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AHHOTAIUA

Beenenue. [IpencraBieHbl pe3ynbTaThl HCCICAOBAHUI 0COOCHHOCTEH YIPABICHUS COCTOSHHEM TOHKOIUICHOYHOTO
JJIieMEeHTa Ha OCHOBe (pazon3meHsieMoro Marepuaina tesurypuaa repmanus (GeTe). YipasneHue cBoHCTBaMH dlIeMEHTa
GeTe ocymiecTBICHO MOCIEAOBATEIbHOCTAME CBEPXKOPOTKUX JIa3ePHBIX UMITYIbCOB. Takoe BO3/IEHCTBHE MTPUBOIUT
K OBICTpOMY HarpeBy TOHKOIUICHOYHOTO 3JIEeMEHTa M o0ecrednBaeT (a3oBBId MEPexo] MEXAY COCTOSHUSIMHU C
COIIPOTUBIICHHEM, OTIMYHBIM Ha HECKOJBKO MOpsAaAKoB. MeToa. [lnHaMHKa CONPOTUBIICHHS UCCIIEOBAaHA C TIOMOIIIBIO
BBICOKOCKOPOCTHOTO OocHyuIorpada mo cxeme, rje UCCIeIyeMbIi DIEMEHT SBISUICS ILICUOM JEITUTENS HAIPSHKESHHS
BBICOKOCTAa0OMIBHOTO UCTOYHHKA. OCHOBHBIE pe3yabTaThl. s mieHok TonmuHoW 100 HM ompemesieHsl TpU
THUIIA NTEPEKIIOYCHUS YIeIbHON NPOBOIUMOCTH. J{JIsl HU3KUX SHEPrHif JIa3epHOTrO U3ITyYSHHUs MMOTYYEHO HECKOJIBKO
pa3NIMYUMBIX COCTOSIHUH, IPU KOTOPBIX IUIEHKA MaTepuaia o0iajaer NperMyIeCTBEHHO HOIYIPOBOIHUKOBBIMU
CBOﬁCTBaMH. l'[pn yBeHI/I‘leHI/II/I OHEPIHUX ONTHYCCKUX I/IMl'[yJ'IbCOB KOJIMYECTBO BO3MOXXHBIX CTaGHJ’lebIX COCTOﬂHMﬁ,
OTIpeNesIeMbIX YIeIbHOM NIPOBOAMMOCTBIO MaTepHalla, YMEHbIICHA 10 JBYX, B OZHOM M3 KOTOPBIX (HU3KOOMHOM)
MaTepra IPOsSBUII HCKIIOYUTENEHO METAIUIMYECKIE CBOICTBA. Bo Beex ciydasx BpeMs MEpEeKIIOYeHNUs B CTA0MIbHOE
COCTOSTHHE HE MPEBBIACT HECKOJIBKHUX JIECATKOB HAHOCEKYH IS IUIeHOK TonmuHoi 10 100 aM. O6cy:kaeHue.
HccnenoBanue mokas3ano, 4To OMMUCAaHHBIE CTPYKTYPBI MOYKHO HCTIONB30BATh IS Pean3alliil MEMPUCTHBHBIX SJIEMEHTOB
C ONITHYECKNM yTpaBiieHneM. Kpome Toro, 001IbII0€ KOINIeCTBO BO3MOXKHBIX JIOIYCTUMBIX YETbHBIX CONPOTHBIICHUIT
9JIEMEHTA IO3BOJIMT MCIIOJIB30BaTh €T0 JJIsl YBEJIMYeHUsT HHGOPMAIMOHHON €MKOCTH sSYeeK NaMsTH Ha OCHOBE
(a3on3MeHsIeMOro MaTepyaa Win JUIsl peaii3aliy ONTOYIEKTPOHHBIX HEHPOMOP(HBIX CHCTEM.
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Abstract

The work is devoted to the study of the characteristics of the state control of a thin-film element based on a phase-change
GeTe material. The properties of such an element have been controlled by the action of sequences of ultrashort laser
pulses. This action leads to a rapid heating of the thin film element and provides a phase transition between states with
a resistance different by several orders of magnitude. The dynamics of the resistance was studied using a high speed
oscilloscope according to the scheme where the element under study was the voltage divider arm of a highly stable
source. Three different types of conductivity switching were observed for 100 nm thin films. For low energy laser
radiation, several distinct states were obtained in which the material film has predominantly semiconducting properties.
As the energy of the optical pulses increases, the number of possible stable states determined by the specific conductivity
of the material decreases to two, one of which (low resistance) is exclusively metallic properties. In all cases, the time
taken to switch to a stable state does not exceed a few tens of nanoseconds for films up to 100 nm thick. The study
has demonstrated that the structures described can be used to implement optically controlled memristive elements. In
addition, the large number of possible allowable specific resistances of the element will make it possible to use it to
increase the information capacity of memory cells based on phase-change materials or to implement optoelectronic
neuromorphic systems.
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BBenenune

OHeproHe3aBUCUMbIil MEMPUCTOP MOXKET OTHOBPEMEH-
HO OCYHIECTBJIATH XpaHCHUE JaHHbIX U BBIYMCJICHUS B I1a-
MSTH, T. €. 0ObEANHUTH MOIYJIN XPAHEHUS ¥ BHIYUCICHUI
U YCTPaHMTH y3KOE MECTO B apxuTekType ¢poH Heiimana
[1, 2]. B HacTos1ee BpeMsi HA OCHOBE SHEPTOHE3aBUCHU-
MBIX MEMPHUCTOPOB CO3JAIOT ONEPATUBHBIC MAMSTH: Ha
ocHoBe (hazom3mensiembrx MaTepuanos (PCRAM), dep-
poanekrpuyeckyto (FeRAM), pesuctuBayo (ReRAM),
MarauTopesuctuBHyo (MRAM) u ap. [3]. Cpenu HOBBIX
YCTPOWCTB 3HEPrOHE3aBUCHMOI MaMsATH HanboIiee pa3Bh-
TOW U MHOTOOOEIIaronel Ha POoJb YHEPTOHE3aBUCUMOM
naMsITH cieayromero nokoneHus [4] ssusercs PCRAM.
Pabora PCRAM ocHoBaHa Ha (pa30BOM Hepexo/ie XaIbKo-
TeHUIHOTO CILIaBa, KOTOPBIH OCYIIECTBISIETCS C IIOMOIIBIO
TEPMHUYECKHUX/ONTHYECKUX/INEKTPHUUECKUX BO3JEHCTBUI
[5]. B Hacrosmee Bpemst muxkpocxemsl PCRAM yxe mac-
COBO IIPOM3BOISITCS TAKUMH KOMIIAaHHUSIMH, Kak Micron n
Samsung, HO UX €MKOCTh OI'pPaHHWYEHA, IOCKOJIIbKY OHHU
OCHOBBIBAIOTCS Ha XPaHMIHUILE C ABYXypOBHEBOH sueii-
KOH, oOecreunBaromell MepeKIF0YeHHe MEXTYy TMOJIHO-

CThIO aMOp(HOU M KpHCTaJNIM4ecKoi (a3oil Marepuaia
[6]. MHOTO BHUMaHUS y/IEJIEHO YBEIHMYCHUIO 00beMa Ma-
MSTH 3a CUET XpaHeHHs Oosiee ofHOro Oura nHQpopMauK
B KaX/10 MHOTOYpOBHEBOH stuelike namsitu. Hecmotps Ha
OTIpEICIICHHbIC IPEUMYIIIECTBA, JEKTPUUCCKOE TIEPEKITIO-
YeHHEe MHOTOYPOBHEBOU sueiiku 001a1aeT N3BECTHHIMU
HEOCTAaTKaMH: TeMIIePaTyPHBIH Apefi compoTHBICHNUS,
HEOJHOPOIHOCTD SIUEEK B MACCHBE, COOCTBEHHBIH IITyM Ma-
TepHasa 1 IIyM 3IEKTPHIECKON LTI CHCTEMBbI YIIPABICHUS
[7]. Ucxons u3 3TOTO, BAXKHOU 3a7a4eil ABISETCS peann3a-
Ul CTAOMIIBHOTO U 9HEProd(pPEeKTHBHOTO ONTHYECKOTO
MEPEKIIFOYEHUS] MHOTOYPOBHEBOH stueiiku (ha3ou3MeHsie-
Moro marepuana [8].

B pesysnbrare miargopma OnToIeKTPOHHBIX YCTPOHCTB
HOBOTO [TOKOJICHHS JI0JDKHA COYEeTaTh B ceOe KaK JT0CTOMH-
CTBa 3JIEKTPOHHOTO JIOMEHa (MacIiTabupyeMocTh, BEICO-
KyIO CTETIEHb MHTETPALNH), TAK U ONTHIECKOTO (HU3KOE
9HEPromnorpedneHne, BHICOKYI0 CKOPOCTh Iepeiady JaH-
HBIX ¥ IOMEXO0YCTOUnBOCTE) [9]. CTabninbHbIe 00paTnMbie
MHOTOYPOBHEBBIE IEPEXO0/Ibl ABISIOTCA Hanbosee mpu-
BJIEKATEIbHBIMH C TOYKH 3PEHUS CO3IaHUS ONTHYECKOH
MaMsTH HOBOTO MOKOJICHHUS U peasIn3aliiii HeHpoMOpP(HBIX
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H.H. Enucees, A.A. Hes3oposg, B.A. Muxanesckuin, A.B. Kncenes, A.A. bypues, B.B. NoHuH, A.A. JTIOTUH

Berumcienuii [10]. CormacHo moznensim Integrate-Fire (IF)
n Leaky-Integrate-Fire (LIF), Heiipon nomkeH cpabarsl-
BaTb, KOTJ]a CyMMa €r0 CHHAITHYECKUX BXOJIOB JOCTHUIAET
ropora cpabarsiBanus. [1pu aTom ycTpoiicTBa, Ha OCHOBE
(ha3oM3MEeHEMBIX MaTepUaIOB, MOT'YT HMHUTHPOBATh Ta-
KYI0 HEeHpOoHOIoA00HYyI0 00paboTky [11]. bonee Toro, ams
TF000H TOUKH TTepexo/ia HCTOPHSI IPEBIITYIIET0 COCTOSTHUS
TaKXe COXpaHseTcs. biarogaps 3ToMy SHEproHe3aBHCH-
MOCTb ¥ NTOPOTOBOE IOBEJEHHUE MO3BOIAT 00bEJUHUTH
HEHPOH-CUHANCONO00HbIe (HYHKITHH 00pabOTKH U Xpa-
HeHMsI HHOpMAllMK OJHOBPEMEHHO B OJJHOM U TOM XKe
(byHKIMOHANBHOM 251eMenTe [12].

