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AHHOTALUA

BBenenmne. TermoBoe Bo3eiicTBHE IOXKapa Ha TEXHUUECKHE CPEICTBAa — PACIIPOCTPaHCHHAs U cephe3Has mpodiema. B
9TOH CBSA3M NPEICTABISICTCS aKTyallbHOW 3aJadeil MCCIeOBaHHUE (PI3UKO-XMMHUYECKAX W TEIUIOBBIX IIPEBpAIleHUNA B
YCTpOWCTBaX Ha OCHOBE TEIUTypHOa KaaMHUS NPH TEXHOTSHHBIX MM TPHUPOTHBIX Mokapax. [lo psmy maTepmaioB
MOTOOHBIE HCCIEHOBAHM HE TMPOBOMWINCH, 4 HMMEIOIIMECS pe3yNbTaThl HEMOCTATOYHBI WM y3KONPO(QWIBGHEL. B
NPEAJIOKEHHON CTaThbe INPEICTaBICHbl HOBBIE JaHHBIE MO JAe(EKTOCTOMKOCTH ¥ NPUMEHHUMOCTH MaTepuana B
3aBUCHMOCTH OT TEIUIOBOro Bo3zielcTBus. Llenmb wuccnenoBaHus — U3y4eHHE OCOOCHHOCTEH Jerpajaliy IO
BO3/IeiICTBUEM 3KCTpEMaJIbHBIX TEMIIEPATyp AJIsl CO3JaHUsI HOBBIX MAaTepHaJIOB C 33laHHBIMU CBOMCTBAMHU.

Marepuaisl u Metoabl. ViccienoBamuck o0pasiibl Teyutypuaa kaamus (CATe), ucrnosbp3yeMble B COTHEYHBIX MAHENSIX U
JeTeKTopax. B mpakTnueckod dYacTH pabOThl OIIEHUBAJIOCH TEIUIOBOE BO3JeiicTBHE Ha oOpaszel OOBIYHBIX U
AKCTPEMANTLHBIX TEMIIEpaTyp C TOCIEAYIOMHM H3yYeHHEM MaTeprana METOAaMH IMPOCBEYMBAIONMICH AIIEKTPOHHOMN
MHUKPOCKOIIHH. JKCIIEPUMEHTH UMHTHPOBAIIN 30HY TEIUIOBOTO BO3JEHCTBHUS MoXkapa. PacueTHO-TeopeTndeckas pabora
3aKIII0Yaiach B COBEPUICHCTBOBAHWU MATEMAaTHYECKOW MOJeNH (HHU3UKO-XUMHUUYECKUX TPEBPAIICHUH W SBOJIOLUU
nedeKToB mpH TertoBoM BozaeiictBuu 1o 1092 °C. MaTtemarndeckas MOAETh YIUTHIBAIA TEIIO03Y, XapaKTePHYIO s
HeympaBiisieMoro ropenus. [ljis peleHns ypaBHEeHUiA 3a1eficTBOBaiK nporpaMMHbiil maketr Maple.

