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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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AHHOTALUA

Beenenne. TemnoBoe Bo3AEHCTBHE MOXApa HA TEXHUIECKUE CPEACTBA — PACIPOCTPAHEHHAs U cepbe3Has Ipoodiiema.
B aTo#i cBsI3M mpencTaBisieTCs aKTyalbHOW 3ajadeil ucclieloBaHue (U3MKO-XMMUYECKUX M TEIUIOBBIX MpEeBpaIleHHH
B YCTPOMCTBAaX HAa OCHOBE TEJUTypHAa KaaMHs NPH TEXHOTEHHBIX WM NPUPOAHBIX Moxapax. Ilo psmy marepuanoB
MOJOOHBIE HCCIICAOBAHUS HE IPOBOMMINCH, a HMEIOLIMECS pe3yibTaThl HENOCTaTOYHBl WM y3KOHNPO(UIBHBI.
B npensioxkeHHOW CTaThe IpEACTaBICHbl HOBBIE IaHHbIE IO Je(PEeKTOCTONKOCTH W NPUMEHHMOCTH MaTepHana
B 3aBUCHUMOCTH OT TEIUIOBOTO Bo3AeHCTBUA. llenp uccinenoBaHMs — H3ydeHHE OCOOEHHOCTEHM nerpajaluu Moj
BO3/IEHICTBHEM 3KCTPEMalbHBIX TEMIIEPATyp A CO3JaHuUs HOBBIX MAaTEpPHAIOB C 3alaHHBIMU CBOWCTBAMHU.

Marepuansl u Metoabl. UccnenoBanucy o6pasnsl Temutypuaa kaamus (CdTe), uermosp3yeMble B COMHEYHBIX MAHENAX
U IeTeKTOopax. B mpakTuyeckoil uYacTh pabOTHl OLIEHMBAJIOCH TEIUIOBOE BO3/CHCTBME Ha o00pasel OOBIYHBIX
1 9KCTPEMAIBHBIX TEMIIEpaTyp ¢ MOCIEIYyIOIINM HM3yYeHHEM Marephajia MEeTOJaMH MPOCBEYMBAIONICH AIIEKTPOHHOM
MHUKPOCKOIIHH. DKCIIEPUMEHTH IMUTHPOBAIIM 30HY TEIUIOBOTO BO3AEHCTBUS MOXkapa. PacueTHo-TeopeTndeckas padbora
3aKJIoYyaiach B COBEPIICHCTBOBAHMM MaTEMaTH4YeCKOW MOJeNH (U3MKO-XUMHYECKUX IPEBPAIICHUH M 3BOJIOIMHU
nedeKToB npH TeIoBoM BozaeiicTBuu 10 1092 °C. MaTtemarndeckas MOAEb YUUTHIBAIA TEIJION03Y, XapaKTepHYIO IS
HEYyNpaBJIsieMOro ropeHus. s penieHus ypaBHeHUH 3a1efiCTBOBAIM IPOrpaMMHBIH maket Maple.

Pe3yabTaTsl ucciienoBanusi. Busyanusuposano GpopmupoBanue nedextoB B 00pazue CdTe mpu cylmecTBeHHO pa3HbIX
YPOBHSIX TEILIOBOTO Bo3aeicTBust. HuxHss rpanuiia — okoso 20 °C, Bepxusis — 6osee 600 °C. JletansHo mpopaboTaHb
npeBpalieHns B KOHTPOJIbHBIX 00pasiax CdTe npu Bo3aeiictBuu temmepatypbl 1o 1092 °C ¢ marom 15 °C. Toveunsie
nedexTsl, 0oOycIOBIEHHBIE BO3ACHCTBHEM TEMIIEpATyphl, IPEICTAaBIEHBl Kak (akTop paspyLIeHUs MaTepuana,
a ciefoBareNbHO, W cOoeB B pabore ycrpoiicTBa. PelieHa cucrema ypaBHEHHWil, KOTOpas YYHTHIBAET KOMILIEKC
MapaMeTpoB: YacTOTy KoJieOaHUil aTOMOB B pelIeTke, TeMIeparypy, KoHieHTpanuu y3nos CdTe, Mexa0y3enbHbIX
aTOMOB M BaKaHCHH, MHIPalUI0 M IPUCOCAMHEHHE MEXA0Yy3eNbHBIX aTOMOB M BakaHcui. ['paduuecku
NPEJCTABICHBl KOHLICHTPALWH BaKaHCHH M MEXI0Yy3eJbHbIX aToMOB B oOpazuax CdTe B 3aBUCHMOCTH OT TOJNIIUHBI
U TeMrepaTypsl. ITOTH Hay4YHBIX M3BICKAHUI MO3BOJISIOT YTBEPIKIATh, YTO JIETEKTOPHI Ha ocHOBe CATE OTHOCHTEBHO
KOPPEKTHO paboTaroT TOIbKO mpu Terionose 10 400 °C. B nuanazonax 400-600 °C nedexTHas ceTh MaTepraia ak THBHO
9BOJIIOLMOHUPYET, MPEMATCTBYS paspylieHuo. OJHaKo AalbHEHIIee yBEIUYEHUE TEMIOBOTO BO3AECUCTBHS IMPUBOIUT
K MTOJTHOHM AeTpaganii 000pYIOBaHU, YTO HE TIO3BOJISIET MCIIOIB30BATh TEJUTYPHI KaJMHS B OKCTPEMAaIbHBIX yCIOBHAX
Jake HEIIPOJOJDKUTEIBHOE BPEMSL.