Tennypun repmanus (GeTe) npencrapnser coboit Ou-
HapHBIN XaJIbKOT€HUIHBIA MaTepHajl, KOTOPbIH SBISETCS
XOpOIIEH aJbTEepHATUBON TEIUTYPHIY TEPMaHUsI U CypbMBbI
(GST) 6maromaps 6oJee BBICOKOHM CKOPOCTH KPUCTaJUTH3a-
UM, OOJBIIEMY COIIPOTHUBIICHHUIO U O0Jiee BEICOKOH TeM-
neparype kpuctamuusanuu (7,) [13, 14]. B pabote [15]
TIOKA3aHO, 9TO OOsIee BBICOKAs TeMIIepaTypa KpHUCTallIn3a-
uuu GeTe o cpasaenuto ¢ GST (185 °C u 145 °C, coot-
BETCTBEHHO) U 00Jiee BEICOKHMI KOHTPACT JIEKTpOodr3nUe-
CKUX CBOWCTB (BBIIIIE HA TIOPSJIOK) 00ECTIEYMBAIOT JTyUTITYIO
TEPMHUYECKYI0 CTAOMIBLHOCTh COCTOSIHUM B YCTPOHCTBAx
xpaHeHus. Ha ero ocHoBe ObUIM peai30BaHbl CETHETOI-
JEKTPUYECKHE U TEPMODIIEKTPUUYECKHE YCTPOHCcTBa Xpa-
HeHUsl MHPOpMAIMH, a TAaKXKe ONTHIECKUE BOTHOBOBI
nH(paKkpacHOro nuarnazoHa [16].

Kpowme Toro, GeTe cran ocHoBoil ycTpoiicts PCRAM
Grrarogaps BHICOKOH CTaOMIIBHOCTH COCTOSIHUH, OONBIIOMY
KOHTPACTY (PU3MUECKUX CBOMCTB pa3HBIX (ha3, BHICOKOTO
KOJIMYECTBA IUKJIOB 3aIFCH/CTUPAHNE U BEICOKOH CKOPOCTH
nepekitoueHus [17-21]. B psane paboT nmpoaeMoHCTpH-
poBaHa OoJiee BBICOKas CKOPOCTh kpuctamm3anuu GeTe
(10-30 HC) IO CpaBHEHUIO C aHAJIOTAMH, B IIEPBYIO OYEPEb
¢ GST (60-100 ue) [13, 16, 21, 22]. OT™MeTHM, YTO YCTPOH-
CTBa Ha OCHOBE HcCClieyeMoro Marepuaia 3¢h(eKTuBHO

a

Oo6nacTh BO3IEHCTBUA JTa3epa

pa0bOoTakOT MPH MOBHIICHHBIX TEMIIEPATYPax, HAMPUMEP, B
aBTOMOOMJIBHOM MPOMBIIICHHOCTH [ 16].

C TOYKHU 3pEHHS DJIEKTPOHHBIX U OMTOIIEKTPOHHBIX
MPUMEHEHUH, B KpucTaimuyeckoMm coctosinuu GeTe ne-
MOHCTPUPYET CHIBHO BBIPAXKCHHYIO METaJNINIECKYIO
mpoBoaAUMOCTh p-tuma [23]. Takxke B mocienHee BpeMs
TIPEACTaBICHBI Pa0OTHI IO (ha30M3MEHIEMBIM MaTepHaaM,
B KOTOPBIX ONTHYECKHE CBOWCTBA M3MEHSIIOTCS TOJIBKO B
3aBUCHMOCTH OT OTKJIMIKa HOCHTEJNEH 3apsiia, Halpumep,
MOCPECTBOM UMIYILCHOTO OMTHYECKOTO BO30YKIECHUS
WM 3JICKTPUUecKoro HanpspkeHus [24]. Takum oOpas3om,
M3y4eHUe TMHAMUKU U3MEHEHUS CTPYKTYPBI, SJEKTPOIPO-
BOJTHOCTU M ONITUYECKUX CBOMCTB MPH Ja3epHO-UHIYIIUPO-
BaHHOW KpucTan3anuu ToHkod rienku GeTe npeacras-
nsieT OOMBINON HHTEPEC Kak Tl PyHIaMEHTAIBHON HAyKH,
TaK ¥ JUIsl IPUKJIAJHBIX TPUIOKEHUH.

Onucanne 3KCNIePUMEHTA

B pabore nccnenoBana cepusi 00pa3ioB TOHKHX ILIe-
HOK (100 HM) GeTe, nomyueHHass METOIOM TEPMUYECKOTO
BaKyyMHOT'O HaIbIJICHUs Ha MOAJIO0XKKAX MOIUPOBAHHOIO
Si0,. Kaxaplii oOpasen uMen BUJ MaTPULBI U3 IOJIOCKO-
BBIX conpoTuBneHuil Ha ocHoBe GeTe, ¢ npenBapuTens-
HO HaNbUICHHBIMA OMHYECKHMH KOHTakTamu w3 100 HM
XpoMa, Ha KOTOpBIE Jajiee OB HaHECCHBI KOHTaKTHBIC
wromanky w3 100 am mean [25]. Korduryparus cxembt
HU3MEPEeHUs IEKTPUIECKOTO CONMPOTHUBICHHUSA oOpasma
npencTaBieHa Ha puc. 1, b.

BrimonHeHo uccienoBanme Bo3neHCcTBUs PeMTOCEKyH/I-
HBIX JIa3€PHBIX UMITYIbCOB PA3IMYHON IFIOTHOCTH SHEPTUU
Ha JIEKTPUYECKYIO TPOBOAMMOCTh TOHKHX IieHok GeTe.
IIpoBeneH sKCHEPUMEHT, cXeMa KOTOPOTO MpecTaBlIeHa
Ha puc. 1, a. B skcnepuMeHTe UCIONB30BaHAa Jla3epHas
cucrema Astrella (800 M, 45 ¢c, 1 xI'y). [ns renepa-
IIUH OJMHOYHBIX (PEMTOCEKYHHBIX JIA3EPHBIX UMITYIHCOB

] RGeTe
T o 2MM
=
VT 500
u R 2
003
&

Puc. 1. Cxema sxcriepuMenTa: / — oOmuit Bug obpasua; 2 — cucTeMa 4OMIepoB I MOIyYeHUSI OIMHOYHBIX UMITYJIbCOB;
3 — ocmmutorpad; 4 — auadparma (a). Konpurypanus cxeMbl ©3MEpEHUs ANIEKTPUIECKOTO COMIPOTUBIIEHHA o0pasia (b)

Fig. 1. Scheme of the experiment: / — general view of the sample; 2 — system of choppers for obtaining single pulses;
3 — oscilloscope; 4 — aperture (a). Sample electrical resistance measurement circuit configuration (b)
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MPUMEHCHA CUCTEMa CHHXPOHU3HPOBAHHBIX YOIIEPOB,
MTO3BOJISFOINAS TIOTYYaTh OJMHOYHEIN UMITYIbC. JIazepHOe
U3IYYCHUE HAMIPABIUIOCHh HA 00pasell Yepes MOoNspH3alin-
OHHBIN aTTEHIOATOP (0CIA0UTEINh), KOTOPHII ITO3BOJIST pe-
TYJIUPOBaTh HHTEHCHUBHOCTBH UMITYIIECOB. [ITIOTHOCTE 3HEP-
UM MMITY/I5COB M3MEHAIACH B auanasone 15-40 mJx/cm2,
KOJIMYECTBO UMITYJBCOB B CEPHH HAXOIMIOCH B IIpEZesic OT
1 go 5. CrouT OTMETHTH, YTO IJIOMIAIh IIATHA JIa3ePHOTO
M3ITyYeHHUs MpeBbIIaja IIomans oopasmna ha3on3MeHs-
€MOT0 MaTepuaja MeXIy METaNINYeCKUMHA KOHTaKTaMH.
Jljist perucTpanuy U3MEHECHHsI COIIPOTUBIICHHUS 00pasels
MOJIKJIIOYANICSl K UCTOUHUKY HampsbkeHus (5 B) B cxeme
JIeNIUTENS] HalpsDKEHUs, IIe B KaueCTBE OTMIOPHOTO COMpO-
TUBJICHUS BBICTYIIATIO BXOIHOE COMPOTUBIICHUE OCIUILIO-
rpacga (50 Om).

