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AHHOTAIUA

Beenenue. [IpencraBieHbl pe3ynbTaTbl HCCICAOBAHMNI 0COOCHHOCTEH YIPABICHUS COCTOSHHUEM TOHKOIUICHOYHOTO
JJIeMEeHTa Ha OCHOBE (pazon3meHsieMoro Marepuaina tesutypuaa repmanus (GeTe). Yipasnenue cBoicTBaMH dlieMEHTa
GeTe ocymiecTBICHO MOCIEAOBATEIBHOCTAMY CBEPXKOPOTKUX JIa3€PHBIX UMITYIbCOB. Takoe BO3AEHCTBHE MTPUBOIUT
K OBICTPOMY HarpeBy TOHKOIUICHOYHOTO 3JIeMEHTa M oOecrnednBaeT (a3oBBId MEPEeXol MEXKAY COCTOSHUSAMU C
COIIPOTUBIICHHEM, OTIMYHBIM Ha HECKOJBKO MOpsAaAKoB. MeToa. [lMHaAMHUKa COMPOTUBIICHHS UCCIEOBAaHA C TTIOMOIIBIO
BBICOKOCKOPOCTHOTO ocmiutorpada 1mo cxeme, rie UCCIeTyeMbIid JIEMEHT SBIBLICS TUICUOM JICIUTENS HAIPSIKSHUS
BBICOKOCTAa0MIBHOTO UCTOUYHHKA. OCHOBHBIE pe3yabTarhl. /s tieHok TonmuHoi 100 HM ompeaesieHbl TpU
THUIIA TTEPEKIIOYCHUS YIIbHON NPOBOIUMOCTH. J{JIsl HU3KUX YHEPrHif JIa3epHOTO U3ITyYSHHUs MOTYYEHO HECKOJIBKO
pa3NIMYUMBIX COCTOSIHUHM, IIPHU KOTOPBIX IUIEHKA MaTepuala o0yajaeT NperMyIeCTBEHHO HOIYIIPOBOIHUKOBBIMU
CBOﬁCTBaMH. l'[pn yBeHI/I‘leHI/II/I OHEPIUX ONTHYCCKUX I/IMl'[yJ'IbCOB KOJIMYECTBO BO3MOXKHBIX CTaGHJ’lebIX COCTOﬂHMﬁ,
OTpeNesieMbIX YIeIbHOW NPOBOAMMOCTBIO MaTepralla, YMEHbBIICHA /10 JBYX, B OZTHOM M3 KOTOPBIX (HU3KOOMHOM)
MaTepra IPOsSBUII HCKIIOUUTENEHO METAIMYECKIE CBOICTBA. Bo Beex ciydasx BpeMsi MEPEKIIOYCHHUS B CTA0MIbHOE
COCTOSTHHE HE TPEBBIMACT HECKOJIBKHUX JECATKOB HAHOCEKYH/ IS TUIeHOK TonmuHoi 10 100 aM. O6cy:kaeHue.
HccnenoBanue mokas3ano, 4To OMMCaHHBIE CTPYKTYPBI MOYKHO HCTIONB30BATh IS Pealn3alliil MEMPUCTHBHBIX SJICMEHTOB
C ONITHYECKNM yTpaBieHneM. Kpome Toro, 00IbII0€ KOINYECTBO BO3MOKHBIX JIOIYCTUMBIX YIETbHBIX CONPOTHBICHUIT
9JIEMEHTA IO3BOJIMT HCIIOJIB30BaTh €ro ISl YBEIWYEHUsT HHGOPMAIMOHHON €MKOCTH SYeeK MaMsTH Ha OCHOBE
(a3on3MeHsIeMOro MaTepyaia WK JUlsl peaii3aliy OITOMICKTPOHHBIX 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