Pe3ynbTaTsl ucciienoBanusi. Busyanusuposano GpopmupoBanue nedextoB B 06pasiie CATe mpu CyIecTBeHHO pa3HbIX
YPOBHSIX TEIIOBOTO Bo3aeicTBust. Huxusist rpanuiia — okoso 20 °C, Bepxusis — 6osee 600 °C. JletanbHo npopaboTaHb
NpeBpalleHus B KOHTPOJIbHBIX 00pasiiax CdTe npu Bo3aeiicTBuu temmepatypsl 1o 1092 °C ¢ marom 15 °C. Toyeunsie
nedexTsl, 00yCIIOBIICHHBIE BO3JIGUCTBHEM TEMIIEpATyphl, MPEACTABICHbl Kak (akTop paspylIeHus Mmarepuania, a
clieloBaTelIbHO, M cOoeB B paboTe ycTpoiicTBa. PelieHa cucrema ypaBHEHUA, KOTOpast yUUTHIBAET KOMILIEKC 1apaMeTPOB:
4acTOTy KojiebaHUil aTOMOB B pelIeTKe, TeMmIepaTypy, KoHieHTpauuu y3moB CdTe, Mex10y3elbHbIX aTOMOB U
BaKaHCHU, MUTPAlMI0 ¥ TPHUCOCIMHCHHE MEXKIOY3CIbHBIX aTOMOB W BakaHcwil. ['paduuecku mpencTaBIeHBI
KOHIIEHTPAI[MK BaKAHCHI M MEXI0Y3elIbHbIX aTOMOB B 0Opasuax CdTe B 3aBHCHMOCTH OT TOJIIMHBI U TEMIEPATYypPhI.
WTorn HaydHBIX HM3BICKAHUI MO3BOJSIIOT yTBEPXKAATh, YTO NEeTeKTOphl HAa ocHOBe CATE OTHOCHTENHLHO KOPPEKTHO
paboraror Tosbko mpu Temomose po 400 °C. B nuanasonax 400-600 °C npedextHas ceTh Marepuana akTHBHO
SBOJIIOLMOHHUPYET, NPEISITCTBYS pazpyiieHuto. OHAKO JajibHeillee yBeIHueHne TeIUIOBOr0 BO3ICHCTBHS IPUBOJHUT K
MOJIHOM Jierpajanuu 000pyA0BaHUs, YTO HE MO3BOJISIET MCIIOJIb30BATh TEIUTYpPHIl KaJMHs B KCTPEMAJIbHBIX YCIOBHUIX
JlaXke HEeTIPOI0JDKUTEIBHOE BPEMSL.

O6cy:xaenne u 3akiiouenue. [IpeioxkeHHas yCOBEpIICHCTBOBaHHAsT MO/IeNb (PU3NKO-XUMHUUECKHUX IIPEBPAIICHUI B
ycrpoiicTBax Ha ocHoBe CATe B 30HaX TEMIOBOTO BO3MCHUCTBHUSI TIO3BOJIUT Gosiee M30MPATENHHO TIOIXO0IUTH K BOTIPOCY
UCTIONIB30BaHMs 000pynoBaHus. KpoMe Toro, HE0OOX0MMO COBEPIIEHCTBOBATH MaTEPHAIIBI U MOBBIIIATH UX CTOMKOCTB K
9KCTPEMAILHBIM TEMIIEpaTypaMm.

KnroueBble cioBa: Temwtypun kaamus, QopmupoBanue pedexktoB B obOpasue CdTe, KoHUEHTpauus Y3JOB,
KOHIIEHTpaLUs BAKaHCUH, MeKa0y3eabHble aToMbl CdTe
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baarogapHocTu: aBTOpPBHl  BBIPAKAOT MPHU3HATENBHOCTh KOJUIETAM W3  J1a0OpaTOpHM  HAHOMUCIEPCHBIX U
komno3uuoHHEIX Matepuanos ®I'BHY «®ULl KHI[ CO PAH». Kpome Toro, 6maromapuM pegakioHHYI0 KOMaHIY
KypHaJa U PeleH3eHTa 3a KOMICTEHTHYIO 3KCIIePTU3Y U LIEHHbIE PEKOMEHAAIUH 10 YIIyUIIeHUI0 CTaTbH.

Jos muTupoBanms. Mo3zxepun A.B., Ilaknmmn H.H. TermmoycroiumBocTh Tetypuia KaaMmus B HH(PpPaKpacHBIX
JETeKTOpax /I MOHHUTOPHUHrA IOXKAPHOUM OOCTaHOBKU. be3onacHocmv mexHO2eHHbIX U NPUPOOHBIX CUCEM.
2023;7(3):7-13. https://doi.org/10.23947/2541-9129-2023-8-3-7-13
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Abstract

Introduction. Thermal effect of fire on technical means is a common and serious problem. In this regard, it seems an
urgent task to study physicochemical and thermal transformations in devices based on cadmium telluride during man-
made or natural fires. For a number of materials, such studies have not been conducted, and the available results are
insufficient or narrowly focused. The proposed article presents new data on the defect resistance and applicability of the
material depending on the thermal effect. The work objective is to study the features of degradation under the influence
of extreme temperatures to create new materials with specified properties.