Pe3yabTarsl

B pesynprare sxciepumMenTa (puc. 1) n3mepeHo Hamnps-
JKCHUE Ha PE3UCTOpe JEeNUTeNIs, KOOPPUIUEHT NeJIeHUs
KOTOPOTO 3aBUCUT B KayKIbIi MOMEHT BPEMEHH OT COIPO-
THUBJICHUS] TOHKOIIJICHOYHOTO 3JIEMEHTa. JTO HalpsDKeHUe
JIETKO MOKHO NEPECUYUTaTh B SKBUBAJIECHTHOE YIEIbHOE
COIIPOTHBIICHUE TUICHKH. YIEIbHOE CONPOTHBIICHUE CO3-
JaHHBIX aMOP(HBIX TOHKUX IUIEHOK PaBHO pP,,, = 40 OM-cM.
OKBHBAJICHTHBIM XK€ YJCIbHBIM COINPOTHBICHUEM TOHKO-
IUIEHOYHOTO 00pasla OyleM CUUTaTh BEIUUUHY P, (1) =
= (Rgete(MD/S = aRGe1e(?), THE RGe1o(f) — compoTuBIIE-
HHUE TOHKOIIJICHOYHOTO JIEMEHTA; / — PAaCCTOSHUE MEKIY
KOHTAKTHBIMHU IIJIOIIaAKaAMU (IIJ'[I/IHa aKTHUBHOM YaCTH dJie-
MEHTA); S — IJIOLab Cpe3a AEMEeHTa; o — IapaMeTp,
ompeaessieMblii TeoMeTpreii oOpasiia. DTOT mapameTp
MOCTOSIHEH JUIs KaKJ0oro o0pasiia ¥ He U3MEHSETCs IpU
BO3JICHCTBHUH JIa3epHOTO M3IyueHHs. [I0CKOIBKY B dKCIIe-
pUMeHTe u3Mepsiiock Hanpsbkenue U Ha pesucrope R, To
13 U3MEPEHUI MOXKHO MOJTyYHUTh SKBHBAJICHTHOE Y/IEIILHOE
CONPOTHUBJICHNE TUIEHKH B KaXKABI MOMEHT BPEMEHH:

VR

p3KB(t) = % -R a,

rae V — mocTosSHHOE HampshDKeHue nctouHuka; U(f) —
HarpsHKeHHe, U3MEPEHHOE Ha OIIOPHOM CONPOTHBIICHHUH R.

Jiist uccnenoBanusi MHOTOMMITYJILCHOTO BO3JEHCTBUS
Ha TOHKHUE TUICHKH Ha KaXAbIi 00pa3el ¢ KOHTaKTaMH Io-
CJIE/IOBATEIBHO BO3/ICHCTBOBAIIO IIATH UMITYJIECOB, Pa3He-
CEHHBIX 10 BpPEMEHH Ha HECKOJIBKO CEKYH/I, JUISl TOTO YTOOBI
IUICHKA rapaHTHPOBAHO yCIIeBajla OCThIBaTh. B kax ol ce-
PHH U3 IISITH UMITYJIBCOB JUTS Pa3HBIX 00pa3IoB HCIIONB30-
BaHa pas3Hast ITIOTHOCTH SHEPTHH JIa3ePHOTO (PeMTOCEKYH/I-
HOTO u3ny4yeHus. Jluamna3oH SHEPruil cocTaBisil oT 15 1o
40 mJDx/cm2. JTaHHBIN 1Uana3oH BLIOPaH B CBA3U C TEM, YTO
3HaueHue 15 MJDk/cM2 1St KeeieayeMBIX TUIEHOK 9TO HIK-
Hsisl TPaHUIA, IPH KOTOPOH BO3MOXKHA KPUCTAJUIN3ALUS,
HHIIyIUpYyeMasi UCIIOJIb3yeMbIM HCTOUHHKOM H3JTyUeHUs], a
OPH IWIOTHOCTSIX dHepruu Boiiie 40 MJk/cM? HauMHaeTcs
aOnsiums Marepuaia. 3aBUCUMOCTb CONPOTUBIICHUS IIEHKH
GeTe nocne Bo3aeMcTBUS OT KOIUYECTBA UMITYJIBCOB JUIS
Pa3HbIX SHEpruii MpuBeieHa Ha puc. 2.

W3 nomy4yeHHON 3aBUCUMOCTH BHJIHO, YTO HAa HU3KHX
sHeprusx (10 20 M [x/cM2) IeHKa KPUCTAUTH3YETCS [U1aB-

E —a— 15 M/lx/cM’
s 102 i_ —a—175 MI[)K/CM2
; ; 20 mIIx/cm>
®) r 22,5 mJIx/cm?
I 109 b 25 mJTx/cm?
E r o— 30 mJK/cM?
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é E- —e— 40 m/Tx/cm?
E107F
o 1
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e I
é 4 i
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10—6 1 " [ " 1 1 M I N 1 1 " 1

Howmep ummynbca

Puc. 2. 3aBUCcUMOCTb yAEIBHOIO COIPOTUBICHUS TOHKUX
ieHok GeTe oT KoiaM4ecTBa MHAYLIUPYIOMHX (Ha30BbIi
HIEPEX0/l CBEPXKOPOTKHUX JIA3ePHBIX HMITYIILCOB
Fig. 2. Dependence of the resistivity of GeTe thin films vs.
the number of ultrashort laser pulses used to initiate a phase
transition

HO OT MMITYJIbCA K UMITYJIbCY M JIaXKe MPU 3HAYUTEILHOM
KOJINYECTBE UMITYJIECOB HE MPOUCXOAUT MOJTHOHW KPHUCTAI-
nusanuu [26]. Tpu sHeprusx B auanazone 20-25 mJx/cm2
3HAYMTETbHASI KPUCTAIIIM3AIMS TPOUCXOIUT TOJIBKO IOCie
BTOPOTO MMITYJIbCca. DTO CBSI3aHO C TEM, YTO IPH TaKUX
9HEPrusAx O0NbIIOH 00BEM IUICHKH HArpeBaeTCs 10 TEM-
Heparypbl KpUCTAJUTU3aINH, OHAKO OBICTPOE OCTHIBAHHUE
MPUBOAUT K TOMY, YTO KPUCTAJLIM3YETCSl HE3HAUUTENIbHAs
4acTh Marepuaia, u B ee aMoppHOM oObeMe obpa3zyercs
MHOTO KPUCTAJUTMYECKUX 3apOAbIIIEH, KOTOpPhIE BHIPACTAIOT
IpH crenyronieM uMmiyinbcee [27]. Ilpu miioTHOCTAX 3Heprun
Bolie 25 mJIx/cM2 MIIEHKa IPOrPeBAETCs JOCTATOUHO ISt
TOTO, YTOOBI OOJIBINON 00BEM KPUCTAILIA BRIPACTAN Cpa3y
JKe MocJie epBoro uMmynsca [21, 28].

Takum 00pa3oM, 1o Xapakrepy BO3AEHCTBHS (HeMTO-
CEKYH/IHBIX MMITYJbCOB IIJIOTHOCTh UX YHEPTHH MOXHO
pa3OuTh Ha TPHU [MANa3oHa:

1) 15-20 mJIx/cM2 — cnabas KpuCTaLIM3alus ¢ Ipe-
obOmamanmeM B TIeHKe aMOp(HOH (ha3bl, Jaxke mocie
MHOKECTBA UMITYJIbCOB;

2) 20-25 m/Ix/cM2 — MHTEHCUBHBIH IIPOLIECC 3aPOABIIIE-
00pa3oBaHKs ¥ 3HAYUTEIbHAS KPUCTAJUIU3AIHS TOIBKO
MOCJIE BTOPOTO UMITYIbCa;

3) 25-40 m/Ix/cM2 — 06pa3oBaHUE 3HAYUTEILHOTO 00b-
eMa KpHCTaJUTMYeCKOH (ha3bl cpasy ke MOcIe IepBOro
UMITYJIbCA.

HaunGonpmuit nHTEpEC NpeacTaBIseT JUHAMHUKA K-
BUBAJICHTHOTO COTIPOTHBIICHHS Cpa3y MOCIE BO3ICHCTBHA
Ha oOpaszel Ja3epHOro MMITyabca. VMcecmenoBanue 3Toi
JUHAMUKH TIO3BOJIUT CYAWTH O BPEMEHH MEPEKITIOUCHUS
COCTOSIHUSI TOHKOTUIGHOYHOTO JIEMEHTA, a TAKXKE JacT
MPE/ICTABIEHHE O XapaKTepe KPUCTAIUIN3AIHNH ITOCTe KaxkK-
JIOTO M3 UMITYJIbCOB B MHOTOMMITYJIbCHBIX 3KCIIEPUMEHTAX.

Ha puc. 3 nmpuBegeHa nuHaMuKa SKBUBAJIEHTHOTO
YIAENBHOTO CONPOTHUBIICHUS HCCIEAYEMBIX 00pa3IoB IMo-
CJle KaXKJIOT0 M3 HECKOJIBKUX HMITYNbCOB JUIS INIOTHOCTH
sHepruu B repBoM auanasone (17 mJx/cMm2), 1us aByXx
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Puc. 3. ]luHaMAKa S5KBUBAJIEHTHOTO Y/IEIBHOTO COPOTHBIIEHUS B MHOTOMMITYJIBCHOM SKCTIEPHMEHTE MPH IUIOTHOCTSIX SHEPTHH:
17 mIx/cm? (a), 22,5 mJlx/cm? (b) u 35 mITx/cMm2 (c)

Fig. 3. Dynamics of the equivalent resistivity in the multipulse experiment at energy densities of 17 mJ/cm? (a), 22.5 mJ/cm?2 (b) and
35 mJ/em? (c)

HMITYJIbCOB BO BTOPOM JIHANa30HE ¥ sl OHOTO UMITYIIbCa
B TPEThEM JAnana3oHe. Takoe npeacTaBiIeHne BHIOPAHO HC-
XOZS U3 TOTO, YTO Ha PHUC. 2 XOPOILIO, BUIHO, YTO B TPETHEM
Y BTOPOM JHalla30HaX M3MEHEHHE COCTOSHUI HEe IpOouc-
XOIUT ITOCJIE OHOTO M IBYX UMITYJIbCOB COOTBETCTBEHHO.

