHIB Ta Y MPOMEHIB MarepiaiiB (Ha ocHOBI (ocdopy Ta
eMyJIbCil) a00 HamiBIPOBIAHUKIB 3 HU3bKUM piBHeM Z (Si, GaAs Ttomio) [41-43].
Herekropu CdTe paroTe HalKpamy pe3yabTaTd TEPETBOPEHHS — IMAIAr0uuX
PEHTTeHIBChKUX (POTOHIB O€3MocCepeIHO B €JIEKTPOHHO-IIPKOBI MapH 1 OTpUMAaHHS
curHaiiB. Benuka BenuunHa eHeprii 3a00pOHEHOI 30HM HAMiBIPOBITHUKA O3BOJIIE
IpaloBaTH JETeKTopaM MpH KiMHaTHIM Temmepatypi. lle myxe BaxiauBo aJis
BUKOPUCTAaHHS MaTPULlb MIKCETBbHUX JETEKTOPIB JIs 0araThoX 3aCTOCYBaHb, 30KpeMa
JUJIs1 PO3POOKHU CUCTEM 300paKeHHS SIIEPHOTO BUIIPOMIHIOBAHHS.

[Ipane3mgatHicTh HamiBOPOBIZHUKOBUX zAeTekTopiB CdTe mnpu KiMHaTHI#H
TEeMIIepaTypl BU3HAYAETHCS TPAHCIIOPTOM 3apsily 1 CTPYKTYPHUMHU BJIACTHBOCTSIMHU
HasgBHUX KpuctamB [39-46]. BmacTUBOCTI TpaHCHOPTY 3apsly BHU3HAYAIOTh
eheKTUBHICT,  30upaHHS  BUIBHUX  HOCIIB,  IHJYKOBaHUX  MaJal0uYUMHU
BUCOKOECHEPIe€TUYHUMU (POTOHAMHU 1 PIZHUMH JKEpelnamMu IIyMy B KpUCTajax.
CTpyKTypHI BJIACTHUBOCTI MarepiaiiB KOHTPOJIIOIOTH PIBHOMIPHICTh TPAHCHOPTY
3apsiB. HepiBHOMIpHMIA pO3MOIiI CTPYKTYPHUX A€PEKTIB CIPUUUHSIE HEPIBHOMIPHE
NEPEHECEHHsI 3apsily 4Yepe3 HEPIBHOMIPHE 3axXOIUICHHS 3apsiiy Ta pO3MOAILT
CNIIEKTPUYHOTO ToJIs [43, 44].

[Ipyn KiIMHATHIN TemmepaTypHi sI€pHI HANIBIPOBIIHUKOBI JIETEKTOPU YACTO
MIJJIAI0THCS BIUIMBY HEMOBHOTO 30MpaHHs (OTOHIB, IO T€HEPYIOThCS HOCIIB, 1 1€
obMexye poboTy maruuka. Y gerektopax CdTe 1me B OCHOBHOMY IIOB’SI3aHO 3
MOTaHUM TPAHCIOPTOM [IPOK, SIKI MOKYTh OyTH 3aXOIUIEHI 10 JOCATHEHHS KaTojAa
[39-42]. IHmri MOXIJIMBI MPUYUHM TMOTIPIICHHS (YHKIIOHATBHUX XapaKTECPUCTHKH
neTeKTopiB (OTOHHO-TIIKOBA €(PEKTUBHICTh, CHEPTrEeTUYHA PO3/IIbHA 3/IaTHICTH, Ta
e(EeKTUBHICTh 30MpaHHs 3apsaAy) MOKHA MOSICHUTH CYTTEBUMM HEOJHOPIIHOCTSIMU
Marepiary 1 TEepeTBOPEHHSIM (3MIHOIO) CHUCTEMHU TOYKOBUX JCPEKTIB B
HAIMIBIPOBIIHUKY i yac pobotu [44, 45].

s Toro, mo® AOCATTH HHU3BKOTO CTPYMY BHUTOKY, NETEKTOPH KiMHATHOI
TEMIEPATYPU 3a3BUYAN PO3POOISIOTHCA Y BUTIISAL NI0AHUX CTPYKTYP 3 KOHTaKTaMH

[HoTTKi a00 enekTpuuHUMH repexoaamu (P-n ado p-i). [39-52]. [lepeBara BiggaeThes
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7ioaM Ha OCHOBI BOymoBaHOTO P-N mepexomy mioniB IIOTTKI 3aBAsSKH Kpamium
MOXJIMBOCTSM (hOpMYBaTH MPOTSHKHUM I1ap 301 THEHHS 1 TOKpallyBaTH 301p 3apsay B
p-N mepexo/ii, a TaKOX JJisi JOCSITHEHHS CTaOlIbHOCTI €JIEKTPUYHUX 1 CIEKTPATIbHUX
xapakrepuctik CdTe gerekropis.

OngHak y B JaHOMY BHMAJKy ICHYe MpoOjieMa CHJIBHOTO JIETYBaHHS p-
noionoro CdTe 3 BUCOKUM IMUTOMHM OMOPOM 4Yepe3 CAMOKOMITCHCAIIIFO JICTYIOUHNMHU
napaMH BakaHCii (tak 3BaHud 1eHTp A) [53-55]. JleryBanns CdTe 3 In (mo €
CHPUSITIUBUM JIETYIOUUM €JIEMEHTOM N-TUIY) MUJISXOM BUKOPUCTAHHS CTAHJIAPTHUX
METOJIIB 3a3BHYall CYIPOBO/KYIOTHCS CIOHTAHHHM YTBOPEHHSM KOMITCHCYIOUUX
MIPOTHIICIKHO 3apsJKEHHX JedeKTiB a00 KOMIUIEKCIB (TIepeBakHO mapu Veg-Ingg). Le
3HAYHO OOMEXY€ KOHIIEHTpAII0 HOCIIB 3apsAay /10 3HAYCHHS MEHIIEe KOHIIEHTpaIi
nomimok [53, 54].

Jlns Toro mo0 MOJAaBUTH MEXaHI3M CaMOKOMITCHCAIlli JIETYIOUOi JOMIIIIKH,
BBOJISITH 1 aKTUBYIOTh aTOMU IN 3 BUCOKOIO KOHIIEHTPALI€I0 B TOHKUN MOBEPXHEBHI
map 1 TaKUM YMHOM (HOPMYIOUH HETIIMOOKHH 1 pi3Kuii P-N mepexia MoxKHa e(heKTUBHO
3aCTOCOBYBaTH  JIa3€pHO-IHAYKOBAaHE  JICTYBaHHS [43-46]. 3acTocyBaHHS
BI3yaJli3al[liHUX JIETEKTOPIB BUCYBA€ BUCOKI BUMOTH IO OAHOPIIHOCTI €JIEKTPUUHUX
1 crekrpanpaux xapakrepuctuk CdTe miomi. OmHak mist j1a3epa CYIPOBOIKYETHCS
YTBOPEHHSIM PIIHUX TOYKOBUX Je(eKTiB a00 KOMIUIEKCIB, a TaKOX HPOTIKHUX
nedexrib [43-46, 55-56].

Hedektn CTpyKTypu BIUIMBAIOTh Ha CTPYM BHUTOKY, SIKMWA TPOTIKAE Yepe3
3MIIIEHUA JETEeKTOp Yy BIACYTHICTh CHUTHAY 1 SIKUM € OCHOBHUM JKEpPEIOM
CJIEKTPOHHOTO IIyMy 1 HECTaOlIbHOCTI TMapaMeTpiB mpuctporo. lleperBopeHHs
nedexTHol cTpykTypH KpuctaniB CdTe Takoxk 3MIHIOE BJIaCTUBOCTI MEPEHOCY 3apsiTy
JIOAIB 1 MOXE TPU3BOJSTH J0 3HW)KEHHS €HEPreTUYHO! PO3AUIBHOI 3/IaTHOCTI Ta
MOTIPIIIEHHST POOOTH JaTuMka. TakuM YWHOM, MJYXK€ BaXKJIWUBO BHUBYATH Ta
KOHTPOJIFOBATH MPOLECH YTBOPEHHS Je(EKTIB PH JIa3epHO-1HAYKOBAHOMY JIETYBaHHI
B kpuctanax CdTe Ta BUTOTOBJICHHI A0 HUX CTPYKTYp Ha ocHoBi CdTe. IIpupoHi Ta
JIOMIIIKOBI 1e(h)eKTH, KOMILIEKCH Ta Ne(eKTH, KI yTBOPIOIOTHCSA MPHU BUPOIIYBaHHI

kpuctaniB CdTe Ta BHrOTOBIACHHI JIOJHUX CTPYKTYp, € KIIOYOBUMH IS
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PEHTTeHIBCbKHX Ta TaMMa-AeTekTopiB Ha ocHOBI CdTe, BUKIMKAIOTH MOTIPLICHHS
napameTpiB Ta 0OMEXYIOTh ITUPOKE MpaKTHUUHE 3acTocyBaHHs [47]. ToMmy KOHTpPOJb
nedexToyrBopeHHss B kpuctamax CdTe i1 cTpykTypax HpUCTPOI BaKIMBHU JIJIs
TOCSTHEHHS €()eKTHBHOCTI 300py 3apsay 1 BUCOKOI po3aiinbpHOI 3qaTHOCTI. B [47] most
PI3HUX YMOB BUBYAJIUCS (POTOETEKTPUUHI, CICKTPHUYHI Ta CIEKTpaibHI BIACTHUBOCTI
M-p-n ctpykrypoBanux CdTe mioiB, BUTOTOBICHHX 32 METOJUKOIO ONTUMI30BAHOTO
€KCUMEpPHOTO JIa3epHOTO JIeTyBaHHA. /[l BHUTOTOBIICHHS [iOJIB HAa TOBEPXHIO
kpuctana CdTe ocamkyBaiy BiIHOCHO TOBCTY ILIIBKY In, sIKy MOTIM ONPOMIiHIOBAJIH
Ja3epHUM iMITysbcoM. [LmiBka ciyryBana JKeperoM Jieryiodoi 100aBKH N-TUIY, a
TaKOX E€JEKTPOJOM Micis JiazepHoro onpoMineHHs. Konrtakt [IIoTTki HaHOCHBCS Ha
npotuiexxkHomy Oomi  kpucramie  CdTe. [erextopu In/CdTe/Au  moxazaiu
NEPCHEKTUBHICTh [UJIsl TMPUCTPOIB SIIEPHOTO BUIPOMIHIOBaHHA. OpjHak Bapianli
xapaktepuctuk |-V 1 C-V, ko/lMBaHHS 4YacOBHUX 3aJie’KHOCTEH CTPYyMy BHUTOKY 1
JieTpajailis CIeKTPATbHUX XapaKTEPUCTUK CBIAUMIIN TIPO TE, IO eNeKTPUIHOAKTHUBHI
nedeKTH BUKIMKAIOTh HEPIBHOMIPHE 3aXOIUICHHS HOCIIB 1 BUKIMKAIOTh HAIAMIPHHIMA

IIyM, TIOT1PUTYIOYH pOOOTY JIE€TEKTOpa.



45

BucHoBknu 10 po3ainy 1

Ha ocHOBI BHIIIEHaBEIEHOTO OIJISAly MOKHAa 3pOOMTH BHUCHOBOK, IO JJIs
momudikamnii moBepxni CdTe Ta iHTepdeiicy MeTan-HamiBIOPOBIAHUK, 3PyYHO
BUKOPUCTOBYBATH IMITyJIbCHY JlazepHy 0OpoOKy. OmnpoMiHEHHsI HamiBIPOBIIHUKIB
Ja3epHUMU  IMIOYJIbCAMU  HAHOCEKYHJHOI  TPUBAJIOCTI  MOXE  YCHIIIHO
BUKOPHCTOBYBATHCS JJIsi OUMILEHHS MOBEpPXHI, JIeTyBaHHA, (popMyBaHHA Oap’epy i
T.1. Cepen mpobnem neryBanHs CdTe In i ¢opmyBaHHS P-N THepexoay MOXKHA
BUJIIJIUTH HACTYMHI: 3a0€3MEeYeHHs Maioi TIMOMHHM P-N Nepexoay; YHUKHEHHS
MOIIKO/PKEHHSI KPUCTAJIIYHOI CTPYKTYpH 1 3amoOiraHHs YTBOPEHHS TOYKOBUX 1
MPOTSHKHUX JAePEKTIB y KpHUCTAl YIPOJOBXK Mporecy (popMyBaHHS; 3a0€3MEUCHHS

BIITBOPIOBAHOCTI 1 TEXHOJOTTYHOI €PEKTUBHOCTI MPOIIECY JIETYBaHHS.

Ha ocnosi uvozo pozenady y oucepmauiuminit pooomi 0ynu nocmaeneHi
HACMYNHI 3A860AHHA.

1) PospoOnenHs wmeroay (OpMyBaHHS CICKTPUYHMX KOHTAKTIB, SKI €
€JIEKTPUYHO-CTAOUTbHUMH 1 3a0€3MeUyI0Th XOPOUIUN eNeKTpuyHuil Oap’ep, abo x
OMIYHICTb, 110 € KJIFOYOBOIO BUMOTOIO IIPU BUTOTOBJICHHI IETEKTOPIB.

2) BcTaHOBIGHHS Ta OMHMC 3aKOHOMIPHOCTEH TEPMOJMHAMIYHUX (HArpis,
¢da3oBi mepexonu) Ta KIHETUYHUX (Iu(dy3is, MacolnepeHoc) MPOIECiB y TeTypul
KaJMii0 Ta reTepocuctemi rutiBka Metany/CdTe npu MOTYKHOMY HaHOCEKYHIHOMY
Ja3epHOMY OIIPOMIHEHHI Y PI3HUX CEpEeIOBUIIAX.

3) Bupimenns mnpobsemMu (GopMyBaHHS Ta KEPOBaHOI 3MiHH (i3UYHHX
(enexkTpuyHUX, (HOTOCTCKTPHUYHHX, ONTHUYHUX) BIACTUBOCTCH MOBEPXHEBHX IIAPiB
JAHUX HAMIBIOPOBIAHMKIB TMpU peaizalii yMOB ICTOTHOTO BIAXWJICHHS Bij
TEPMOJIMHAMIYHO1 PIBHOBATH.

4) TeopeTW4HHii OMHC EKCIEPUMEHTANTBHHUX pE3YyJbTaTiB 3 BpPaxyBaHHIM

4acoBOi Ta MPOCTOPOBOI HEJOKAIBHICTI Y KIHETUYHHX SIBUILAX TIEPEHOCY.
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PO3/ILJI 2. METOJJUKH JOCJIIJKEHb BJIACTUBOCTEM TA
CTBOPEHHA JOC/IITKYBAHUX CTPYKTYP HA OCHOBI CdTe

Beryn no po3ainy

JUIsi  BUTOTOBJIEHHS JIETEKTOPIB BUCOKOEHEPTreTUYHOTO BUIIPOMIHIOBAHHS
BUKOPUCTOBYIOTh BHCOKOOMHHuH CdTe. IIpore mnuTOMUI oOIip MNPOMUCIOBUX
kpuctaniB  (p~ 10°OM-cM) Bce-TakM HENOCTATHBO BHCOKHH, 06 TOCSATHYTH
HEOOX1IHOrO HU3BKOTO CTPYMYy MpPOTIKaHHS B AeTekTopi. [[ns 3MeHIeHHS cTpyM
NPOTIKaHHS, MPH 3aCTOCYBaHHI Y BHCOKHX EJEKTPUYHHUX MOJsAX, nerekropu CdTe
BUTOTOBJISIIOTH SIK J1I0/IHI CTpyKTypH (0ap’ep LlloTki abo pP-n mepexin).

[Hai#t oguH 13 CHOPUSTIMBUX 1 HAWMOUIBII 1HTEHCHMBHO BHBYEHUX JIETYIOUHMX
nomimok N-tumy B CdTe, Tomy mo INcy Mae mayxe Manuil piBeHb €HEprii mepexomay
nonopa (0,04 eB) i BimHocHO Masie eHepri. AedekToyTBopenns (1,23 eV).

[Mpobnemu neryBanus CdTe In i ¢opmyBaHHs pP-N mepexoay — MOTPIOHO
3a0e3MeYeHHS:

- MaJoi TMOMHY P-N Mepexony;

- YHUKHEHHS TIOIIKOJDKEHHS KPHUCTAIIYHOI CTPYKTYpH 1 3amoOiraHHs
YTBOPEHHSI TOYKOBUX 1 NPOTSHKHUX Je(EKTIB y KpHUCTalIl YIPOIOBK
npotiecy GopMyBaHHS,

- BIATBOPIOBAHOCTI 1 TEXHOJIOTTYHO1 €(hDeKTUBHOCTI POLIECY JIETyBaHHS.

Jns monudikamii mosepxui CdTe Ta iHTepdeiicy MeTan-HaIiBIPOBITHHUK, B
aucepTamiiiHii  poOoTi Oyla BUKOpPHCTaHA IMITyJIbCHA JiazepHa oOpoOka, sika
JI03BOJISIE€ BHPIIICHHS 3a3HadyeHUX mpooOsieM JieryBanHs CdTe inmieM i 3abe3meunTH
CTBOPEHHSI PI13KOTO P-N Tepexoy.

ImnynbcHe na3epHO-iHaykoBaHe JeryBanHs CdTe 3a0e3meuye HacTyIHI
nepeBaru:

- IIBWJKE HarpiBaHHS, IUIABJICHHS 1 OXOJIOJ)KEHHS TOHKOI'O MOBEPXHEBOIO

mapy (4ac B3a€EMO/IIi JJa3epHOi A1l 13 HAMIBIPOBITHUKOM YK€ Maluid 7= 7 -
20 He);

- 30inbIIeHHsA cerperaiii, audy3ii 1 pPO3UYMHHOCTI JOMIIIKH; IIBUIKE
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OXOJIOPKEHHSI TOHKOTO TOBEPXHEBOTO IMIapy 1 3aMOPOXKEHHS BEJIHKOI
KUIBKOCTI HEPIBHOBAXHUX E€JEKTPUYHOAKTUBHMX TOYKOBHX JIe(PEKTiB
(TemnepaTypuuit rpagient ~10%° K/c);

- Moauikaris TIIbKK TOHKOTO MOBEPXHEBOTO Iapy (BIAX1J BiJ HarpiBaHHS
00’eMy KpuCTay, TIMOWHA MOTJIMHAHHS Jla3epHOTO ompomiHeHHs B CdTe
ayxe mana d ~ 10-100 am);

- TE€XHOJIOT14HICTb JIA3€PHOTO JIETYBaHHS.

OnpoMiHEHHS HamiBIPOBIJHUKIB JIA3€PHUMH IMIYJbCAMH HAHOCEKYHJIHOI
TPUBAJOCTI MOXE YCHIIMIHO BUKOPUCTOBYBATHCS JJIl OYMUIICHHS IIOBEpXHI,
JeryBaHHsl, popMyBaHHs 0ap’epy 1 T.1.

Ak Oyno 3a3HayeHO BHINE, JJISI PO3POOKHM HE OXOJIOHKYBAaHUX JIETEKTOPIB
PIIBIAIBIHOTO BUITPOMIHIOBAHHS! BHKOPUCTOBYETHCS BUCOKOOMHHUIA HAITiBIPOBITHUK
CdTe. Ilpu BUTOTOBJICHHI EJIEKTPOJIB 10 BUCOKOOMHHX KPHCTANIIB ICHYE HE TUIBKH
npobiieMa CTBOpEHHSI €PEeKTUBHOTO Oap’epy, a i TaKOXK, IO BaXIJIKUBO, POPMYBaHHS
OMIYHOTO KOHTaKTy. Takuii KOHTAaKT HEOOXITHMHA SK Yy BHUIAIKYy PE3UCTHBHOTO
JIeTeKTOpa Ha OCHOBI OHOpinHUX KpuctaniB CdTe (6e3 enexTpudnoro 6ap’epy), Tak

1 17151 IPYroro eNeKTPoy y BUMAAKY ACTEKTopa 3 P-N nepexoaom [58-66].

2.1. TexHoJoriuyni mpomecu minroroBkm kpucramiB CdTe gasi pociaimkeHsb i

BUTOTOBJIEHHA Ai0OqHMX cTPYKTYp IN/CdTe/Au

Jis migrotoBku kpuctaniB CdTe ams AoCiimKeHb 1 BUTOTOBJICHHS JI0JIHUX

crpykryp In/CdTe/Au npoBoanIIMCh HACTYIHI TEXHOJOTIUHI OMeparii:

- Ha TepHIOMY eTari MPOBOAWIM XIMIKO-JAMHAMIYHY MiATOTOBKY IUIACTHH
CdTe, mo BKIIOYE OYMCTKY, TOJIpYBaHHS, MPOMHMBKY 3pa3ka Ta CyIIKa
3pasKa y MoTolli IHEPTHOTO rasy;

- J1a3epHe JIeTyBaHHS NPHUIIOBEpXHEBoro mapy kpuctamiB CdTe iHmiem Ta
(opMyBaHHS 1HAIEBOrO KOHTAKTY Ha CTOPOHI, /e CTBOPEHHUH P-N Mepexi:
BakyymHe Hamwtenas ~10°Ila ma mnosepxmio kpucramy CdTe(111)

neryrdoi wiiBku IN toBmuHow0 300-400 HM 63 HarpiBy KpUCTATY;
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- OJIHOpITHE OMPOMIHEHHA YyCi€i MOBEPXHI 3pa3Ka 31 CTOPOHHM HAIMUJICHEHOI
ITiBKY IN MOOMHOKMME IMITYJIbCaMU HEOAUMOBOT0 abo pyOiHOBOTO J1a3epa
TpuBaiicTIo iMmynbey 20 He Ta erepriero 90-100 mDx/cm?;

- HammieHHs y BakyyMi ~10” ITa Ha mosepxHio kprctany CdTe mmisku Au

toBIHOIO 300-400 HM /U1 hOpMYBaHHSI IPYTOTO €JIEKTPOY.

2.1.1. XimikO-ounamiuna oo6p06Ka n0eepxui Kpucmasie

OCHOBHUM B TIporieci XIMIYHOTO TPABJICHHS JICKUTH MPOIEC OKUCIYHHS TPHU
MOBEPXHEBOTO MIapy 3pa3Kka 13 MOJANbIIUM BUAICHHSIM OKCHIHUX IUIIBOK, IO
yTBOpUuCA. TakuM YMHOM TPAaBHHUKHU CKIIQJAIOThCS 3 OKHCIIOBAYA, PO3UMHHUKA 1
pEUYOBHUH, SIKI TPHUCKOPIOIOTH a00 CIOBUIBHIOIOTH TIPOLIECH OKUCIEHHsS ab0
PO3UMHEHHS.

[Ipyu  mATOTOBII  E€KCIEPUMEHTAIBHUX  3pa3KiB  MpOIEC  TPaBICHHSA
HaniBnposigaukie CdTe nmpoBoauim y HacTymHIM mocigoBHOCTi. Ha nmepriomy erami
npoBoawin npoMuBanHs CdTe micias pi3ku Big JOMIIIOK Ha mMOBepxHi. byio
BUKOpUCTaHO XimiuHy cywmimn amerOny ((CH3),CO) + tomayony (CgHsCH3) +
40TUpBHOXXJ0pHOTO BYrIemto (CCly). BignoBigHuii po3urH JOBOJAUBCS IO KUIIIHHS 1
MPOMUBAIHCS 3pa3ku Tpoaox 4-7 xB. Ilicis yoro mpoBomunau Oe3mocepeaHe
tpaBneHHs 3paska CdTe. [Iyis nporo BUKOpPHCTOBYBaBcs3 Y%-HUN PO3YMH OpOMY B
OpomHiii kucnoti HBr Tlpu mpMy mBuAKICTH TpaBieHHs ckianae 50 mxm/xB. s
3HIMaHHS MMOIIKOPKEHOTOo 11apy B 200 MKM 3pa30k mnepeOyBaB y pO34MHHI IPOIOBXK 4
xB. Tperim eranom — 3HiMaHHa I1Iiku Tenypy (Tey). Y maHomy BUNAIKY
BHUKOPHCTOBYETHCS HOPMalbHUN po3uuH Tigpookcuay kamiro (KOH) B meranosni
(CH3;0H) npomwuBanus TpuBae 3-6 xB. Ha ocranbomy erami TpaBIICHHS POBEIH
IPOMHUBAHHS 3pa3ka y METHJIOBOMY CITHPTI.

VY 3aranbHOMY, y cKiIan Oyab SIKOTO TOJIPYHUOrOo TpaBHUKA BXOIATH Ti XK
KOMITIOHEHTH, 1110 1 JIJIs1 XIMIYHOTO TPBJIEHHS: OKUCIIIOBa4, PO3YMHHUK Ta CTAOLI13aTOP
(mprckoproBay ab0 CIOBIIBHIOBAY) peakiii. IX XapakTep i BMIiCT y pO34MHI ajIs
TpPaBJIEHHS, a TaKOX PEXUM TPABJICHHS BH3HAYAIOTHCS BHUMOTAMHU JIO SKOCTI

MOBEPXHI.
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2.1.2. @opmysanns enekmpoois

JUiss  HanmuieHHS  IUJIIBOK  KOHTAKTHOTO — MaTepialy Ha  IOBEPXHIO
HaniBnpoBimHUKOBoro  matepiary  Cd(Zn)Te  BukoOpucTOBYBanw  BakyYyMHI
yHiBepcanpHi noctu (BYII-4/ BYII-5). ITmiBku In Ta AU HAHOCHIIMIIL HA ITOBEPXHIO
METOJIOM TEpMIUuHOTO HamwieHHs. [lpu BUKOpHCTaHHI KOMIPKOBOI TEXHOJIOTII, SIK
IIPaBWJIO, Y BUITAPHUK, oMimaroTh Marepiai (In abo AU, BUCOKOTO CTYIIEHS YNCTOTH
(He Hmxue 99,999 % ocHOBHOro kommOHeHTYy)). Kpucramum (3pasku) Cd(Zn)Te
po3minryBaym Ha Bifctadi 0,20-0,25M Bixg mKepena BUNAPOBYBAHHS 1 BCSA CHCTEMa
BIJIKAYYETHCS JI0 3IMIIKOBOTO THCKY 10 Ia. Ha JTAHOMY €TaIll KOMIpKa 13 BUX1JHUM
MarepiajoM 3aKpUTa BIAMOBIAHO A0 3pa3Ky. BijkadaBmm cuUCTEMYy KpOK 3a KPOKOM
30UTBIITYyEMO TEMIIEPATYPy BHUMAPHHWKA A0 ITOYATKy BHUIAPOBYBAHHS PECYOBUHU 3
BUIApHUKA. BiKpUBaEMO KOMIPKY — PO3MOYMHAEMO TMPOIEC HAMWICHHS JIOiBKU
MeTtany. JIOCATHYBHM BiAIOBIMHOI TOBIITHH IUTIBKM BUITAPHUK 3aKPUBAETHCA Ta
3HUKYEMO WOr0 TEMIIEPATYPY.

[lim d4Yac HaHeceHHs KOHTAaKTHOTO MaTepiaJly Ha KpPUCTadd MH
BUKOPUCTOBYBAJIM MAacKu, 00 YHUKHYTH MOMAaJaHHs Ha O14H1 TpaHl KpUCTaJIiB.

VY pe3ynbTaTi BUKOHAHHS BIAMOBIIHUX TEXHOJOTIYHUX IUKIIB OYyJ OTPUMAHO

CEepil0 EKCIIEPUMEHTAILHUX 3Pa3KiB 13 MONEPe]T 3aJaHUMH TOBIIUHA MU €JIEKTPO/IIB.

2.1.3. @opmysanus 1€206aH020 widpy

Kpucranu i3 monepeaHs0 HAMMICHOI MiBKOKO IN Ha rpaHb i3 po3Mipamu 5x5
MM OMPOMIHIOBAIMCS 3 OOKY IUTIBKH IHIF0 OMMHOYHUM IMITyJHCOM Jid3epa i, THM
camuM, Bi10OyBaIOCs JIeryBaHHs TOHKOro nmoBepxHesoro mapy CdTe. Jlins ctopoHwu, i3
MONEPEIHBO JIETOBAaHUM IIIApOM, BUKOPUCTOBYBAIW IHIIEBUI E€JEKTpOJ, a Ha
MPOTUJICKHY TpaHb KPHUCTATY HAHOCUBCS €JIEKTpoJ i3 30m0Ta. Ha pucynky 2.1.
CXEMaTHYHO II0Ka3aHO YCTaHOBKY JUIS JIa3epHOTO ONPOMIHEHHS Ta JIETyBaHHS

kpucrtaiis CdTe
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ExcnepuMeHTA/JIbHA YCTAHOBKA JIA3€PHOT0 ONIPOMIHEHHS

3pasokK

romMoreHisatop niH3a
3pa3ku OMPOMIHIOBATIUCH (TIPH
T = 300 K) i3 cTopoHu, nmonepeaHbpo
MOKPUTOIO TLTIBKOIO METATY-EICKTPOTY

Pucynoxk 2.1 — Cxema excrepuMeHTaIbHOI YCTaHOOBKH TS JIa3epHOi 00p0OKH

1 meryBaHHs kpuctaiis CdTe

Bynu npoBeaeHi JIOCHIKEHHS BIUIMBY JIA3€pHOIO  OMNPOMIHEHHS Ha
BiactuBocTi CdTe i xapaKTepUCTHUKH KOHTAKTIB.