Materials and Methods. Cadmium telluride (CdTe) samples used in solar panels and detectors were studied. In the
practical part of the work, the thermal effect on the sample of normal and extreme temperatures was evaluated, followed
by the study of the material by transmission electron microscopy methods. The experiments simulated a zone of thermal
impact of a fire. The computational and theoretical work consisted in improving the mathematical model of physical and
chemical transformations and the evolution of defects under thermal influence up to 1092 °C. The mathematical model
took into account the heat dose characteristic of uncontrolled combustion. The Maple software package was used to solve
the equations.

Results. The formation of defects in a CdTe sample at significantly different levels of thermal exposure was visualized.
The lower limit was about 20 °C, the upper one was more than 600 °C. Transformations in CdTe control samples under
the influence of temperatures up to 1092 °C with a step of 15 °C were worked out in detail. Point defects caused by the
influence of temperature were presented as a factor of destruction of the material, and consequently, failures in the
operation of the device. A system of equations was solved that takes into account a set of parameters: the frequency of
vibrations of atoms in the lattice, temperature, concentrations of CdTe nodes, interstitial atoms and vacancies, migration
and attachment of interstitial atoms and vacancies. The concentrations of vacancies and interstitial atoms in CdTe samples
depending on thickness and temperature were graphically presented. The results of scientific research allowed us to assert
that CdTe-based detectors worked relatively correctly only at a heat dose of up to 400 °C. In the ranges of 400-600 °C,
the defective network of the material actively evolved, preventing destruction. However, a further increase in thermal
exposure led to complete degradation of the equipment, which did not allow the use of cadmium telluride in extreme
conditions, even for a short time.

Discussion and Conclusion. The proposed improved model of physical and chemical transformations in CdTe-based
devices in heat-affected areas will allow a more selective approach to the use of equipment. In addition, it is necessary to
improve materials and increase their resistance to extreme temperatures.

Keywords: cadmium telluride, formation of defects in a CdTe sample, density of nodes, vacancy concentration, CdTe
interstitial atoms
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Beenenne. Temnypun xaamus (CdTe) — OGunaphoe xumuueckoe coeaunenne kaamus (Cd) u Temmypa (Te),
MPSIMO30HHBIN MOJIYHIPOBOIHUK Tpymbl AoBe. Biarogapsi Beicokoit Temmeparype IJIaBIeHUS] U HEPACTBOPUMOCTH, 3TO
OMHO W3 caMbix crabuibHbIX coequnennii Cd. CdTe — cTparerdueckr BaKHBIA MaTepHan sl CO3JaHUS
TOHKOIIJIEHOYHBIX COJHEYHBIX 3JIEMEHTOB, YHUBEPCATBHBIX HHPPAKPACHBIX IETEKTOPOB U APYTUX IPUOOPOB.

BakHBIN BOIPOC ¢ TOYKH 3PEHUS MPOU3BOJCTBEHHOM MPAKTUKH — paboTa MPUOOPOB M YCTPONCTB B Pa3sIMUHBIX
YCJIOBHMSIX BHEIIHEH CpEMbl, UX JOJNTOBEYHOCTh M II0KAapOB3PHIBOOE30MAacHOCTLY. XOpOIIO M3BECTHO, YTO JH0GOE
MOJTYPOBOTHUKOBOE COEANHEHHUE UMEET TEHICHIINIO K JIErPaJallii ¥ U3MEHEHUIO (DU3UKO-XUMHUECKUX CBOMCTB. DTO
00YCIIOBIICHO TIpOIleccaMy Ae(eKTO0Opa3oBaHus, KOTOPHIC TIPOMCXOIAT B TOM YHCIIE W3-3a TEIUIOBOTO Bo3aekicTus [1].
Upe3BbIuailHO BaKHBIM IPEICTABISAETCS MOHUMAHUE 3TUX MPOIECCOB ISl MPUMEHEHHUSI MAaTEPUANIOB B AKCTPEMATIbHBIX
YCIOBHUSIX C COXpaHEHHEM 3a/IaHHBIX CBOWCTB, ¢ MUHHUMAJIbHBIM PHCKOM BO3HHKHOBEHHS TOXKAPOB, aBApHil U IPYTrUxX
Ype3BbIYANHBIX CUTyaLUil.