MeieHHOE U3MEHEHHUE YACIBbHOTO CONPOTHBICHHS Ha
puc. 3, a BeI3BaHO OCThIBaHUEeM oOpasna. [Ipuuem Temme-
parypHblii K03()()UIMEHT CONPOTHBIICHNUS, OYEBUIHO, OT-
pHLaresieH. DTo CBUIETENBCTBYET O TOM, YTO HANOOBbIIHH
BKJIaJl B IPOBOJJMMOCTh Marepralia BHOCUT KOHIIEHTPAIUs
HocuTenel 3apsina [29]. Takum 06pa3oM, B pacCCMOTPEHHOM
JMana3oHe IUIOTHOCTEHW SHEPTHH BO3ACHCTBYIOIINX ONTH-
YECKUX UMITYJIbCOB, JJAXKE TTOCIIE HECKOIBKIX MMITYIbCOB
Marepuai o0nagaeT NPeuMyIECTBEHHO MOIYIPOBOAHNU-
koBbIMH cBoiicTBamu [30, 31]. IIpu 3TOM BHAHO, YTO C
Ka)KJI5IM UMITYJTbCOM CONPOTHBIICHHE 00pasiia rnajiaeT u3-3a
YBEJIMYEHUS IOJM KPUCTAIUINYECKOI 00nacTi B o0beMe
NJIeHKU. B 9TOM guamnazoHe sHepruil MOXKHO AOOUTHCS

(hopMHpOBaHHSI MHOKECTBA COCTOSTHUN Pa3InIaroniuXcs
JoNIel KPUCTAITNYECKON (ha3bl, OHAKO BOCIIPOU3BOIU-
MOCTb MOJOOHBIX PEKUMOB YIpaBICHHUS THOPHUIHBIMH
ONTORJICKTPOHHBIMU CTPYKTYPaMH €IIIe HYKHO HUCCIICI0-
BaTh. KpoMe Toro, mosHas amopdusaius oopasia 3JeK-
TPUYCCKUMH UMITYJIbCAMH 3aTPyJHEHA M3-32 OOJBIIOrO
COIIPOTHBIICHUS U, KaK CJICICTBHE, OONBIICH HEOOXOMUMOH
MOIITHOCTH MMITYJTbCOB.

Ha puc. 3, b noka3aHna nTWHaMUKa yACIEHOTO COIMPO-
THUBJIICHUS TOHKOIZICHOYHOTO 00pa3Ia Mpu BO3ICHCTBUN
HMITYJIbCa C TIOTHOCTBIO SHEPTUH M3 BTOPOrO JUara3oHa
(22,5 mJIx/cM2). BUiHO, 4TO TIOBENEHHUE YIEIHLHOTO COMPO-
TUBIICHHsT 00pa3iia Mmocie MepBOro MMIYIIbCa ¢ SHEpruei
13 BTOPOT'0 IMAIa30Ha aHAIOTUYHO TAKOMY )K€ OBECHUIO
Mocje UMITYJbCa U3 MepBOro auanazona. OIHAKO pe3koe
YMCHBIIICHUE YACIBHOTO COMPOTHRICHHUS MOCIE BTOPOTO
HMIIYJIbCa MO3BOJISIET CYAUTh O 3HAYUTEIIEHOM KOJIMYECTBE
KPUCTAJUTMYECKHUX 3aPOABIIICH, 00pa30BaBIIMXCS MOCIE
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[MepeknoyeHne anekTpruyecKnx CBOMCTB TOHKOMIEHOYHbBIX MEMPUCTUBHbLIX 3/1IEMEHTOB Ha OCHOBE GeTe...

MepBOro ummyibsca. KpomMe Toro, XapakTepHBIA TeMIiepa-
TYpPHBIN JAPEi] CONPOTUBICHUS TOCIEC BTOPOTO UMITYJIbCA
MPAKTUYECKU OTCYTCTBYET HM3-3a TOTO, YTO TEMIIEPaTyp-
Has 3aBHCUMOCTh conporupienns GeTe B kpucramiu-
4ecKol (a3e CyIecTBeHHO MEHBIIE, 9eM B aMOp(HOM.
Taxoke TemmepaTypHbI K03 (QHUIEHT COMPOTUBICHUS
Yyepe3 HECKOITBKO JIECATKOB HAHOCEKYH]I MEHSIET CBOH 3HAK.
OTO0 03HadaeT, 9TO K 3TOMY BPEMEHHU B IUIEHKE HadyMHa-
10T TIpeo0IIaaTh METAJUINIECKUE CBOWCTBA, XapaKTepHBIE
st kpuctanaudeckor ¢aszsl GeTe [23]. AHaTOTrHYHBIN
a¢dekT cMeHbl 3HaKa TemIepaTypHoro koshdunueHTa
COTIPOTHUBIICHUS TOpa3zo JIydllle BHACH Ha pHcC. 3, ¢, Te
MOoKa3zaHa TIMHAMUKA YJEJIBHOTO COMPOTUBICHUS TIPU BO3-
JICHCTBUH BBICOKOYHEPTHUYHBIX UMITYJIBCOB U3 TPETHETO
Jara3oHa.

[Ipu BO3ACHCTBUU (PEMTOCCKYHAHBIX HUMITYIIECOB U3
TPETHETO TNANA30HA INIOTHOCTEH YHEPTHIA, POCT OONIBIIOTO
o0beMa KpUCTAIUTMIECKOH (ha3bl MPOMCXOTUT Cpasy Mmocie
TIEPBOTO UMITYJIECA. DTO BBI3BAHO OYCHB BBHICOKOH TeMIIepa-
TypOM IUIEHKU I10CJIE TAKUX BO3AECHCTBUN U €€ OTHOCUTEIb-
HO MeIeHHBIM ocThiBaHHeM. GeTe 00maaeT Kak BEICOKOM
CKOPOCTBIO POCTa, TaK M BBICOKOH CKOPOCTBIO 3apObIIiie-
obpazoBanus [32, 33]. IIpu aTOM nanbHeiee Bo3neicTBre
Ha IUICHKY UMITYJIbCAMH TaKOH K€ SHEPIHU MPAKTHYCCKU
HE MPHUBOAT K U3MCHCHHUSM YJICIIBHOTO COTPOTUBIICHUS.
Ha puc. 3, b, ¢ BUIHO, 9TO CTAOMIILHOE COCTOSIHUE ITPH TIe-
PEKITFOYCHUH ToCTUTaeTCs Ha BpeMeHax 1o 80 He. JlanHoe
3HaueHue Huwxe, 4yem 11 ssueiiku PCRAM na ocHoBe GST
(100 ue) [34]. dnsg UMIyIIbCOB HU3KOW HEPTUU H3MEHE-
HUE (pa30BOTO COCTaBa, OYCBUIHO, TPOUCXOIUT 33 CXOXKUE
BpEMEHA IOPsAKa HECKOIBKUX JECATKOB HAHOCEKYH, HO
TeMIepaTypHBIN Apei(d yaeaIpHOTO COIPOTHBICHHUS aMOp-
(bHOI YaCTH TUTEHKH HE TIO3BOJISIET TOBOPHUTH O CTA0OMIILHOM
CUHTBHIBAEMOM 3JICKTPHUCCKUMH METOIaMHU COCTOSHHU.
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OueHb BaKHBIM OCTACTCS BOMPOC TIOJHO# peamopdu3a-
1uH 00pasua. 1o HeoOXOAUMO /IS IePEe3ankCH COCTOSHUS
TOHKOIIJICHOYHOT'O 3JIEMEHTA UJIU BBICTABICHUS COCTOSIHUS
¢ OONBIIUM COTPOTUBIICHHEM. [l OMUCaHHBIX 00Pa3IoB
TaKOe BBICTABJICHHE HAYaIbHOIO COCTOSIHHS Onaromapsi
HHU3KOMY COMPOTHUBJICHHIO B KPHCTAJUTMIECKOU (paze MOXKHO
OCYIIECTBIIATH MOIHBIMHU NEKTPUUECKUMU UMITYIIECAMH.