[Ipu onpoMiHEHH] HaMmiBOPOBIAHHUKIB pyOIHOBUM JiazepoM Oyiia BUKOpPUCTaHA
HACTYITHA METOJMKA EKCIIEPUMEHTY. BHKOPHUCTOBYBAaBCS pYOIHOBHIA Jaszep, IO
MpaioBaB B PEXKHUMI MOJYJbOBAHOI JOOPOTHOCTI 3a JOMOMOIOI MOJIYJIATOPA,
BUTOTOBJICHOTO Ha OCHOBI CyMIilll CIHMPTY 1 CUHTETUYHOI CMOJIYKH KPUNTOLIMAHIHY
migi [69*]. Enepris kBanTy BumnpoMiHioBaHHS /iw = 1.78 eB (moBxkwuna xBumi A =
693,25 HM), TpUBAIICTh IMOYIbCY T;,= 20 HC, TpuU4YOMy QopMa IMITYIbCY
Habmxanach 10 raycoBoi. B skocTi 3paski Buctynanu CdTe (Ey= 1,42), i Takum
YMHOM BHUKOHYBallach yMmoBa Egq <7Ziw naszepa, TOOTO asepHE BHIIPOMIHIOBAHHS
NOMIMHAIOCH B TipunioBepxHeBomy Tapi 0.1 — 1 mxm. 3pasku CdTe sBasun co0oro
MOHOKpHCTaU p- Tumy, opieHtanis — (110) ta (111) (mmacturyaruii CdTe). Omip
3paskiB cranoBuB 1 MOwm ta 1,5 I'OmM. XapaktepHi po3mipu 3pa3kiB cranomm CdTe
1 MM — 3 MM.

B ekcnepumeHnTax mo omnpoMiHeHH1 (puc. 2.2.) la3epHa misiMa GokKycyBajiach
HA TMOBEPXHI 3pa3ka y KBagpaT po3MipoM 1 um 2 MM’, MOTYXKHICTH JIa3€pHOTO
IMIYJIbCY 3MIHIOBAJIACh JUCKPETHO 3a JONOMOIOI MMOTJIMHAIYHMX (QUIBTPIB 3
muckpertHicTio AI=1,5-2 MBt/cM?. TpuBamicTs i BiAMOBIIHO MOTYXHICTH IMITYIIBCY

Ja3epa KOHTPOJIOBAIACH 3a JOMOMOTOI0 3amam’sTOByrouux Ocmmiorpagis C8-
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12 / Tektronix TBS1022.

Sample /\ Adjustment

\ Laser system
N
i NN

Absorption
filters

dclcclnl‘l detector ]

| |
PMTs

PMTs

Oscilloscope

Pucynox 2.2 — biok-cxeMa yCTaHOBKH IO ONPOMIHEHH1 HAIIBIPOBITHUKIB

pyOiHOBUM J1azepoMm. [69*]

Panime Oyno Bussineno [70-72], mo icHye Tpu 00JacTi 1HTEHCHUBHOCTI
Ja3epHOTO BHUIPOMIHIOBAHHS B eKCIepuMeHTax 1o omnpoMinenni CdTe: 1)
HomoporoBa o6sacte (A0 TMJaBIEHHS) — TMOCTYNOBO 3 TEBHOTO 3HAYEHHS
IHTEHCUBHOCTI BIJOYBA€ThCSI BUJAUICHHS Ha IMOBEPXHI 3pa3ka IUIIBKU Tenypy Te,
MOBEPXHS OYMINAETHCA — BCl MOBEPXHEBI JOMIIIKH BUTIAPOBYIOTHCS YU 10HI3YIOTHCS.
2) TloporoBa obsacTe. BinOyBaeThCsi OCTPIBKOBE IUIABJICHHS MMOBEPXHI, 10HI3alls Ta
BUIAPOBYBAHHS MepHIOro MoHO artomHoro mapy. 3) IlicismoporoBa obnacte —
TUTABJICHHS [PHIIOBEPXHEBOTO 1mapy, (rmbuna — 1/a, ne o = 10° cm™ - koedirienT
MOTJIMHAHHS BUIPOMIHIOBAHHS Ha JOBXUHI XBwil 693,25 uM). Yac icHyBaHHA
pO3IUIaBy Ta XapakTep IUIaBJICHHS BHU3HAYAETHCS TPHUBAIICTIO Ta TMOTYXKHICTIO
iMoynecy. B mgaHoMy BHMamKy dYac iCHYBaHHS PO3IUIaBy MPUOJIM3HO CTaHOBUTH
mecsiTku  HaHOcekyHn [73*, 14]. Ilpu inTeHcuBHocti Oimpme 40 MBr/em?
MOYMHAETHCSI YTBOPEHHS IJIa3MH, NMPUUOMY BiJIOYBAa€ThCSA TAaKOX TakKe SIBHUIIE SIK
a0IAIisT — BUMAPOBYBAHHS 3 MOBEPXHI 3HAYHO! KIJTBKOCTI PEYOBUHHU, KA IMOTJIMHAE
najaroue BunmpomiHtoBaHHs. [licis 3aTBepAiHHS PO3IIaBY HA MOBEPXHI YTBOPIOETHCS
amopdHa TIUTIBKA 3 BUIMIHHMUMH BIJT OCHOBHOTO 00’eMy (POTOETEKTpUUHUMHU
BJIACTUBOCTSIMH, III0 3 YaCOM KpHUCTami3yeThcs. ONPOMIHEHHS 31HCHIOBAJIOCH TAKOX

HaOupanasm 1031 (no3a D = I:N-z;,,, ne N — KiTbKICTh IMITyJIBCIB).
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2.2.domonwminecueHnuyi

OmauM 3 eQeKTUBHUX  HEPYHHIBHUX  METOJIB  KOHTPOJIO  CTaH
npurnoBepxueBoro mapy CdTe — ¢oromominecuentis (PL-®JI) mpu 7 = 80 K. J{ns
KOHTPOJIIO TMOPOTY TUIABJICHHS OYJU JOCipKeHl cekTpu ¢oTomrominecteniti (PL-
®JI) wmonokpuctramiB p-CdTe(111l) 3  Cl-komreHcariero Ta  po3Mipamu
5 mmx5 mmx0.5 MM BurotoBieHuX 1 BiguutioBanux kommnasiero Acrorad Co [73].
[To 3minam crniektpiB DJI MOkHAa KOHTPOJIOBATH 3MIHY JI€(EKTHOTO CTaHy 3pa3KiB
CdTe (uix mpu E = 1,45 eB) micis onpominenns 3paska CdTe 3 | = 8.6 MBr/cM?,
SKAA  BiamoBimae posiuiaBieHHO ToHkoro (1/a) mapy CdTe. Cnekrpu
doromominecrenmii P-CdTe Oymu orpumani mpu 80 K i HACTYNMHUX CTaHiB:
noyatkoBui (1), micist TpasieHHs (2) 1 micis onpomineHHs YAG:Nd mazepom (3-5),

A =532 nm, 7, = 7 Hc. KpuBi Oynu HOpMaii30BaH1 110 IHTEHCUBHOCTI BJIACHOI CMYTH.

2.3. Memo000102is 0ocnidxicenv homonpogionocmi

®ortonposigHicTh (PII) — 301bIIEHHS €IEKTPONPOBIIHOCTI PEYOBUHU IiJT
JIEI0  €JEKTPOMArHITHOTO OMPOMIHEHHS BUAUMOro, iHdpauepBoHoro (1Y) uwm
ynbrpadioneroBoro (Y®) crnektpy. SBuine (HOTOMPOBIIHOCTI CHOCTEPITAETHCS B
0araTb0X HAaIIBOPOBIJHUKAX 1 JielleKTpukax. DOTOCTPYMOM Ha3WMBAIOTh MNPUPICT
CTpyMy, IO BHUHHUKA€ y 3aMKHEHOMY KOJII 3 JDKEPEJIOM HAmpyrd MpH OCBITICHHI
HaIBOPOBIJHMKA. Bennunna ¢poTocTpyMm Moke Ha 0araTo MOPSAKIB NEPEBUILYBATH
TeMHOBUM cTpyMm. llpupoma QoTompoBiTHOCTI TMOB’si3aHa 3 Tepeaadyero eHeprii
(GOTOHIB, IO MOTIMHAIOTHCS €IEKTPOHAM, SIKI 3HAXOJSATHCS y TMOBHICTIO 3allOBHEHIN
BaJICHTHIA 30HI YU B 3B’S3aHUX CTaHaX y TBEPAOMY TUIl, B PE3yJIbTaTi YOro
SJICKTPOHNU HAOyBalOTh MOXJIMBICTH TMEPEMIIyBaTUCh, TOOTO ApeidyBaTH MiJl Mi€r0
IPUKJIAJEHOI HanpyTu. B 3a1eXHOCTI BiJ] 3HaKY 3apsly HOCIIB CTPyMY, BUHHKAIOUHX
i JIi€r0 cBiT/ia (Tak 3BaHUX (DOTOHOCIIB) PO3PI3HAIOTH MOHOMOJSPHY (€JIEKTPOHHY

Yl JIpKOBY) Ta OimoyispHy (OTOMPOBIAHICTE. SKIIO (POTO30YIHKEHHS NEPEBOIAUTH
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€JIEKTPOH 3 BaJICHTHOI 30HU B 30HY MPOBITHOCTI, (DOTOMPOBIIHICTH HA3UBAETHCS
BJIACHOIO (DOTOMPOBIIHICTIO, SKIIO 30y/HKEHHS BUHUKAE 3 JIOKATBHOTO €JIEKTPOHHOTO
pPIBHS — JIOMIIIKOBOKO (OTOMpPOBiIAHICTIO. BennunHa Ta dYacoBa 3aJeXHICTh
(GOTOMPOBITHOCTI BU3HAYAIOTHCS I1HTECHCUBHICTIO [ Ta CIEKTPAIbHUM CKJIAJIOM
30y/DKYHOUOTO CBITJIa, a TaKoX IpolecaMH pernakcarii ¢oToHociiB. Enepris
30yKyI0unX (DOTOHIB MOBUHHA OyTH JTOCTATHBO BEIUKOIO JIJIS MIEPEBOY €IEKTPOHIB
y 30HY IPOBITHOCTI (UM B CTaH BUIBHHX IOJISIPOHIB) 3 BaJICHTHOI 30HU YH 3 PI3HUX
3B’SI3aHUX EJIEKTPOHHUX PIBHIB; KO)KHOMY TaKOMY IEpEXOJy BIJIMOBIJA€E JIHISA YH
CMyra JIOBKMH XBWJIb, L0 30yMIKYyIOTb (OTONPOBIAHICTE. BcTaHOBIEHE mpH
MOCTIMHIN MIACBITLI 3HAYEHHSI KOHIIEHTpallli GOTOHOCIIB N= nal7, Ae oL — KOePIIEHT
NOMJIMHAHHS ([T OJJHOPITHOTO MOTJIMHAHHSA HeoOXiaHa yMoBa ad<<1, d — ToBIIMHA
3pa3ka); 17 — KBaHTOBHM BHUX1J (OTOMPOBITHOCTI (J10JIs1 MOTAMHYTUX (POTOHIB, IO
BIIMOBIAa€ (POTO30Y/KEHHIO PYXOMHUX HOCIIB 3apsiay), 7 — €(EeKTUBHUHN 4Yac KUTTS
HOCIIB y BUIBHOMY CTaHI, IO BU3HAYA€ThCA MEXaHI3MaMM peJakcailii. YTBOpEHI
CBITJIOM HOCI1 CTpyMY (€JICKTPOHH, TIPKH, OJISIPOHU ) MAlOTh KIHIIEBUI Yac KUTTS Ta
3aXOIUTIOIOTBCST Ha Ppi3HI  Aedektr (macTku) abo pPeKoMOiHyITh. € Takox
«HETaTMBHA» (DOTOMPOBIIHICTh — 3MEHIIEHHS 0). AJie BOHA CIIOCTEPIra€ThCs HEYACTO
1 IOB’s13aHa JOJATKOBUM 3aXOIUICHHSIM BUILHHX HOCIIB, 1HILIHOBAaHUX MOIIMHAHHSIM
cBiTaa. OCHOBHI (POpMyJIH JIJIsl TPOBIAHOCTI 1 IPUPOCTY MPOBITHOCTI:
o =en(u,+u,), (2.1)
Ao =0, =euAn+eu Ap (2.2)
Ockinbku An 1 Ap BUHUKAOTh IPH MOTJIMHAHHI CBITJA, TO (OTONPOBIIHICThH
OpsIMO  BIAHOCUTBCS 1O TOTJIMHAHHA CBITJIa. TOMy MOKHa pO3PI3HUTH BJIACHY
dboTOonmpoBIAHICTE (00JIACTh Kparo TMOTIWHAHHA) 1 JOMIMIKOBY (DOTOMPOBIIHICTE. €
TaKOK E€KCUTOHHAa (POTONMPOBIAHICTb. XO4Ya €KCUTOH 3apsiy HE MEePEHOCUTh, Pid y
TOMY, TII0 €KCUTOH MOXKe OyTH e(DEKTUBHO 3pYWHOBAHMI 3 YTBOPEHHIM €JIEKTPOHA 1
JIipKu. Y coekTpi (OTOMPOBITHOCTI CIOCTEPITralOThbCS E€KCUTOHHI IMIKH, 0
KOPEJIOIOTh 13 CIEKTPaMH EKCUTOHHOTO TMOTJIMHAHHS. 3 OOKYy BEJIMKHUX EHEprid
(GOTOMPOBITHICTH 3MEHITYETHCS BHACIIIOK TOTO, IO MIMOWHA MPOHUKHEHHS CBITJIA

smenmryetses (o = 10° -10° 1/em, d = 1/ =0,1-0,01 vm).
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Bracnmiiok mporo CyTTEBUM CTa€ BIUTUB MOBEPXHI Ha MPOBIIHICTh BIAHOCHO
BIUTUBY 00’eMy. /10 TOTO K Ha MMOBEPXHI 30Ccepe/KEHA BEJIMKA KUTBKICTh AE(EKTIB.
PiBHSHHSI, 10 OMHCYe TOTJIMHAHHS BUIPOMIHIOBaHHS B  PEYOBHHI

HaMIBIIPOBIIHUKA:

o]
dx (2.3)

ne, | — IHTEHCHUBHICTS.

. . . . al . .
KIHBKlCTB q)OTOHlB, 1O MOIJIMHAKOTHCA, TOPIBHIOE h_ . KIHBKICTB CIICKTPOHHO-
14

JTIPKOBUX TMap, IO TEHEPYIOThCA CBITIOM G=f:—| B, ne AU ptv) — xoedilieHT
Vv

(doTo10HI3a11i1 (CKIJIBKH €IEKTPOH-I1PKOBHX Map BUHUKAE HA 1 GoTOH).

PiBHsHHS OyJie BUTIISAIATH SIK
Ao =2 2.4
G_h_vﬁ(fnﬂn-i_z—p:up)' ( ' )
PiBHsIHHSA 1151 TEMITY TeHepallii — pekoMOiHaIli 30y)KeHIX HOCIiB:

dAn
——— =R -G, 2.5
dt n n ( )

ne R, - Temn pexomOinarii, a G, - TemMn reHepartii HOCiiB 3apsIy.

brok-cxema OCHOBHOTO BapiaHTy YCTAHOBKM /Jisi BUMIPIOBAHHS CIEKTPIB
(GOoTONPOBITHOCTI MpuBeAeHA Ha puc. 2.3. Ik BUIHO 3 PUCYHKY, B OCHOBY POOOTH
YCTaHOBKHM TOKJIAJACHO MPHUHIMI CUHXPOHHOTO NETEKTYBaHHS, peamizaiis sIKOTO
NOCATAETHCS] BCTAHOBJICHHSAM B ONTHYHOMY KaHaJll MOAyJIATOpa CBITJIBOrO MOTOKY M,
(uacroTa 00epranHst 400 06/XB.) BUKOPUCTAHHSM IiJICUIIIOBAYA MOCTIHHOTO CTPYyMY
Ta CHHXPOHHOTO jaerekTOpa. OmOpHa Hampyra 30YmKYBajoch AATYUKOM OIMOPHOT

HANpyTH, IKUHA CyMIIIEHUH 3 MOIyIATOpOM M.
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Pucynox 2.3 — biok-cxema yCTaHOBKH JIjIsl BUMIPIOBaHHS CIIEKTPiB

¢doronposigHOCTI [69*]

OcTtaTouHuii CUTHQJl peecTpyBaBca camonucueM. B skocTi  mkepena
BUIPOMIHIOBaHHS BUCTYMaa Jiamna J/, CBITJIO SIKO1 CUCTEMOIO JIiH3 (POKYCyBaIoCh Ha
BXIJIHY HIUTMHY MOHOXpoMmaropa M/[P-3. 3 BUXOQy MOHOXpOMAaTopa CBITJIO MEBHOI
JOBKMHM XBWII TOMaJaJio Ha 3pa3oK, 30yKyoud (QOTOCTPYM, SIKUM mani
MIJICUITIOBABCS MiJICKIloBaueM V2-6 1 yepe3 neperBoproBau B9-2 naaxonus Ha [IK.
BunpomintoBaHHs 3 cBiTiIoAiony nomaaano Ha doromion @/ 1 (omromapa) st

(dbopMyBaHHS OITOPHOT HANPYTH JJIs IIepeTBOproBava B9-2 [69*].

2.4. Memoou eucomoenennsn oioonux cmpyxmyp In/CdTe/Au

3a pe3ysbTataMu psiy EKCIEPUMEHTIB 3 BU3HAUEHHS ONTUMATBHHUX PEXUMIB
00poOku kpuctanis CdTe, yMOB j1a3epHO-1HAYKOBAHOTO JIETyBAHHS Ta BUTOTOBJIEHHS
miogaux  cTpyktyp In/CdTe/Au, Oya0 BHKOPHUCTaHO METOAMKY JIETYBAHHS
HAIIBIPOBITHUKOBUX KPUCTAIIB, CTBOPEHHs P-N mepexomy i ¢hopmyeanns M-p-n

nionis (puc. 2.4).
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Metox 1 . .
ot . Onp ovises as 20 He ivmmy JIEc oM
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NoTipoBKA, BAKYY MHe mapy BakyyMHe HanILTeHHA e
Hamwierns wiskal n exexrpoay In Ha KTeHHA
(d~20um) "'"n (A 2NN AND e e emxTpoay Au
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Pucynox 2.4 — biok-cxemaruuHe 300paskeHHsS] METOJUKHU MPOIIECY JIETyBaHHS

kpuctaimi CdTe i popmyBanHs Ha iX ocHOBI M-p-n miogaux cTpyktyp In/CdTe/Au

3a JI0MOMOTOI0 JIaHOTO METO.y, OYJI0 BUTOTOBJICHO EKCIepuMEeHTaIbHI M-p-n
niomai  crpykrypu  In/CdTe/Au 3  xapakTtepucTukamu, SKi  J103BOJISIOTH
BUKOPUCTOBYBATHU JI0AM JJIsi PEECTpallii PEHTTeHIBCHKOrO 1 raMa BUIPOMIHIOBAHHSI.
OcHOBHA BIIMIHHICTh MK METOaMH TOJSTATA Y TOBIIWHI HAMAJIESHOTO IIApY 1HIIIO
1, BIAMOBIIHO, MEXaH13M1 BXOJKEHHS aTOMIB In y HAMiBOpOBIAHUK MPHU JIETYBAHHI.
byn0 BcTanoBneHO, 110 38 Mepiio0 METOAMKOIO 1HIH BXOAUTh Y TOBEPXHEBHM AP
CdTe BHachmimOk pO3IABY 1HIIFO 1 TOBEPXHEBOTO0 MIAPYy HAMIBIPOBITHHUKA,
nepeMilryBaHHs pigkux (a3 marepiaiiB i B3aeMHOr0 po3uuHeHHs [75-76]. Ilpwu
BUKOPUCTAHHI Jpyr0i METONUKH BiIOYBAEThCS TBepAOQa3HE JeryBaHHs, OCHOBHY

pOJIb B IKOMY BiAIrparoTh Ja3epHO-1HAYKOBAHI NPY>KHI Ta yAapH1 XBUI1 [77]

2.4.1. Texnon0Oziunuii npouec 6uzomoe1eHHA 0emekmopie na ocnosi M-p-n 0i00is
In/CdTe/Au

[Tporiec ta eranu BUroToBieHHss M-p-n aioais Ha OcHOBI cTpykTyp In/CdTe/Au
nOKa3aHo Ha puc. 2.4. J10 na3epHO-iHayKOBAHOTO JIETYBaHHS | HAHECEHHS eJICKTPOIIB
noBepxHs kpuctanis CdTe monepeaHb0 OUUIIYBAIKCA Y AlETOHI, METAHOII, XIMIYHO
nosjipyBascs y 3% pO3umHi OpOomMy B MetaHOni. [IOTiM 3pasku mpOMUBAIHCS B
METaHOJI | iX MOBEpXHS BUCYIIyBaNAcs MOTOKOM aproHy. SIK ajibTepHATUBHUM,

TAKOK BI/IKOpI/ICTOBYBaBCH MeTOJ J'Ia3epH0-CTI/IMyJ'II)OBaHOFO OYUILICHHSA I
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nOJIipOBAHOTO TPABJICHHS TOBEPXHI.

Panime 0yn0 BcTaHOBIIEHO BILIUB MOJspHOCTI (OpienTarii) kpuctany CdTe na
BUIIPSAMIISIOUl BJIACTUBOCTI BUTrOTOBIIeHUX naioxiB [78]. Bysia0 mOkasaHo, 1m0 kparii
pe3yJIbTaTh OTPUMYIOTHCS KOJIM TUTIBKA JIETYIOYOr0 eneMeHty In Hanocuthes HA B-
cTopony (Te-terminated), TOxai sik AU enexkTpOa GOpPMyeThCS HA MPOTHICKHIHA — A-
ctopony (Cd-terminated).

M-p-n ctpykryposani mioau In/CdTe/Au Oynu cTBOpeHi na3epHO-IHAYKOBAHIM
JIeTyBAHHSIM, BUKOPHCTOBYIOUH BiTHOCHO TOBCTY (~ 400 HM) mutiBKy iHmgito (puc. 2.4).
Jl>xepenOM 11a3epHOTO BUTIPOMIHIOBAHHS OyB HEOMuMOBHH nazep (4 = 532 um) ab0
pyOiHOBHIT nazep (A = 694 HM). Ycs TOBEpXHS KPHCTATy, MOKpPHUTA IHIIEM,
OnpOMIHIOBATACS OMUHOYHMM IMIYyJIbCOM Ja3zepa TpuBaimictio 7 = 7320 HC y
BIJIMOBITHOMY cepenOBHII. [3 BUKOPUCTaHHSM «TOBCTOI» IUTIBKH, sIKa HE
BUIIAPOBYBAJach MpPH MPOIECI JETYBaHHSA B IOJAJIBIIOMY BHKOPHCTOBYBAJIACh SIK
enexTpoa. [IpoTe, meBHA KiTBKICTH aTOMIB IHIIT0 MPOHUKATA y TOBEPXHEBY 00JACTH
kpuctaty CdTe B pesynbrari nii nasepHO-IHAYKOBAHOT yAapHOi Ta MPYXKHOI XBHIII
[76]. lapamerpu na3epHOr0 ONpOMIHEHHs HiAOWpamucs Taki, 06 cPOpMyBaATH Y
noBepxHeBili 00macti pi3kuit p-n-mepexin. BcTaHOBIEHO ONTHMAIBHY TyCTUHY
eneprii nasepHoro immymscy W ~ 100 m/Dx/cM® (s HeOZMMOBOrO nazepa). Jls
dbopmyBanHs Oap’epy IIIOTTKI 3 OOKy 30J0TOrO €aeKTPOIY, 3MEHIIEHHS CTPyMYy
npOoTikaHHS (3BOPOTHHOr0 CTPyMy, TOOTO CTpyMy MpH MPUKIANAHHI 3BOPOTHHOTO
3MiteHHs) | cTadinizamnii mapamerpis ai0ay, mepea HAHECEHHSIM IPYroro eaeKTpomy
Au 3pasku OmoOjicKyBaIMCS Yy BOOHOMY pO3uuHi repekucy BOaHiO (H,O;) 3 MeTOr0
oxcupanii mosepxui CdTe.

Burorosaenwuii p-n miox In/CdTe/Au e cknmaguOro 6araromapOBOiO IPHIIATHOO
CTPYKTYpOIO, SIKA CKIIQMA€ThCs 13 TAKUX eyieMeHTIB: enektpon Au, IIotku Oap’ep
Au/CdTe, 00’emna uacTuHa HamiBi30aI0IY0r0 kpuctamy p-CdTe, piskuit p-n
nepexia, TOHKWHA HU3bKOOMHHUH cuiibHONeropanuii map N-CdTe, OMiuyHMIi KOHTaKT

In/n-CdTe ta exextpox In. ToBmKHA pi3HUX MIAPIB MOKA3aHA HA puC. 2.5.
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JIOCIIIKEHHS

CJIEKTPUYHUX XapaKTePUCTUK oTpuMaHux cTpykTyp In/CdTe/Au npu Temneparypax

T=77Ki1T=300K, a rectyBanHs iX IOA0 YyTJIMBOCTI 10 PEHTI€HIBCHKOTO 1

raMmma BI/IHpOMiHIOBaHHSI —

npu T =300 K.
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BucHoBkm 10 po3aity 2

VY upomy po3aiii Oyino onucaHo:

1. MeToauku MOOCHIKEHb BIIACTUBOCTEH Ta CTBOPEHHS JOCHIIKYBaHHX
CTpYKTyp Ha ocHOBi CdTe: TexHONOTI4HI Mporecy miAroToBku kpuctainis CdTe mis
JOOCTIJKeHb 1 BHUTOTOBJICHHs miogHux cTpykryp In/CdTe/Au; ximiko-auHaMiuHa
0o0poOKa MoBepXxHI KpuCTadiB; (pOpMyBaHHS €NEKTPOJIiB; (OPMYBAHHS JIETOBAHOTO
mapy

2. BukopucraHy JIOMIHECIICHTHY METO/IHKY.

3. MeTonuky nociiKeHHs GOTOMPOBIIHOCTI

4, Metoau BUTOTOBICHHS miomuHux cTpykryp IN/CdTe/Au i TexHomoriuHMI

IpoIieC BUTOTOBJICHHS JCTEKTOPiB Ha ocHOBI M-p-n mioxis In/CdTe/Au.
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PO3/ILJI 3. MOJAEJIOBAHHSI TU®Y3IMHOI'O PYXY HAHOUYACTHUHOK
Y KPUCTAJII CdTe IPHU JIABEPHO-IHAYKOBAHOMY JIEI'YBAHHI

Beryn

Tenypua xamMmio € BaxiuBuM |1-VI HamiBOpoBIAHMKOBUM MaTepialioM, BiH
Mae mpsmy 3aboponeny 3ony (1,5 eB), mocriitHa pemitku ctaHoBuTh 0,6481 HM,
PYXJIMBiCTh €NEKTPOHA TIPM KiMHATHIH Temmepatypi craHoButh 1050 cm?/(V's),
PYXJHBICTh IipOK NP KiMHATHiil Temmeparypi cranoButh 80 cm?/(V's), ebeKTHBHA
maca jopiBHioe 0,096. CdTe (Zcq = 48, Zte = 52) MoXHa JIeryBaTH Pi3HUMH
JOMIIIKaMHU JIJIE OTPUMAaHHS HAaIlIBIPOBITHUKOBUX MaTepiaiiB N-TUMy abo p-TUITY
[79-81].

Koym Cd 3amintoeTbes Ha In, yrBoproeTses HamiBipoBinauk N-tumy. Komm Cu,
Ag, Cl BuxopucroBytoThes s 3aMinu Cd, yTBOPIOEThCS HAMIBIPOBIIHHUK P-THITY
[81].

Kpucran CdTe p-tuny, ekcriepuMEHTAIBHO JOCTIKCHUN y [IbOMY PO3LI, €
nerosauuii enementom Cl, a matomuii omip cranoButs (> 10° Q-cm). CdTe mae myxe
BUCOKHUIN KOE(IIIEHT CBITIOMOTIIMHAHHS (>5X 10°/cm).

[Tnieka CdTe TOBIIMHOIO BCHOTO 2 MKM MAa€ ONTHYHHNA KOCQILIEHT
nornuHanHs Ounbiie 90% min crangaptHi ymoBu AM 1.5, 1 HaliBuIa TeopeTUYHa
e(eKTUBHICTh MepeTBOpeHHs aocsrae 28 % [82]. ITo-apyre, Tenypun kaamiro (CdTe)
3 BUCOKHM OIIOPOM € OCHOBHUM MaTepiajioM JJIsi BUTOTOBJICHHS IETEKTOPIB MPSMOTO
MIEPETBOPECHHS BUCOKOCHEPTETUYHUX BUIPOMIHIOBAHbD, IO MPAIIOIOTH TPU KIMHATHIN
TeMIlepaTypl 1 SKUM OXOIUIIOE MIMPOKHUM JAilama3oH €HEeprid BiJ AEKUIbKOX keB 1o
oararbox MeB [79-80].