Criefryer OTMETHUTb, YTO TIOKa HAYy4YHbBIC U3bICKAHUS B 3TOU cdepe He Jany MCUEPIBIBAIOIIUX pe3ynbTatoB. [1o psay
MaTepUalioB UCCIIEAOBAHUS HE MPOBOMIKMCH, 4 UMEIOUIMECS JTaHHBIE HEIOCTATOYHBI WU y3KOMPO(UIBHBL ABTODHI
MPE/ICTABICHHON CTaThU MPEIIAral0T HOBBIE CBEJCHUS, KACAIOIIHECS YCTOMYMBOCTH K Je(eKTaM U MPUMEHHUMOCTH
MarepHana, HCIbITHIBAOLIEIO TEIUIOBOE Bo3aehcTBUe. Llenb MccneoBaHus — H3y4YHTh OCOOCHHOCTH JErpagallii B
YCIOBUAX SKCTPEMAJIBHBIX TCMIIEPATYP AJId CO3JaHUs HOBBIX MaTEPUAJIOB C 3aJTaHHBIMU CBOMCTBaMH.

Marepuaiabl U MeToAbl. MTak, usydamack paboTa YCTpOiCTBa B Ciiydae BO3HHKHOBCHHS 3KCTPEMAlIbHBIX
COOBITHI — TIPUPOJHOTO WIIM TEXHOT€HHOTo moxapa. OObeKTaMu HCCIEOBaHUsI ObUIM TPH KOHTPOJBHBIX 00pasna
TeJUTypUia Kaamus. VX CHsUIM ¢ CONHEYHO# Oaraper M MOABEPIIIM MOCTOSHHOMY TeruioBomy BosaeicTBuio ot 20 °C 1o
1092 °C. O6mue qaHHBIE UCCIIEAYEMBIX MaTepHaoB PEACTaBICHHI B Tabmwe 1.

Tabmuma 1
OtJesbHbIC CBOMCTBA M XapaKTePUCTHKU TeJUTypHaa KaaMus [2—4]
Xumuueckast hopmyIia CdTe
[TnoTHOCTD, T/eM3 5,8585
Temneparypa muaBnenust, °C 1092
PacTBOpUMOCTB B BOJIE U JIPYTHX PACTBOPUTEIIAX HepacTBopumblii
Kpucrammuaeckas cTpykrypa Kybnueckas, chaneput (IMHKOBast 0OMaHKa)
[Mapametp perneTku, HM 0,648
Koaddunuenr [Tyaccona, v 0,41
Monynb casura, ['Tla 9,2
DHeprus nedexTa ynakosku, M/ m? 11+1,9
[MoxxapoB3prIB0OE30IaACHOCTH Heroproumnit
TOKCHYHOCTB TokcuueH, 0cob0 oraceH B BOIHOHU cpeie

Ba3oBoe 3KCIepUMEHTaTBHOE HCCIIEI0BAHIE IPOBOAMIOCH METOIOM MIPOCBEYMBAIOIICH HICKTPOHHON MHUKPOCKOTIHH
na npubope JEOL JEM-2100 ¢ mpeapapuTebHOM MPOOOMOATOTOBKON 00pa3IOB COrIaCHO 0a30BBIM MeETOHMKaM [5].
Teopernyeckas paboTra CTPOWIACh HA CO3JaHHHM MAaTEeMATHYECKOW MOMENH (HU3UKO-XHMHUYECKUX MPEBPAIICHAH B
YCTPOMCTBAX HA OCHOBE TEIUTypHAa KaaMUS C YYeTOM TEIUIOMO03bI, BO3HHUKAIOIICH TMPH pPa3sBUTHH MpoIecca
HeympasisieMoro ropenust. CHCTeMBbI YpaBHEHHI peliainch B mporpaMMHoM makere Maple.