3akJouenne

HccnenoBanHele B HacTosimel paboTe 00pa3ibl MOXHO
UCTIOJIb30BaTh B KaY€CTBE MPOTOTHUIIOB THOPUAHBIX ONTO-
3JIEKTPOHHBIX MEMPHUCTUBHBIX 3JIEMEHTOB, B KOTOPBIX
OIIpEAEIIEHHBIE COCTOSIHUS TOYHO 33/1a10TCS ONTHYECKUMHU
HMITyJIbCaMH, a COPOC COCTOSTHHS MOKET OCYIIECTBISITHCS
07T BO3AEHCTBUEM IEKTPUIECKUX UMITYIIbCOB. [Ipu aTom
BBIOMpAs IWAaIla30H HEPTHH BO3ICHCTBYIONINX ONTHYE-
CKHUX UMITYJIbCOB MOYKHO BBIOPATh OJIMH M3 PEXKUMOB pado-
ThI MEMPHUCTUBHOTO 31eMeHTa. Ha sHeprusax B auama3one
15-20 M/Ix/cM? BO3MOXKHO OCYLIECTBUTh HEPEKIIOUEHUE
MEXy MHOXECTBOM cOCTOAHUM MemprcTopa. Ha cpenanx
sueprusx (20-25 mJ[x/cM?2) KONHYECTBO TOCTYIHBIX CYUH-
TBIBAEMBIX COCTOSIHUM MEMPHCTOpPA HEBEIIMKO, a IPAKTHIe-
CKH TIOJTHOE TTEPEKITIOUCHNE ITPOUCXOIUT 3a JBa HMITYJIbCa.
Ha Beicokux sHeprusx (2540 mJx/cM2) miieHka J0mycKa-
€T TOJIbKO OMHApHOE TEPEKIIOYEHHUE, a KPUCTALTN3aIHs
3HAYUTENBHON 9acTH 00pa3siia MPOUCXOANT BCETO 3a OANH
umIynsc. IIpu 3ToM BO Beex ciIydasix BpeMs MEepeKIIoue-
HUS B cTaOMIIBHOE COCTOSIHHME COCTaBiIsIeT He Oonee 80 He.
OTMeTHM, YTO 3TO BPEMS MOXXHO YMEHBILIUTb, UCTIOb3YS
TIOJIIOXKKY ¢ O0Jiee BEICOKOH TEIIONPOBOAHOCTBIO MK 0O-
Jiee TOHKHE IUIEHKH, HO 9T0, B CBOIO O4Yepe/ib, IPUBEET K
M3MEHCHUIO 3HaYECHHUH JIMaia30HOB SHEPTUi, XapaKTePHBIX
JULSl TUTaBHOM M CKaYK00Opa3HOM MepecTPOKH COCTOSTHHH.

References

1. Le Gallo M., Sebastian A. An overview of phase-change memory
device physics. Journal of Physics D: Applied Physics, 2020, vol. 53,
no. 21, pp. 213002. https://doi.org/10.1088/1361-6463/ab7794

2. Wright C.D., Hosseini P., Diosdado J.A.V. Beyond von-neumann
computing with nanoscale phase-change memory devices. Advanced
Functional Materials, 2013, vol. 23, no. 18, pp. 2248-2254. https://
doi.org/10.1002/adfm.201202383

3. Burr G.W,, Kurdi B.N., Scott J.C., Lam C.H., Gopalakrishnan K.,
Shenoy R.S. Overview of candidate device technologies for storage-
class memory. IBM Journal of Research and Development, 2008,
vol. 52, no. 4.5, pp. 449—464. https://doi.org/10.1147/rd.524.0449

4. LiuB., Wei T, HulJ.,, Li W, Ling Y., Liu Q., Cheng M., Song Z.
Universal memory based on phase-change materials: From phase-
change random access memory to optoelectronic hybrid storage.
Chinese Physics B, 2021, vol. 30, no. 5, pp. 058504. https://doi.
org/10.1088/1674-1056/abeedf

5. Wauttig M., Yamada N. Phase-change materials for rewriteable data
storage. Nature Materials, 2007, vol. 6, no. 11, pp. 824-832. https:/
doi.org/10.1038/nmat2009

6. Song Z., Song S., Zhu M., Wu L., Ren K., Song W., Feng S. From
octahedral structure motif to sub-nanosecond phase transitions in
phase change materials for data storage. Science China Information
Sciences, 2018, vol. 61, no. 8, pp. 081302. https://doi.org/10.1007/
$11432-018-9404-2

7. Pozidis H., Papandreou N., Sebastian A., Mittelholzer T.,
BrightSky M., Lam C., Eleftheriou E. A framework for reliability
assessment in multilevel phase-change memory. Proc. of the 4'" IEEE

916

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MexaHuKn 1 ontukn, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5


https://doi.org/10.1088/1361-6463/ab7794
https://doi.org/10.1002/adfm.201202383
https://doi.org/10.1002/adfm.201202383
https://doi.org/10.1147/rd.524.0449
https://doi.org/10.1088/1674-1056/abeedf
https://doi.org/10.1088/1674-1056/abeedf
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nmat2009
https://doi.org/10.1007/s11432-018-9404-2
https://doi.org/10.1007/s11432-018-9404-2
https://doi.org/10.1088/1361-6463/ab7794
https://doi.org/10.1002/adfm.201202383
https://doi.org/10.1002/adfm.201202383
https://doi.org/10.1147/rd.524.0449
https://doi.org/10.1088/1674-1056/abeedf
https://doi.org/10.1088/1674-1056/abeedf
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nmat2009
https://doi.org/10.1007/s11432-018-9404-2
https://doi.org/10.1007/s11432-018-9404-2

H.H. Enucees, A.A. Hes3oposg, B.A. Muxanesckuin, A.B. Kncenes, A.A. bypues, B.B. NoHuH, A.A. JTIOTUH

13.

16.

20.

21.

22.

23.

IEEE International Memory Workshop. 2012. P. 1-4. https://doi.
org/10.1109/IMW.2012.6213671

Panin G.N. Optoelectronic dynamic memristor systems based on
two-dimensional crystals / Chaos, Solitons & Fractals. 2021. V. 142.
P. 110523. https://doi.org/10.1016/j.chaos.2020.110523

Emboras A., Alabastri A., Lehmann P., Portner K., Weilenmann Ch.,
Ma P., Cheng B., Lewerenz M., Passerini E., Koch U., Aeschlimann J.,
Ducry F., Leuthold J., Luisier M. Opto-electronic memristors:
Prospects and challenges in neuromorphic computing // Applied
Physics Letters. 2020. V. 117. N 23. P. 230502. https://doi.
0rg/10.1063/5.0028539

. Photo-Electroactive Nonvolatile Memories for Data Storage and

Neuromorphic Computing / ed. by S. Han, Y. Zhou. Woodhead
Publishing, 2020. https://doi.org/10.1016/C2019-0-00530-4

. Advances in Neuromorphic Memristor Science and Applications / ed.

by R. Kozma, R.E. Pino, G.E. Pazienza. Springer Science & Business
Media Dordrecht, 2012. https://doi.org/10.1007/978-94-007-4491-2

. Shastri B.J., Tait A.N., Ferreira de Lima T., Pernice W.H.P.,

Bhaskaran H., Wright C.D., Prucnal P.R. Photonics for artificial
intelligence and neuromorphic computing // Nature Photonics. 2021.
V. 15.N 2. P. 102-114. https://doi.org/10.1038/s41566-020-00754-y
Bruns G., Merkelbach P., Schlockermann C., Salinga M., Wuttig M.,
Happ T.D., Philipp J.B., Kund M. Nanosecond switching in GeTe
phase change memory cells // Applied Physics Letters. 2009. V. 95.
N 4. P. 043108. https://doi.org/10.1063/1.3191670

. Onodera A., Sakamoto I., Fujii Y., Mo-ri N., Sugai S. Structural and

electrical properties of GeSe and GeTe at high pressure // Physical
Review B. 1997. V. 56. N 13. P. 7935-7941. https://doi.org/10.1103/
PhysRevB.56.7935

. Fantini A., Perniola L., Armand M., Nodin J.F., Sousa V., Persico A.,

Cluzel J., Jahan C., Maitrejean S., Lhostis S., Roule A., Dressler C.,
Reimbold G., De Salvo B., Mazoyer P., Bensahel D., Boulanger F.
Comparative assessment of GST and GeTe materials for application
to embedded phase-change memory devices // Proc. of the 2009 IEEE
International Memory Workshop. 2009. P. 1-2. https://doi.
org/10.1109/IMW.2009.5090585

Singh K., Kumari S., Singh H., Bala N., Singh P., Kumar A.,
Thakur A. A review on GeTe thin film-based phase-change materials
/I Applied Nanoscience. 2023. V. 13. N 1. P. 95-110. https://doi.
org/10.1007/s13204-021-01911-7

. Perniola L., Sousa V., Fantini A., Arbaoui E., Bastard A., Armand M.,

Fargeix A., Jahan C., Nodin J.-F., Persico A., Blachier D., Toffoli A.,
Loubriat S., Gourvest E., Beneventi G.B., Feldis H., Maitrejean S.,
Lhostis S., Roule A., Cueto O., Reimbold G., Poupinet L., Billon T.,
De Salvo B., Bensahel D., Mazoyer P., Annunziata R., Zuliani P.,
Boulanger F. Electrical behavior of phase-change memory cells based
on GeTe // IEEE Electron Device Letters. 2010. V. 31. N 5. P. 488—
490. https://doi.org/10.1109/LED.2010.2044136

. Eliseev N.N., Kiselev A.V., Ionin V.V., Mikhalevsky V.A.,

Burtsev A.A., Pankov M.A., Karimov D.N., Lotin A.A. Wide range
optical and electrical contrast modulation by laser-induced phase
transitions in GeTe thin films // Results in Physics. 2020. V. 19.
P. 103466. https://doi.org/10.1016/j.rinp.2020.103466

. Gallard M., Amara M.S., Putero M., Burle N., Guichet Ch.,

Escoubas S., Richard M.-1., Mocuta C., Chahine R.R., Bernard M.,
Kowalczyk P., Noé¢ P., Thomas O. New insights into
thermomechanical behavior of GeTe thin films during crystallization
/I Acta Materialia. 2020. V. 191. P. 60-69. https://doi.org/10.1016/j.
actamat.2020.04.001

Berthier R., Cooper D., Sabbione C., Hippert F., Noé P. In situ
observation of the impact of surface oxidation on the crystallization
mechanism of GeTe phase-change thin films by scanning transmission
electron microscopy // Journal of Applied Physics. 2017. V. 122. N 11.
P. 115304. https://doi.org/10.1063/1.5002637

Coombs J.H., Jongenelis A.P.J.M., van Es-Spiekman W.,
Jacobs B.A.J. Laser-induced crystallization phenomena in GeTe-
based alloys. I. Characterization of nucleation and growth // Journal
of Applied Physics. 1995. V. 78. N 8. P. 4906-4917. https://doi.
org/10.1063/1.359779

Wang W.J., Shi L.P., Zhao R., Lim K.G., Lee H.K., Chong T.C.,
Wu Y.H. Fast phase transitions induced by picosecond electrical
pulses on phase change memory cells // Applied Physics Letters.
2008. V. 93. N 4. P. 043121. https://doi.org/10.1063/1.2963196
Edwards A.H., Pineda A.C., Schultz P.A., Martin M.G.,
Thompson A.P., Hjalmarson H.P. Theory of persistent, p-type,
metallic conduction in c-GeTe // Journal of Physics: Condensed

11.