B nganomy po3auli po3riasiHyTI pe3yibTaTH BHUBYEHHS BIUIMBY A€(EKTHOI
ctpyktypu CdTe meroBanoro In Ha BIacTHBOCTI MPHUIIOBEPXHEBOi 001acTi
HaIBOPOBiTHWKA. HaHOCekyHIHE Na3epHE OMPOMIHEHHS OYJI0 BHUKOPUCTAHO IS
JIeryBaHHA 1 OYyJIO JOCIIDKEHO 1HIIN SK JKEpesno JIeTyrouoi J00aBKM Ta aHOIHUMN

enexktpon it kpucraiis CdTe p-tumy.
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Jlazepna o0OpoOka CdTe ycmilmHO BHUKOPUCTOBYETHCS Ui Moamdikariii
CTPYKTYPH 1 BJIACTUBOCTI MOBEPXHEBUX HAHOIIAPIB 1 3MIHU PI3HUX XapPaKTEPUCTHUK
HamiBOpoBigHUKa. OcoOMMBUIA 1HTEpEC TNPENCTaBIIA€ TMOJsIra€e B 3aCTOCYBaHHI
METOJMKH JIa3€pPHOTO JIETYBaHHS /I TMPUTHIYCHHS MEXaHi3Ma CaMOKOMIICHCAITii
JIeTYI040i J00aBKU 1 JOCATHCHHS BBEICHHS Ta €(DEKTHBHOI €JIEKTPUYHOI aKTHBAIlii
atoMiB In B CdTe [83-88]. Bysio mpomoBkeHO PO3BUTOK Ta ONTHMI3aIlil0 METO/IIB
ximMiuHOT 00pOOKM TOBepxHi, 00poOkm kpucramiB CdTe, meTomy na3zepHOTO
JIeTyBaHHS N1 CTBOPEHHsI BOYIOBaHOTO P-N MEPExXoy, METOIOM HaHOCEKYHIHOTO
Ja3epHoro onpomineHHs kpuctainiB CdTe, monepeHb0 MOKPUTUX BITHOCHO TOBCTOIO
ITBKOIO IN, sika CIyXUTh OJHOYACHO JIKEPEJIOM JIETYyI04oi J0O0aBKH N-TUIY Ta
CJICKTPUYHUM KOHTAKTOM (€JIEKTPOJOM) IIICIsl JIETYBAaHHSA 1 OCAJDKEHHS APYroro
enekrpoa [85-88].

B nmamomy po3aini  HaBeneHI pe3ysbTaTd  JOCTIIHKeHb  (OpMYyBaHHS
MOBEPXHEBOr0 HAHOIIAPY BUCOKOJIETOBAHOrO IN B HaMIBI3OJALIMHUX JETEKTOPHUX
kpuctanax p-CdTe i crBopenns In/CdTe/Au miomiB 3 HErIMOOKMM i pi3KUM p-N

HepeXiIoM 1 poaHai30BaHO MEXaHI3M JIa3epHOTro JieryBaHHs [73*].

3.1. Teopisn

Enextpuuni BiactuBocti MoHOKpHcTaniB CdTe cuibHO 3aexarhb BiJl POIIECiB
ne(eKTOYyTBOPEHHs, SKI 3a3BU4Yail TPAKTYIOThCS 32 TEOPI€I0  KBa3IXIMIYHHMX
nedextHux peakiiii (QCDR) [89], ne koHIEHTpallisi KOXHOTO NIe(EeKTy maeThbCs
KOHCTaHTOIO peaKllii, eHepri€to N1ePeKTOyTBOPEHHS 1 BIAXUICHHSAM B1J] CTEX1OMETPIi.
Kpim TOr0, KOHIIEHTpaIlis HEBIACHUX Je(HEKTIB 3aJ€KUTh BiJl XIMIYHOTO TTOTCHITIATY
Jgeryrouoro enementa. [Ipu BHCOKHMX TeMriepaTypax IijJ 4ac POCTYy KpUCTaiiB abo
BNy MiJ HAATUCKOM MEBHOTO KOMIIOHEHTa XiMiyHa JuQy3is MBHUAKA 1 piBHOBAra
MDK TporiecaMu Je(QEKTOyTBOPEHHS BCTAHOBIIOEThCA MBHUIAKO. [loTiM miBHIKE
3aMOPOKYBaHHS JCSKOI PIBHOB)XHOI JCPEKTHOI CTPYKTYPH NMPH3BOAUTH TIILKH 0O
NEepPepo3NOLTY €IEKTPOHIB, IO TO3BOJISIE BUSHAUUTH KOPETSLII0 MIXK €JIEKTPUUHUMU

BJIACTMBOCTSIMU IPU KIMHATHINA TEMIEPATypHI 1 TOYATKOBUM CIEKTPOM JE(PEKTIB.
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OCHOBHE 3aBJaHHS, sIKE TMOTPIOHO BUPILIUTH, - 1€ PIIIEHHS MPO JAOMIHYIOYI
toukoBi aedhexktn B CdTe, siki KOHTPOJIIOIOTh CTaTUCTUKY aedekTiB. Byaa mupoka
JUCKYCist Ipo Te, un BakaHCii Te (Vre) TOMIHYIOTH B SIKOCTI JOHOpa ab0 MIX BY3JIOBI
Cd (Cdl) nomMinyroTh SIK TOHOPHI Ne(eKTH, B yMOBax OJM3bKHX JI0 YMOB HACHYCHHS
Cd [90-91]. Lle nuTaHHS He MOXe OyTH BHpIIIEHE 3a JOIOMOIOI0 EICKTPUYHHX
BUMIPIOBaHb, TOMY III0 3aJICKHOCTI KOHIICHTpaIlli 1e(eKTIB BiJ TEeMIIEpaTypH 1 TUCKY
dbopMaIIbHO 17ICHTUYHI.

s Te-30arauennx CdTe Oynu 3ampomoHOBaHI Pi3HI MOJEII CTPYKTYypH
nedekTiB 3 ypaxyBaHasM BakaHciii Cd (V¢q), Te anTummr (Tecq) abo Mix BY3JI0BOTO
Te [92]. ExcniepuMeHTaIbHI pe3ysIbTaTH CICKTPUYHUX BUMIpIOBaHb B Te-30aradeHux
CdTe sigpizustorbes [90-91]. Takum YMHOM, ICHYHOTH MPOTUPIUYS IMOJO CHEPrii
YTBOPEHHS Ta i0Hi3allil nedekTiB y pizHux mKrepenax [90-91].

VY nHamnil Bumaaky, Oyiu BUKOPUCTaHI 3HAYEHHS €HEpPrid YTBOPEHHS Ta
10H13a11ii nedeKTiB, oTpuMaHi 3 ab initio po3paxyHky [91], siki qoOpe y3romKyroThes
3 HAIlMMU €KCIIEPUMEHTAILHUMH pe3ybTaTaMu. 3Bifcu BuiumBae, mo Cd; nominye
no0au3y ymoB HacuueHHs Cd 1 Tecy 1 Vg mepeBaxkaroThb IOOIH3Y 10 YMOB
Hacu4eHHs Te.

Buxopucroytoun opmanizm QCDR, piBHOBa)KHI KOHILIEHTpALlli HEUTpaTbHUX

nedeKTiB MOXKYTh OyTH 3amucaHi 3a (GOpPMyYJIOI0 HACTYIHI PIBHSHHS:

[Cd}] = no(Pca/K)exp[—(Eca, + Uég))/KpT + SEL ), (3.1)
V&3] = no(K/Pca)exp[—(Eyg, + Uyio) /Ky T + Sy, (3.2)

[Tela] = no(K?/Pla)exp[—(Erecy + Uten)/KnT + Stev,], (3.3)

ne E — BiAnoBigHa eHepris yTBOpeHHsS AedekTy, Pcy — (ikoBaHMN HaIMILIKOBUM
. vib . ; vib .
tuckom Cd, eneprist U™ i enTpomist S MO3HAYarOTh BHECKH B KOJUBAJIBHY BUIBHY

eHeprilo, ng € mIbHIcT aToMiB Cd ab6o Te, mocriiiHa K 3amaeTsest popmyiioro:
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K = (kT2 (3,

(3.4)
Ky — mocriiina boneiimana, a T — temmieparypa B kenbBiHax; h — mocriiina [Tnanka, a
Mgy — Maca atoMmiB Cd, s HelTpanbHUX NeeKTiB BUKOPUCTOBYEThCS MiTKa X. In
noBouTh cebe amdporepno B CdTe i crBoproe monopHi (Incg) 1 akuenTopHi (INTe)
nedextr nutxoM BkitodeHHs B Cd 1 Te miarpatku, BiIIOBIIHO.

3a paxyHOK MexaHIi3My camMokommeHcallii [93], ciIMEeMCTBO BiAMOBIAHUX
TOYKOBHX JE(PEKTIB € 3HAYHO PO3IIMPCHHM KOMIUIEKCAMH MK BIACHUMH 1

HEBJIACHUMU Jie(peKTaMu:
[Iné(d] = [Vc)iz]exp[(#m — Emngy — Kf?d)/KbT + 51‘321], (3.5)
[Inf] = [VElexpl(tm — Eing, — UNZ)/KT +SEET. 36)
[Ini'] = noexp[(tin — Em; — U)/ﬁ,l))/KbT + 511;11'[19] ) (3.7)
[IncaVal = (120 1* [VEa) /mo)expl—Emegvea + Utnegvea) /Ko T + Streaveal- (3.8)
[2IncaVéa] = (66[Ing,1? [VEdl/no)expl—(Ezmeavey + Udinggvea) /Ko T + Szingaveal- (3.9)
[Incalnt,] = (4[IEal[InFel/no)expl—(Eimgging, + Uligaing)/ KoT + Singging,)s.10)

7€ XIMIYHUM MOTeHIal 4y, IN BU3HAYa€eThCs MUIBHICTIO JIETyBaHHS N,
Konnentpariito  MHOXKMHHO  (0OaratokpaTHo)  10HI30BaHHMX  JC(EKTIB

PO3paxoBYIOTh JIJIsl aKIENITOPIB 1 IOHOPIB 32 CIIBBIAHOIICHHSIMU:

[XZ7] = [X*1(gyz-/gyx)exp[(Zug — Ei—...—EZ) /K, T], (3.11)
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[X*] = [X*1(g 2+ /g x)expl(Ei... +EF = Zute) /K, T, (312)

ne E, 1 Eq — akuenTopHa 1 JOHOpPHA OJIHOCJIEKTPOHI €Heprii 10Hi3allli, a [\F — eHepris
Depmi; gyz+ (gyz-) — BUpOmKEHHS Ae(EKTY, a Z TO3HAYAE CTYIMiHb 10HI3aI].
ExcriepuMeHTaIbHO BH3HAYCHA TEMIIepaTypHa 3aJIe)KHICTh 3a00POHEHOT 30HU

3a7aeThes 3a popmysioro [94]:
E, =1.622—-3.5- 10*T —1.1-1077T2, (3.13)

[Ipu BucoKkuX Temmeparypax HEoOX1THO BpaxXOBYBaTH YCKIIAIHEHY CTPYKTYPY
30HA TPOBITHOCTI, MO BKIto4Yae K Gic, Tak 1 Lic mommam B 30HI bpimtroena.
ExcniepuMeHTansHl JaHi mo pyxiuBocTi Xojuta wH eleKTpoHIB JIEMOHCTPYIOTh
3HAYHO cujpHIE 3HWkKeHHs Buie 600°C B TOPIBHAHHI 3 TEOPETUYHHUM
nepeadoadeHHsM [95].

Ileit edekT MOSICHIOEThCS B MOJENl 0araToJOJWHHOI MPOBIIHOCTI, e
MIPUITYCKAEThCS TMapabomiyHa aonauHa Lic 3 edextuBHOO Macoro M. = 0,35 mq i
po3ainennst gomuH Gic—LicAE (eB) = 0,29-10°T (K) orpumyeTrhcs 3 MiATOHKH
BUCOKOTeMIepaTypHoi uH [96].

PiBHOBa)kHa Je(deKTHa CTPYKTypa JEroBaHOrO0 Marepialy BHU3HAYA€THCS
eHeprieto depmi (g, XIMIYHUM TTOTSHITIAJIOM KaJaMIIO ficqg 1 XIMIYHUM TOTEHITIamoM In
ue. Jms uucenpbHOTO po3B’s3Ky, KBa3ixiMiuHUN HaOip BupasiB (1) ~ (12) moBuHeH
JIOTIOBHIOBATUCS PIBHSHHSAM €JIEKTPUYHOI HEUTPaJbHOCTI Ta piBHSAHHA OanaHcy In,
AK1 3a0€3Mevyr0Th, 0 CyMapHUN 3apsj JOPIBHIOE HYJIIO, a 3arajbHa rycTuHa In
MOCTIHHA.

Eneprii yTBOpeHHsI 1 KOJMBaHb BJIACHUX Jie(pekTiB Oynu po3paxoBaHi ab initio
B [91]. Byn0 BcTaHOBIICHO, 10 PO3paxoBaHi €HEprii yTBOPEHHS 100pe Y3roHKyOThCS
3 HAIIMMH EKCIIEPUMEHTANbHI 3HAYCHHS IJI1 HEJETOBAaHWX 3pa3KiB. 3a BHHATKOM
noHopHUX INcy 1 akmentopHux Inte [93], emexkrpuunumii xapakrtep iHmMX In
CHIOpITHEHUX Ne(PEeKTIB MOKHU TOCTOBIPHO HE BIIOMUH.

[Ilo6 BuroroButu cTpykTypy mioga In/CdTe/Au, Oymu BUKOpHCTaHI
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NPOMHCIIOBI BHCOKOOMHI kpuctasm CdTe p-tumy, 1uiacTiHa MOHOKPHCTAIY,
OTpHMaHa METOZOM MOGLIBHOTO HArpiBaHHs, Mae po3Mip 5x5x0,5 MM° i muTOMHUil
omip (2-4) 10° Q cm npu kimHaTHIN Temmeparypi. [ToBepXHS KpHCTaNa MEXaHIYHO
00pobuseTbest (pi3aHHA, HUTihyBaHHS, MOJMIPYBAHHS), MOTIM XIMIYHO OOpOOISIE€ThCS
(mpoMuBaHHS, TPABJICHHS, MOJIOCKAHHS) 1 3pa30K BUCYIITYIOTh. MeTaneBi eleKTpoIn

(In i Au) HaHOCSATP NUITXOM TEPMIYHOTO BUIIAPOBYBAHHS Y BaKyyMi.

3.2. Pe3yabTaTn MoeioBaHHA [73*]

[Ipn ompoMiHEHHI MOTYKHHM JIa3€pOM KpPUCTAJIYHOTO MaTepially, 4YacTUHA
HOro BUNPOMIHEHHSI Oy/le BIJOMBATHUCS BiJ] MMOBEPXHI Marepiaidy, 4acThHa Horo Oyne
IIPOXOJIUTH YEPE3 MOBEPXHIO MaTepially, YacTUHA HOro OyJie po3cisiHa, a Ouibla Horo
yacThHa OyJe TMOTJMHyTa TOBEpXHEI Martepiany. [loBepxHs KpucTamy MOTIUHAE
SHEPTIIo JIa3zepa 3a JOMOMOTOI0 PI3HUX MEXaHI13MiB, SIKI MO’KHAa YMOBHO PO3JIUIMTH Ha
I’SITh ~ KaTeropiid: 1HBEPCHE I1HAYKOBAaHE BUIIPOMIHIOBaHHS, (OTOIOHI3ALIS,
6aratodOTOHHE MOTJIMHAHHS, TOTJIMHAHHS JOMIIIOK 1 MOTJIMHAHHS TIPOK.

Cepen HUX BIAITPalOTh NPOBIIHY POJb ABA TUIIN: 3BOPOTHE BUIPOMIHIOBAHHS 1
¢doToioH13aris. [licns noriMHaHHg MaTepiaioM €HEPTii JIa3epHOro BUIIPOMIHIOBAHHS,
YaCTUHKU B HhOMY OyAyTh OTPUMYBATH HAUIUIIOK eHeprii. L{i yacTUHKN OTpUMAIOTh
HAJIJTUIIOK TMepeladya eHeprii 3a paXyHOK 31TKHEHHs OJJHA 3 OJIHOIO, a MaKpPOCKOIIYHa
TeMmrepaTypa Marepialy Oyne 3HauyHO 30UIbIIYIOThCS. KoM 3aCTOCOBYETHCSI TOCUTH
BHUCOKA IHTEHCHBHICTh JIa3€pHOTO CBITJIa, a TYCTHHA €HEPrii JIa3epHOro CBITIa
NEpPEeBUIILY€E TOPIr PyWHYBaHHS Marepiaidy, MOBEPXHsS MaTepiany 1 BHIApPOBAHHM
MaTepiai OyayTh YTBOPIOBATH Mapy Marepially i1 MpoI0BKYyBaTH NOTJIMHATH €HEPTIIO.
Bix ximbkox mikocekyHA (PS) MO KiIbKOX HaHOCEKyHn (NS), TeMmrmeparypa mHapu
Martepiaily Aajii 3pocTae, CTYIiHb 10H13aIlli TaK0X 3pOCTAE, 1 YTBOPIOETHCS I1a3Ma Il
BHCOKUM THCKOM 1 Temneparyporo. [1na3ma npo1oBxye NOrJIMHATH JIa3epHY €HEPTiio,
10 HAJAXOXXUTh, 3MYUIYIOUHM CBOIO EHEPTil0 IIBUIKO KOHIEHTPYBAaTHUCS B 30HI
dboKycyBaHHSI, TaK IO BHCOKOTEMIIEpAaTypHa 1 MiJ BHUCOKMM THCKOM Ija3Ma

PO3IIMPIOETHCS  aladaTUYHO HA30BHI 3 HAA3BYKOBOIO IIBUJKICTIO 1 YTBOPIOE
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XBWJIbOBUN (POHT BHUCOKOTOo THCKY. Komm TemmepaTypa mapu 3MEHIIYETHCH,
HIBUKICTh PO3IIMPEHHS Ia3Mu Oynie 3HUKYBATHUCS, 1, HAPEIITi, XBUILOBUNA (PPOHT
BHUCOKOT'O TUCKY BIJOKPEMUTHCA B1JI HEl, YTBOPIOIOUH yIapHY XBUIIIO.

Cxema gedopmariii MaTpuili aToMamu In iMIJIaHTOBAaHUMH 3 PI3HOIO €HEPTIEI0
nazepHoro ynapy. Pucynok 3.1(a) [73*] nmokasye nedopmartiro marpuiii aromamu In,
iMITaHTOBaHMMHE TIpH eHeprii maszepa 60 mJDk/cM’. ATomm In iMmmaHTYIOTBCS
BCEpeNMHy MaTpulll, aje TAUOMHA IMIUIAaHTaIlli MaTPUKCY HErIHOoKa, 1 cmyniHb

JMCIIEPCHOCTI IN YaCTHHOK TaKOXX Maja.

100+

Pucynok 3.1 — 3moienpoBaHi yMOBH JIeTyBaHHS MPH Pi3Hil T'yCTHHI eHeprii Ja3epa
(KyITbKH TIPEACTaBISAIOTH aTOMHU [N, 3e7eHa 001acTh MPECTABIISAE yIApHY XBHIIIO,
YepBOHa 00J1acTh — IJIa3My, L0 FeHEPY€EThCA M1 I1€10 Ja3epa, CUHS 001acTh
npescTasisie Kpuctaniaauii 610k CdTe; I'ycruna eneprii masepa: (a) 60 mDx/cM?, (6)

110 m/Bx/em?, (¢) 170 mITx/em?). [73*]

Ha pucynky 3.1 (0) [73*] mokazana npedopmariiss matpuii aromamu In,
iMIaHTOBAaHMMHE 3 JasepHOI0 eHepriero 110 mJ[x/cm®. Tnubuna aromis In,
IMIUTAaHTOBaHUX B MaTpuilio 30inbmyeThess. Ha pucynky 3.1 (B) [73*] mokasana
nedopMairiss MaTpuIll YacTMHKAMHU In IMIJITaHTOBaHMMHU TIpW eHeprii jaszepa 170
MI[)I(/CMZ. Bouun gocsraiote Hairnubme, TutactudHa Aedopmariisi  MaTpHII
HalO1IbIIa, 1 CTymiHb qucnepcii Takox Ounbina. Cl komneHcye aromapHe CTpYKTYpyY
noBepxHeBoro Iapy kpuctana CdTe (a), a Takox 3MiHA CTPYKTYPH KOO TOYKOBOIO
nedexty micas (0) 1 micas J1a3epHO-IHIYKOBAHOTO JIETYBaHHs (C) IOKa3aHa Ha

pucynky 3.2 [73*].
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Bucokoowmni HamiBripoBigauku CdTe:Cl MicTsaTh BeTUKY KUTbKIiCTh BIaCHUX JAe(EKTiB
1 TOYKOBHUX Je(EKTIB AOMIIIOK, 0coO0MuBO BakaHCi kaamito (Vcg) 1 XJopy K

3amMiHHMK goMimky s mixxBysnosux (Cl') a6o tenypieBux (Clye) micip.

o

- @ )
A-cente

(e (7o

200|

Pucynok 3.2. — (a) - 3MoaensoBaHe 300pakeHHS Mepe]l JIa3ePHUM OTIPOMiHECHHSIM
(KyJIbKY TIPEACTaBISIOTH IN aToMu B HaHOIIAP1, 3eJIeHa 00JIaCTh SABJIsIE COOOI0 yIapHy
XBHIIIO, @ BCSI CUHS 00J1aCTh MpeCTaBisie kpucTaniuauii 6ok CdTe); (b) -
3MmozenboBaHa AUQy3iiiHa JiarpaMa HAHOYaCTUHOK |N Mpu J1a3epHOMY ONPOMIHEHHI;
(c) - 3MozenboBaHa aiarpama quQy3ii HAHOYACTUHOK IN Micys 1a3epHOTO

ornpomMiHeHHs. [73*].

Lli nedexTu 3a3Buyait € cykynaumu ckiaaaauMu aedexramu (Veg-Clre), (Veg-
2Cl+e) a60 (Vcg-Cly) [94, 97]. B netextop CdTe:Cl a6o CdTe:In namiBnpoBigHuKky, a
TUITOB1 KOMIIO3UTHI aKIIENTOPHI JAe(eKTH, iK1 Ha3UBAIOTHCS A-IIEHTPaMH ([InCd+-VCd2'
]1-.(Vea Clre), (Veg-Ineq)) i Helitpanbruit nedextri kommekcu [2INcg™Veg® ] Ta [INcg”
(Incg” Vo) 1. Lle medext Bu3HaUae p-tum nposigHocTi Matepiany (Puc.3.2a) [73*].
Sk Oys0 ckazaHO BHIIE, Y BUNAAKY Ja3epHO-1HIYKOBAHOI MOAU(DIKAIl CTPYKTYpH 1
BiaactuBoctedi CdTe, y Bumagky omnpomineHHs kpuctainiB CdTe, monepeaHbo
MOKPUTHUX BIJIHOCHO TOBCTUM (Ha0araTto TOBCTILIUM, HI’K BUIIPOMIHIOBaHHS IJTMOMHA
MOTJIMHAHHS) TUTIBKOIO N, Oyma [is BUKIWMKAHOK JIA3€pHUM BHUIIPOMIHIOBAHHSIM
yAapHOi XBWJII, SIKY MOXHA pO3IJISAaTH SK TOTIK (DOHOHIB, SKI PO3CIIOBAIUCS

ICHYFOUMMH TOYKOBHUMHU 1 IPOTSHKHUMH Jedektamu cTpykTypu CdTe.
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g mis cTumymoBana aucoriaiiio aeeKTHUX KOMIUIEKCIB, YIbTPa-IIBHIKY
nudy3siro gnomimok In (qudy3is mix THCKOM), T1eCOPOIliI0 Ta CEerperaiio MiXKBY3JIEBUX
atoMmiB [97]. V Bumagky mnpsmoro ompomineHHs CdTe edekT HaHOCEKYHIHHX
Ja3epHUX IMIYJbCIB TOJATaE Yy BiAmaai oOJacTi TMOBEPXHI HAIMBIPOBIIHHKA.
Bracaigok aucomiarii koMiiekey (Veg-X) yTBOPIOEThCs BelnKa KUTbKICTh Vg 1 Cd;
(X — medextn), i atomu Cd mpocyBaroThcst B pe3yibTaTi jgecop6iii B perritmi CdTe
(puc. 20) [97].

OpHak Jeskl MpPOCTH TOYKOBI Je(EKTH YTBOPIOIOTh KOMIUIEKCH (OCOOIMBO
neHTp A (Veg-Clre).) YV pasi HAHOCEKYHIHOTO JIa3epPHOTO OMPOMIHEHHS CTPYKTypa
In/CdTe, cnpuuluHena na3epoM Hampyra Ta yaapHa XBWIIS, OB’ s3aHi 3 atTomam# In,
NPOHMKAIOTh y 00J1acTh 003y iHTepdeiicy MeTait-HamiBnpoBiaHuk [95, 98].

3aBIsSKH TOMY IO J1a3ep 30y/Kye mporec 1udys3ii TUCKY 1 Mirpaiii In aTomiB y
Vg, @ TOTIM JyK€ MIBHUIKO «3aMOPOXKY€E» TBepAe TUIO BiaOyBaeThes (ha3oBe
ageryBanHs HaHomapy CdTe Bucokoro konreHrtpaiiero In. Bemuka KUIBKICTB
CIICKTPOAKTUBHUX TOUKOBUX aedektiB (monopu) Ingy, Cd;i 1 Cley yrBOproroThes 0e3
YTBOPEHHSI KOMITEHCATOPHUX aKIENTOPHUX KOMIUICKCIB (Vcg—X), 0COOIMBO B IIEHTPI

A, nanpuknan (Vege—Clre) 1 (Veg— INgg) (puc. 2.28) [96-99].
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BucnoBku 10 po3ainy 3

3acTocyBaHHS JIa3epHOI0 BUIPOMIHIOBAHHS JIJIs JieryBaHHs kpuctaiie CdTe B
aproHi JOBOAUTH, 0 mioau In/CdTe/Au BupoOieHi pu eHepreTudHii ryctuHi: 170
M/lK/cM® MAIOTh [yXe BHCOKI BHIPSMHI BIACTHBOCTi. 30KpeMa, KOHCTPYKIS Mae
JTy>K€ BUCOKHUI MPSIMHI CTPYyM MPHU BIIHOCHO MaJoMy CTpyMi BUTOKY. Lle € mpocToro i
peaiizyema Bepcisi Teopii TEXHOJOTI] JeryBaHHs KPUCTANIB 1 (OPMYBaHHS TIO0THUX
cTpykTyp. [TiATBEpIKEHO TIepeBar Jia3epHoro JieryBanHs kpuctaiis CdTe.

JIazepHe yieryBaHHs NUITXOM onpoMiHeHHs cTpykTypu In/CdTe 3a qomomororo
HAHOCEKYHJHHUX JIA3€pHUX IMITYJIbCIB — L€ TBepAO(a3HHil mpouec 0e3 HarpiBaHHS
BEJIMKOI KUTbKOCTI KpucTaniB CdTe, mo 103BOJIAE YHUKHYTH MOIIKOJKCHHS
kpuctana. Ilig miero mazepa 1onaeTbcsi (PEHOMEH CaMOKOMIICHCAIlll JIETYIOUUX
JIOMIIIIOK 1 BBOJIUTHCS BUCOKA KOHIICHTpaIlis IN B ToHKMi moBepxHeBuii map CdTe.

Omxe, B obmacti moBepxHi CdTe, MoHa OTpUMATH HETJIMOOKI 1 rocTpi p-n
EPEXOIH.

[linTBep/pkeHa TiepeBara Jia3epHOro JIETYBaHHS 3 BIJHOCHO TOBCTOIO
JIETYIOYOI0 TI1BKOIO IN. OHIEI0 3 KIIIOUOBUX OCOOJMBOCTEH JTa3epHOI TEXHOIOTIT JIs
JeryBaHHs Iapy KpucramiyHoro CdTe p-tumy 3 JQye BHCOKOK KOHIICHTPAIIIERO
JIOMIIIOK N-TUTY € BUKOPUCTAHHS BIIHOCHO TOBCTOI JIETYIO4Oi IJ1iBKH IN. 3a0e3neuye
Ja3epHO-1HIYKOBaHE JIETyBaHHs 0€3 HarpiBy o0yacTi TOBCTOI IUNBKH IN 1 KpucTamy
CdTe, yHuKawouM TEpMIYHO IHIYKOBAaHMX 3MiH Ta TMOTIPIICHHS CTPYKTYpH 1
XapaKTEPUCTHK HAIIBIPOBITHUKA.