Pe3ybTaThl HCcaeq0BaHusA. DKCIIEpUMEHTAIbHAS YacTh paboThl ornucana B [2, 4]. [TonydeHHBIe JaHHBIE TIOKA3aJIH,
YTO BO3JEHCTBHE TEIIOBOTO H3TyYEHHs IPHBOIHUT K (GOPMHUPOBAHHIO M AKTHBHOM 3BOMIOINH HedeKTHOM ceTn (puc. 1),
NPENCTaBICHHON NPEHMYILECTBEHHO POCTOBBIMH AMCIOKAUMSAMHU. B OTHENBbHBIX Cly4asx, P HAIUYHK B atMochepe
KaJIMUSI WA JIPYTUX BELIECTB MOSBISIOTCS MPEHUIUTATHI ¢ TpaHCopMAaInei AUCITOKAIUIA B AUCIOKAI[MOHHBIE TETIN
W Ae(eKThl yakoBku [3, 6-7].

1TOCT 2.1.004-91. Cucmema cmanoapmos 6e3onacnocmu mpyoa. Iloscapnas besonacnocmo. Obuue mpebosanusi. INEKTPOHHBINH (OHI NPABOBBIX
1 HOpMaTHBHO-TeXHHYecKuX JokymeHToB. URL: https://docs.cntd.ru/document/9051953 (narta obpamenns: 17.04.2023).
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100 nm
a) 0)
Puc. 1. ®opmuposanue nepextos B obpasue CATe npu TEIIOBOM BO3/ICHCTBHM:
a—~ 20 °C; 6 — 6omnee 600 °C. Maciurab B HaHOMeTpax

Teopernyeckas yacTh MCCIIENOBAaHMs BKIIOYala JIeTaIbHYI0 MPopabOTKy MpeBpalleHnii B KOHTPOJIBHBIX 00pa3nax
CdTe npu BozaeiictBuu Temmepatyps 10 1092 °C ¢ marom 15 °C. TIpu Takom xapakTepe padoThl YCTPOHCTB, 0COGCHHO
BOJIM3M TEMIIEPaTypbl IUIABJICHUS, NMPOUCXOAUT JASCTPYKIMsS MaTepHaia, 4To IpPSMO CBS3aHO C 00pa3oBaHHEM W
Pa3BUTHEM TOUEUHBIX AC(PEKTOB.

C yueToM (HUKCAIK TEMIIEPATYPHOTO PEXKUMA U TIPE/IIECTBYIOIIUX IKCIIEPUMEHTAIBHBIX JAHHBIX MOJACIUPOBAIOCH
00pa3zoBaHue MEXI0y3ebHbIX aTOMOB M BAKaHCHiA, a TAKXKE MX CKOIUICHHI B BUJC JUCIOKAIIMOHHBIX METENb U MOP B
CdTe. DddexruBHbIe 3HAUCHUS SHEPTUH TEIUIOBO# Auccormaiun pemmetku (Ep) u koadduiimeHTa TemioBoro poxaeHus
nap to4yeuHbix faedextoB (P) MO3BOISIOT YCOBEPIIEHCTBOBATH CHCTEMY YPaBHEHUH PABHOBECHOIO PACIPEICICHHUS
nedexros, npuBeeHHy0 B [8-9] k creayromemMy BUIY:

Pc,+D,-C/'-R-C,-C, -2A -C2=0, (1)
Pc, +Dy -G/ -R-C, -C, —2A, -} =0,
rae P = v-exp (-Ep/kT), v — uvactota kosebanus atoMoB B perietke, K — moctosiaaas Bonbivana, T— TeMrmepatypa, Co —
koHuentpanus y3a0B CdTe, C u Cy— s>(eKTUBHbIE KOHIIEHTPAIMKA MEXI0Y3€IbHBIX aTOMOB M BakaHcuid, Dy u Dy —
ko3 durment muddysun (MUTpanuu) MEKIOY3CIbHBIX aTOMOB W BakaHcui, Ay U Av— KO3(D(HIMEHT arioMeparuu
(IpHCOeMITHEHTIS) MEKIOY3EITbHBIX aTOMOB 1 BAaKAHCHH COOTBETCTBEHHO, R — ko3 (huiieHT pexoMOnHaIm.
Jlyis pacueToB MCMONB3YIOTCS YUCICHHBIEC 3HAYCHHSI YKa3aHHBIX BeIuunH (Tabnuna 2).