12.

13.

14.

16.

17.

18.

20.

21.

22.

23.

International Memory Workshop, 2012, pp. 1-4. https://doi.
org/10.1109/IMW.2012.6213671

Panin G.N. Optoelectronic dynamic memristor systems based on
two-dimensional crystals. Chaos, Solitons & Fractals, 2021, vol. 142,
pp. 110523. https://doi.org/10.1016/j.chaos.2020.110523

Emboras A., Alabastri A., Lehmann P., Portner K., Weilenmann Ch.,
Ma P,, Cheng B., Lewerenz M., Passerini E., Koch U., Aeschlimann J.,
Ducry F., Leuthold J., Luisier M. Opto-electronic memristors:
Prospects and challenges in neuromorphic computing. Applied
Physics Letters, 2020, vol. 117, no. 23, pp. 230502. https://doi.
org/10.1063/5.0028539

. Photo-Electroactive Nonvolatile Memories for Data Storage and

Neuromorphic Computing. Ed. by S. Han, Y. Zhou. Woodhead
Publishing, 2020. https://doi.org/10.1016/C2019-0-00530-4
Advances in Neuromorphic Memristor Science and Applications. Ed.
by R. Kozma, R.E. Pino, G.E. Pazienza. Springer Science & Business
Media Dordrecht, 2012. https://doi.org/10.1007/978-94-007-4491-2
Shastri B.J., Tait A.N., Ferreira de Lima T., Pernice W.H.P.,
Bhaskaran H., Wright C.D., Prucnal P.R. Photonics for artificial
intelligence and neuromorphic computing. Nature Photonics, 2021,
vol. 15, no. 2, pp. 102—114. https://doi.org/10.1038/s41566-020-
00754-y

Bruns G., Merkelbach P., Schlockermann C., Salinga M., Wuttig M.,
Happ T.D., Philipp J.B., Kund M. Nanosecond switching in GeTe
phase change memory cells. Applied Physics Letters, 2009, vol. 95,
no. 4, pp. 043108. https://doi.org/10.1063/1.3191670

Onodera A., Sakamoto I., Fujii Y., Mo-ri N., Sugai S. Structural and
electrical properties of GeSe and GeTe at high pressure. Physical
Review B, 1997, vol. 56, no. 13, pp. 7935-7941. https://doi.
org/10.1103/PhysRevB.56.7935

. Fantini A., Perniola L., Armand M., Nodin J.F., Sousa V., Persico A.,

Cluzel J., Jahan C., Maitrejean S., Lhostis S., Roule A., Dressler C.,
Reimbold G., De Salvo B., Mazoyer P., Bensahel D., Boulanger F.
Comparative assessment of GST and GeTe materials for application
to embedded phase-change memory devices. Proc. of the 2009 IEEE
International Memory Workshop, 2009, pp. 1-2. https://doi.
org/10.1109/IMW.2009.5090585

Singh K., Kumari S., Singh H., Bala N., Singh P., Kumar A.,
Thakur A. A review on GeTe thin film-based phase-change materials.
Applied Nanoscience, 2023, vol. 13, no. 1, pp. 95-110. https://doi.
org/10.1007/s13204-021-01911-7

Perniola L., Sousa V., Fantini A., Arbaoui E., Bastard A., Armand M.,
Fargeix A., Jahan C., Nodin J.-F., Persico A., Blachier D., Toffoli A.,
Loubriat S., Gourvest E., Beneventi G.B., Feldis H., Maitrejean S.,
Lhostis S., Roule A., Cueto O., Reimbold G., Poupinet L., Billon T.,
De Salvo B., Bensahel D., Mazoyer P., Annunziata R., Zuliani P.,
Boulanger F. Electrical behavior of phase-change memory cells based
on GeTe. [EEE Electron Device Letters, 2010, vol. 31, no. 5, pp. 488—
490. https://doi.org/10.1109/LED.2010.2044136

Eliseev N.N., Kiselev A.V., Ionin V.V., Mikhalevsky V.A.,
Burtsev A.A., Pankov M.A., Karimov D.N., Lotin A.A. Wide range
optical and electrical contrast modulation by laser-induced phase
transitions in GeTe thin films. Results in Physics, 2020, vol. 19,
pp. 103466. https://doi.org/10.1016/j.rinp.2020.103466

. Gallard M., Amara M.S., Putero M., Burle N., Guichet Ch.,

Escoubas S., Richard M.-1., Mocuta C., Chahine R.R., Bernard M.,
Kowalczyk P., Noé P., Thomas O. New insights into
thermomechanical behavior of GeTe thin films during crystallization.
Acta Materialia, 2020, vol. 191, pp. 60—69. https://doi.org/10.1016/;.
actamat.2020.04.001

Berthier R., Cooper D., Sabbione C., Hippert F., Noé P. In situ
observation of the impact of surface oxidation on the crystallization
mechanism of GeTe phase-change thin films by scanning transmission
electron microscopy. Journal of Applied Physics, 2017, vol. 122,
no. 11, pp. 115304. https://doi.org/10.1063/1.5002637

Coombs J.H., Jongenelis A.P.J.M., van Es-Spiekman W.,
Jacobs B.A.J. Laser-induced crystallization phenomena in GeTe-
based alloys. I. Characterization of nucleation and growth. Journal of
Applied Physics, 1995, vol. 78, no. 8, pp. 4906-4917. https://doi.
org/10.1063/1.359779

Wang W.J., Shi L.P., Zhao R., Lim K.G., Lee H.K., Chong T.C.,
Wu Y.H. Fast phase transitions induced by picosecond electrical
pulses on phase change memory cells. Applied Physics Letters, 2008,
vol. 93, no. 4, pp. 043121. https://doi.org/10.1063/1.2963196
Edwards A.H., Pineda A.C., Schultz P.A., Martin M.G.,
Thompson A.P., Hjalmarson H.P. Theory of persistent, p-type,

Hay4HOo-TexHN4ecKkunin BECTHUK MHDOPMALIMOHHbLIX TEXHONOM NI, MeXaHUku n ontukun, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5

917


https://doi.org/10.1109/IMW.2012.6213671
https://doi.org/10.1109/IMW.2012.6213671
https://doi.org/10.1016/j.chaos.2020.110523
https://doi.org/10.1063/5.0028539
https://doi.org/10.1063/5.0028539
https://doi.org/10.1016/C2019-0-00530-4
https://doi.org/10.1007/978-94-007-4491-2
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1063/1.3191670
https://doi.org/10.1103/PhysRevB.56.7935
https://doi.org/10.1103/PhysRevB.56.7935
https://doi.org/10.1109/IMW.2009.5090585
https://doi.org/10.1109/IMW.2009.5090585
https://doi.org/10.1007/s13204-021-01911-7
https://doi.org/10.1007/s13204-021-01911-7
https://doi.org/10.1109/LED.2010.2044136
https://doi.org/10.1016/j.rinp.2020.103466
https://doi.org/10.1016/j.actamat.2020.04.001
https://doi.org/10.1016/j.actamat.2020.04.001
h﻿ttps://doi.org/10.1063/1.5002637
https://doi.org/10.1063/1.359779
https://doi.org/10.1063/1.359779
https://doi.org/10.1063/1.2963196
https://doi.org/10.1109/IMW.2012.6213671
https://doi.org/10.1109/IMW.2012.6213671
https://doi.org/10.1016/j.chaos.2020.110523
https://doi.org/10.1063/5.0028539
https://doi.org/10.1063/5.0028539
https://doi.org/10.1016/C2019-0-00530-4
https://doi.org/10.1007/978-94-007-4491-2
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1063/1.3191670
https://doi.org/10.1103/PhysRevB.56.7935
https://doi.org/10.1103/PhysRevB.56.7935
https://doi.org/10.1109/IMW.2009.5090585
https://doi.org/10.1109/IMW.2009.5090585
https://doi.org/10.1007/s13204-021-01911-7
https://doi.org/10.1007/s13204-021-01911-7
https://doi.org/10.1109/LED.2010.2044136
https://doi.org/10.1016/j.rinp.2020.103466
https://doi.org/10.1016/j.actamat.2020.04.001
https://doi.org/10.1016/j.actamat.2020.04.001
https://doi.org/10.1063/1.5002637
https://doi.org/10.1063/1.359779
https://doi.org/10.1063/1.359779
https://doi.org/10.1063/1.2963196

[MepeknoyeHne anekTpruyecKnx CBOMCTB TOHKOMIEHOYHbBIX MEMPUCTUBHbLIX 3/1IEMEHTOB Ha OCHOBE GeTe...