Po3pob6iena MeToiuka j1la3epHO-1HAYKOBAHOTO JIETYBaHHS 1 YTBOPEHHS P-N Mepexoay
B kpuctanax CdTe Oyia ycCHilIHO BHKOPHCTaHA JUIsi BUTOTOBJICHHS JIETCKTOPIB
PEHTTeHIBCHKHX Ta y-PEHTTEHIBCHKUX MIPOMEHIB, SIKi OyJiM BUKOPUCTaHI B MPUJIaaax 3

MUTaHb MOHITOPUHTY Ta O€3MEeKN HAaBKOJUIIHHOTO CEpeOBUIIIA.
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PO31JI 4. BAJIEXKHICTD TIOPOT A IIVIABJIEHHS CdTe BIJ JOBKWUHU
XBHWJII TA YACY JIi IMITYJIbCY JIABEPHOI'O BUITPOMIHIOBAHHS

Beryn

Tenypun kaamiro € GyHIaMEHTAIBHUM MaTepiaioM JIJIsi PO3POOOK JIETEKTOPIB
peHTreHiBehbKoro 1 y BunpoMinroBauHs [100-109]. OgauM 3 epeKTUBHUX ITIIXOIIB JI0
00pOoOKM MOBEPXH1 HAIIBIPOBIIHUKOBUX KPHCTAJIB IIiJl YaCc CTBOPEHHs Oap’ €pHUX
CTPYKTYp Il JIETEKTOPIB SIAEPHOTO BUIPOMIHIOBAHHS J110JJHOIO THUITY Ha OCHOBI
CdTe € 3acTocyBaHHSI HAHOCEKYHIHOTO JIa3ePHOTO OIMPOMIHCHHSI.

Lle 3a6e3mneuye ¢hopMyBaHHS 1 ONTUMI3ZAIII0 HEOOXIAHUX MapaMeTpiB MOBEPXHI
CdTe, Takmx sSIK KOHIICHTpaIlis HOCIiB 3apsly, MOBEPXHEBUX CTaHIB, MIBUIKICTH
OBEPXHEBOI peKOMOIHaIIii, 1 T.J. HaHeceHHsAM KoHTakTHOro merany (In, Au, Ag, Ni,
Cr, etc.) abo Bucokobap’epHOTO P-N-TIepexiay B 00JaCTi TOBEPXHI HAIIBIIPOBITHUKA
[101-107].

ImmynbcHe nasepue omnpomineHHs (IJIO - PLI) HamiBOpoBiIHUKIB MOXKeE
3a0€3MeUYnTH YHIKaJbHI YMOBHU JJIi OYMILIEHHS TOBEPXHI KpPUCTAJIB, BIJMajl
Mopdonorii 1 CTPYKTYpHHX HEIOCKOHAJIOCTEeH, MoAu(IKallis KOMIOHEHTHHUX
CKJIQJIOBUX TOBEPXHI, 1 1HII 3MIHU HEOOX1JIHI JJI B MPUIIAJOBUX CTPYKTYP IO TyKe
BKJIUBO B PO3POOIIl IETEKTOPIB BUCOKOEHEPIETUYHOTO BUIMPOMIHIOBAHHS J110JTHOTO
tuny Ha ocHoBi CdTe. IIpoOmemMor0 € TakoX CTBOPEHHS BIOPSIKOBAHHUX
HaHOCTPYKTypu Ha mnoBepxHi CdTe mixm pgie0 iMOyJabCHOro Jia3epHoro ir-
BunipominroBanHs [108] .

OnpoMiHEHHS KOPOTKUMH JIa3epPHUMHU IMIyJIbcaMu € e(QEeKTUBHUM ISt
0aratboX TEXHOJIOTTYHMX omepallii 3 0OpoOKM MOBEPXHI HAMIBIPOBIJIHUKIB B TOMY
YUCJIl YWCTKA, TMONIpyBajlbHE TPABJICHHS, BUAAICHHS OKCHJIHOI TUTIBKM 1 3HSTTS
Hanpy>XeHb, MICIEBUI BiAnaa, 1 emitakciiHa mnepekpuctamizamis. s 1JIO-PLI
HaIBIIPOBITHUKIB 1 METajJ-HaIIBIOPOBIAHUK CHUCTEM, BUKOPUCTOBYETHCSA Ja3epu 3
PI3HOIO MPOTSKHICTIO IMITYJIBCIB (Tp) 1 JOBXKHUHOIO XBUJII BUIIPOMiHIOBaHHS (A): pyOiH

(694 um) i YAG:Nd (1-3-ts rapmoniku:1064 um, 532 uM, 355 HM) Ja3epH, TakoX i
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excumepri KrF (248 um), XeCl (308 um) 1 XeF (351 HM) na3epw, B OCHOBHOMY
BUKOPHUCTOBYIOTHCS 111 MOoU(dikallii moBepxHi HaIiBIPOBIAHUKIB. HaiO1b11 gyacto
BUKOPUCTOBYIOTh JIa3€pHI IMIYJbCH 3 HACTYIMHOIO MPOTSDKHICTIO: 7 He, 15HC, 20HC,
80uc, 120nHc, Imxc 1 Imc. B Hamomy BuMaaKy [IOCHIKEHHS Oynu
CKOHIICHTPOBAHUMH B OCHOBHOMY Ha J1anasoHi T, = /-120 Hc.

JliteparypHi  jpKepena, HamaOTh  1HQOpMAII0 MO  EKCIEPUMEHTAIBHHUX
BUMIPIOBAHHAX 1 YHCJIOBUX OOYMUCICHHSIX 1 MICTATh 1H(QOpPMAII0 Tpo MOPIr
mnasieHHs |y, CdTe Timbku 11 neskux 3Ha4eHb 3 A i Tp. KpiM Toro, meski iCHyIOTh
JesIKi PO3XOJKCHHST CTOCOBHO 3HAueHb mopora IwiaBieHHs CdTe i, omke, pi3Hi
iHTepnpeTailii 3MiH (HOTOENEKTPUYHUX XapPAKTEPUCTUK IMiJI €0 HAHOCEKYHIHOTO
na3epHoro onpomineHHs. Hampukian, B pooorax [110-111], mopir miaBieHHs s
kpuctanie CdTe(11l) mig mi€ro OmMpOMIHEHHS IMIYJILCHOrO pyOiHOBOro Jjasepa 3
7, = 20HC OyB 3HaliJcHMH Ha PIBHI 2 MBTt/cM’ Ha OCHOBI EKCIICPHMCHTAIBHHX
CIIOCTEPEKEHD 1 0OUHCIICHb.

Jlnst CdTe(111) B oxHAKOBHX YMOBax € HACTYIHI 3HaueHHS: |y = 8 MBt/cM?
nocunanns [112], 4 MBt/cm® nocumansst [113] i 10-12 MBt/cm® nocumanss [114].
Byno mpoaeMOHCTPOBaHO €KCIIEPUMEHTATIBHO 1 TEOPETUYHO 110, KO €KCTIOHYBaHHS
pobutscs excumepauM KrF nmasepom (A = 248 M, 7, = 20 ns), I, = 2. 5 MBT/cm?
[103-104, 115]. Iy, qis CdTe 3 mumiBkoro Al 3amHili cTOpoHi qopiBHIOE 15 MBT/cm?
KOJIM ONPOMIHIOEThCS BHUIIPOMiHIOBaHHS HeoAumoBoro (A = 1064 uwm, 7, = 20 ns)
nazepa [116].

Sk pe3ynbTar € 6arato HEBUPIIEHUX 1 HE3PO3YMUIMX MUTaHb CTOCOBHO PLI
s CdTe. Jlns po3poOKu MpuiaoBUX CTPYKTyp Ha ocHOBI CdTe yacto € HeoOXiaHO
3HATH TIOPIT TUTABJICHHSI MOBEPXHEBOTO IAPy HAIIBIPOBIJHUKA B 3aJIEKHOCTI BIJ
NPOTSHKHOCTI IMITYJIBCY Tp, Ja36pHOIO BUIIPOMIHIOBAHHS, JJOBXHHY XBHJIl (ONTUYHUI
KOe(IIiEHT MOTJIMHAHHS /(/,), 1 TAKOXK TTapaMeTpH MmoBepxHi kpuctany CdTe, 30kpema
HIBUKICTh TOBEpXHEBOI pekoMOiHalii C 1 4yac KUTTS HEPIBHOBAXKHUX HAJTUIIKOBUX
HociiB (NEC). Ili mapameTrpu 3anexarb BIiJ MpoOIECIB OOpOOKM MOBEpPXHI 1
XapaKTePUCTHK HAIIBIPOBIAHUKA, B TOMY YHCII KOHIEHTPAIINA JOMIIIOK 1 JIETYI0uO01

no6asku [104, 109]. BianoBinHi eKCiepuMeHTAIbHUN JOCTIIKEHHS € 4acoBO 1 Mpare
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BUTpaTHI. SIk pe3ynbTat, po3paxyHku |y ams CdTe sk ¢ynkmuiid A 1 7, masepis i
nmapaMeTpiB  HAIiBIPOBIMHWKA  CTald  HAA3BHYAWHO  aKTyaJbHUMH 5K 3
byHIaMEHTIPHOT TaKk 1 3 TMPakTUYHOI TOYKM 30py. BigmoBigHi jgaHi 1

TOBIJIOMJISIFOTRCS B JTaHOMY po3aiii [69*], [74%].
4.1. Po3paxyHoK nopory miaBjieHHsI [74*]

OueBuzHO, mo mBUAKKH npouec (7, = 7-120 HC) HarpiBaHHS 1 OXOJIOIKEHHS
HAIIBIPOBIJHUKIB MIiJ{ JI1I€I0 HAHOCEKYHJHOTO JIA3€PHOIO OINPOMIHEHHS € LIJIKOM
CKJIQJIHUM JUISI MaTeMaTUYHUN OMKCY KOJU PO3TJISIAIOThCA B JTUHAMIYHINA 3MiH1 BCl
napameTpH SKi 3aJekaTh BiJl TEMIEPATypH, TaKl SK TEIJIOBI 1 ONTUYHI MapaMeTpH 1 B

KOHIIEHTpaIlis (oTO30yPKEHUX HepiBHOBaXKHUX HamuImKoBux HociiB (NEC).
['mubunan teroBoi qudysis Ly = ,/kT, 1 cBi d oca
mudyzis Ly = T, 1 CBITJIOTIOTJIMHAHHS o, e ae€

KoeilieHT morMHaHHS 1 K € KoedillieHT TeroBoi udy3ii, BU3HAYAIOTh 3HAUCHHS
JIA3€pHO-1HIYyKOBAHOTO  MOpOra  IJIaBJIGHHS  TMOBEPXHI  HAIMiBIPOBITHUKOBOTO
kpuctany. [lopir tuaBiaenHs s noBepxHi CdTe mixm giero PLI Teoperuuro
BCTAHOBITIOETHCS, K MPABWIO, BUPIMICHHSIM HECTAI[IOHAPHOTO PIBHAHHS TEIUIOBOT
NPOBIAHOCTI 3 BIIIMOBIIHUMHU TPAaHHYHUMH YMOBAMH Ha TPaHUIIX po3auty (3amaua
ITedana — Stefan problem).

MarematuuHe MojientoBaHHs (Ha30BUX TMEPEXOAiB BUKIMKAHUX B KaaMid
tenypui aiero PLI Ha ocHOBI piBHsSHB TerutonposiaHicTi [103, 114-117] € ckiragaum
yepe3 HEOOXIHICTh PO3TIIAJaTd Ti  YacTKA €HEprii BUIPOMIHIOBAHHS IO
CTIOXKHBAIOTECSL HA MHTTEBY TepManizamifo (t ~107%c) i 36ymKeHHs eIeKTPOHHO-
JIPKOBOI MJ1a3MU 3 HACTYIHUMU 1U(Dy3i€r0 1 peKOMOIHALII€IO.

B po6Goti [115], e Oyso 3p0o0JieHO KOPUTYBaHHSIM YacTOK CHEPTid mo Oyiu
3BUIBHEHI B TepMalli3allis HaJUIMIIKYy HOCIiB 3pa3y micid iX 30y/KeHHsS 1
pekoMOiHaiii B Oe3pamiamiiiHomMy 00’emi 1 Ha  moBepxHi. [ nmOuna
TEIUIONPOHUKHEHHSI B KPUCTAJ 1, BIJAMOBIIHO, TOPIT TUIABJICHHS BU3HAYAIUCS ITUMU
YacTKaMH. [HIIUMU  cloBaMu, OyliM TPUNWHSTI A0  yBaru  IapameTpu

«HATBOPOBIAHUKOBOTO» Kpuctany (Tabmurst 4.1).
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Tomy MaremarnyHe  MOJEIIOBAHHS  J1a3€pPHO-IHIYKOBAHOTO  MPOIIECY
HarpiBaHHs MOBHUHHO MPOMOHYBATH TOYHI crienudikarii mis Audy3Hoi 1 mapameTpiB
NEC 1 TemmeparypHux 3ajie’KHOCTEH ONTHYHUX 1 TEIUIO(I3UYHUX TapaMeTpiB. Y
BUIIAJIKY OJHOPIAHOTO OMPOMIHCHHS TOBEPXHI HAMIBHECKIHYCHHUN KPHUCTAIY,
Ja3epHa TOTYXKHICTh HEOOXiJHa JUIsl HarpiBaHHS IOBEPXHI HAIIBOPOBIAHUKA BiJ
IIOYAaTKOBOI TemIepaTtypu [o OO KIHIEBOI TeMmIiiepaTypa lf, JAA€TbCS HACTYIHHM
cTaHIapTHUM Bupasom [115, 118]:

I=pc(To)ATLy / [1 - R(To)]ts, (4.1)

i€ p € TYCTHHA, C € INTOMA TEIUIOEMHICTH, R € B1IOMBHA 31aTHICTB, T € IPOTKHICTh
nazepHoro iMmyinbcy, i AT = T¢ -To. Bupa3s B piBHsHHI (1) 1ae rIuOUHY MPOHUKHEHHS

TEIUTa B Matepia, npuitmaroun 10 yBaru napamerpu NEC [115] . Lle € BigaMHHUM Bif

IIPOCTOTO PIBHSHHA \/k_rp :
Ta6muus 4.1. [Tapametpu CdTe [74*]

IHapamemp 3Hauennsn
T'yctuua po (Kr/m°) 5860
Temnepatypa miasienns /°C 1092
[Tutoma TeroemHicTh ¢/ [ x/(kr: K)] 209 [103]
KoedirienT Temmosoi mudysii k/(m°/c) 7.1(5.8) x 10° [103]
TemmnepaTypHa 3aJIeXKHICTh TYCTHHH, 5.887 - 0.116 5T [100, 102]
p/(kT'/n°)
TemmepaTypHa 3aJ1€KHICTh TUTOMOT 205 +3.6 x 10% T [116-117, 119]
tertoeMHocT1 ¢/ [ [Ix/(kr: K)]
TemnepaTypHa 3a1€KHICTh TETIOBOT 2.16 x 107/ T [118]
muadysii /(m/c)
TemnepaTypHa 3a1€KHICTh 1.507 /T [118-119]

tertonpoBigHocTi /[[x/ (M* ¢ + K)]

AmbGinonsipamii koedinient audysii 3.9 x10™ (300 K)
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D/( M%/c) 5.7 x10™ (1000 K) [102, 118]
Yac pexomOiHallii 00’eMHUX HOCITB (10-30) x10™ [108, 118]
5 (p-CdTe) / c
Yac KUTTs MOBEPXHEBUX HOCIIB Ts/ C (0.5-1) x10™ [108]
Koedoiuient Oxe pexoMOiHaIii 1.7 x10°° [118]
Y Aug/ em®/c
IBHaKICTH MOBEPXHEBOT peKOMOiHAIIIT 10° — 10° [108, 110]
S/(m/c)
Enepris pekomb6inanii Ey/eB 1.5
MOGITBHICTB eTeKTPOHIB Lt /[cM”/(B¢)] 1000-1100 (300 K) [116-118]
Mo6ibHICTE TipoK i /[eM?/(B-c)] 80-100 (300 K) [116-118]
HopxuHa qudy3ii enekTpoHiB Lp/m (0.4-2) x 10°[117]

Ly = :;5107? Tzf (161—7;)0( [(LT);T+1) (LTaiéZZaﬂ) igi) +17 (4.2)

ne o = o1 + 0y + apc € 3arajbHUN KOe(IIEHT ONTUYHOTO TMOTJIMHAHHS, 07 1 0y €

OJIHO- 1 JBO(GOTOHHMM KOE(]IIIEHTH TMOTJIMHAHHS 30HA-30HA, Ofc € TOTJMHAHHS

. . s kpT Hpl
BiTbHUMH HOcisiMH, L = /DTy € raubuna audysii BilbHUX HOCI{B, D = —— %
€ HUnTHp
€ amOinmoysspHui KoedimieHT mudysii HociiB, kg — crama bombnmana; 1g € dYac
pekomOinanii HociiB B 00’emi, W, 1 [, € MOOUIBHOCTI €JNEKTPOHIB 1 MipoOK,
BIJIITOBITHO.

['mubuna ternoBoi nudys3ii JaeThCs:

1 1
Ly (T) =~ m2[k(T)t, |2(T — Ty) /AT (4.3)
NR : NR . .
[Tapametpu y1, X", 1 Xg  TPEICTaBISAIOTH IOJi Ja3epHOi eHeprii Mo
BIJIMOBIJIAIOTh PI3HUM MpoOIEcaM B KPHUCTall. 30KpeMa, yr BIAMOBIJA€ 3a BiJICOTOK
EHEeprii 110 BUKOPUCTOBYETHCS IS TEepMoJi3allli HaJIMIIKOBUX HOCIIB TICHsS

30yKeHHs, XNR HpejcTaBlse YacTUHY €Heprii 3alyueHiii B Ge3BUIPOMiHIOBAIILHY
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pexobiHamito B 00’emi KpucTanma i N® ToO3HAyae uyacTHHY €Hepril 3B’sA3aHy 3
O€3BUIIPOMIHIOBAIFHOIO PEKOMOIHAIIEI0 Ha TOBEpPXHI Kpucrana. BimmoBiani im

PIBHSIHHS [TO3HAYAIOTHCS K piBHIHHS (4.4) 10 piBHSHHS (4.6).

XT=1— 77QER a1+1—2Eh_Rva2+apc/a, (44)
xg" = (v /") (1-xr) (4.5)
x$*=(t/t§®) (1- xr)Lpa/(Lpa + 1), (4.6)

1€ Mo € 0e3po3MIpHUI NapaMeTp, 1 sl KUIbKICTh BU3HAYA€ 4acTKy (POTOHHOI €Heprii
0 TepMaTi3y€e B IITMOWHI TIOTJIMHAHHS Ha TIPOTUBAry /10 YaCTKH 110 BUSBIISIETHCS SIK
pexoMOiHaliiHa eHepris B Au(y31iHIN ITUOUHI. A, 7o € ONU3BKUMU 10 OJUHMII B
JeSKUX HamiBIpoBigHukax [117]. Av e enepris ¢orona, Er € eHepris pekomOiHarii,
= (TB'1 + rs'l)'l € eexTuBHUN yac pekomOiHalli HOCIIB, 7s =Lp/S € edexkTuBHMIA
NR : -NR

MOBEPXHEBUIN Yac KUTTA, S MIBUAKICTH TMOBEPXHEBOI pekomOiHalii, Tg" 1 Tg~ €

Oe3paialifHIMHI KOMITIOHEHTaMH 4aciB xKUTTs 180X NEC.

4.2. ExcnepuMeHTaabHi 3ajexnocti R(A) i a(A) Ta pe3yiabTaTu BUMIPHOBaHb

nopora mjiaBJieHHs [74%]

B piBasiausx (4.1) — (4.6), HeoOXigHo npuiimaTi 10 yBaru NEC mapamerpu i
TeMIEepaTypHI 3aJeXKHOCTI TEeIUIO(MI3UYHUX BJIACTUBOCTEH, BIAMOBIAHI 3HAUEHHS JIJIs
CdTe naseneni B Tabmui 4.1, 1 3anexHocti a(4), R(A) nokazani Ha Puc. 4.1.

TemmeparypHa 3alIe)KHICTh ONTHYHOTO KOE(DIIiEeHTa MOTJIMHAHHS, BUKJIMKaHA
3CYBOM CMYTH MPOIyCKaHHs Ta 3MiHOI KoHIeHTpalii NEC nobpe omnucyerbcs
anpokcuMartiitnoro gopmynoro: a(d) = ag + A1) - T, ! [114, 119].

Ane ¢l 3a3Ha4YMTH, 10 KOJIMBAHHS KOE(IIIEHTIB MOTJIMHAHHS 1 B1IOUBHOT
s3natHocTi R CdTe mpu narpiBanHi € cnadkumu [104]. opc 11 HamMiBi3OISIHHOTO
CdTe 3mauno MeHme «;, a JABOGOTOHHE TMOTJIMHAHHSA «p I o0JacTi

dbynmnamenTanbHoro norivHanHsg A = 300-800 HM — 11e He3HAYHA BEIMYHMHA.
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Pucynok 4.1 — (a) s CdTe [118-119] i (6) po3paxoBaHa 3aJeKHICTh TOpOTa

IJIaBJICHHSA Ha JIa3epHiil JoBkuHI XBUI |h(4) A1 pisHUX 7 [74%]

Baxxauso 3uatu uac xuttss NEC Ha noBepxHi 1 B 00’emi CdTe mig gac PLI.

Yac xwuttst NEC B 06°emi CdTe B 3araibHOMY BUTIQJIKY JJa€ BUPa3:
1/1’3: 1/TSR + 1/TBad + 1/TAug (4'7)

1€ Tsr, Trad» Taug € Llokmi-Pig-Xomn (Shockley-Read-Hall), pamiamiiiauit, i Oxe
peKOMOIHALIMI Yac JKUATTA HOCis, BigmoBimHo. Oske-pexkombOinamiss [104, 118]
nepeBaXxkae€ mpu BUCOKUX piBHIX 30y/mxkeHHs NEC, siki BUHMKAIOTh MpPU TYCTHHAX
MOTYKHOCT1 Jlazepa IO PO3MISIAAIOThCS B JAaHid poOoTi. BinmoBiAHO 4Yac >KUTTS
HOCIIB g = Tayg = 1/yaug'+ nz, ne N — konnenTpailigs NEC. 3 inmoro 60Ky, 9ac XKHTTS
MO>XHa PO3AUIMTH Ha pajialiiiHy 1 HEBUIPOMIHIOBAJIbHY CKJIaI0Bl, TOMY (7) MOXe

BUpAXaTUCS y BUTJISIAL

1 1
1/.[8(5)—%4'% (4.8)

OckiJIbKU  pafiariiiHa peKoMOIHAIlsg TOMIpHAa 1 HE CHpUsiE HarpiBaHHIO

PEIiTKY, TIepIIHii YieH MOXHA OMyCTHTH. SIK pe3ynbTar, Tp = TpR

i 1, = THR,
Takum umHoM, B ymoBax PLI Oske-pekomOiHaiis 3ymoBitoe vac kutts NEC y
06’emi CdTe, Toai sk MIBHAKICTH pekoMmOiHallii S BusHauae yac kuttd NEC Ha
nosepxHi CdTe.

VY pospaxyHkax OyiM BUKOPHUCTaHI THIIOBI TapaMeTpy HaIiBI30JSIIHHOTO

netrektopa p-CdTe (Acrorad Co. Ltd), siki Oynv BUKOpHCTaHI JUIsi BATOTOBIICHHS M-p-

n crpykrypoBanux X/y-miogaux aerektopiB [100-107]. IIpu na3zepHoMy onmpoMiHEHH]
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CdTe Bumipsamit gac sxurrst NEC cranosuts 3x 10 [108].

Puc. 4.16 neMoHCTpy€e pe3ysbTaTH po3paxyHKIB mopora riaBiaeHHs 1 CdTe
nig aiero PLI B miamasoni gomxkuH xBwiIb 300—800 HM 1711 pi3HOI TPUBAJIOCTI
iMmmynscy T, [74*]. JIna HaouHocTi, Ha puc.la, mokasani gani it R(A) [118] 1 a(L) B
jgorapudmivHii mkami. Po3paxyHOK MPOBOAUBCSA 3 BUKOPUCTAHHSIM piBHAHB (4.1) i
(4.2) i 3 ypaxyBauHsaMm gaHux Tabmmmi 4.1.

Puc. 4.16 noxka3sye, 10 30UIbIIEHH] Yacy XKHUTTS IMIIYJIbCY Tp, IPU3BOAUTH JO
3HMKEHHS YYTJIMBOCTI TMopora IuiaBieHHS |y 10 30y/KEHHS JOBXHHOIO XBHJI A.
Hamnpukian, npu T, = 7 HC IOPOroBa IHTCHCUBHICTB J1a3epa 3MIHM IIOPOTa IUIABJICHHS
Aly, = 5,6 MBT/CMZ, T00TO, 3 4,7 MBt/em? 1o 10,3 MBt/cm? IpU 3MiHI JOBXKUHU
xBuii Big 300 M 1o 800 HM. Y Toit yac sk npu 7, = 1 Mkc, nopir mainenHs CdTe
3MIHIOEThCA (301TbITyeThCsT) TUTBKU Ha Al = 0,045 MBT/CMZ, t00TO,B17 0,4 MBT/cm?
10 0,355 MBt/cM®. Y Tabmumni 4.2 HaBemeHi aGCoMIOTHI i BigHOCHI 3HAUeHHS |y, mpn
3miHi A Big 300 HM 10 800 HM SIS pI3HUX TPUBAIOCTEH JIA3E€PHOTO IMITYJIBCY.

Taxe 3meHIIeHHs 3Ha4eHHA Aly, 31 30UIBIICHHAM T, MOKE OYTH IOSICHEHO THM,
o MMOuHA TepMiyHOl AnQys3ii Lt 3011bIIyeThCA 3 3pOCTaHHAM 7, 1 CTa€ 3HAYHO
oimpme 1/o, 1 oTXe, MOpIr IUIaBieHHS |y, CTae MEHII 3aJeKHUM BiJl ONTHYHOTO
Koe(dilieHTa MOTIMHAHHS a/(A).

Ha pucynky 4.1a moxkHa crioctepirat, mo npu 3MmiHi A Bij 380 uM 10 800 HM,
koedimieHT BimOuTTA R 3mintoerses Bix 0,4 mo 0,29, To6TO BiH 30imbITYyETHCS B 1,38

1

pa3. Ilpu mpoMmy KoehIlIEHT NOTJIMHAHHS O 3MCHIIYETHCS BIJ 4,410°cm* 10

4 -1 . . .
2,1-10°cm ™ TOOTO BiH 3MEHIIIYETHCS OUIBII HIXK Ha TOPSIOK.

Ta6nuis 4.2. AGCOIOTHI 1 BITHOCHI 3HaYeHHs Iy, ipu 3min1 A Big 300 M 10 800 HM

3T1IHO 3 puc.4.16 [74*]

Tp/HC 7 20 80 120 1000

Alpn=11(800HM) - 11:(300 1M) 5.6 215 |0.68 [046 |0.045

Alin/117(800HM) 0.54 0.45 034 |03 0.11
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3po3yMinio, 1O, SIKIO 3MEHINYEThCS TUIBKK BiIOWBHA 37aTHICTH, TO MOPIT
TJIaBJICHHS |y, 3MEHITy€eThCsl BIAMOBIAHO 10 PiBHAHHSA (4.1); aje SKIIO 3MEHITY€EThCS
TUIBKU 0, |y, 3pocTae TOMy IO HArpiBaeThcs OUIBIIMK 00 €M MOBEPXHEBOTO Iapy
CdTe. Orxe, 3aexHicTh o A) BU3HAYA€E 3aICKHICTD l(A) (puc. 4.10).

VY mianazoni 300-420 um kpuBi R(A) 1 o)) MaroTh [1Ba MiKH, SIKi OB ’s3aHi 3
nepexolaMu eJIeKTpoHiB B MiHIMyM L 30HM mpoBigHOCTI (Lssy— Lec 1 Lev—Lgc
nepexoun). 3anexHicTb lyp(A), A€ crmocTepiraloTbcsi MAKCUMYM 1 MIHIMYM, BHUSIBIISIE
XapakTepHy noBeaiHkKy KpuBux R(L) i a (A) B 3a3HaueHiii o0acti (puc. 4.10).

JBopoToHHe mornuHaHHA BinOyBaeThesa npu A >800 HM, 0coOIMBO B 00JaCTI
npo3opocTi (Big 850 HM), a 3HAUUTh NOTPIOHO OpaTH 10 yBaru 1 JOMIIIKYU JIETYBaHHS
1 KOHIIEHTpalii AeeKTiB (K1 CUIBHO BIUIMBaIOTH Ha ly). Koedimient nBodoroHHOrO0
normHanas CdTe 3a3Buyaii cranoButs § = 0,1—0,2 cM/MBT (ipu A = 1,064 MKm).

CdTe mae myxe BHCOKHN KOCOIIIEHT MOTJMHAHHS JOBKHHA XBHIII HIDKUE A =
300 HM, a CBITJIO TOTJIMHAETHCSA Ha TMOMHI Onu3pko 10 HM. g ekcumepHOro
nazepa KrF, (A = 248 um, 1, = 20 He, o = 1,1-10%m™) Iy, =2,5 MBt/cm® [103-104,
116], Tomi sk 3a HammMu pospaxynkamu 1 = 2,71 MBr/cM’, mo € mimkoM
NPUINHATHUM 3HAYEHHSIM, OCKUIbKM B1JIOMBHA 3/1aTHICTh R OCUTH BUCOKA NpH A =
248 um. [118].

Takox BaKJIMBE 3HAYEHHS MA€ 3aJICKHICTh MOPOTY TUIABJICHHS BiJl TPUBAIICTb
Ja3epHoro immmynecy (puc.4.2) [74*]. 31 30inb11eHHAM 7, BinnoBigHO 10 Gpopmy (4.1)
1 (4.2) mopir mMmIaBleHHA ICTOTHO 3HIDKYETBHCS, TaK SK O0’€M HarpitToro Imapy
30UTbIIY€EThCA. SIKIIO MPOTSKHICTH IMITYJICY CTa€ KOPOTIIOK, IIBMJIKICTH IMOJayl
CHEeprii Ja3epoM cTae BHIIE, a00, THITUMHU CJIIOBaMH, MPOIEC TEIUIOBIAAaYl B OUIBII
rJIMOOKI HIApH CTA€ MOBUIBHIIIMM 32 PaXyHOK TEIUIOMPOBIAHOCTI.