Tabmuma 2
YucreHHbIe 3HAUEHHUs IAPAMETPOB KpUCTalNa TeTypuaa kaamus [3, 8-9]
Co D, Dv A Ay R v Ep P
oM cméct cm?ct emic! cemict cemict ¢t 5B cemic?
1,5-10% 4,2.107 8,3:10? 7,5-10* 1,1-10* 1,7-108 1013 1,4 2,6-10 11

Pemrenne cucremsr ypaBuenuil (1) mpencrasieno Ha puc. 2, 3. Kak oTMedanoch BbIle, BEPXHsSI KPHBas
cootBercTByeT 1092 °C, mar — 15 °C.
Ci, cm3

3,5 -10%7 1 p——
3.10% 1 ’/ :
2,5-10%7 1 P gij——
2.10v 4 ol
1,5-10"
1107

5-10%6

10 20 30 40 50 60 70 80 90 100 z, =M

Puc. 2. KoHuenrpanuu BakaHcuii B oopasiax CdTe B 3aBUCHMOCTH OT TONIIHHBI (Z) IPH PA3IMYHBIX TEMIIEpaTypax
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Ci, cm?

6 -10%

51077 |
4-1017 -
3-10%7

2.107 | 1)
|

1-10Y7

16 20 30 40 50 60 70 80 90 100 z, um

Puc. 3. KoHUEHTpanun MeX10y3enbHbIX aTOMOB B 00pa3iax CdTe B 3aBUCHMOCTH OT TONIIHMHEI (Z) IPH Pa3IHYHbIX TEMIIEpaTypax

[MonydeHHble JaHHBIE MO3BOJSIIOT YTBEpXkIaTh, 4rto 1o TemmepaTypbl 400 °C ToueuHble nedeKThl (BakaHCHU U
MEXAOY3/IHs) BIHMAIOT HAa (PU3MKO-XMMHUYECKHE CBOIcTBa c€1abo, ¢ JMHEHHBIM yBenuueHHeM. [Ipyn TOBBIICHHH
YKa3aHHOU TpaHHIBI PUKCUPYIOTCS HETMHEHHBIE U3MEHEHHS. DTO MOXKHO OOBSCHUTH OOPAaTHBIM BIMSHHEM IE(EKTOB
(mpoTHBOAEHCTBYE Pa3pYIICHUIO MOJIYNPOBOAHMKa). OCOOCHHO 3aMeTHa aKTHBHAs Jerpajalys NPU TeMIepaTypax
Beime 600 °C. ITox Bo3aetictBueM Temreparypsl 1000 °C Temmrypu KaqMus HAYHMHACT Pa3pyIaThCs.

OOcy:xaenne W 3akiro4eHue. [IpencTraBieHHOE HCCIEIOBAaHME IOATBEPIMIO AKTHBHBIC (DU3MKO-XUMHYIECKHE
MpeBpalleHuss B o0pasiax TeJUIypHuaa KaJMUs MPU PaBHOBECHOM TeIuioBoM BoszeikcTBuu a0 1092 °C. PesyibraThl
peteHuss MOAUGHUIMPOBAHHON cUCTeMbl ypaBHEHHU# (1) MO3BOJSAIOT YyTBEPXKIATh, YTO C MOBBIIICHUEM TEMICPATYPHI
YBEJIMYHMBACTCSl JIECTPYKIMs B oOpaslax TeJulypuaa KaaMus, pacTeT JaedekTHas ceTh. JTH IPOLECCHl CTAHOBSITCS
MIPUYMHO# BBIXOA U3 CTPOSt 000PYIOBAHHS C JAHHBIM MaTEPHAIIOM.

[Tpubops! 1 ycTpoiicTBa Ha OCHOBE TEJUTypHa KaJIMHs TOKa3bIBAIOT BEICOKYIO TEIIOBYIO YCTOMYMBOCTD U HAJISKHYIO
paboty o 100 °C. OnHako NX HCIOJIB30BAHIE OTPAHUYNBACTCS M CTAHOBUTCS KpaiiHe Maod3()(EKTUBHBIM IIPH BHICOKUX
TemIepaTypax. B SKCTpeManbHBIX YCIOBHSX OoJyiee TMOAXOAAIIMMH OKa3bIBAIOTCSA TAaKWE ITOJYIPOBOAHHUKOBBIC
MaTepHalibl, Kak KpEMHHUH U FepMaHuMH.
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