Matter. 2005. V. 17. N 32. P. L329-L335. https://doi.
org/10.1088/0953-8984/17/32/L01

24. Wuttig M., Bhaskaran H., Taubner T. Phase-change materials for
non-volatile photonic applications / Nature Photonics. 2017. V. 11.
N 8. P. 465-476. https://doi.org/10.1038/nphoton.2017.126

25. Nevzorov A.A., Mikhalevsky V.A., Eliseev N.N., Kiselev A.V.,
Burtsev A.A., Tonin V.V., Maliutin A.M., Khmelenin D.N.,
Glebov V.N., Lotin A.A. Two-stage conductivity switching of GST
thin films induced by femtosecond laser radiation // Optics & Laser
Technology. 2023. V. 157. P. 108773. https://doi.org/10.1016/].
optlastec.2022.108773

26. Ovshinsky S.R. Optical cognitive information processing — a new
field // Japanese Journal of Applied Physics. 2004. V. 43. N 7S.
P. 4695. https://doi.org/10.1143/JJAP.43.4695

27. Huber E., Marinero E.E. Laser-induced crystallization of amorphous
GeTe: A time-resolved study // Physical Review B. 1987. V. 36. N 3.
P. 1595-1604. https://doi.org/10.1103/PhysRevB.36.1595

28. Kiselev A.V., Mikhalevsky V.A., Burtsev A.A., Ionin V.V,
Eliseev N.N., Lotin A.A. Transmissivity to reflectivity change delay
phenomenon observed in GeTe thin films at laser-induced
reamorphization // Optics & Laser Technology. 2021. V. 143.
P. 107305. https://doi.org/10.1016/j.optlastec.2021.107305

29. Hase M., Mizoguchi K., Nakashima S. Generation of coherent THz
phonons in GeTe ferroelectrics // Journal of Luminescence. 2000. V. 87-
89. P. 836-839. https://doi.org/10.1016/S0022-2313(99)00433-0

30. Nath P., Chopra K.L. Thermal conductivity of amorphous and
crystalline Ge and GeTe films // Physical Review B. 1974. V. 10. N 8.
P. 3412-3418. https://doi.org/10.1103/PhysRevB.10.3412

31. Andrikopoulos K.S., Yannopoulos S.N., Voyiatzis G.A.,
Kolobov A.V., Ribes M., Tominaga J. Raman scattering study of the
a-GeTe structure and possible mechanism for the amorphous to
crystal transition // Journal of Physics: Condensed Matter. 2006.
V. 18. N 3. P. 965-979. https://doi.org/10.1088/0953-8984/18/3/014

32. Burtsev A.A., Tonin V.V., Kiselev A.V., Eliseev N.N.,
Mikhalevsky V.A., Lotin A.A. Laser-induced crystallization kinetics
of GeTe and Ge,Sb,Tes thin films // Advanced Laser Technologies:
Book of abstracts the 28th International Conference. 2021. P. 81.
https://doi.org/10.24412/cl-35039-2021-21-81-81

33. Lu Q.M,, Libera M. Microstructural measurements of amorphous
GeTe crystallization by hot-stage optical microscopy // Journal of
Applied Physics. 1995. V. 77. N 2. P. 517-521. https://doi.
org/10.1063/1.359034

34. Orava J., Greer A.L. Classical-nucleation-theory analysis of priming
in chalcogenide phase-change memory // Acta Materialia. 2017.
V. 139. P. 226-235. https://doi.org/10.1016/j.actamat.2017.08.013

ABTOpBI

Esamcees Hukousaii HukosaeBu4 — Mitaauiuidi Hay4HbI COTPY/IHHUK,
HHcTutyT npobieM na3epHbIX M HHOOPMAMOHHBIX TexHOJIoruit PAH —
¢umman denepanbHOro rocyIapCTBEHHOr0 yupexaeHus «DexepaabHbIi
Hay4YHO-UCCcIenoBareabckuil HenTp «Kpucramiorpadus u GpoToOHHKAY»
Poccwuiickoii akagemun Hayk», [llatypa, MockoBckas obnacts, 140700,
Poccuiickas enepanys, s¢ 57201774880, https://orcid.org/0000-0002-
8864-3961, nikolai.eliseev@phystech.edu

Hes3opoB Aulekceii AjlekceeBUY — HAayYHBIH COTPYIHUK, VIHCTHTYT
npo6JieM Jia3epHbIX U HHPOPMAHOHHBIX TexHonoruii PAH — ¢umn-
an denepanbHOro rocylapcTBEHHOro yupexaeHus «denepanbHblil
Hay4YHO-HCcIenoBaTenbckuil menTp «Kpucramnorpadus u GpoToHHKA»
Poccuiickoii akanemun Hayk, lllatypa, MockoBckas obnacts, 140700,
Poccuiickas ®enepanus, s¢ 57196274290, https://orcid.org/0000-0001-
5602-6355, terrapevt@mail.ru

MuxaJjeBckuii Baagumup AJiekcaHAPOBMY — Hay4HBIH COTPYAHUK,
WucTutyT npobiiem TazepHbIX 1 HHOOPMAILIMOHHBIX TexHomoruit PAH —
¢umman denepanbHOro roCyIapCTBEHHOTO yupexaeHus «DenepaabHbIi
Hay4YHO-HCcIenoBaTenbekuil neHTp «Kpucramiorpadus u GpoToHUKa»
Poccuiickoit akanemun Hayk», Lllarypa, MockoBckas obnacts, 140700,
Poccuiickas ®enepanus, s¢ 56623059300, https://orcid.org/0000-0002-
6234-1084, uhr@inbox.ru

KuceneB Anekceii BiraguMupoBHY — HayyHbIH COTpyAHUK, THCTUTYT
npobieM J1a3epHbIX 1 UHPOPMAIMOHHBIX TexHonoruit PAH — ¢unu-
an dexepasbHOrO TOCYIAapCTBEHHOr0 yupexaeHus «DenepaabHblit

metallic conduction in c-GeTe. Journal of Physics: Condensed
Matter, 2005, vol. 17, no. 32, pp. L329-L335. https://doi.
org/10.1088/0953-8984/17/32/L01

24. Wauttig M., Bhaskaran H., Taubner T. Phase-change materials for
non-volatile photonic applications. Nature Photonics, 2017, vol. 11,
no. 8, pp. 465-476. https://doi.org/10.1038/nphoton.2017.126

25. Nevzorov A.A., Mikhalevsky V.A., Eliseev N.N., Kiselev A.V.,
Burtsev A.A., Tonin V.V., Maliutin A.M., Khmelenin D.N.,
Glebov V.N,, Lotin A.A. Two-stage conductivity switching of GST
thin films induced by femtosecond laser radiation. Optics & Laser
Technology, 2023, vol. 157, pp. 108773. https://doi.org/10.1016/].
optlastec.2022.108773

26. Ovshinsky S.R. Optical cognitive information processing — a new
field. Japanese Journal of Applied Physics, 2004, vol. 43, no. 7S,
pp. 4695. https://doi.org/10.1143/J1JAP.43.4695

27. Huber E., Marinero E.E. Laser-induced crystallization of amorphous
GeTe: A time-resolved study. Physical Review B, 1987, vol. 36, no. 3,
pp. 1595-1604. https://doi.org/10.1103/PhysRevB.36.1595

28. Kiselev A.V., Mikhalevsky V.A., Burtsev A.A., Ionin V.V.,
Eliseev N.N., Lotin A.A. Transmissivity to reflectivity change delay
phenomenon observed in GeTe thin films at laser-induced
reamorphization. Optics & Laser Technology, 2021, vol. 143,
pp- 107305. https://doi.org/10.1016/j.optlastec.2021.107305

29. Hase M., Mizoguchi K., Nakashima S. Generation of coherent THz
phonons in GeTe ferroelectrics. Journal of Luminescence, 2000,
vol. 87-89, pp. 836-839. https://doi.org/10.1016/S0022-
2313(99)00433-0

30. Nath P., Chopra K.L. Thermal conductivity of amorphous and
crystalline Ge and GeTe films. Physical Review B, 1974, vol. 10,
no. 8, pp. 3412-3418. https://doi.org/10.1103/PhysRevB.10.3412

31. Andrikopoulos K.S., Yannopoulos S.N., Voyiatzis G.A.,
Kolobov A.V., Ribes M., Tominaga J. Raman scattering study of the
a-GeTe structure and possible mechanism for the amorphous to
crystal transition. Journal of Physics: Condensed Matter, 2006,
vol. 18, no. 3, pp. 965-979. https://doi.org/10.1088/0953-
8984/18/3/014

32. Burtsev A.A., Tonin V.V., Kiselev A.V., Eliseev N.N.,
Mikhalevsky V.A., Lotin A.A. Laser-induced crystallization kinetics
of GeTe and Ge2Sb2Te5 thin films. Advanced Laser Technologies:
Book of abstracts the 28 International Conference, 2021, pp. 81.
https://doi.org/10.24412/cl-35039-2021-21-81-81

33. Lu Q.M. Libera M. Microstructural measurements of amorphous
GeTe crystallization by hot-stage optical microscopy. Journal of
Applied Physics, 1995, vol. 77, no. 2, pp. 517-521. https://doi.
org/10.1063/1.359034

34. Orava J., Greer A.L. Classical-nucleation-theory analysis of priming
in chalcogenide phase-change memory. Acta Materialia, 2017,
vol. 139, pp. 226-235. https://doi.org/10.1016/j.actamat.2017.08.013