O0cy:xnenne n 3akia0veHne. IIpeutoskeHHass yCOBEPUIEHCTBOBaHHAs MOJENb (PU3NKO-XMMHUECKHX IIpEeBpaleHUI
B ycTpoiicTBax Ha ocHoBe CdTe B 30HaX TEMIOBOro BO3ACHCTBHS MO3BOIHUT Gosiee H30UPATENBHO MOAXOAUTH K BOIIPOCY
HCTIONB30BaHus 00opynoBanus. Kpome Toro, HEOOXOIMMO COBEPIIEHCTBOBATh MaTEPHAJIbl M MOBBIIIATh UX CTOMKOCTH

K OKCTpEMaIbHBIM TeMIIEpaTypaM.
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KaroueBble cioBa: Temnypun Kaamus, (opmupoBanue nedexrtoB B obOpasne CdTe, KOHLEHTpauus Y3JIOB,

KOHICHTpauus BaKaHCI/II‘/‘I, MECKI0Y3€CIbHBIC ATOMBI CdTe

BaaronapHocTn: aBTOpPBHl  BHIp@KAOT MPHU3HATENBHOCTh KoOJUIETaM M3  J1abOpaTOpuM  HAaHOJMCHEPCHBIX U
komno3uoHHEIX MaTepuanos ®I'BHY «®UI[ KHI[ CO PAH». Kpome Toro, 6maromapuM peqakIHOHHYI0 KOMaHITy

XKypHaJla 1 PEIEH3CHTa 32 KOMIIETEHTHYIO 3KCIIEPTH3Y M IIEHHBIC PEKOMEH/IAINH 110 YIYUIICHUIO CTaThH.

Jos muTupoBanms. Mo3zxepun A.B., Ilakimn H.H. TermmoycroiumBocTh TeIypuaa KaaMmus B HH(PpPaKpacHBIX

JIeTeKTOpax Uil MOHHUTOPHHrA IIOXKAPHOH OOCTAaHOBKHU. be30nacHOCMb MeXHO2EeHHbIX U NPUPOOHBIX CUCEM.
2023;7(3):7-13. https://doi.org/10.23947/2541-9129-2023-7-3-7-13

Introduction. Cadmium telluride (CdTe) is a binary chemical compound of cadmium (Cd) and tellurium (Te), a
direct-band semiconductor of the A2Bg group. Due to its high melting point and insolubility, it is one of the most stable
Cd compounds. CdTe is a strategically important material for creating thin-film solar cells, universal infrared detectors
and other devices.

An important issue from the point of view of production practice is the operation of devices and equipment in various
environmental conditions, their durability and fire and explosion safety®. It is well known that any semiconductor
compound tends to degrade and change its physicochemical properties. This is due to the processes of defect formation,
which occur, among other things, due to thermal exposure [1]. It is extremely important to understand these processes for
the use of materials in extreme conditions while maintaining the specified properties, with minimal risk of fires, accidents
and other emergencies.

It should be noted that so far scientific research in this area has not yielded exhaustive results. Studies have not been
conducted on a number of materials, and the available data are insufficient or narrow-profile. The authors of the presented
article offer new information concerning the resistance to defects and the applicability of the material experiencing
thermal effects. The work objective is to study the features of degradation under extreme temperatures to create new
materials with specified properties.

Materials and Methods. The operation of the device was studied in the event of extreme events — a natural or man-
made fire. The objects of the study were three control samples of cadmium telluride. They were removed from the solar
battery and subjected to constant thermal exposure from 20 °C to 1092 °C. Table 1 presents the general data of the studied
materials.

Table 1
Individual properties and characteristics of cadmium telluride [2—4]
Chemical formula CdTe
Density, g/cm? 5.8585
Melting point, °C 1092
Solubility in water and other solvents Insoluble
Crystal structure Cubic, sphalerite (zinc blende)
Lattice parameter, nm 0.648
Poisson's ratio, v 0.41
Shear modulus, GPa 9.2
Stacking fault energy, MJ/m? 11+1.9
Fire and explosion safety Incombustible
Toxicity Toxic, especially dangerous in the aquatic

1 GOST 2.1.004-91. Occupational safety standards system. Fire safety. General requirements. Electronic fund of legal and regulatory documents. URL.:
https://docs.cntd.ru/document/9051953 (accessed: 17.04.2023).
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Basic experimental study was carried out by transmission electron microscopy on a JEOL JEM-2100 device with
preliminary sample preparation of samples according to basic techniques [5]. Theoretical work was based on the creation
of a mathematical model of physical-chemical transformations in devices based on cadmium telluride, taking into account
the heat transfer that occurs during the development of the uncontrolled combustion process. Systems of equations were
solved in the Maple software package.