3asiexkHICTh, HaBeleHa Ha puc.4.2a, gae iHGOpMALl0 MPO 3MIHY MOPOTY
IUTaBJICHHS MIPHU 3MIHI 4acy XUTTS IMIOyJbCy Binx 7HC A0 120HC, TOMy IO THIOBI
Ja3epHu, 1O MPALIOKTh B 7jo—MOJ1 IEPEMUKAHHS MAOTh IPOTAKHOCTI IMITyJIbCy 7 HC,
15 nc, 20 HC, 80 HC a60 120 HC.

Ha puc.4.26 nokas3aHa 3aJI€XKHICTh B IIUPOKOMY Alana3oHi T, TOOTO, B 5 HC

1o 1 mMc B norapudMivHii mKani. Iy, 3MEHIIYETbCS Ha TPH MOPSAAKH BEIUYMHHU IIPU Ty
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3GLIBLIYETHCS HA WICTH MOPSAKIB, HApHKIAL, 3 8.7 MBt/cM® mo 10 xBt/em® st A

=532 M.
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Pucynoxk 4.2 — 3anexHicts nopora miasiaeHHs CdTe 7, Big IPOTAXKHOCTI IMITyTIbCY Ty

Bropy 10: (a) 120 uc i (0) 1. 2 mxc st A = 694 um (1), 532 um (2) 1 308 um (3) [74*]

3 puc.4.26 BUIHO, 110 KPUBI NMEPETUHAOTHCS MPU MPOTHKHOCTI (Yacy KUTTS)

IMITyJIbCY HaABKOJIO 7, = 1 Mkc. IloscHeHHs monsArae B HAaCTYIHOMY: CIOYaTKy |,

BU3HAYAETHCS O, 1 OYECBUIHO, IO 3OUIBIICHHS ¢ CHOPUYMHIOE 3MEHINCHHS |y, 31

30UTBLIEHHSIM TPUBAJIOCTI IMITYJIbCY TNIMOMHA TEPMIYHOI Au(y31i BUpocTae HabaraTo

OlsbIlie B TOPIBHSAHHI 3 TIMOMHOK NMPOHMKHEHHS BUIpOMiHiOBaHHs d, ToOTO, LT >>

1/a. Otxke, xoedinieHT Ly BU3HAuYaeThes 7. [, mpu 7, = 1 Mkc, BimHomeHHs d/Ly

nopisaioe 0.01, Toxi sk pizHui koedimientiB BigoutTs, Hanpukiaag AR/R = (Rsoguy -

Re94m)/Raosun = 0. 15. TIpu 1, = 1mc, Bignomenns d/Ly € mume 0.0033. Bignosiguo,

3HaueHHd AR mouynHae iCTOTHO BIUIMBATH HA MOPIT TUIABJIEHHS Bxke depe3 1 Mkc. I,

OCKITBKH Rj308,,, > Rs32u > Rgogun, TOPIT TUIABIICHHSI TPOXH 301TIBITYETHCA, TOMY IO

OLIBIIIE CBITJIA BIIOMBAETHCS 31 30UIbIIEHHSIM R. OTKe, HaBIThb SKIIO O3pg > Os3p >

Olgo4, CITLAYIOUM 32 TOUKOIO MEpeTUHY Ha puc.4.20, ly cTae BU3HauY€HUM 32 BIJJOMBHOIO

3matHicTIO R(L).

3a pospaxynkamu aiust CdTe mpu 7, = 80 He 1 A = 694 HM, 3HaueHHs Iy, = 1.7

MBTt/cm (puc. 4.2a), a excriepuMeHTanbae 3HadeHHs |y = 1.5 MBt/cm” [119]. Takosx
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y [117], pe3ynbTaT 4rceTbHOTO MOJEIIOBAHHS TOKA3alu, MO0 Npu A = 694 HM, T =
80 me,I, = 1,25 MBT/cMm? ,1BT, =20HC, I, =3 MBT/cM?. Y 11 poOOTI OepeThes 110
yBard BUIApOBYBaHHS KaJaMito, 3aB1sku yomy CdTe mounHae miaBUTHCS HA TICBHIH
rOWHI Bi cBO€T moBepxHi. KpiM TOrO, 3rigHO 3 HAIIMMH PO3paxyHKaMH JJIA 4acy
’KUTTS IMITysbCy pyOiHOBOTO Ja3epa 7, = 1,2 Mc, nopir masnenHs CdTe nopiBHIoe 9
KBT/CMZ, 10 JOCUTH OJU3BbKO A0 3HaueHHS 4.2 KBT/CMZ, K1 Oynu OTprMaHi B X0l
JOCTIDKEHHSI TEOPETHYHO Ta EKCIEpHMEHTaabHO B poOoTi [119]. V¥V mocmimkeHHi
[105] ,;ui CdTe (111) Ha 1, = 7 HE, A =532 HM €KCHEPUMEHTAIBHO BU3HAYAETHCS K
Ith=28.6 MBT/CMZ, B TOM 4ac K 3rijgHo 3 puc.2a, [, =7 MBTt/cM?.

MoskHa mo0ayuTH, 10 MPOTATOM TPUBAIOCTI KUTTS IMIYJIbCY Bix 7 He 1o 120
Hc | BapiroeThes Bif 8,4 MBT/cMm? no 1,3 MBT/cMm? pu A = 694 um (6,5 pasiB), a 3 4,8
MBrt/eM® 10 1,07 MBt/em® mipu A = 308 M (4,5 pasu). [i1st py6iHOBOTO Jasepa mpu
T, = 20 HC, Maemo |, = 4,17 MBT/cM?, Toxi SIK IIpH 3MiHI 9acy KHUTTS IMITyIbCy Big 15
HC 10 25 HC, |y 3miHIOETBCA 3 5,05 MBTt/cMm? 1o 3,6 MBT/CMZ, a0bo0 3MiHA TYCTUHHU
notyxxHocti Aly/l,, = 0,35. [1po 11e BaXKIMBO TIaM’ATaTH MPH JIA3€PHOMY ONPOMiHEHHI
CdTe.

Ko 4Yac >KUTTS IMIIYyJIbCY CTa€ KOPOTIIMM 3a 1,2 HC, TO Halpy>KEHICTb
CJIEKTPUYHOTO TIOJISI PI3KO 3pOCTa€, TOMY TakKi MPOIEecH SK aOJsiis, 10HI3alis Ta
Ja3epHE POBIICIUICHHS TMapyd TPOTATOM ONPOMIHEHHS TIOBEPXHI IMOYMHAIOTh
BigirpaBatu umMainy posib. Ha Puc.4.3 [74*] moka3aHa 3alieXHICTh TeMIEpaTypH
noBepxHi CdTe Bl ryCTHHH MOTY)KHOCTI IMITYJIbCY Jla3epa MPHU Pi3HUX 3HAYCHHSX Tp
1 A, SIKi € 3a3BUYail BUKOPUCTOBYEThCS i 00poOku noepxui CdTe [105-107, 109,
111-113, 114-117]. [Bi kpuBi 00’ €IHYIOTHCS B IIKATI T'YCTUHH MOTYXHOCTI Jiazepa.
Buano mo 3anexuicts T(l) HenmiHiliHa yepe3 TeMIepaTypHy 3aJe)KHICTh MapaMmeTpiB
cx -

[opir nnaBnaeHHs sl TYCTUHU MOTY>KHOCTI1 JUJIsl IOCTIMHUX MapaMeTpiB JIeUio
OUTBIINI, HDK IS TapaMeTpiB, 10 3aJIekKaTh B TeMmeparypH (s mpukiary, 9.5
MBr/cM? st 7, =7 HC, A = 532 HMm).

Enextponni ta ontruHi napamerpu noBepxHi CdTe Tpoxu Bimpi3HSIOTHCS, B

3aJIe)KHOCTI BiJI KOHKPETHOTO BHJy OOpOOKHM TOBEpXHI: XIMIYHE TMOJIIPYBAaHHA,
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BiJmany B eBHiil atmocdepi, a Takox i tak mani [105, 110].

AIHI/(I\‘I\V/(-III:)
0.0 0.3 0.6 0.9 1.2 1.5 1.8
14004 .Z.‘fszs'.' ........
1200 -
] |
%lmm-
e~ 4
800
600 - 2
400 \
o 1 2 3 4 5 6 1

[ /[(MW/em?)

Pucynox 4.3 — 3anexHicts Temieparypu noepxai CdTe Bij ryCTHHU MOTYXHOCTI
na3epHOro BUIpomiHioBaHHs: (1) - 7,= 120 HC, A =694 HM 1

(2) - 7p="7nc, L =532 um [74%]

Bignosigno, Iy, Oyae 3anexaru Big napametpiB NEC (S, t 1 Lp). 30inb1ieHHs
IIBUJIKOCTI TTOBEPXHEBOI pEeKOMOIHAIT S Bif 10° m/c bi (e} 10° m/c i BIJIIIOBIIHA 3MI1HA
Yac *KUTTS OBEPXHIi t_lgv R IPU3BOMSTE 110 3MiHHU [y, HA 16 %. [linBumenus Lp Big 0.4
MKM 710 2 MKM TIPH3BOAUTE 10 30imbmenHs Iy, Ha 9%. Y HarmoMy BUmagky T5 1< ThR
Ha mopsagok. Tomy mopir maBieHHs CdTe mpu HaAHOCEKYHIHOMY Ja3epHOMY

ONMPOMIHEHHI HE3HAYHO 3aJIeKUTh BiJ BUAY OOpPOOKHM MOBEpPXHI 1 KOHIIEHTpalii

JICTYBAHHA.

4.3 TeoperuuHuii po3paxyHOK TEPMOHANPYKeHb NPH IMILYyJIbCHOMY JIa3€PHOMY

onpoMiHeHHi [69*]

JlnHaMika TEPMOONTHYHOTO 30Y/UKCHHS 3BYKY BH3HAUYAETHCS HacaMIlepen
napamMeTpaMy BHUIPOMIHIOBAHHS (pO3MipaMH IISIMH g, 3QJICKHICTIO 1HTEHCHBHOCTI

BUNPOMIHIOBaHHS BiJl 4yacy [(7,t)) Ta (PI3MUHMMHU XapaKTEpUCTHKAMH CEpEeIOBHIIA,
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K€ MIAJAETbCSl OMPOMIHIOBaHHIO (Hampukiaa, crucauBicTio K, Tomo. 3a
ONTUMAJIbHUX YMOB TEIUIOBUIICHHS TEPMONPY>KHI HAINPY>KEHHS, 1110 BUHUKAIOTH B
CEpENOBUIIl OPIEHTOBHO OIIIHIOIOTh 3a BHUpa3oM P = (ﬂt'C362/2'Cp)E\,, e C,,

HMIBUJKICTH 3BYKY, £, — 00’€MHa TYCTHHA MOTJIMHYTOI CBITIOBOI €HEPTii, (,Bt'cggzlcp) —
0e3po3MipHa BEJIMYMHA, 10 MOB’si3aHa 3 KOHCTaHTOIO ['proHaif3eHa Ta Mae MOPsIIOK
Onmu3bkuil 10 oauHuUIll. YacTka eHeprii, sika MepexoAuTh B aKyCTHUHY, MPOIOpILiiHa
00’€MHIN TYCTHHI TETIOBUIICHHS 17=EaK/Ecg=(,Bt'C362/2'Cp)EV/po'c%Z, 1e po — TyCTHHA
cepenoBuia. Ilpu 5azepHOMy ONpPOMIHEHHI €(QEKTUBHICTH TEPMOIPY>KHOTO
MeXaHi3My 30YJKEHHSI 3BYKY B KOHJCHCOBaHIM PEUYOBUHI OOMEXKYETHCS MOYATKOM
IpOLECY BUNIAPOBYBaHHs, TOMY HEMa CEHCY PO3IJISIaTh Ty MOTJIMHEHY €HEpriio, siKa
NEPEBUIy€e TOPIr BUNapoByBaHHS. E(EKTHBHICTH TEPMOONTUYHOIO CIIOCO0Y 3BYKY
HE MEPEBUIILYE /< 10™*. OxHax BHCOKa TyCTHHA Ta IIBUJIKICTh TETUIOBUAUICHHS TIPU
Ja3epHid Nii Ha TBEpJAE TIIO JTO3BOJSIOTH OJIEPKYBATH JOCTATHBO IMOTY>KHI 3BYKOBI
IMITYJIbCH B IIMPOKOMY JAiana3zoHi 4yacToT. [Ipu po3paxyHkax Oy BUKOPUCTaHI JlaHl

HaBejieH1 y Tabnuisx 4.3 ta 4.4.

Tabmuusg 4.3. laHi, 1110 BUKOPUCTOBYBAINCH MPU TEOPETUYHOMY PO3PAXYHKY

TEPMOHANPY>KEHb B HAIIBIPOBITHUKAX TIPH IMITYJIECHOMY JIA3€PHOMY OMPOMIHEHHI.

naHi B rpag K
CdTe
B, /K 1,65%10°%
Canyy M/C 3300
Cp, JLK/Kr*K 209
KOHCTaHaTa 4,30E-01

Tabnuus. 4.4. Jlani, 110 BUKOPUCTOBYBAJIUCH MTPU TEOPETUUHOMY PO3PAXYHKY

normHyTtoro teria, £, =(1-R) I o-t.
CdTe

a, 1/m 2940000
A=(1-R) 0,564
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Po3paxyHku MakcHUMallbHOI TeMIiepaTypa B 00JacTi IMIYJbCHOTO JIA3€pHOTO

30yIKEHHsI 00paxoOBYBaIUCh 32 (GOPMYJIOI T — Larctg( [4K ), 1€ K=2/ry%, 1o
ANK7

— XapakTepHHH po3Mip Mydka, / — IHTEHCUBHICTh, A- KOe(DIli€HT MOTJIMHAHHA, A-
KOe(]IIlIEHT TeIJIONPOBITHOCTI, y- Koe(IUiEHT TeMIepaTypoOlnpoOBITHOCTI, T-
TPUBAIICThH JlazepHOro iMmyJbey. [IpoBeaeni B [120] po3paxyHku mokasaiu, 0 Mpu
JOCATHEHH] 1HTEHCHBHOCTI JTa3epHOr0 ompoMiHenHs 10 8 MB1/cM® Temmeparypa Ha

TIOBEPXHI KPUCTATY JIOCSTAE TeMIepaTypH Tu1aBieHHs (auB. Tabnuito 4.5)

Dependence of thermal stresses on intensity
1.2-10°

1.0-10°

8-108

P, Pa

6-108 [ | |
CdTe
4-108 ~ ~

2108
s L.

0 2 4 6
I, MW/cm?

Pucynox 4.4 — Teopetnunuii po3paxyHOK TEPMOHAIPY>KEHb Ha MOBEPXHI KPUCTATTY
NP IMITYJIbCHOMY OIIpOMiHEeHHI [69%]

Dependence of shear stress on intensity

3510°
3108

' cdTe

25108 -
2-108
15-10°

1108 }'
5-107 / |

I, MW/em?

).
Gmax, P2

Pucynok 4.5 — TeopeTnuHuii po3paxyHOK TEPMOHAIPY>KEHHSI 3CYyBY Ha MMOBEPXHI

KPHCTAJITY MPH IMITyJI5CHOMY OIIPOMIHEHHI, Omax = o0:t*G-AT- (1-11)* [69*]
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Heat release in the sample during pulsed irradiation

2.510°

CdTe

2:10°

15109

J/m?

E/V,

1-10°

5108

-~ |

400 20° 3100 4100 5100 640 7-10%
0o 110 0 6-10 | W/m?

Pucynox 4.6 — 3anexHICTh KITBKOCTI TEIIA, 0 BUAUIIETHCS B PUTIOBEPXHEBOMY
mrapi kpuctany CdTe npu 1a3epHOMY ONPOMIHEHHI BiJl IHTCHCUBHOCTI.

E,=1-R) ‘I' at [69%]

Ta6muus 4.5 [120].

1, MBm/cy® T, K AT=T-300, % | Gyaxe, MIIa
0 300 0

0.5 380 80 18.9

1 444 144 34

2 487 187 53

4 976 676 107

5 1220 920 134

6 1464 1164 160

4.4, ®oromominecuenuis [74*]

OmauM 3 epeKTUBHMX  HEPYHWHIBHHX  METOJMIIB  KOHTPOJIIO  CTaH
npurnoBepxueBoro mapy CdTe — ¢oromominecuenuis (PL) nmpu 7 = 80 K. [lns
KOHTPOJIF0O TIOPOTY IUIABJIEHHS BUKOPUCTOBYIOTHCSI CHEKTPH (DOTOIOMIHECHEHIII]
(PL) wmonokpucramie  p-CdTe(111l) 3 Cl-kommeHcariero Ta  po3Mmipamu

SmMm X SmMMm % 0,5mMM. bynu  gociimkeHi 3pa3ku  BUTOTOBJICHI 1 Biauutid)oBaHi
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komnaniero Acrorad Co. 3 puc.4.7 BUAHO, IO BiIOyJOCS 3HA4YHE 3OUIBIICHHS
nedextHoi o6aacti criektpa DJI (mik pu £ = 1,45 eB) micist onmpoMiHEHHS 3pa3ka
CdTe 3 1= 8,6 MBt/cM? sikuit Bimosinae posmiasien:o Torkoro (1 / o) mapy CdTe

[74*].

1 - Initial

104 r=80K 2 -Chemically etched
3 - Irradiated, 6.4 MW/cm’
8- 4 - Irradiated, 8.6 MW/cm’
&

Irradiated, 11.4 MW/cm’

PL intensity/(a.u.)

1.3 1.4 1.5 1.6
hv/eV

Pucynok 4.7 — Criektpu dotonrominectieniii p-CdTe npu 80 K: mouarkoswuii (1),
nicist TpaBieHHs (2) 1 micas onpomineHHs Y AG:Nd naszepom (3—5), A = 532 nm, 7,

= 7uc. KpuBi HOpMasTi30BaHO 1O iIHTEHCUBHOCTI BIaCHOT cMyTH [74%]

4.5. ®oTonpoBigHicTh [69*]

Ha pucynky 4.8 mokazano crektp ¢oronposigHocti (PIT) kpucraniz CdTe
[69*]. Cnektpu @Il BuXigHOTO (HEONPOMIHEHOIrO) 3pa3Ka MArTh YiTKI CMYTH 3
MaKCHMAJIbHOIO IHTCHCUBHICTIO TIPH Amax = 845 HM, M0 BIANOBIAAE IMTUPHUHI
3a00poHeHo1 30HU. [licast onpoMiHeHHs IMITYJIbCOM pyOiHOBOTO Ja3epa (3 TYCTUHOIO

. 2 . .
noTyxHOocTli 2 MBT/cM”), 3Haue€HHA (POTONMPOBIAHOCTI JEMOHCTPYIOTh 3POCTAHHS,

POTe KOHKpeTHA (popMa 1 TIOJIOKEHHSI MAaKCUMYM 3JTAIIAIOTHCSI HE3MIHHUMH.
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Pucynok 4.8 — CriektpaiibHa 3aJie)HiCcTh (oTonposinHocTi pP-kpuctanis CdTe: 1 -
HeoOpoOIeHn# 3pa3oK; 2 — MICJIsl ONPOMIHEHHS IMITYJIbCOM PyOIHOBOTO Jla3epa
4 MBTt/cM*; 3 — onpoMiHEHH IIPH iHTEHCHBHICTH OIPOMIHEHHS 0CATAE TOPOTY

BUIIAPOBYBaHHs Teaypy [69*]

[lin yac naii ompoMiHEHHS HAa TOBEPXHI TEIYpPHUAY KaaMiIO0 BIJIOYBAETHCS
yTBOpeHHsI mapy Ttenypy. Lllo6 migTBepautu 3B’S30K MK MOAuQIKaIisIMA Ta
HAsBHICTIO IIApy TeNypy, OyJ0 MPOBEIHO MPOIEC PETEIbHOrO0 OYMIICHHS 3Pa3KiB
TeTypuly Kaamilo, $Ki 3a3Halu BIUIMBY BHUMpoMiHIOBaHHA. lle mnepexbayaio
BUKOPUCTAHHS PO3YMHY METaHOIy, 10 MicTuTh 1N KOH 1jsi OYUIIEHHST KOXHOTO
mapy okpemo. Ilicis 10-XBHIMHHOTO TpPOMMBAHHS 3HAa4YeHHS (HOTOMPOBITHOCTI
3MEHIyIThcss. KpiM TOro, Koiu TuTiBKa Tenypy Oyna miggaHa il Ja3epHux
iMIynbciB  mpu  a6o  BHmie mOporoBoi  inTeHcuBHocTi 7 MBr/cm®  BoHa
BumnapoByBaiacs. ITiciast Tppox HuKIIiB mpoMuBKH miiBka CdTe moBHICTIO BiHOBHMIIA

CBOi MEpBHHHI BIACTUBOCTI. OTXe, MOXXHA 3pOOMTH BHUCHOBOK IO 3MIiHH, SKI
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CIIOCTEPIraloThCs y 3HAUYEHHAX (POTOMPOBITHOCTI Mif Yac MPOIECY OMPOMIHEHHS €
pe3ynbraToM yTBopeHHs mapy Te Ha moBepxHi CdTe. IIpocrimie Kaxky4u, HasBHICTh
mapy Tenypy, SKHM YTBOPIOETbCS Ha TMOBEPXHI TEAYPUAY KaaMIIO T €0
Ja3epHOTO BUIIPOMIHIOBAHHSI BIUTMBA€E Ha Te, K (DOTOMPOBIIHICTH 3aJICKHUTHh BiJ
JOBXKWHM  XBWII cBiTa. Haibinemr  ictotHe 3pocTtaHHs  (OTOMPOBIAHICTI
CIIOCTEPITAETBCS B KOPOTKOXBUJIBOBIM 00JIaCTI €JIEKTPOMArHiTHOro cruektpy. lle
SBUIIIE MOXKE OyTH BITHECEHO IO 3MEHIIEHHS IIBHAKOCTI, 3 SKOK HOCIi 3apsmy
PEeKOMOIHYIOTh Ha TIOBEPXHI ITIC/ISI BIUTMBY BHUIIPOMIHIOBAHHS, IO MPU3BOIUTH JI0
3MIHM TPUBAJIOCTI JKUTTA HOCIIB 3apsly, K1 HE 3HAXOIATbCs B piBHOBa3l. Lle sBuie
OyJ0 MIATBEP/KEHO MOCTIKEHHSIMH KIHETHKU (DOTOMPOBIIHOCTI K y TMEPBUHHUX
wiiBkax CdTe, tak i B runiBkax CdTe, siki 3a3Ha/Ii BIUIMBY HAHOCEKYHIHHMX IMITYJIbCIB
pyOiHOBOTO Ja3epa.

CrtBopennst miiBku Te Ha moBepxHi CdTe BHMHMKae BHACIHIJOK HarpiBaHHS
noepxHi CdTe no meBHOI TemriepaTypu TMiJ BIUIMBOM IHTEHCHUBHOTO JIa3€PHOTO
BurnpomintoBanHs. [Ipu 11iii TemriepaTypi OJMH 13 CKJIaIOBUX €JIEMEHTIB B KOMILIEKCY
(dacTo KaaMil0) Ma€ MOTEHINAN MiJIaBaTHCs TJIABJICHHIO 1 MapoyTBOpeHHI0. Temyp
Mae OUIbILY TEeMIIepaTypy BUIIAPOBYBAHHS 1 3aJMIIAETHCS B aMOP(pHOMY CTaHi Ha
noBepxHi. [IpocTime kaxyud, Kaamiil OUIbII CXWUJIBHUN 10 BUIAPOBYBAaHHS, HIX
Teyp, 1 TOMy OyJie BUTIApOBYBATUCS 3 MOBEPXHI paHiiiie, Hix Tenyp. [Ipu nocsaruenHi
MIEBHOTO MOPOTY IHTEHCUBHOCTI TETYpP MOYMHAE BUTIAPOBYBATHCS.

Ha cnektp ¢oTOnpoBiHOCTI CHIIBHO BIUIMBAIOTH XapPaKTEPUCTHUKU MOBEPXHI,
TaKl SIK ICHYBaHHSI OCaJ[)K€HHSI OKCHJY, BJIIACTUBOCTI TPaBJIEHHS Ta 0OPOOKH (pIBEHb
nomipyBanus). [lik @Il mnoB’s3yloTh 3 TNOTIMHAHHSM, 10 BiIOYBa€ThCS B
oesmocepenHid  OMU3BKOCTI Bij 3abopoHeHOi 30HU. IlikoBa OBXKHMHA XBHWII IS
TeIypUAy KaJMIlO0 CTAaHOBUTH OnM3bKO 845 HM, 110 BianoBijgae eHeprii gporona 1,46
eB. Cnig 3a3HaunTH, IO II€ 3HAYCHHS € HAOJMKECHHM, OCKIJBKH JIOMIIIKOBI CTaHH
3a3BUYAN 3HAXOASTHCS TMOOJIM3Y CMYyrd. YIIMPEHHS TOB’si3aHE 3 JIOMIIIKOBHMH
PIBHSIMU B OKOJII BaJE€HTHOI 30HM 1 30HM NPOBIJAHOCTI, II0 MalOTh NEBHY T'YCTUHY
CHepreTUYHUX CTaHiB. Takok CIiJ 3a3HAYMTH, IO B HAIIIOMY BHIIAJKY 33 PaxyHOK

HIBUKOTO OXOJIO/DKEHHS pO3IUIaBy Ha OINPOMIHEHIH MOBEpXHI YTBOpEHA ILTIBKa
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TEIypy € aMOP(HOIO 1 3 HACOM KPHUCTAIZYEThCS. AJie K BIJOMO, 1110 30HHA CTPYKTypa
(eHEepreTHYHMI CHeKTp) B aMOp(PHUX HAMiBIPOBIIHUKAX € CYTTEBO BIIMIHHUM Bij
KPUCTAIIYHUX HaIIBIPOBITHUKIB 1 XapaKTEPHU3YEThCA XBOCTaMU T'YCTHHHU CTaHIB Ha
Kpasix BaJICHTHOI 30HU Ta 30HU MPOBIAHOCTI, MO PI3KO CHAAar0Th. TakKoX B
3a00pOHEHII 30H1 HasiBHI €eHEPTeTUYHI CTaHU, OB’ s13aH1 3 aMOPPHOIO CTPYKTYpOIO. 3
OOKy Manux JOBXKHH XBWIb (Benuka eHeprii (oToHy) (OTOMPOBIIHICTH
BU3HAYAETHCS TOBEPXHEBUMHM CTaHAaMH 1 TEMIIOM 30HA-30HHOI TeHepamii 1
pekoMOiHamii. 3 OOKy BEJIUKUX JOBXHH XBWUJb (Majia eHeprii (HOTOHY)
(OTOMPOBITHICT BU3HAYAETHCSI EHEPTETUYHUMU PIBHSAMH, 11O JIEKaTh B 3a00pOHEHIN
30H1. JlaHi piBHI MOB’sA3aH1 3 JIETYBaHHSM, 3 HEKOHTPOJIHOBAHUMU JIOMIIIKAMU Ta 3
aMOphHOI0 CTPYKTYpOIO. YIIUPEHHS JIiHII ICAS OMPOMIHCHHS ITOSICHIOETHCS
HAsBHICTIO YMCJICHHUX JIOJAATKOBUX CTaHIB B 3a00pOHEHIA 30HI Ta Ha Kpasx 30H
CdTe, mo yTBOpHINCH BHACIHIIOK J1a3epHOI 00poOku. 30inbiieHHs I, (poTocTpymy)
MOSICHIOETHCS PI3KMM 3MEHIIICHHSIM OTOPY MPHUITOBEPXEBOTO MIAPY 32 PaXyHOK TUTIBKA
TeIypy, 10 Ma€ BUCOKY MPOBIAHICTH; a/pKE BIJIOMO IO IIHPHHA 3a00pPOHEHOI 30HU
Te cranoButs 0,33 eB, 1m0 € Habarato MeHIIMM 3a IMKUPHHY 3a00poHeHOoT 30HM CdTe.
Jlane 3pocTaHHsl BeIMYUHU (DOTOCTPYMY B KPUCTaJl MICIS JA3€PHOTO OMPOMIHEHHS €

BOKJIMBUM JUISI CTBOPEHHS (POTOICTEKTOPIB.
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BucHoBkmu 10 po3ainy 4

1. Byno 3HaiifeHo 110 B Jlana3oHi TPOTSHKHOCTI JIa3epHUX IMITYJILCIB B MEXax
Bin 7 HC mo 120 Hc, mopir maBiaenHs CdTe 3Ha4yHO 3anexuTh Bix KoedimieHTa
noTJuHAHHSA o(A). 3aBISIKU TOMY 110 IIMOMHA TETUIOBOI TU(y3ii cTae 3HAYHO OLIbIIe
HDK TIMOMHA IPOHUKHEHHS Ja3epHOro BuIpoMiHioBaHHsS B CdTe s iMImynbciB
OPOTSUKHICTIO JIOBIIE HDK 1 MKC, BOHAa TIOYHAE 3aJeKaTh B CHEKTPaIbHOI
3QJIEKHOCTI KoedilieHTa BIAOMBHOI 371aTHOCTI R(4). Byno BcTaHOBIEHO IO MOpIr
IJIABJICHHS 3HAYHO 3MIHIOETHCS KOJM JOBXWHA XBWJl BHUIIPOMIHIOBAHHS A
3MIHIOETBCS JUI OLIBII KOPOTIIUX NPOTSKHOCTEH JIa3€PHUX IMITYJIbCIB 7).