Authors

Nikolai N. Eliseev — Junior Researcher, Institute on Laser and
Information Technologies of the Russian Academy of Sciences — Branch
of Federal Scientific Research Center “Crystallography and Photonics”
of the Russian Academy of Sciences, Shatura, Moscow region, 149700,
Russian Federation, s¢ 57201774880, https://orcid.org/0000-0002-8864-
3961, nikolai.eliseev@phystech.edu

Alexey A. Nevzorov — Scientific Researcher, Institute on Laser and
Information Technologies of the Russian Academy of Sciences — Branch
of Federal Scientific Research Center “Crystallography and Photonics”
of the Russian Academy of Sciences, Shatura, Moscow region, 149700,
Russian Federation, s¢ 57196274290, https://orcid.org/0000-0001-5602-
6355, terrapevt@mail.ru

Vladimir A. Mikhalevsky — Scientific Researcher, Institute on Laser and
Information Technologies of the Russian Academy of Sciences — Branch
of Federal Scientific Research Center “Crystallography and Photonics”
of the Russian Academy of Sciences, Shatura, Moscow region, 149700,
Russian Federation, s¢ 56623059300, https://orcid.org/0000-0002-6234-
1084, uhr@inbox.ru

Alexey V. Kiselev — Scientific Researcher, Institute on Laser and
Information Technologies of the Russian Academy of Sciences — Branch
of Federal Scientific Research Center “Crystallography and Photonics”

918

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MexaHuKn 1 ontukn, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5


https://doi.org/10.1088/0953-8984/17/32/L01
https://doi.org/10.1088/0953-8984/17/32/L01
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1016/j.optlastec.2022.108773
https://doi.org/10.1016/j.optlastec.2022.108773
https://doi.org/10.1143/JJAP.43.4695
https://doi.org/10.1103/PhysRevB.36.1595
https://doi.org/10.1016/j.optlastec.2021.107305
https://doi.org/10.1016/S0022-2313(99)00433-0
https://doi.org/10.1103/PhysRevB.10.3412
https://doi.org/10.1088/0953-8984/18/3/014
https://doi.org/10.24412/cl-35039-2021-21-81-81
https://doi.org/10.1063/1.359034
https://doi.org/10.1063/1.359034
https://doi.org/10.1016/j.actamat.2017.08.013
https://orcid.org/0000-0002-8864-3961
https://orcid.org/0000-0002-8864-3961
mailto:nikolai.eliseev@phystech.edu
https://orcid.org/0000-0001-5602-6355
https://orcid.org/0000-0001-5602-6355
mailto:terrapevt@mail.ru
https://orcid.org/0000-0002-6234-1084
https://orcid.org/0000-0002-6234-1084
mailto:uhr@inbox.ru
https://doi.org/10.1088/0953-8984/17/32/L01
https://doi.org/10.1088/0953-8984/17/32/L01
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1016/j.optlastec.2022.108773
https://doi.org/10.1016/j.optlastec.2022.108773
https://doi.org/10.1143/JJAP.43.4695
https://doi.org/10.1103/PhysRevB.36.1595
https://doi.org/10.1016/j.optlastec.2021.107305
https://doi.org/10.1016/S0022-2313(99)00433-0
https://doi.org/10.1016/S0022-2313(99)00433-0
https://doi.org/10.1103/PhysRevB.10.3412
https://doi.org/10.1088/0953-8984/18/3/014
https://doi.org/10.1088/0953-8984/18/3/014
https://doi.org/10.24412/cl-35039-2021-21-81-81
https://doi.org/10.1063/1.359034
https://doi.org/10.1063/1.359034
https://doi.org/10.1016/j.actamat.2017.08.013
https://orcid.org/0000-0002-8864-3961
https://orcid.org/0000-0002-8864-3961
mailto:nikolai.eliseev@phystech.edu
https://orcid.org/0000-0001-5602-6355
https://orcid.org/0000-0001-5602-6355
mailto:terrapevt@mail.ru
https://orcid.org/0000-0002-6234-1084
https://orcid.org/0000-0002-6234-1084
mailto:uhr@inbox.ru

H.H. Enucees, A.A. Hes3oposg, B.A. Muxanesckuin, A.B. Kncenes, A.A. bypues, B.B. NoHuH, A.A. JTIOTUH

Hay4YHO-HCCIen0BaTenbekuil HeHTp «Kpucramiorpadus u GpoToHNKa»
Poccuiickoit akanemuu Hayk», Lllarypa, MockoBckas obnacts, 140700,
Poccuiickas ®enepanus, s¢ 57197540858, https://orcid.org/0000-0003-
0292-9553, kiselev.ilit.ras@gmail.com

BypueB AHTOH AHJpeeBMY — HayuHbIH COTPYAHUK, HCTUTYT mpo-
OneM Na3epHBIX U HHPOPManuOHHBIX TexHonorui PAH — dunman
DenepansbHOTO TOCyIapcTBEHHOr0 yupexaeHus «DenepaibHblii Ha-
Y4HO-UccienoBarenbckuil neHTp «Kpucramiorpadus u poroHuka»
Poccuiickoii akanemuu Hayk», [llatypa, MockoBckas obnacts, 140700,
Poccuiickas ®denepanus, https://orcid.org/0000-0003-0280-7943,
tonyiplit@gmail.com

Honun Buranuii BadecaaBoBuy — HaydHblil coTpyaHuk, MHCTUTYT
po0ieM Jla3epHbIX U MHPOPMAIMOHHBIX TexHonoruii PAH — ¢unn-
an denepalbHOro rocyapCcTBEHHOrO yupexacHus «PenaepaabHblit
Hay4YHO-HCcIenoBaTenbekuil enTp «Kpucramnorpadus u GpoToHUKa»
Poccuiickoii akanemun Hayk», lllatypa, MockoBckas obnacts, 140700,
Poccuiickas ®enepanus, https://orcid.org/0000-0002-1253-2261,
IoninVV@gmail.com

JloTHH AHIpeii AHATOIbLeBHY — KaHIUIAT (PU3UKO-MAaTeMaTHYECKUX
HayK, 3aMECTUTENIb pyKoBoauTens, MHCTUTYT npobiaeM na3epHBIX U
nH(opMannoHHEIX TexHonoruii PAH — ¢dunman denepansHoro rocy-
JapCTBEHHOTo yupexaceHus: «PenepanbHblil HaydYHO-HCCIIEI0BATEIb-
ckuii uentp «Kpucramiorpapus u poronnkay Poccuiickoit akagemun
Hayk», [1latypa, MockoBckast o6iacts, 140700, Poccuiickas ®enepanus,
sc 26635531400, https://orcid.org/0000-0001-9051-7158, lotin_82@
mail.ru

Cmamvws nocmynuna 6 pedaxyuto 31.05.2023
Ooobpena nocne peyenzuposanus 23.06.2023
Ipunama x newamu 15.09.2023

©Noke

of the Russian Academy of Sciences, Shatura, Moscow region, 149700,
Russian Federation, s¢ 57197540858, https://orcid.org/0000-0003-0292-
9553, kiselev.ilit.ras@gmail.com

Anton A. Burtsev — Scientific Researcher, Institute on Laser and
Information Technologies of the Russian Academy of Sciences — Branch
of Federal Scientific Research Center “Crystallography and Photonics”
of the Russian Academy of Sciences, Shatura, Moscow region, 149700,
Russian Federation, https://orcid.org/0000-0003-0280-7943, tonyiplit@
gmail.com

Vitaliy V. Ionin — Scientific Researcher, Institute on Laser and
Information Technologies of the Russian Academy of Sciences — Branch
of Federal Scientific Research Center “Crystallography and Photonics”
of the Russian Academy of Sciences, Shatura, Moscow region, 149700,
Russian Federation, https://orcid.org/0000-0002-1253-2261, IoninVV(@
gmail.com

Andrey A. Lotin — PhD (Physics & Mathematics), Deputy Director for
Science, Institute on Laser and Information Technologies of the Russian
Academy of Sciences — Branch of Federal Scientific Research Center
“Crystallography and Photonics” of the Russian Academy of Sciences,
Shatura, Moscow region, 149700, Russian Federation, s¢ 26635531400,
https://orcid.org/0000-0001-9051-7158, lotin_82@mail.ru

Received 31.05.2023
Approved after reviewing 23.06.2023
Accepted 15.09.2023

Pa6oTa gocTynHa no nuueH3nm
Creative Commons
«Attribution-NonCommercial»

Hay4HOo-TexHN4ecKkunin BECTHUK MHDOPMALIMOHHbLIX TEXHONOM NI, MeXaHUku n ontukun, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5

919


https://orcid.org/0000-0003-0292-9553
https://orcid.org/0000-0003-0292-9553
mailto:kiselev.ilit.ras@gmail.com
https://orcid.org/0000-0003-0280-7943
mailto:tonyiplit@gmail.com
https://orcid.org/0000-0002-1253-2261
mailto:IoninVV@gmail.com
https://orcid.org/0000-0001-9051-7158
mailto:lotin_82@mail.ru
mailto:lotin_82@mail.ru
https://orcid.org/0000-0003-0292-9553
https://orcid.org/0000-0003-0292-9553
mailto:kiselev.ilit.ras@gmail.com
https://orcid.org/0000-0003-0280-7943
mailto:tonyiplit@gmail.com
mailto:tonyiplit@gmail.com
https://orcid.org/0000-0002-1253-2261
mailto:IoninVV@gmail.com
mailto:IoninVV@gmail.com
https://orcid.org/0000-0001-9051-7158
mailto:lotin_82@mail.ru