Results. The experimental part of the work was described in [2, 4]. The data obtained showed that the effect of thermal
radiation led to the formation and active evolution of a defective network (Fig. 1), represented mainly by growth
dislocations. In some cases, in the presence of cadmium or other substances in the atmosphere, precipitates appeared with
the transformation of dislocations into dislocation loops or stacking faults [3, 6-7].

100 nm 50 nm

a) b)
Fig. 1. Formation of defects in the CdTe sample under thermal exposure:
a— ~ 20 °C; b — more than 600 °C. Scale in nanometers

Theoretical part of the study included a detailed study of transformations in CdTe control samples when exposed to
temperatures up to 1092 °C in increments of 15 °C. With this type of operation of the devices, especially near the melting
point, the destruction of the material occurred, which was directly related to the formation and development of point
defects.

Taking into account the fixation of the temperature mode and previous experimental data, the formation of interstitial
atoms and vacancies, as well as their clusters in the form of dislocation loops and pores in CdTe, was modeled. The
effective values of the energy of thermal dissociation of the lattice (E,) and the coefficient of thermal generation of point
defect pairs (P) allowed us to improve the system of equations for the equilibrium distribution of defects, given in [8-9]
to the following form:

Pc0+D,«C,'L—R»C,-CV—ZA,-C,Z:O, 1)
Pc,+D, -G ~R-C,-C, —2A,-CF =0,
where P = v-exp (—Ep/KT), v — frequency of oscillation of atoms in the lattice, k — the Boltzmann constant, T —
temperature, co — concentration of CdTe nodes, C, and Cy — effective concentrations of interstitial atoms and
vacancies, D, and Dy — diffusion coefficient (migration) of interstitial atoms and vacancies, A, and Ay —
agglomeration coefficient (joining) of interstitial atoms and vacancies, respectively, R — recombination coefficient.
Numerical values of the indicated values were used for calculations (Table 2).

Table 2
Numerical values of the parameters of the cadmium telluride crystal [3, 8-9]
Co D, Dv Al Ay R v Ep P
cm3 cm?st cm?st cmis?t cmss? cmss? st eV cmist
1.5-10% 4.2-107 8.3-10? 7.5-10% 1.1-10% 1.7-108 1083 1.4 2.6-10

Solution to system of equations (1) is shown in Fig. 2, 3. As noted above, the upper curve corresponds to 1092 °C,

the step is 15 °C.



Mozzherin AV, et al. Thermal Stability of Cadmium Telluride in Infrared Detectors for Monitoring Fire Conditions
NN NN .

Ci, cm?
3.5.10

3.0 107 | * " _ i
2.5.10"7 | ’
2.0-10%7 | Bl o et it

1.5-10%7

1.0-1017

5.1016 |

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

Fig. 2. Vacancy concentrations in CdTe samples depending on thickness (z) at different temperatures
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Fig. 3. Concentrations of interstitial atoms in CdTe samples depending on thickness (z) at different temperatures

The data obtained allowed us to assert that up to a temperature of 400 °C, point defects (vacancies and voids) affected
the physicochemical properties weakly, with a linear increase. When the specified boundary increased, nonlinear changes
were recorded. This could be explained by the reverse effect of defects (countering the destruction of the semiconductor).
Active degradation was especially noticeable at temperatures above 600 °C. Under the influence of a temperature of
1000 °C, cadmium telluride began to break down.

Discussion and Conclusion. The presented study confirmed active physical-chemical transformations in cadmium
telluride samples at equilibrium thermal exposure up to 1092 °C. The results of solving modified system of equations (1)
allow us to assert that with increasing temperature, the destruction in cadmium telluride samples increases, and the
defective network grows. These processes cause equipment failure with this material.

Devices and equipment based on cadmium telluride show high thermal stability and reliable operation up to 100 °C.
However, their use is limited and becomes extremely ineffective at high temperatures. In extreme conditions,

semiconductor materials such as silicon and germanium are more suitable.
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3asenennviii 6K1A0 COABMOPOS:

ABTOpLI BHCCJIN paBHOHeHHbeI BKJIaJl B IMMOCTAHOBKY 3aJa4 W LCJIW UCCICIAOBAHUA, MPOBCACHUEC SKCICPUMCHTOB,

pacyetsl, popMynupoBaHUe BHIBOJIOB U KOPPEKTUPOBKY TEKCTa CTaThU.
Kongnuxm unmepecos: aBTOpHI 3asBISAIOT 00 OTCYTCTBUH KOH(IIUKTa HHTEPECOB.

Bce asmopul npouumanu u 00006puiu okonyamenbHwill 6aPUAHM PYKORUCH.
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