2. 3HaiiJIeHo 10 3MIHU B MapaMeTpax HEPIBHOBAKHUX HAJUIMIIIKOBUX HOCIIB,
TaKuX SIK 30UIBIICHHS B IIBUIKOCTI MOBEPXHEBOI pexoMOiHailii C Bif 10% m/c 1[0105
M/c 1 Takok B rubOuni nudysii Lp Big 0,4 MKM 10 2 MKM MOXYTh 3MIHIOBAaTH TOPIT
wianenHs CdTe monaiimenme nHa 25%. Moaymsiiss TPOTSHKHOCTI  IMITYJIBCIB
pybOiHOBOTO 7na3zepa B Mexkax (20 +5) Hc mpuBoauth A0 35% 3MIHM BIJJHOCHOTO
nopora 1utaBieHHs AL/ ly,.

3. OOuucneni 3HaueHHs mopora riaBieHHss CdTe moOpe cmiBBiTHOCATHCS
no0pe 3 eKCHEpUMEHTAIIbHUMH JaHUMHU BioMHUMH 3 JiTeparyp. Otpumani
pe3ynbTaTi OyJau BUKOPHUCTaHI JUIsl ONTHMI3AIi Ja3epHO-CTUMYIHOBAHOT 0OpOOKHU
TIOBEPXHI 1 CTUMYJTLOBAHOTO JieryBaHHs kpuctaiiB CdTe.

4 bynmu mnpoBeACHI CHEKTPOCKOMIYHI JOCTIIKEHHS (OTOMPOBIAHOCTI Ha
TeTypUal KaaMIO i J1€l0 HAHOCEKYHJHUX IMITYJIbCIB pyOiHOBOrO Jjasepa. bymo
BIIMIYCHO 3HAYHWHA BIUIMB CTBOPCHHs Imapy Tenypy Ha (GOTONPOBIIHICTS.
JlocmikeHHsT TOKa3ajid, [0 ICHYBaHHSA Iapy TeIypy MPHU3BOIUTH 10 3MiH
CHEKTPalIbHOI  3aJeKHOCTI  (OTONMPOBIAHOCTI, MPUYOMY HANOUIBII  3HAYHE

MOJTIMIIICHHS CTIOCTEPITA€ThCS B KOPOTKOXBUIIHOBIH 00JIACTI.
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PO311J1 5. TABEPHO-IHAYKOBAHI HAHOCEKYHIHUMUA
IMITYJIBCAMMU ITPOHECHU MACOIIEPEHOCY TA ®OPMYBAHHS
ITHBEPCIMHUX I BAPI3OHHUX IIIAPIB B TBEPJJUX PO3UMHAX HA
OCHOBI TEJIPIAY KAAMIIO

Beryn

Ha choromni siBuIlle BHCOKOI PYXJIMBOCTI aTOMIB Yy KpHUCTajax IpH
IMITyJIbCHOMY J1azepHOMY ornpomiHeHH1 (IJIO) Mae Benuke nmpukianHe 3HaYCHHS IS
TBepA0(ha3HOTO JICTYBaHHS HaIliBIPOBiIHKKIB, ocodauBo CdTe ta CdZnTe, nuisixom
ONPOMIHCHHS IMIyJbCaMH Jla3epa CTPYKTypu MeTai/HamiBnpoignuk (CdTe) vy
3B’SI3Ky 3 €(EKTHBHICTIO, TEXHOJIOTIYHICTIO, BIATBOPIOBAHICTIO Ta 3PYYHICTIO Y
BUOOP1 mapamMeTpiB MPU BUTOTOBJICHHI AETEKTOPIB YYTIUBUX JI0 PEHTT€HIBCHKOTO Ta
raMma-  BUIOPOMIHIOBaHHS 3  HU3bKMM  pIBHEM IIyMIB 1  BHUCOKHUMHU
CHEKTPOMETPUYHUMHU XapaKTEPUCTUKAMU Ha OCHOBI JI10JIB 3 PI3KUM P-N-IEPEX00M
Ha MaJjii rmouni [121-129].

VY TOlf Xe Yac MexaHI3MHU MpOIeCy MacOIlepeHOCy y CTPYKTypax IUTIBKa
MeTtany -HamBOpoBiZHUK Tpu [JIO Ha chorogHi € 3’sICOBaHMMH HEIAOCTATHHO, Yy
HepIy Yepry JUisi IPOTHO3yBaHHS Ta KOHTPOJIbOBAHOT 3MIHU (DI3UUHUX, EIEKTPUUHUX
1 GOTOENEKTPUYHUX XAPAKTEPUCTUK HAMIBIPOBITHUKOBUX CTPYKTYP.

CkiamHICTh MEXaHI3MIB MAcCONEpPEHOCY MpH HAHOCEKYHIHOMY ONpPOMIHEHHI
00yMOBJIEHA HECTAIIOHAPHICTIO, HEPIBHOBAXHICTIO, (DI3UUHOIO TA TEOMETPHUYHOIO
HEJIIHIAHICTIO, BUCOKOIO IIBUIKICTIO | OTHOYACHICTIO MPOTIKAHHS PI3HUX (PI3UUHUX
IpoIIeciB; 30KpeEMA 11€ 3MIiHA arperarHoro CTaHy TBEPAOTO Tijd, FeHepalist IpyKHUX
TA yAAPHUX XBWJIb, 3HAYHUX TPAMIEHTIB TEMIEPATYp | HANPYT, NEPEKTOYTBOPEHHS,
audysis ta 1. [125]. Metoro, HA gaHoMy ertamni poOOTH, OyJ0 BCTAHOBIEHHS Ta
aHa1i3 JOMIHYIOUMX MEXaHi3MiB MacomnepeHocy iuiro B CdTe npu HAHOCEKYHIHOMY

nazepHomy onpominenHi ctpykrypu In/CdTe [130*].
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5.1 IMpouecu maconepenocy [130*]

J1Jis1 BUBUEHHSI MacOIlepeHOCYy Oy/u BHKOpHcTaHi kpuctaau p-CdTe po3mipom
5x5x%0,5..3 Mm® 3 maromuM oropom (2-4)-10° Om-c, opienramis (111), KommercoBaHi
Cl. Tlepen HaHeceHHSAM-IUTIBKY 1HIIO MOBEPXHS XiMiUuHO moJipyBanack. [LmiBka In
3aganoi ToBmmHU (30 - 400 HM), HaHOCWJIACh MUIAXOM TEPMIYHOTO HAMUJICHHS Y
BaKyyMi ipu THCKY 107 aTMm.

Hudysisa ingiro B CdTe npu JIO BinOyBaeThcs B yMOBax 3HAUYHUX TPATI€HTIB
TEMIIepaTypd Ta TepMONpPYX HUX (1 TUIACTUYHUX) HANpyr TPH  CUJIIBHO
HEOHOP1THOMY HarpiBi MO rIIMOUHI.

BignoBimHo 1o pospaxyHkiB mpoBeaeHux B [131], mpu IJIO crtpykTypu 3
ryctuHoro eHeprii E = 50...400 mJlx/cM? Ta Koe(iIl€eHTI ONTHUYHOTO BiIOMBAHHS
;o R = 0,8, mBUIKOCTI HApOCTaHHS Ta TPAJIEHTH TEMMEpaTypu 1 TUCKY IO
rIMOMHI jocararoTh 3Hauenb: dT/dt = 6-10°...5-10% rpag/c, dT/dx = 108...10°
rpan/m, dP/dt = 4-10™...10" ITa/c, dP/dx = 3-10"...3,6-10" ITa/m.

[ToB3moBxHii rpamieHT TUCKY y TBepaii ¢asi mpu IJIO dP/dx = ar(T)EdT/dx
pPO3paxoByBaBCS K 3 YypaxyBaHHSIM TeMIepaTypHUX NpodUIB il OOYMCICHHS
dT/dx, tak i Tucky P Ha moBepxHi. Tyr E — monyns OHra, ar(T) — xoediiieHT
JTHIHHOTO TepMiuHOTO posmupeHHs. [Tix aiero MexaniuHoio cuim [125, 128-129]

4 1-v?
=————G(Q,-Q,)V(a,T
3(1-2v)° ( e (5.1)

P
BiIOyBaeThCsl MU(Dy3is aTOMIB 1HAIIO 3a PaxXyHOK PI3HMIN KOBAJECHTHUX PaJiycCiB
(munaramiiaux 00’emiB) gomimiku In ta Cd abo Te, ado Gapoaudysis. Ilix miero

TepMiuHoi cuu [125, 128-129, 131]

1
F.=——QCloc,/c,)VT
T 3 0 <O-0 O-|> (52)

BiIOYBAETHCS TePMOAH(PY3is 32 paXyHOK (POHOHHOTO 3aXOIJICHHS aTOMIB JOMIIIIKH,
KOJIM aTOMH JOMIIIIKH TIEPEHOCITHCS 3 TapsAIUX MICIb Y XoJoaHi. TyT v - koedirieHT
Ilyaccona, G — moaynb 3CyBy, £y Ta € nunaraiiiiHi 00’€MH aTOMIB OCHOBHOI1
pedoBHHH 1 gomimkH BinnosigHo, C — temnoemuicts ([x/K, piBHa C,p — nutoma

TEIUIOEMHICTh Ha TYCTUHY) (0 /0;)— ycepeIHEeHe BiIHOIICHHS IEPETUHIB PO3CISIHHS
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(OHOHIB aTOMaMu OCHOBHOI PEYOBMHHU Ta JOMIIIKK BiAMOBIAHO. CHiM 3a paxyHOK
rpajleHTy NpyXHUX Hanpyr Fp 1 Temmneparypu Fr CHpUYUHSIOTH TEPEHECEHHS
aTOMIB 1HJIIO 13 apeiidoBoro mBuakicTio [128-129, 131]

v=D(F, +F,)/kT (5.3)
Ipu VT = 1,8 10'° K/m no moxymo cuma- |Fp|~107*2H, |F;]~10"1*H, to6T0 cnia
3a- paxyHOK PI3HMII JujaTalifHuX 00’eMiB Oulblla B COTHI pasiB. Po3paxyHku
3po0JieH1 3 HacTynmHux MipkyBaHb. Atomu iHAit0 B CdTe nmpu UUIO mudyHayoTh
NEePEBAXHO MO MDKBY3JISIM, 1 Aam 3aiiMaroTh BakaHcli kaamito. B CdTe mpucytHi
BakaHcii (B) kaamito Ta Temypy, npu IJIO iX KUIBKICTh 3HAYHO 30UIBLIYETHCS -
KoHIIeHTpalliss B 1 mixkBy3noBux atomiB (MA) mig yac aii Ja3epHOrO IMITYJIbCy
OIMHUCYETHCS BUPA3OM

—E.

kT (x,1) (5.4)

ne E, = Eyo — (4E+ AE,); Ey — mepBicHa eHepris yTBOpeHHs BakaHcii, AE;, AE, —

n(x,t) = noexp

BIJINMOBITHO 30UIBIIICHHSI €HEPrii BakaHCIi 32 paXyHOK MiABUIICHHS TEMIIEpaTypy Ta
KOHLIEHTpalli caMuxX BakaHCId. E, — mepeHopMoBaHa eHeprisi YTBOPEHHSI BaKaHCIH,
10 € PYHKITI€I0 MBUAKO3MIHHHUX (JIECATKH HAHOCEKYH]T) MapaMeTpiB - TEMIEPATypH
Ta KOHIIeHTpamii BakaHciii. OkpiM Toro, Komruiekcu (Vcg-Clye) mmcorirorors Ha
BakaHcii Cd 1 Cly, sixi Oynmu B komriuiekci [121]. 3 Bupasy (4) cruigye, Mo Mpu
nigBuienHl temrepatrypu Ha T = 300 K xonmentparist Veq 30U1bIIyETHCS Ha 4
TTOPSIJIKH.

[Ipu 1JIO renepyeTbcs BenWKa KUIBKICTh HEPIBHOBOXKHHMX BakKaHCiM, MA,
nedextiB Openkens, npu 1IbOMY Ty ~ 105%¢ << T ~ 0,7-2- 10% — (7o - Yac MopAAKY
nepiojly KOJMBAaHb AaTOMIB KpPHUCTAJIYHOI TIpaTKW), BIANOBIIHO 1udy3is Oyne
BiI0YBaTUCH TIEPEBAKHO MO BakaHCisiMU Ta MA, nipu 1ipomy (110 BaxkJIuBO) st MA
€Heprisg Mirpaiii MeHIIe eHeprii Mirpariii s aTOMiB y By3Jax.

Takum unHOM, y Qopmynax (1-3) aunarauiiini o0’e€Mu IJisi aTOMIB Bi3bMEMO
U BakaHcil Ta MA BiamoBigHO.  ~ ag, TyT a — BijicTanb Mix aromamu Te u Cd B
CdTe, a = 2,805 A, Kopanentsi pazniycu atomis kaamito — 1,48 A, tenypy — 1,32 A,
In — 1,44 A, ionnnii paniyc In+ = 1,3 A. KosanenTuuii pagiyc xnopy Cl 0,99 A,
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ionnuit (CI) — 1,82 A. Jlunarauiiiauii 06’em Bakancii npu6musuo pisuuii 0,5-0,6 Q,
st MA pisauii 1-2 Q. 3 dopmyn (1, 2) BUIUIMBaE, 110 YUM OUTbIIA PI3HUI MK
BeJIMUMHAMU ; Ta {2y, TUM OlbIIa OyJie cuiia 6apoaudysii.

BinnmoBigHo, mo mMexaHizmy Audy3ii «MIKBY3JIOBI aTOMU» - «BaKaHCI» JaHa
cuia 1mo MoAyito Oyzae Oulblla, HIX Yy BUMAAKY Iudy3ii Mo MEXaHI3My 3aMilIeHHS
(aromamu ixgiro Cd i1 Te). Jlo Toro x, mast B ta MA ycepeaHeHe BiIHOIICHHS
NIEPETHHIB PO3CitoBaHHS (DOHOHIB op/oya Oyae Bxke MeHme 1 (mpubiusno 0,5). Takum
YUHOM, y BHUIAQJKy aTOMapHOro MexaHizmy audysii B - MA OGaponudysis Oyne
JOMIHYIOUMM MEXaHI3MOM CIIPSMOBaHOro mnepeHocy aromis mpu 1JIO, y Bumaaky
mudy3ii Mo MexaHi3My 3aMilIeHHS CHJIM TepMo- 1 0apo- nudy3ii OyayTh MPaKTUYHO
PIBHI.

Mo>kJIMB1 TaK0oX BUIMAIKHU AUQPY31i BOPOBAKEHUN aTOM 1HJIIIO — BaKaHCIs, a00
MA iupiro — atomu Te i Cd y By3nax rpar, TyT JOMiHyBaHHs O0apoaudysii Oye 1e
cnabkum. Takoxk 3a mexanizmom Oapoaudysii MA In Oyae nudysHmyBatu yriaubd
CdTe mo Bakancism Cd B moii mpyXHOI XBHWJII, OCKIIBKM BCTaHOBIeHO [121], mro
1HBEpCIA 3 p-TUITYy TPOBIAHOCTI Ha N-TUM BiI0YBAETHCS 32 PAXYHOK 3aHSATTS aTOMaMU
In BakaHciii kagMit0. Takox e ciliaye 3 KOHIEHTPAIMHOro npodiito — HasIBHICTh
MIHIMYMY Ha pO3MOJ1I1 KaaMIIO.

BigzHaunmo, mo BeawyumHH — TermnoeMHIcTh C, Moaynb 3cyBy G, koedirieHT
JIHIAHOTO TEPMIYHOTO PO3IIUPEHHS 07 3 TEMIIEPATYPOIO, IO JOCATAETHCS B HAILIKUX
eKcTiepuMeHTax, 3MiHIOI0ThCS Ha 20...30 % [127, 132]. 3Bu4aifHO X, KOHIICHTpAIIis
MA Tta B Oyae 3anexatu BiJ TepMmoHanpyr npu [I/IO, ane BIUIMB TUCKY Ha
KOHIIEHTpaIlito MA Ta B He 30BCIM OJHO3HAYHUN — 332 OJHUMU JAaHUMH P TiJIBUIIY€E
KOHIIGHTpAIif0, 3TiAHO TIEBHUX IHIIUX MOJENe — 3MeHnrye [Hanmpukian, 135]; ane
0 JOCTOBIDHO — TpPaJl€HT TEPMOMEXaHIYHUX Hampyr (00JlacTb CTUCKY Ta

po3impeHHs) rnepeposnoaiise B u MA (puc.5.1).
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1) ImoynscHuil Harpis  2) IIpomecn BUIapoByBaHHS, aOIIAIll, JTa3epHOro
< npo6oro, IIaBIeHHS Ta KpHCTaIi3arii

A

HanpAMOK

grad7 Ta gradP HanpsMmok gradP

TloTik aToMiB Ta ioHiB

v

-

<—

<

<—-

‘—

‘_
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< 7, |

T
:'/ 061acTH \\ Qp<Q;ab0 Q> Q; ~ : & o6.1acn,\\
0 posTary ! ObymoBmoe iMmyase 1\ crHcky )

. o Qca> Q Bizmaui S o

Pucynox 5.1 — ®akropu (mpuurHM) TeHepallii TUCKY TPU HAHOCEKYHIHOMY
Ja3zepHoMy onpoMiHeHHi cTpykTypH In/CdTe B atmocdepi (moBiTps um raz) abo y

Bakyymi [130%]

Ha pucynky 5.1 mpeactaBieHO po3fin (akTOpiB CTUCKY Ta PO3TATY
KPUCTAJIYHOI TPATKU MPUIIOBEPXHEBOTO IIapy Ha HampsAMOK nudy3ii atomi, MA Ta
B B 3anexHOCTI Bixg pizHAII Q) - . Ockinbku Fp Oinbina Fr, HanmpsMok cripsMOBaHOT
mugy3ii 3aJeKUTh Bl 3HAKY pi3HULL Q) - 9. B nanomy Bunaaxy (puc.5.1) npucytHs
TaK 3BaHAa XBWIA PO3BAHTAKEHHS — B CTOPOHY HAMpsIMKYy ONPOMIHEHHS, TOOTO
npodinae Aedopmallii 3HAKO3MIHHUHN 3a PaXyHOK PO3TATY Ta CTHCKY, 110 0OYMOBIIIOE
3MiHY HanpsaMky audysii MA ta B.

HpeitdhoBa mBuakicte V ~ Va;l ta VT (3rigno dopmyn 5.1-5.3), Tomy B
obsiacti HabubMX BenuuuH Vorl (Tta/abo VT) mBUAKICTE pyXy aTOMIB 1HJIIO
MakcHuMalibHa. Po3paxyHOK MIBHIKOCTI aTOMIB 1HJIIO B TI0JII TEPMOIPYKHUX HANPYT
o (opmymi (5.3) 3 ypaxyBaHHAM eKCIIEPUMEHTANBHO po3paxoBaHoro D = 5,2:107
cM/c 3 puc.] mae 3HaueHHs V = 2,6 cm/c [130%].

CepeaHio IIBHIKICTH CIPSMOBAHOTO IepeMilieHHs atoMiB iHmio B CdTe
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OIMIHUMO TaKOX 3 eKcrmepuMeHTanbHoro Tpodimo [130*%, 131]. Bpaxyemo
OJIHOYACHICTh MPOIECIB BUMAPOBYBAHHS IOBEPXHI IUIBKA Ta MAaCONEPEHOCY —
NPUOIM3HY JOBXHHY TIEPEHOCY aTOMIB 1HAII0 Bi3bMEMO Big 6 10 15 HM + 6 HM, 11e
CyMa TIOJJOBUHU TOBIIMHU IUTIBKHM 1HAIIO Ta BIJACTaHI MO iKYy, € KOHIICHTpAIlis
aromiB In MakcuManbHa Ta 00yMOBJIEHA X mepeHocoM 3i mBuakictio (v, ). Toxai (v,)
= (6...21 um)/100 HC = 6...21 cm/c. JlaHa BenvuMHA MBHAKOCTI aroMiB iHai0 B CdTe
3a MOPSIKOM BEJIMYMHU 301ra€Thes 31 MIBUAKICTIO 10HIB ZN y P-N- nepexoai GaAsP -
cTpykTyp (14 cMm/c) mpu iX mepemilieHHl 3a paxyHOK TPalEHTY TEPMOIPYKHHUX
Hanpyr npu HaHocekyHaHomy [JIO [129], a Takox 30iraerscsi i3 CEpeaHBOIO
HIBUJIKICTIO PyXy aTtoMiB (v, ) = 13 cM/c y NpUIIOBEPXHEBOMY Ilapi METAJIB MPH iX
HaHocekyHaHoMy 1JIO [133]. TeopeTnyHo MakcuManbHa BEIHMYMHA IIBUIKOCTI PYXY
nomimkoBux atomiB Cu B GaAs mpu IJIO mocsrae v = 180 cm/c [128]. Tam xe
MOKa3aHo, 1110 MAKCUMYM Y PO3MOILUT 3a MIBUIKOCTIMU aTOMIB JOMIIIKH BiOBIA€
MaKCHMaJbHOMY 3HAYEHHIO TEPMOIIPYKHUX HAIMPYT Ta TPATIEHTY TeMIIepaTypH.

IBUAKICT, PyXy YACTHHOK MaTepiany (IMIBUAKICTh TpaHl MPU CTUCKY) Yy
HAWTIPOCTIMIIN 33724l IPO yAap MpU parnTOBOMY MPHUKIAJACHHI MOCTIHOI CTUCKAOYOi
CWJIHM JI0 TUIa 3 ypaxyBaHHSIM HOTo HEMEpEepBHO PO3NOAUIEHUX AehopMalliiiHUX Ta
IHEPIIMHUX BJIACTUBOCTEH MOXKHA TaKOXX OIIHUTH 3a (DOPMYIIO0 U = O’/\/Q_E [134].
Tyt p — ryctuHa, ¢ - HOpMaJIbHA HaMpyTa Mo NepeTuHy, 1 npu ¢ = 2,15 MIla — mexa
MIITHOCTI TIpH CTUCKY In, V = 24 cMm/c.

B yMoBax BHCOKOEHEPreTM4YHOi [ii MpU HAHOCEKYHJIHOMY OIIPOMIHEHHI1 B
KPHUCTAJl «3aKauyyeThCs» €Hepris, 10 aKyMYIIOEThCS Y BUIIISLII 30yMKEHUX CTaHIB
MIKBY3JIOBI aTOMU-BAKAHCIi, MOTIM €HEPris BUBUIBHSETHCS y BUIIISAL MOTOKIB MA,
BaKaHCIi Ta aToMiB y noui TepMmonpyxuux Hanpyr. [Ipu IJIO audy3is BinOyBaeTbes
MEepPeBaXHO 3a MDKBY3JIOBUM MexaHizMoM [135-136]. [Ipu mepeBumienHi eneprii
TU(YyHAYIOUOr0 aToMa BHUCOTH MOTEHUIMHHUX Oap’e€piB aTOMIB pEIIITKH, abo Mpu
nepeBHILeHH] eHeprii akTuBawii pyxy AE, MA Oyzae 6e3akTuBaliifHO EPEHOCUTHCH
B IMOJI MNpPYyXHOI XBWII, BiIOyBaeTbcsi Horo "3axomeHHs" [136-137]. Ilpu
nepesuiieHHi AE eneprii TemnmoBux konuBaHb (kT) mexaHi3M MacomnepeHocy

BU3HAUYAETHCS HeAudysiitHowo mpuponoio [136]. [Ipore B nbomMy BUMAAKY Tpai€HT



96

THCKY dP/dx y ipy)HOMY iMmybci mosuHeH mocsrati 510%™ Ta/m [136-137]. Tomy
pO3paxoBaHi BUIIE TPAJIEHTH HANPYr HEIOCTAaTHI JJisg 3AIMCHEHHS ITOBHICTIO
Oe3akTuBariinoro pyxy MA In, ane Bce-Taku BEIWKI 1 JOCTaTHI JJIS iX IIBUIKOTO
TEPMOAKTUBALIMHOTO PyXY (TepMOGDIYKTyaIliiHUX MEPECKOKIB) B HAMPSAMKY i1 CHIIH
Fp 3 npeiidooro mBuakictio V= DFp/ KT.

SIkmio paniyc aii moms 3cyBy HEBENMKHN (HAMPUKIAN TpHU 3aMimIeHH] BaKaHCI
MA, nedext IloTki), Te mpu 00paxyHKy 4Yacy penakcarii moTpiOHO KOPUCTYBATHCS
BUPA30M, OTPUMAHUM Y MPHITYIICHHI JIOK&IBHOT 3MIHK MacH Ta CHJIOBUX TOCTIHHUX.
VY Takux BHUIAIKAX AOOpUM HAOIMKCHHSIM € MOJEIh PEIICEBCHKOTO PO3CISHHSA, |

NICPETHH PO3CISIHHS MOYKHA 3amucat y Gopmi

on =0t (2) +4(2)] 69

ne 0G — JokanbHa 3MiHA MOJYJIS PY>KHOCTI LEHTPY PO3CISIHHSA 3 PajilycoM Ty, 0D —

: : : . L . 4 AM
BIJINOBIJIHA 3MIHA T'YCTUHH. Bi1moBiiHUN XapakTepHuid o0’ eM V = ?7‘03, 6D = .
0

g — XBWIbOBHI BekTOp (poHOHY. [lepepi3 po3cisiHHA, 110 BiAMNOBIIA€ JTOKATBHINA 3MiHI

CWJIOBHX MOCTIMHUX Ta Macu (pO3CisiHHS Ha JAepeKTax Macu), piBHUM

0=ZiﬁK%§2+d¥}ﬂed=2k%k%bﬂ (5.6)

Tyt ® —yacTtora (hoHOHY, KOHCTaHTa b piBHA 24.
[IpakTHyHO BHECOK PO3CIFOBAHHS HA Mepepisi, 10 BiANOBIIAE JIOKAIbHIN 3MiHI

CWJIOBHX CTalluX, CTa€ nepeBakarovoi Bxke npu € > 0,1. 3okpema, mais OUTBIIOCTI

) ) . 6G )
HATIBIPOBIHAKIB — ~ —4¢&, TOMI

d=2P+%d=2k+%ﬂ} (5.7)

ri—To

Beanunna € = , JIe Tj — pajilyCc JTOMIIIKKA B MaTpPHIIi, Ig — PajlyC BIACHUX

aTOMIB peUITKU. BilMmoBiAHO 10 130TPOMHOrO0 KOHTHMHYYMY Ta C(EepHU4HOT MO

. N . ri—ro U
JOMIIIKK 3 00’eMHUM MojaysieM Gi, Il OLIHKK € OyJeMO MaTu & = o 1’ hi(S
0
(1—1.7)Gl' o . ’ . . ‘o . .
= 20z’ V - xoeoiuient Ilyaccona, r; — paailyc AOMIIIKK y BJIACHIM PEIIITIIL.

3a3Buyaii y TBepaux posurHax Gj = G. Po3paxyHOK BigHOIIEHb mepepisiB (0y/0;) y

dbopmyi 2 mpoBoauBCs 3 TakuMmu AaHuMu: V = (0,3 , miama3oH 9acToT (OHOHIB B3SITO
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o = (1...5)'1012 [, ockinbku mgaHuWil miama3oH eheKTUBHO 30ymkyerhes mipu 1J10,

IIBUJIKICTD MOITUPEHHS aKyCTUYHUX XBUJIb LV = 3300 M/c. AtomHi macu: Cd — 112,41,
Te — 127,6 , In — 114,82, Crana I'pronaiizena y = 1. ro = 1,4 A (CdTe), r; = 1,44 A
(In).

5.2. Po3paxyHOK riu0uHH yTBOpeHHs yaapHoi xsuii [130*]

OnHuM 3 MOXJIMBUX MEXAHI3MIB MEPEHOCY arOMiB 1HJII0 BIIIMO KpucTaia
CdTe npu IJIO mOxe Oytu OaraTtOKpaTHE iHIWBIAYAIbHE 3ITKHEHHS ATOMIB HA
¢ponTti yaapHoi xBuwii (YX), npu upOMy uepe3 GpOHT YX sk 4€pe3 NOBEPXHIO
pO3pUBY HEMEPEPBHOCTI TEPMOIUHAMIYHUX BEJINYMH (HOpMAUTHHUT
rIAPOAMHAMIYHUN PO3pHUB) TEYE MOTIK PEYOBMHM. TyT yaapHa XBHWJIA - XBHJIA 3
«MEepEeKUHYTUM» npOoduieM (PpOHTOM), 10 € pyXOMOK Yy HAMIBOPOBIIHUKY
MOBEPXHEIO pO3pUBY HEMEPEPBHOCTI TUCKY, T'YCTHUHHU, Temneparypu [125]. JliiicHO,
OKpiM 30HM TEPMIYHOrO BIUIMBY, HAWOUIbII IHTEHCHBHA TEHEpauis AeQEKTIB
BiIOyBAETHCS came B 00macTi PpouTy YX y MOMEHT ii ¢OpMyBaHHs Ta pyXy, I€ 1
CHOCTEPIra€EThCS MAKCUMYM KOHUEHTpALl TOUKOBHX 1 CTPYKTYypHUX AEEKTIB [140-
141], a TakOk MakcHMyM MIKpOTBEpHOcTi [142], MmO BKa3ye HA JIOKAIbHUN
Maconepenoc [125].

Ha puc. 5.2 naBeneHno po3paxyHOk riauOuHu yTBOpeHHs Y X B iHaii Ta CdTe B
3JIEAKHOCTI BiJ TYCTHHHM 1HTEHCUBHOCTI JI3epHOr0 iMnynbey (I = E/1) y HpOKOMY
IHTEpPBAJI IHTEHCUBHOCTEN MpU yTBOPEHHI 1HBEPCIMHMX TA BAPI3OHHUX mapiB. R —

KOe(ilieHT ONTUYHOTO BiJOMBAHHS.
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Pucynok 5.2 — ['nuOuna yrBopeHHs yaapHoi xBuii B iHail (1-4) ta CdTe (5 ta 6) B
3aJIEKHOCTI B1J] €Heprii iMiynbcy ekcumepHoro (1, 3, 5) ta pybinooro (2, 4, 6)
nazepa. Jns inairo R=0,6 (1 tTa2)iR=0,9 (3 ta4),
it CdTe R=0,43 (5 ta 6) [130*].

Jlauuii po3paxyHok riubuau yrBopeHHs YX lyy 3rimHo Bupasy 3 [125] Bkazye
Ha Te, IO Taka XBWJIS B ONTHUMaIbHOMY piana3oHi ompomiHenHs - E = 10-500
MJI)K/CM2 HE BUHMKAE B IUIIBI 1HI1}0 TOBIIMHOO 0 7 MKM (puc.5.3), 1 IpU TOBILKHI
In 30-400 uM dopmyeThest Bike B 00’eMi kpuctany CdTe Ha BiacTaHi, 1110 HabaraTo
NIEPEBUIIY€E TIMOUHY POHUKHEHHS 1Hi0 |, (puc.5.1), a Tomy mporec GopmyBanHs
Ta nowupeHHss Y X He € JOMIHYIOUUM MEXaHI3MOM MacONEPEeHOCY 1H/III0 B TEIYpHUi
KaJIMif0, X04a 1 MPU3BOJIUTH O BAHUKHEHHS Ta MEPEPO3MOIIITY TOUYKOBUX e(PEKTIB.

[Ipu Temneparypax [JIO 3HAYHO aKTHUBYIOTbCS MPOLIECH KOHILIEHTPALIHHOT
nudy3ii. B ogHil 3 moHEpChKUX poOIT 3 MUTAHHS KOHIEHTpamiiHoi qudy3ii mpu [JIO
[143] moka3zaHo, MmO Ha TpaHUI IUTIBKA - MIJKIAJAKA TMOOJH3Y JOCATHCHHS
MaKCUMaJIbHOI TeMIEPAaTypH 3 METAJIEBOI IIJIIBKM B HAMIBIPOBIAHUK 32 KOPOTKUI Yac

TUQYHIYIOTh aTOMH, OCKUIbKH KoedimieHT nu¢y3ii D ekcnoneHuiiiHO 3pocTae 3
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NiABUIICHHAM TeMmreparypu. s 3’sacyBaHHS BHECKY KOHIEHTpauliiHoi nudys3ii
iAo B CdTe y mpouec maconepenocy mipu temnepatrypi IJIO o6paxyemo rinubuny

nponukHeHHs 1D atomiB inaito yriaubd CdTe srigHo hopmynu [143]

0 2T(1)
1, = |[Z=2 D(eydr |
! I (5.7)

tyT D(t) = Dyexp (%) - TOTOYHE 3HaYeHHS KoedimieHTy mudy3ii, Tp=Eq/k ~ 19

000 K - edexruBHa Temieparypa nudysii, o BiAMOBIAae i eHeprii akTuBamii Eyy =
1,6 eB [143-144]. Koedimient nudysii ingiro B8 CdTe nmpu temneparypi Bix 450 mo
1000 °C Bu3sHauaerbcst crmiBBimHomeHHsM D (cm?/c) = 4,1-107 exp(-1,6/kT), i mpu
1000 °C D ~2-10°® em?/c [127, 144].

AJie HaBiTh MpU TakoMy Benwkomy koedimieHTi mudysii iHmito B CdTe npu
1000 °C 1 npu TpuBanocTi BIUIMBY T = 20 HC a0o X 3a 4ac IHTEHCUBHOI peJiakcarlii
TEPMOHANPYT 1 rpagieHTy temmeparypu (~100 Hc), 3HaueHHS |p, KpaTHE Mi>KaTOMHIH
BiJIcTaHi KpucTany, piHe KimbkoM (4...10) ctamum rpatku (s CdTe ne 6,47 A) i
BIJIIOBIHO HA0araTo MEHIIE peajbHOI MNIMOMHH MPOHUKHEHHS aTOMiB iHOIO |, y
CdTe.

Takum umHOM, K mokazaHo Buile, lp < lj, < lyy 1 Tomy mazepua VX Tta
MEXaHI3M YHUCTO KOHIIEHTpaIiiHoi nudy3ii 1HAII0O HE € OCHOBHUMHU MEXaHi3MaMu
MacorepeHocy B cTpykrypi /n/CdTe npu HaHOCEKYHIHOMY JIa3epHOMY OIPOMIHCHHI.
3rilHO0 MOJeNli TPUCKOPEHOTO0 MACOMEPEHOCY Y TBEPIAUX TijlaX IiJ BIUIMBOM
IMITyJIbCHUX HABaHTaXXEHb Ha OCHOBI BUKOHAHHS MPHUHIMIY MPOMOPLIIHHOCTI MIXK
BEITUYMHOIO TIPUPOCTY 00’€My Ta BIAMOBIAHUM 30LIBIIICHHSM MOTEHINIHHOT eHeprii

npu npykHoMy nedopMmyBanHi, koedimieHT qudy3ii [145]

D =D, exp L . T, = gar,
k(T +T,) (5.8)

ne € — nedopmaris, op — KOePilIeHT JIHIHHOTO TepMIYHOTO po3imupeHHs. CTBOpEeHi
JIOKabHI 30ypeHHsI MPYKHUX HANpyr QpoHTOM (MOBEpXHE) O1KYy4Oi aKyCTUYHOL
XBWJII KIHIIEBOT aMIUTITYIU Y TBEPAOMY TUJIl Yyepe3 HasIBHICTh y KOKHUHN MOCI1OBHUMA
MOMEHT 4acy 3HAYHOI'0 I'PJIEHTYy MEXaHIYHHMX HalpyT y MPUIIOBEPXHEBiM 00acTi

(po3mipoM MOpAJKY A/2) y3I0BXK XBHJIBOBOTO BEKTOpa MPHU3BOAATH 10 3MiHU D 3a
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paxyHOK TUMYacoBOi 3MiHH epekThuBHOI Temmeparypu Te = T + T,, 1 BITIOBIAHO - 110
CIPSIMOBAHOTO 3axBaTy aTOMIB /n (DpOHTOM MpPY>KHOI XBHIII (XBHJILOBOTO TMAKETy 3
BHCOKOYACTOTHUX FaPMOHIK).

YtBopeni npu IJIO MA iuaito, sKi A0 TOTO X MarOTh Y JAECATKH pa3iB MEHIILY
CHEPril0 aKTUBaIlli Mirparii, 4uM BY3JIOBI aTOMH, 3aTATYIOTbCS (POHTOM Ta
rpajgieHToM P iMmyinbcy aedopMaliii 1 IEpeHOCIThCS Ha BiACTaHb, 10 BU3HAYAETHCS
gacoM [JIO Tta inTeHCHBHOi penakcaiii TepMoOHampyr. [HTEHCHMBHA CTPYKTypHa
pernakcariis 3a paxXyHOK IMPOIECIB TEPMOIUIACTUYHOCTI BIAOYBAETHCS Y TUTIBII 1HJIIIO,
ockuTbkn Mexa tuactuuHocti CdTe mpubmm3Ho y 25 pasziB Oinblmie Mexi
mwiactuadocti In, MikporBepaicts inmiro Hy , = 10-15 MIla menmia, unm CdTe - Hy
cate = 400-600 MIIa. Takum YMHOM, HAJJIUIIOK KOHIIEHTpaIlli MA nmepeHOCUTHCS B
cuibHO AedopmoBaniii rpatii /n/CdTe, 110 GakTUYHO O3HAYA€E HASIBHICTD MJIACTUYHOT
XBUJI1 Y TIPY>KHIMA XBUJI.

Bigmitumo, 1mo mpu iHTEHCMBHOMY HaHOcekyHAHOMY [JIO B CTpyKTypHO-
HECTIMKOMY KpHUCTall MOXE BUHUKATH Ta MOLUIMPIOBATHUCS TaKe JIOKAJII30BaHE B
NPOCTOPi KOJEKTHBHE 30Yy/KCHHS KPUCTATIYHOI PEIIiTKH, 30KpeMa cojiToH [146].
HeniniitHa TOB3AOBXHSI XBWJISA B OOJIACTSX PO3TITYy Ta CTUCKY 3HAYHO 3MIHIOE
€HEpPril0 AaKTUBAaLli YTBOPEHHS TOYKOBUX JAE(PEKTIB, 10 NPHU3BOAUTH JO IX
MIPOCTOPOBOTO Tiepepo3noAiny [146], mpu nboMy XBHJIS TYCTHHHU TOUYKOBHUX Je(EKTIB
ABJIIE COOOI0 BIIOKpEMJIEHY (TaKOX COJITOHOINOAIOHY) KOHIIEHTPALIMHY XBHUIIIO, IO
nomuproeThest Brimmb CdTe [146].

HemniniitHa mpy>kHa XBWJIS Y HAIIIOMY BUTIAAKY KOJIATICY€E 32 PaXyHOK MEPEKUIY
npodimo (PppouTy) 1 Tpanchopmyerbesa B YX. Ilpu nupoMy riambuHa ii yTBOpEHHS
HabOarato Oisblle, aHDK TIMOMHA TPOHMKHEHHs artomiB iHairo B CdTe. ITpu 1JIO
30yKY€ThCS IIUPOKUN CIEKTP aKyCTHYHHUX KOJHMBaHb — BiJf BHCOKOYACTOTHHUX
(OHOHIB 10 KUIOT€pLOBUX 4YacTOT. TOMy B HalloMy BHUIAJKy MOKHA BBa)KaTH, L0
YTBOPEHHUI TP HAHOCEKYHJIHOMY OTPOMIHEHHI IMaKET XBWJIb IUIIXOM MEXaHI3MY
oapoaudysii nepeHocuth y CdTe Ha meBHy BiAcTanb atomu In, a mi3Himie aeska
CIIEKTpaJibHA YaCTUHA YTBOPIOE Y X.

Bigznauumo, 1o mnpu  301IbIIEHHI IHTEHCHUBHOCTI JIA3€PHOTO  IMITYJIbCY
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rbuHa yTBOopeHHs YX Oyne 3MEHIIyBaTHCA, a MaKCUMalbHa TJIMOMHA
MpOHUKHEHHsT aTtoMiB | Oyae 3pocratu — BimOyBaeTbes ix 30mmkeHHs. lle,
HalpuKiIaJ, BKa3ye Ha MOXIMUBICTh KOHTPOJbOBaHOI Moaudikamii (izuuHux
BiactuBoctedt CATe mpu BUTOTOBIIEHHI CTPYKTYP 1 MPHIAAIB Pi3HOTO MPU3HAYCHHS
Ha 1X OCHOBI NUISXOM 3MIHHM KOHIICHTpAIlli JOMIIIKOBUX aTOMIB 1 BJaCHUX TOUYKOBHUX

nedekTiB y pisaux yactuHax 00’ emy CdTe mpu LJ1O.
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BucHoBkmu 10 po3aiay 5.

BcranoBneno, 1m0  JOMIHYIOYMM  MEXaHI3MOM  MAacoOIEepeHOoCcy  IpH
HAHOCEKYHIHOMY JlazepHOMY TBepaodaszHomy JjeryBanHi CdTe iHmiem €
O0apoaudy3zis. BiamoBigHO, IHTEHCUBHE Ta IIBUJIKE MPOHUKHEHHS aTOMIB 1HIIIO B
CdTe npu HaHOCEKYHIHOMY Jla3epHOMY ONpOMiHEHHI cTpyktypu In/CdTe
oOyMOBJICHE 3HAYHUMH TPaATIEHTAMU TEPMOHAIPYT, 10 BUHUKAIOTH 33 PaxyHOK
HIBUIKUX TPOIECIB HArpiBy, IUIABJIICHHS, Mapo- 1 MJIa3MOYTBOPEHHS 3 «yIapHUMM
HIBUIKOCTSAMU NpOTiKaHHS. Tomy npu (popmMyBaHH1 pI3KOTO P-N- Mepexoay Ha Mallii
rmouHi 'y CdTe nmpu CTBOpPEHHI JETEKTOPIB JOLIIBHHUM € 3a0C3MEUYCHHS PI3KUX
IpaJil€HTIB TUCKY, a HE 3HAYHUUN HArpIB.

[Tokazano, moO MexaHi3MH KoHIleHTpaniinol audysii iamito B CdTe 1
3aTSAryBaHHd aroMiB [n (pOHTOM Ja3epHO-1AYKOBAHOI yAAapHOI XBHWJII HpH il
BUHUKHEHHI Ta TOIIMPEHHI HE € JOMIHYIOYMMH Ta BU3HAYAJILHUMHU MEXaHI3MaMH
MaconepeHocy iHai0 B cTpykTypi In/CdTe 3 toBuHowo mwiiBku /n 30-400 HM mipH
HAHOCEKYHJHOMY JIa3€pPHOMY OMPOMIHEHHI.

BcranoBneHno, mo cepeaHs apeidoBa MBUIAKICTh NMEPEMIIICHHS aTOMIB [n B
CdTe npu HaHOCEKYHIHOMY Jla3epHOMY onpoMiHeHHi cTpykTypu [n/CdTe npu E,, =
100 wm/Dx/cM® CTaHOBUTH 3a PI3HHMH pO3paxyHKamu 3...24 cm/c. Atomu In
TuQyHIyIOTh M AI€0 MEXaHIYHOI CWJIM TpaaieHTy nedopmariiit. 3pobOieHi
pPO3paxyHKH B paMKaxX JIaHOi pOOOTH MOXXYTh OyTH 3acTOCOBaHI JIO OLIBIIOCTI
CTPYKTYp TUTIBKA METaTy-HaIiBIPOBITHUK /IS aHAI3y MacornepeHocy (nudy3iitHux
MPOLIECIB) Yy PI3HUX YacTHHaX 00’eMy cTpykTypu nipu 1JIO B mpoueci BUTOTOBIEHHS

pi3HOMaHITHUX (YYHKIIIOHAJTLHUX HAMIBIPOBIAHUKOBUX CTPYKTYD.
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PO3/ILT 6. MEXAHI3MH MACOIIEPEHOCY IHJIIIO B Cd(Zn)Te IIPH JIi
HAHOCEKYH/IHHUX JTASEPHUX IMITYJIBCIB

Beryn

IMnynecHE Jna3epHO-IHAYKOBaHE BBEICHHS 3aJaHUX AaTOMIB (JIOMIIIOK) Yy
MPUIIOBEPXHEBI IMIApU PI3HOMAHITHUX HAMIBIOPOBIIHUKIB HA CHOTOJIHI €()EKTHBHO
BUKOPUCTOBYETHCS ISl (POPMYBAHHS PI3HUX THUIIIB CTPYKTYpP, CTBOPEHHSI OMIYHHX 1
Oap’€pHUX KOHTAKTIB MPU BUTOTOBJIEHHI (PYHKI[IOHAJIBHHUX €JIEMEHTIB I (HOTO- 1
OITOEJIEKTPOHIKH, CEHCOPHOI eJIeKTPOHIKU. Ha chorozHi siBUIlEe BUCOKOT PyXJIMBOCTI
aTOMIB y KpHUCTajlax IMpHU IMITyJIbCHOMY JlazepHoMy omnpomineHHi (IJIO) mae Benmke
NpUKIaJHe 3HAa4YeHHs s TBepaodasHoro neryBanHs Cd(Zn)Te umisixom
ONPOMIHEHHS IMIyJbcaMu Jiazepa CTpykTypu Metani—Cd(Zn)Te y 3B’s3ky 3
€(EeKTUBHICTIO, TEXHOJOTIYHICTIO, BIATBOPIOBAHICTIO Ta 3PYYHICTIO Yy BHOOpI
napamMeTpiB MpU BUTOTOBJIEHHI JETEKTOPIB, UYTJIMBUX IO PEHTI€HIBCBKOIO - Ta
raMma-  BUIPOMIHIOBaHHS 3  HU3bKUM  pIBHEM  IIyMiB 1  BHUCOKHMH
CHEKTPOMETPUYHUMHU XapaKTEPUCTUKAMU Ha OCHOBI JI10JIB 3 PI3KUM P-N MEPEXOOM
Ha BITHOCHO HeBeuKik rimuouHi [147-148]. OcHOBHUMM TIepeBaraMu Takoro METOIy
€ Te, 110 peai3yloThCs TaKl 3HAYEHHs cerperaiii, AuQy3ii 1 PO3UMHHOCTI JTOMIIIKA
(3011bILIEHI), SIKI HEMOXXJIMBO OTPUMATH THUINOBMMHM Meroaamu. llpu 1mpomy
HA/IIBUJKE HArpiBaHHA, IUIABJICHHS 1 OXOJIOJXKEHHS TOHKOI'O MOBEPXHEBOTO IIapy
MIPU3BOAUTH hi (s 3aMOPOKEHHS BEJIMKOL KUIBKOCTI HEPIBHOBAXHUX
CJIEKTPUYHOAKTUBHUX TOYKOBUX JIe(DEKTIB.

VY TON Xe Yac MexaHI3MU NpOIECY MAacOolepeHOCYy Y CTPYKTypax ILIiBKa
MeTany-HamiBOpoBiMHUK npu [JIO Ha choromHi € 3°SICOBAHUMHU HEJOCTATHHO, Y
nepiry 4epry, JUis TPOTHO3YBaHHS Ta KOHTPOJbOBAHOI 3MIHM EJIEKTPUYHUX 1
(bOTOCTEKTPUIHUX XaPAKTEPUCTHK HAMIBIPOBITHUKOBUX CTPYKTYP 3 P-N MEPEX0O0M
Ta OMIYHUMU 1 BHUIPAMISIOYUMH KOHTakTamu [147-155], oco0GiamMBO Ha OCHOBI

Cd(Zn)Te, sxi BUKOPUCTOBYIOTHCS ISl JETEKTOPIB 10HI3yFOUOTO BUIPOMIHIOBAHHS
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[147-148]. 3’scyBaHHs Ta aHaji3 MEXaHI3MIB MAacOMEPEHOCY HEOOXigHe IS
BU3HAUCHHS ONTUMAIBHUX PEXHMIB HAHOCEKYHIHOTO JIa3€pHOTO TBEPAO(ha3HOTrO
ageryBands  Cd(Zn)Te immieM Ta aHaJOrIYHMX CTPYKTyp IUIIBKAa MeETay-
HaIIBIIPOBITHUK.

CkinamHIiCTh ~ MEXaHI3MIB ~ MacollepeHocy TMpu  HaHocekyHaHomy  I1JIO
00yMOBJICHa HECTAI[IOHAPHICTIO, HEPIBHOBAXKHICTIO, (PI3UYHOIO Ta T€OMETPUYHOIO
HENIHIMHICTIO, BUCOKOIO MIBHJAKICTIO 1 OJJHOYACHICTIO MPOTIKAHHS PI3HUX (PI3UIHUX
IPOIIECiB; 30KpeMa, I1e 3MiHa arperaTHoOro CTaHy TBEPAOTO Tijia, TeHepallis MPYKHIX
Ta yJApHUX XBWJIb, 3HAYHUX TPAJIEHTIB TEMIEpATyp 1 HANpyr, Ae(EeKTOyTBOPEHHS,
mudy3is Ta 1H. ToMy HEOOXiTHO BCTAaHOBUTHU JIOMIHYIOUl MEXaHI3MH Ta
3aKOHOMIPHOCTI MacoriepeHocy iHfiro B Cd(Zn)Te nmpu HAHOCEKYHIHOMY JIa3ePHOMY
orpominenHi ctpyktypu In/Cd(Zn)Te.

VY 1upoMy po3/iii MPEeACTaBICHO Pe3yJabTaTH JTOCHIKEHHb MPOIECIB HArpiBy,
TUIaBJICHHS Ta aOmsiii MpU HAHOCEKYHJIHOMY JIa3€pHOMY OIPOMIHEHHI CTPYKTYP

rieka metainy (In) / CdTe Ta tBepaux pozuunis CdZnTe [157*] .

6.1. BuBuenHsi maconepenocy [157*]

J171s BUBYCHHSI MacOTIepeHOCY Oy BUKOpHCTaHi MoHOKpucTanu p-CdTe (111)
i3 matoMuM omopoM p = (2+5)-10° Om-cum Ta tBepai posumun Cdi.Zn,Te (x=0,1) i3
mutoMum oropoM p = (0,5+3)-10"° Omrcm. TToBepxmst KpuCTamiB (TOCITIHKYBAHHAX
3pa3KiB) MiJaBajachk MexaHiyHi 00poOmi (pi3ka, nutidyBaHHS, TOJIpyBaHHA) 13
NOJAJIBIIOK XIMIYHOIO O00pOOKOIO (NMPOMHUBAHHA, TPABJICHHS, IMPOMHBAHHS) Ta
npocyuryBaHHsaM 3paskiB. [lniBka In 3aganoi toBuHu (nianason 30 — 400 HMm), a
TaKOXX JOJaTKOBI KOHTakTd IN Ta AU a1 BHUMIPIOBaHHS BOJIBT-aMIEPHOT
XapaKTePUCTUKU HAHOCHIIUCH IUIIXOM TEPMIYHOTO HAMJICHHS Y BaKyyMi MPH THUCKY
10° arm. Ha mHacTymHOMy eTami JOCTi/KYyBaHi 3paskd IifUTaBamuCh Ja3epHiii
o0poOr11i, a caMenoBepXHs Kpuctaja Oyja piBHOMIPHO ONMPOMiHEHA TPHW KIMHATHIN
temnepatrypit (7 = 300 K) oauHOYHMMHM IMITYJIbCaMH BHIIPOMIHIOBAHHS Ja3epa

HAHOCEKYHIHOT TprBanocTi (r = 5-6 Hc) B iHTepBani enepriit 17,2 — 100 mJlx/cm>. 3
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BpaxyBaHHsIM Koedimienta BigobuBanus R =. 0,6...0,8, sxuii Aemo 3anexuTh BiJ
Temrepatyp E,g., = 20...40 mJ[x/cm®. Ha prc. 6.1 HaBeIGHO cXeMy eKCIIEPUMEHTY

110 IMITYJIbCHOMY JIa3€pHOMY onpoMiHeHHi cucteMu 1utiBka In / Cd(Zn)Te.

MJIAGIEHHA

—>|
CepenoBuine: NoBITPs, a00 BaKyyM, '
abo arMocdepa aprosy, abo Boja.

Ivmrmyibe masepa:

A =694 1M, abo In p-Cd(Zn)Te,

A =535 HM,

A= 248 HM,

=720 HC.

CKIH-TIIAP /I < l

30-400 HMm 0.5-3 MM

Pucynok 6.1 — Cxema iMImyIbCHOTO JITa3€PHOTO OMPOMIHEHHSI CHCTEMU TLTIBKa

In/Cd(Zn)Te [157*]

JlaHa TycTHHA eHeprii, fKa € ONTHUMaJbHOIO0 Mg (OPMYBaHHS I1HBEPCHOTO
mrapy y p-CdTe, migoupanack NUITXOM KOHTPOJIO 3MiH €JICKTPUYHUX XapaKTEPUCTUK
(BAX) 3 Touku 30py IXHBOTO TIOKPAIICHHS JMJIS JETEKTYIOUHMX BJIACTUBOCTEU
orpumanoi ctpyktypu In/CdTe. Ilpu upomy nudys3iitHi MPOIECH Y HAIMiBIPOBITHUKY
IPOXOAUIIN y TBepin (a3l (TBepaodaszHe Jia3epHO-1HIYKOBAHE JETYBaHHS ), OCKUTBKH
OpH MIBUINCHHI FE TOYMHAETHCSA IUTaBIICHHS mpuroBepxHeBoro 1mapy CdTe,
3pocTaHHs rpamieHTiB 77 Ta P 1 BiOmoBiAHO HeOakaHe  HEOIHOPITHE
neheKTOyTBOPEHHS Ha OUTBIIIN TIIMOWHI.

[Hail € OfHIEO 13 CIPUATIMBHUX JICTYIOUUX JoMimok N-tuny y CdTe, Tomy 1o
Incg Mae myxe manmii piBeHb eHeprii nepexoay moHopa (0,04 eB) i BigzHOCHO Maiy

ereprito yrBoperns (1,23 eV). IIpu IJIO In/Cd(Zn)Te crae MOXJIMBUM MOIOJATH
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SIBUIIIE CAMOKOMITCHCAITI1, JOCSITTA BUCOKI KOHIIEHTpAIlii HOCIiB, CPOpMyBaTH Pi3KHA
npodias In Ta YHUKHYTH TeIioBoro edekty Ha 00’em kpuctainiB CdTe i Takum
YUHOM 3amo0IrTH TOIIKOMKCHHIO CTPYKTYpU 1 3MiHAM CJICKTPUYHUX IapaMeTpiB
[148, 153]. I1pu JIO aromu In nudyHIyIOTH MO MIXKBY3JISIX Ta BAaKaHCISX 1 3aiMalOTh
nepeBakHO Bakancii kaamio (In 7 Vego— — Ingg+ + 3€7), npu 1boMy HaIIBUJIKE
(COTHI HAHOCEKYH]]) OXOJIOJPKEHHS TMEPelIKOIKa€ YTBOPEHHIO KOMIIEHCYIOUHX
aKIENTOPHUX KOMIUIEKCIB (Vg — INgg).

Ha puc. 6.2 HaBeneHO KOHIEHTpaIlIMHUN Tpodiab aTOMIB 1HIIIO, TEIYpy Ta
kaamiro B MoHokpuctam CdTe (111) micis OZHOKPATHOTO ONMPOMIHEHHS CHUCTEMH
In/CdTe 3i cTopoHu MWIiBKHA 7, = 20 HC) pH T'YCTUHI TaIaI0YOITIH/IIF0 TOBITMHOO 30
HM IMIIy7bCOM EKCHMEPHOTO jasepa mpH eHeprii E,, = 100 mDx/cm®. IIpodims
3HIMaBca MeTojloM Oxe-  eJeKTPOHHOI  CHEKTPOCKOMIi MpU  IMOIIapOBOMY
crpaBmoBanHi CdTe:In myukom ioHiB aprony [147]. ITomiOHi mpodinai po3noainy

nomimku B CdTe npu IJIO otpumani B nesikux iHmmx podorax [157-158].

T T T T T

1
508
=
=
2]
£0.6
=
E
2
= 0.4
G
-
=
(-~
2 0.2

Pucynox 6.2 — Konrnentpaniitauii mpodiias atomiB iHAiI10 B MoHOKpHUcTam CdTe:
excriepuMeHT (1) Ta anpokcumariisi YoTupMa eKCroHeHTaMu 3a popMmyiioro (2) (kpuBa

2) Ta popmyioro (6.3) (kpusa 3) [157*]

3 puc. 6.2, xpuBa 1 BuAHO, IO TJMOWHA MPOHUKHEHHS aTOMIB 1HAIKO In y
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kpuctan nocsrae 60 Hm Big moepxHi CdTe [157*], mpu oMy crocTepiraeTbes
XapaKTepHHUH MK Ha TIHOWHI X = 6 HM, 110 TOSCHIOETHCS HASIBHICTIO CIIPSIMOBAHOTO
MIOTOKY aTOMIB BIJIMO KpHICTaja B3J0BXK X 13 CEPEIHBOIO IAPEi(OBOIO IIBUJIKICTIO
(v,) [158-160]; HasBHICTP MaKCHMyMy HOCHUTbH IIOPOTOBHH XapakTep — MaKCHMyM

(1)0pMy€TBCSI Ipu:
(ve)?t > 2D (6.1)

ne D - koediumient wmacomepeHocy, a t - cymapHudi yac [ii J1a3epHOro
BUIPOMIHIOBaHHS.

BumapoByBanHs 4acTMHM IUTIBKM Ta peyakcanii rpagieHTa TEMIEparypud Ta
TEPMONIPYKHUX HANPyT y audy3iriHii 3001 t = 100 HC BU3HAYEHO 3 TEMIIEPATYPHOTO
npodimo IN-CdTe mpu ompominenHi | € yacoM IHTEHCHBHOTO MAcCOIIEpPEHOCY, a0o
yacoM ICHYBaHHS CHJI 38 paxyHOK rpamieHTiB Temmeparypu ta Hampyr. Ilicis 100 He
rpajleHTH HE3HAYHI | TPOIECH MACOMEPEHOCY MPAKTHYHO 3aMOPOXKEHI | HOCSTH
penakcaniiauii xapakrep. To0To, AKIIo cepemHs apeidoBa MBUAKICTL MEPEBUIILYE
BenunHy +/2D /t, ne D xapakrepu3sye BIACTHBOCTI CEPEIOBHINEG, TO HA TMEBHIH
rnouHI Oyie (opMyBaTUCh MAKCUMYM KOHIIEHTpAILIlT &TOMIB 3 TLTIBKH.

Ockinbku B Hamomy Bunaaky npu [JIO BigOyBaeThcs BUIapOBYBaHHS TOHKOI
wiiBk In [157*], MoxHA CKOpUCTATHCH MOJEIUIIO AU(Y3il 3 HECKIHYEHHO TOHKOTO
mapy 1 KOHUEHTpaliiHui npo@iuib 3 ypaXyBaHHSIM KIHETUKU MPOLECY MPOHUKHEHHS
aromiB In B CdTe mipu C(x, 0) = Cyox 3a TTHOMHOIO MOKE OYTH ONUCAHUI BUpa3aMu 3

po0iT [158, 160]:

__ G | G-l G+ (o))’
o= T {eXp [ 4D } eXp[ 4D 62)

a0o 3 poboru [14]:
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ne Cp — moYaTKkoBa KOHIIEHTpallisi atoMmiB /n Ha moBepxHi (x = 0), & (X) — AenbTa-
byHKITIS.

Y nanomy BUNAAKY MpH omuci Maconepenocy npu 1JIO moxxHa ckopucTaTHCs
dbopmanisMomM MaHHIHTa NpPO HASIBHICT Ta ICTOTHHUM BIUIMB HAa MacOIEpPEeHOC
PYLIIHHOT CHITH, 1110 CIPUYHHSE CIPSIMOBAHUI MOTIK aTOMIB 31 IMBUAKICTIO (v, ) [158-
160]. Koedimient macomepenocy D Bu3HauaBcs 3a BupasoM D = (4t tga)™! ne
tgo. € xyroMm Haxuiy kpusoi In(AC,/AX,) = f(x2) mepeGymoBaHoi i3 3almeXHOCTI
KOHIIeHTpaliiiHoro mpodimo aromie /n B CdTe Ha puc.6.1, xpuBa 1, rpadiuaum
nudepeHIiroBaHHIM 32 MeTouKoro [159-161].

Ha pwuc.6-3 npencraBiieHo posmoain atoMiB iHmiro B CdTe y xoopauHaTax
IN(AC//AX,) — X* mns nineapm3arii kpuBoi Ha puc. 6.1 Bix X = 6 HM, OCKiIbKH
KOHIIEHTpAIlisl 1HAII0 3HUXKYEThCA NPUOIU3HO 3a EKCIOHEHTaMH BIiJIIIOBITHO O

Bupasis (6.2 i 6.3) [157*].

-3,0
-3,5
-4.0
-4,5
-5,0
=3,5
-6,0
-6,5

In(an/dxn)

T

0 500 1000 1500 2000 2500 3000 3500
xz, HM

Pucynox 6.3 — Jlineapu3oBane npeacTaBiICHHS KOHIICHTPAIIHHOTO MPOQ1iII0 aTOMIB

inairo B CdTe BiamoBiaHo 10 puc. 6-2 [157*]

Ha nanomy po3noaisii BUAUISIOTECS TPH XapaKTePHUX JIHIMHUX JUISTHKA, IS
sKuX KoedirieHT Maconeperocy In B CdTe mpu IJIO mopisatoe: (1) — Dy = 3,9-10°
em/c; (2) — D, = 1,46-107 em?/c; (3) — D3 = 5,2:10° em/c..
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3 puc. 6.2 BuAHO, O KOEQILIEHT MACOMEPEHOCY 3POCTa€ 13 TIIMOMHOIO 1 B

MPUIIOBEpXHEBOMY Mapi (10 14 HM) MeHIe, HiXK B 00’ emi kpucTana. Taki & JIISHKA
3 pizauMu D, a6o 3mamMu Ha po3noAiuIl AUGYHIYIOUHUX €JIEeMEHTIB (paaloaKTUBHHUX
130TOIIIB METaJliB) criocTepiranmcs B pisHux Meranax (Fe, Mo, Nb, 77, Al) micnsa
ixHpoi Aedopmallii IMIYJIbCHUM MEXAaHIYHUM HABAaHTAKCHHSAM IIUISIXOM ylapy 31
MIBHKICTIO BimHOCHOI nedopmaii Big 1 xo 100 ¢ mpu migsuuennx Temmeparypax [
162], a Takox y [159] B ymoBax 30BHIIIHIX IMITYJILCHUX BIUIHBIB.
JliniiHI  mgiasHKM Ha puc. 6.3 BKazyloTh Ha 00 €MHUM XapakTep IIpolecy
MacoIepeHocy, Ha BIAMIHY Bif AU(y3ii 1O rpaHUIAX 3€peH 1 cy03epeH. Y Halomy
Bunagky MoHokpuctan CdTe BupoOIlIeHHI 3a TEXHOJOTIE€0 HU3bKOTEMIIEPATyPHOTO
CUHTE3y 1 TMOJIKpUCTaJIIYHa CTPYKTypa MpakTUYHO Oyja BIJCYTHS, MPU IHOMY
TYCTHHA TUCTIOKAIliH Oysia He OUTBII HiXK pgis) ~ 10% em™ [157%].

OCKIJIbKM Ha JIIHEapU30BaHOMY KOHIIEHTpaliiiHoMy npoduil € 3 37amu, SKi
BIJIMOBIJIAIOTh 3-M EKCIIOHEHTaM, BECh EKCIIEpUMEHTaJbHUN NpoduIs MOXKHA
anpoKcUMyBaTH 4-mMa eKCloHeHTaMu. YeTBepTa €KCHOHEHTa BiAmoBigae nudysii B
obnacti miky (Ha gumstHIi Big 0 go 10 HM) 3 iHmIMM koedimienTom mudy3ii Do,
meHmmM Big D; Ha Benmmuumny n = Ds/D,...D,/D;. Ha puc. 6.1 kpuBa 2 Biamosigae
anmpokcumailii 4-mMa ekcrioHeHTaMu 3a ¢opmyiioro (2), kpusa 3 — 3a gopmyroro (3), 3
TaKuMHU mapameTrpamu: Dy = 1,1-10° em?/c, Dy = 3,9-10° cm?/c; D? = 1,46:10° em?/c;
D® = 5,2:10° M, (v,) = 6 cm/c [157*]. PospaxyHOK MIBHAKOCTI Oyme HaBEICHO
HUXKYE.

Taka anpokcuMmallisi J00pe ONMUCye EKCIEpUMEHTANbHUI Mpodiuib 1HIIO.
BigzHauumo, 1o asis BpaxXyBaHHS BIUIMBY 3MIHM PO3MIPIB 3pa3ka y Mpoleci
nedbopmyBaHHs, I kKoedimienta D BBomuThbes mompaBka (MHOXKHHUK): a =
2€max (€™ -1) e €max — Aedopmarist [158, 161, 162]. IIpoTe B HALIOMY BHIIAIKY
He € MmeHImuM 3a 0,9, a Dy, D;...D; BinpizustoTees B 3,7 pas.

Ockinpku I AuHamiyHoro JjeryBanHs CdTe BHKOPHCTOBYETHCS JTiana3oH
toBiMH TIiBKU [n 30-400 HM, mopaibili po3paxyHKH Oyiu 3poOJieH! IJis I[bOTO
nianazoHy. I[Ipu HaHOCEKyHAHOMY Jla3epHOMY OMNPOMIHEHHI CTPYKTyp IUTIBKa

In/Cd(Zn)Te Hag3BHuaiiHO Ba)KJIMBUM € OIKMC IeHepallii Ta pejaakcallii IpOCTOPOBUX
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TPali€EHTIB 1 IIBUAKOCTEM HAPOCTaHHS Ta CHaay TeMIepaTypu 1 BiJIIOBITHO
TEpPMOHANpPYT,  OCKUIBKM  IIMM  BHU3HAYAE€ThCS  TEPMOJUMHAMIYHUN  CTaH
MPUIIOBEPXHEBOr0  Imapy, Audy3is Ta eBoJIOIis  JAePeKTHOI  MiJCHCTeMH
HaMIBIIPOBITHUKA.

Po3paxyemM0 TEOpeTHYHO TEMIIEpATypy MOBEPXHI METaNy Ta 1HTEpdEkcy In-
CdTe BiamoBigHO a0 mpOLEecy B3aeMOIIl MOTYKHOrO CBITJIOBOrO MOTOKY 3 TOHKOIO
TUTIBKOIO TOTJIMHAI0UOTO Marepiaty (MeTany) Ha miakiaammi. Po3paxyHku 371iCHEHO
TS aiana3ony TOBIMH niBku [n 30-400 HM.

Temneparypa HarpiBy NOBEpXHI TOHKOI mIiBKK TOBIKHOIO h (h > 6 — rmubuna
CKIH-IIAPY) HA HIAKIAALI NpU IMITYJIbCHOMY Ja3€pHOMY ONPOMIHEHH] Y BUIUMOMY Ta
6mmkxapoMy U mianmasomi csitna mpu E/t < 10° x/(cem®) (KOmM cripaBeamBHii

TEMJIOBUI MEXAHI3M PYWHYBAHHS) BU3HAYAETHCSA BUPA3OM [164]:

AT(t):EA\/aT’ {i+7v{exp( ﬁl 7]erfc( ! J—l” ,
T 1 |Nm yiv? y v (6.4)

ne A=1-R, a - «koedimieHT TeMIepaTypoONpOBITHOCTI, ¥ - KOEQIIIEHT
TEIJIONPOBITHOCTI, MPU BOMY U = xVa ay= LB HAIIOMY BHUIIAJIKy 1HJEKC
’ Xz\/a_l vait '

«1» BIIHOCHTBCS [0 ILIIBKH 1HIIH0, «2» - 7o CdTe. Tyt t <.

Benuuuna yv ¢pakTUUHO € BIIHOMICHHSM 00’€MHHMX TEIJIOEMHOCTEH IUTIBKH 1
MPOTPITOTO MIAPY MIJKIIAJKU Ta BU3HAYA€E TEMI HArpiBaHHS IUTIBKH, MIHMOWHA qudy3il
Tera a t; (abo mporpiToro 3a paxyHOK TEIUIOMPOBIAHOCTI IIapy) AOPIBHIOE 1 MKM
it iHaito npu t = 20 He. ['mubunu ckin-mapy 6 = M2nK 1S 1HAII0 TpU MOKa3HUKY
norfauHaHHsA K = 6 (A = 694 um) ta k¥ = 2,8 (A = 0,248 MkMm) piBHi 18,4 HM Ta 14 HM
BIJITTOBITHO.

TemnepaTypy IUIIBKHM 32 TOBIIMHOIO MOKHA BBa)KaTH MPHUOJIU3HO OJHAKOBOIO
(3 Tounictio ~10 %) yxe uepes vac tp = 10h%/a, Bix MOYaTKy IMITyJbCy. JIJIs TITiBKU
iHgito 3 TtoBmwmHOK 300-400 HM ty = 90-160 Hc. 3rimHO 3 BUpazoMm (6.4),
MaKCHMaJbHA TeMIIepaTypa Bk iHaifo 3 h = 300 uM npu E = 100 m/lx/cM? piBHa

130 °C (R=0,9) Ta 522 °C (mns R = 0,6); Binmosimuo ayis h =30 am 7= 254 °C (R =
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0,9) Ta 1010 °C (R = 0,6). Lle menme temrepatypu 1iaienns 7, CdTe — 1067 °C,
3BiJICH BUIUIMBaE, 1o Audys3iiini npouecu (Macomnepenoc) y CdTe BigOyBawoThes y
TBepIii ¢a3i.

T,, inoiro = 157 °C. Bigznaunmo, mo ipu R = 0,6...0,8 ta E,,y = 16 MI[)K/CM2
IJIABJICHHS 1HA1I0 HE B1A0OYBAEThCS, MPOTE 3MIHM BOJIBT-aMIIEPHOI XapaKTEPUCTUKH
(BAX) (puc.6.5) BKka3yroTh Ha MacomnepeHoc. JIj1s1 HAaHOCEKYHIHUX IMIYJIbCIB YacoBa

3aJIeKHICTh TEMIIEPATypy IOBEPXHI MPU OCTUTAHHI - t > T 337a€ThCs QYHKIIIEIO:

h

\car(t = T) (6.5)

AT(t) = AT(7)erf

Kinetuka narpiBy crpykrypu In/CdTe nmpu h = 30 um ta R = 0,8 3rignHo 3
Bupazamu (6.4) Ta (6.5) HaBeneHa Ha puc.6.4 [157*].

3anexHicte moOyaoBaHo g0 t = 100 HC, OCKUIBKM BHUAHO, IO Jai
BIJIOYBAETHCS TyKE MOBUIBHHUM CIaJ] TEMIEPATYPH Y MOPIBHIHHI 3 4aCOM JIa3€pPHOTO
BIMBY (20 HC), TOOTO TpagieHTH TeMIepaTrypu Ta TepMoOHanpyrd (1 BIAMOBIIHO
TEPMOJMHAMIYHI CWJIH, SIKI CIPUYUHSIOTh IHTEHCHUBHY TepMO- Ta Oapoaudysiio), y
nudysiiinii 30u1 CdTe (100 HM, puc. 6.2) MOBHICTIO BiICYTHI.

BenuunHa BHmapyBaHoro mapy immiio mpu 100 mJDk/cM® mpu masepHiit

aOJIii, orineHa 3a Bupa3om (6.6) [163], cranoButh ~50...120 HM:

— 3 /
_ 3/'11170111 _ /’i’lnk(.'dTe T

A 2IARa .t |
B (6.6)

Ile U}, cepenus MBUAKICTH 3BYKY B iHA1i, 1400 M/c; p - momsipHa Bara In, 117 r/mMoob;
R —ra3oBa crana, 4 = I — R — koedirienT mornuHanHs; / — IHTEHCUBHICTD JIA3€PHOTO
IMITyTIbCY; Ain = 7/p, 71 - TEIJIOTAa BUIIAPOBYBAaHHS OJMHHULI 00’€My pPEUYOBHHH
IUBKKA  1HAIIO, p — TrycthHa; K — Koe(ilieHTN TEIJIONPOBIAHOCTI, a —

TEIUIONPOBITHICTb.
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250,0 —
% - Enan=100 MD,>|</CM2-
s @00 =20 He i
R =0,8
150,0 - In |
hm=30HM
100,0 + .
50,0 + I

0,0 20,0n 40,0n 60,0n 80,0n 100,0n
t, HC
Pucynok 6.4 — YacoBa 3aj1e:KHICTh TeMIepaTypu moBepxHi cucremu In/CdTe mpu

HAHOCCKYHTHOMY JIa3epHOMY OIPOMIHCHHI, po3paxoBaHa 3a Bupa3zamu (6.4) ta (6.5)

[157%].

ToBIIMHA PO3IUIABICHOIO IIapy iHAII0, PO3paxoBaHa 3rigHO 3 BHpazoM (6.7)

[164], npu T, xomu E ., = 100 MI[>1</CM2, TOPIBHIOE X550, = 130 HM:

— api() ln(l + Cpi()ppi()(Tnup - Tn.'l) j

X DO3NI
! V Cmpm(Tn.'l - TO) + men.'l (6 7)

Ay, — KOedimieHT TemmepaTypOnpOBiAHOCTI IHAiI0 y piakOMy ctaHi (kOedimieHT
TernonpoBigHOcTi piBHuit 87 Lx/(MK-c); C,, C,iy — IUTOMI TEIIOEMHOCTI IHI0 B
TBepaOMy Ta pinkomy cranax C, = 234,461 JIx/(xr-K); p, pyie — TycTHHA Yy
TBepaAOMYy Ta piakomy crami (7310 ta 7030 x['/m® BimmoBizmO); V — MmBHAKICTH
nepeminieHHs $asoBoi rpanuni TBepae Tino — piguna npu 1JIO (~2 Mm/c); Tyap Tus To
— TeMmIepaTrypa BUIAPOBYBAHHs, IUIABIEHHs Ta NO4aTtkosa (7,,, = 2024 °C); Q,, —
nUTOMA TEIUI0TA I1aBjieHHs 1Halto, piBHa 28 400 JIx/kI .

ExcniepumeHTaIHO BUSBICHO, MO y BUmanky h = 30 HM miiBKa MOBHICTIO
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3HHUKAIA 33 paxyHOK nudysii, ruiaBneHHs ta admsmii, sk 1y [153], ane maBicHHS
npunoBepxueBoro mapy CdTe He BinOyBaetbes, Temmneparypa Hwkue 7, CdTe. 3i
30iabiennusaM eneprii 1JIO npu geskomy E npunosepxueBuit map CdTe Oynae
TUTABUTHUCS T MOXE MPOSBUTHCH MexaHi3Mm mnepeminryBanas ¢asz [151], mo y 30HI
pO3IIaBy BIUIMHE HA MexaHi3mu Macomepenocy In B CdTe y tBepaOmy crasi.
JlazepHa 1mia3ma, mo crocTepiranacs HaMu, BUHUKAE 33 PAXyHOK JIABUHHOI 10HI3aIIT
napiB, MmO YTBOPWIHCS, NMPU ONTHYHOMY mpOO0i mim dac adnsAmii - MmBHIKOTO
BUIIAPOBYBAHHS arOMIB IH/I0 3 MOBepxHi. [10TpIOHO Big3HAUMTH, IO MpHU A0 TA
yYTBOPEHHI JIa3epHOI IJIa3MU JOJAIOThCS TAaKl MOMATKOBI KaHAIM pO3MOiMy eHeprii
Ja3epHOr0 IMITyJIbCY, SK CHEpris BUNAPYBAHMX ATOMIB, MOMVIMHAHHS ILIa3MOK0 B
MOMEHT | micas mpo6Or [165]; ame 3BaKAwYM HA BHUCOKY TEMIIEPATypy
BunapoByBanHs iHgiro (3000 K) Ta Benwky TEIUIOTY BUNAPOBYBAHHS, TYT Ta Y
MOTAVTBIIAX PO3PAXYHKAX JTAHUMH €PEKTAMHU HEXTY€EMO.

He3Baxkatouu Ha MoBHY a0JiALito TIiBKK IN ToBmmMHOW0O 30 HM, 1O MOMEHTY ii
3HUKHCHHS YacTHHA aToOMIB MpoHMKae najeko BriauO CdTe y tBepaiii ¢asi, mpo

MOOIYHO BKa3y€e Ha 3HAYHY IIBUJIKICTh MPOIECY MACOIIEPEHOCY.

6.2. BoabT-amMnepHi xapakrepucTuku cTpykrypu In/CdTe/Au [1577*]

Ha HasBHICT MacomepeHocy Ta YTBOpPEHHs 1HBepcHoro mapy npu [JIO
BKa3ylOTh TaKOXX 3MIHM BOJIbT-aMIiepHOi xapaktepuctuku micis IJIO [In/CdTe
pyoinoBum (puc.6.5) mnazepom. IIpencraBieni BAX In/CdTe/Au cTpykTypu y
BUXITHOMY cTaHi (kpuBa 1) Ta Oe3nocepeaHbO MICHIsI OJHOKPATHOTO OMPOMIHEHHS
npu E = 16 mlx/cM® 3 Goky iHmito ToBmmHOW 100 HM py6iHoBuMm (A = 694 HM)
nazepom (kpuBa 2) B atMocdepi aprony npu Tucky 2 at™ [157*]. Bug BAX micas
OMPOMIHEHHS CBIAYUTH MPO TOCUJICHHS BUIPSMIISIIOYUX BIACTUBOCTEH KOHTAKTY
In/CdTe 1 yTBOpeHHS IIOJHOI CTPYKTYpH, IO BKa3ye Ha JIETyBaHHS
npunoBepxHeBoro mapy CdTe iHmiem 1 yTBOPEeHHS p-n Mepexoiay, SK 30Kpema i B

[148]. Ctpym BHUTOKY 1pH 3BOpOTHIi Hampy3i -100 B 3smenmmBes 3 233 HA (kpuBa 1)
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1o 27 HA (kpuBa 2).

3rogom ctpyM BuTOoKy nipu U = -100 B mpotsrom 1 noOu 3MenmuBes 3 27 HA
1o 17 HA (puc. 6-5, BcTaBka), 1110 BKa3ye Ha JOCUTH TpUBaJl AU]y3iHiHI IpoLecH B
npurnoBepxHeBomy miapi CdTe 3a paxyHOK penakcarlii 3ajMIIKOBUX HAMpPYT MiCIs
onpomiHeHHs. [licis 1pOro BeNMYMHA CTPYMY BHUTOKY CTa€ CTalLIbHOIO, IO
JIO3BOJISIE OILIHUTH Yac [HMX MpoIeciB. 3MiHA CTPYMY BHTOKY MpOTSAroM [i0 B

In/CdTe/Au cTpyKTypax Mmiclis TUHAMIYHOTO JICTYBaHHS CITOCTEpirajacs paHiiie.

30+
5 5x10°
o < ;
%2 = 4x10' 2 |1
= 4
5t | 3x10
X 2x10'
15} 11t
0 2 4 6 8 10 127 ]

Pucynok 6.5 — BAX ctpykrypu IN/CdTe/Au 10 (1) ta micis (2) onpoMiHEHHS MPH
E,co = 16 MI[x/cM’. Ha Betasi: 3MiHa ctpyMy BUTOKY crpyktypu In/CdTe/Au mpu U

= —100 B 3 yacoM miciIst OnpoMiHeHHs pH E .o = 16 M Dx/cm” [157*]
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BucHoBkH 10 po3aiiay 6

Otpumano npod ik PO3NOALTY aTOMIB 1HJIIIO B TETYPHUIl KaJAMIIO p-TUITY MiCIIs
OJTHOKPATHOTO onpomMiHeHHs cTpykrypu In/CdTe 3 60Ky mumiBKu 1HA110 TOBIIKUHOIO 30
HM IMITyJIbCOM €KCUMEpPHOro (A = 248 HM) J1a3epa TPUBANICTIO T, =20HC IpU T'yCTUHI
eneprii £,,, = 100 MI[)K/CMZ. Jlana Benu4MHA TYCTUHU €HEPTIi € ONTUMAJILHOIO JIS
dhopMyBaHHS 1HBEpPCHOT'O MPUITIOBEPXHEBOTO I1apy (n- TUITY).

Bussneno, mo rimmbuna nudysii cranoButh 100 HM 1 ciocTepiraerbes MK IpH
6 HM, [0 BKa3ye Ha IEpPEBHILEHHS JpeiihoBOI CKIAAOBOI IIBHJKOCTI aTOMIB 3a
nudysiiiny. BcTaHoBieHo, 1m0 koedirieHT Maconepenocy aromiB /n B CdTe mpwu
HAHOCEKYHIHOMY JIa3€PHOMY OIPOMIHECHHI CTpYKTypH IniiBka IN/CdTe 3anexuth Bif
BifcTaHi Bia moBepxHi CdTe i 3pocrae, 110 MOB’SI3aHO 31 MIBHIKOK 3MIHOO 3 4acOM
HEOHOPIIHOT Aedopmaliii KpUCTATIYHOT peliTku (HapocTaHHIM Ta criagoM gradP) y
nporiect qudy3ii 1HI110.

BusnadyeHno koedirientu Macorneperocy inairo B CdTe y pisHUX 00JIacTSIX MpH
HAHOCCKYHJTHOMY ONPOMIHEHHI eKCUMEpHUM JiazepoM cTpykrypu [n/CdTe 3
TOBIIUHOMK WIiBKU [n 30 HM 3 60Ky MmeTany npu E,,, = 100 MI[)K/(:M2 Do=1,1" 10°
em’/c, Dy =3,9-10° em®/c, D, = 1,46:10° em’/e, D3 = 5,2-10° em’/e.

Bung BAX crpyktypu [n/CdTe/Au micis onpoMiHEHHsI CBITYHUTH TIPO
TIOCWJICHHST BUNPSAMIISIFOUMX BiacTuBocTed KoHTakTy [n/CdTe i yrBopeHHS IiomHOT
CTPYKTYpH, III0 BKa3y€ Ha JIeryBaHHS mpumnoBepxHeBoro mapy CdTe inmiem i

YTBOPEHHSI p-N MEPEXOy.
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BUCHOBKU

BcraHoBIIEHO MOPOrH IUIABJICHHS 1 pexkuMu 00poOku kpuctaniB CdTe mpu il
HAHOCEKYHIHHX IMITYJIbCiB pyOiHOBOTO (4 = 694 HM) Ta HeomumoBoro YAG:Nd (1 =
532 HM) 5azepiB IS JIa3epHO-1HAYKOBAHOTO TPABJICHHS 1 MOJIPYyBaHHS MOBEPXHI
HaMiBOpPOBiAHUKA. ONTUMI30BAaHO METOJ JIa3€pPHO-1HIIYKOBAHOTO TBEPI0(ha3HOTO
JeryBaHHS —~ BHCOKooMHHMX  kpuctaniB  CdTe(11l) p-tumy mpoBimHOCTI 3
BUKOPHUCTAaHHAM BigHOCHO TOBCTOI (300-400 HM) rutiBku In, monepeaHb0 HANUJICHOT
Ha TIOBEPXHIO 3pa3Ka.

BcraHoBiieHO onTUManbHI YMOBM HAaHECEHHs KOHTakTiB In ta AU 10
BUCOKOOMHUX KpuctamiB P-CdTe 1 pexumu J1a3epHO-IHIYKOBAHOTO JICT'yBaHHS
MIOBEPXHEBOTO IIapy HAMIBIPOBiAHUKA iHIiEM st popmyBanns mioxis In/CdTe/Au 3
HU3BKUM 3BOPOTHIM CTPYMOM.

BusnadyeHo koedirientu Macorneperocy inairo B CdTe y pisHUX 00JIacTSIX MpH
HAHOCEKYHIHOMY ONPOMIHCHHI eKCHMMEpHUM Jja3epoMm cTtpyktypu In/CdTe.
OtpumaHo TpoduIb PO3MOAUTY aTOMIB 1HAIIO B TEIYPHIlI KaJAMIIO p- TUIY MIiCHS
OJTHOKpPATHOTO omnpoMiHeHHs cTpykTypu /n/CdTe 3 GOKy MJIiBKM 1HAIIO IMITYJBCOM
ekcumepHoro (A = 248 HM) na3epa, BU3HAUY€HA ONTUMAJIbHA BEJIMYMHA TYCTUHH
eHeprii 1y1s1 GopMyBaHHS IHBEPCHOTO MPUITOBEPXHEBOTO mIapy (N-THUITY).

3HalIeHo 110 B Jl1ama30H1 MPOTSXKHOCTI JIa3epHUX IMITYJIBCIB B MeXkax BiJl 7 HC
no 120 He, mopir miaBinenHs Cd7e 3HaYHO 3aJeKUTH BiJl Koe(dillieHTa MOTJIMHAHHS
a(A). Bymo BCTaHOBJIGHO IO TOPIT TUIABJICHHSI 3HAYHO 3MIHIOETHCS KOJIM JOBKHMHA
XBWJII BUIPOMIHIOBAHHS A 3MIHIOETHCA [UJIs OLIBII KOPOTIIMX MPOTSHKHOCTEH
JNa3epPHUX IMITYJIBCIB Tp.

BcraHoBneHo, 10 JOMIHYIOYMM  MEXaHI3MOM  MacoONepeHOCYy  IpHu
HAHOCEKYHIHOMY JlazepHoMy TBepaodasHomy JjeryBanni CdTe iHmiem €
O6aponudysis. BinmoBigHo, IHTGHCUBHE Ta IIBUAKE MPOHUKHEHHS aTOMIB 1HJIIO B
CdTe npu HaHOCEKYHIHOMY Jla3epHOMY omnpoMmiHeHHi cTpyktypu In/CdTe
OoOyMOBJICHE 3HAYHUMH TpaJl€HTAaMU TEPMOHAIPYT, 110 BUHUKAIOTH 32 PaxyHOK

MIBUAKUX TPOIECIB HATPiBY, MJIABJIEHHS, Mapo- 1 MIa3MOYTBOPEHHS 3 «yIJapHUMI»
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MIBUAKOCTSAMHU MPOTiKaHHSA. ToMy mpu GopMyBaHHI pi3KOTO p-N- Mepexoay Ha Maiid
rnouHi 'y CdTe mpu CTBOpPEHHI JETEKTOPIB JOMUIBHHM € 3a0e3MeUeHHS Pi3KHX
I'PaJIIEHTIB TUCKY, a HE 3HAYHUN HArpiB.

[Tokazano, moO MexaHi3MH KoHIeHTpamniiHol audys3ii iamito B CdTe i
3aTAryBaHHSA aToMiB [n (POHTOM Ja3epHO-1HAYKOBAHOI yJapHOi XBWII MpH il
BUHHUKHEHHI Ta TOIIMPEHHI HE € JOMIHYIOYMMHU Ta BU3HAYAJbHUMHU MEXaHi3MaMu
MacorepeHocy iHaito B cTtpykrypi /n/CdTe 3 Topmmuoro miiBku /n 30-400 HM mipH

HAHOCEKYHJIHOMY JIa3€pHOMY ONPOMIHEHHI.
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