DHeproHe3aBUCUMbIIl MEMPUCTOP MOXKET OTHOBPEMEH-
HO OCYHIECTBJIATH XpaHCHUE JaHHbIX U BBIYMCJICHUS B I1a-
MSTH, T. €. 0ObEANHUTH MOIYJIN XPAHEHUS ¥ BHIYUCICHUI
1 YCTPaHMTH y3KOE MECTO B apxuTekType ¢poH Heiimana
[1, 2]. B HacTosiee BpeMsi HA OCHOBE YHEPIOHE3aBUCH-
MBIX MEMPHUCTOPOB CO3JAI0T ONEPATUBHBIC MaMSTH: Ha
ocHoBe (hazom3mensembx MaTepuaioB (PCRAM), dep-
poanekrpudeckyto (FeRAM), pesuctuBayio (ReRAM),
MarauTopesuctuBHyo (MRAM) u ap. [3]. Cpeaur HOBBIX
YCTPOWCTB HEPrOHE3aBUCHMOI MMaMsATH HanboIiee pa3Bh-
TOW U MHOTOOOEIIaronel Ha POob YHEPTOHE3aBUCUMOM
naMsITH cieayromero nokoneHus [4] ssusercss PCRAM.
Pabora PCRAM ocHoBaHa Ha (pa30BOM Hepexo/ie XaIbKo-
TeHUIHOTO CILIaBa, KOTOPBIA OCYIIECTBISIETCS C TIOMOIIBIO
TEPMHUYECKHUX/ONTHYECKUX/INEKTPHUUECKUX BO3CHCTBUI
[5]. B Hacrosmee Bpems mukpocxemsl PCRAM yaxe mac-
COBO IPOM3BOAITCS] TAKUMH KOMIIAaHHUSIMH, Kak Micron n
Samsung, HO UX €MKOCTh OI'pPaHWYEHA, OCKOJIbKY OHU
OCHOBBIBAIOTCS Ha XPAHMIHUINE C ABYXypOBHEBOH sueii-
KOH, obecrieunBaronell MepeKIFOYeHIe MEXTY TOJIHO-

CThIO aMOp(HOU M KpHCTaNIM4ecKoi (a3zoil Marepuaia
[6]. MHOTO BHUMaHUS y/IEJIEHO YBEIHMUYCHUIO 00beMa Ma-
MSTH 3a CUEeT XpaHeHHs Oosiee oHOTrO OuTa nH(pOpMALUH
B KaX/10d MHOTOYpOBHEBOH stuelike namsitu. Hecmotps Ha
OIIpE/ICIIEHHbIC TIPEUMYIIIECTBA, AEKTPUIECKOE TIEPEKITIO-
YeHUEe MHOTOYPOBHEBOU sUeiku 007a1aeT N3BECTHBIMU
HEIOCTAaTKaMH: TeMIIepaTyPHBIH Apeii compoTHBICHHS,
HEOJHOPOTHOCTD SIUEEK B MACCHBE, COOCTBEHHBIH IIyM Ma-
TepHasa 1 IIyM 3I€KTPUIECKON LIETIH CUCTEMBbI YIIPABICHUS
[7]. Ucxons u3 aTOTO, BAXKHOM 3a7a4eil ABISETCS peanu3a-
sl CTAOMIIBHOTO M 9HEProd(PEKTHBHOTO ONTHYECKOTO
MEPEKIIFOYCHUS] MHOTOYPOBHEBOH stuciiku (ha30u3MeHsie-
Moro marepuana [8].

B pesysbrare miargopma onToIeKTPOHHBIX YCTPOHCTB
HOBOT'O [TOKOJICHHS JIOJDKHA COUEeTaTh B ceOe KaK JJ0CTONH-
CTBa 3JIEKTPOHHOTO JIOMEHa (MacIiTabupyeMocTh, BBICO-
KyIO CTETIeHb MHTETPALNH), TAK U ONTUIECKOTO (HHU3KOE
9HEPronoTpedIeHne, BHICOKYI0 CKOPOCTh Hepeiadu qaH-
HBIX ¥ IOMEXO0YCTOHYMBOCTE) [9]. CTabninbHbIe 00paTnMBbIe
MHOTOYPOBHEBBIE IIEPEXO/Ibl SABISIOTCA Hanbosee mpu-
BJIEKATEIbHBIMH C TOYKH 3PEHUS CO3AAHUS ONTHYECKOH
MaMsITH HOBOTO MOKOJICHUS U peasIn3aliii HeHpoMOp(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. JIOTWH

Boruncienuii [10]. CormacHo moznensim Integrate-Fire (IF)
n Leaky-Integrate-Fire (LIF), neiipon noymkeH cpadarsli-
BaTb, KOIJ]a CyMMa €ro CHHAITHYECKUX BXOJIOB JOCTHIAET
nopora cpabarsiBanus. [1pu sTom ycTpoiicTBa, Ha OCHOBE
(hazoM3MeHsIEMBbIX MaTepUaIoB, MOI'YT HIMUTHPOBATh Ta-
KyI0 HEeHpoHOIoA00HYy0 00padoTky [11]. bonee Toro, ams
0001 TOUKH TTepexo/ia HCTOPHSI TIPEBITYIIEr0 COCTOSTHUS
TaKXe CoXpaHseTcs. biarogapst 3ToMy SHEproHe3aBHUCH-
MOCTb ¥ NTOPOrOBOE IOBEAEHHUE MO3BOIAT 00bEIUHUTH
HEHPOH-CUHAINCONOI00HbIC (YHKITHH 00paObOTKU U Xpa-
HeHust MHOpMAIMK OJHOBPEMEHHO B OJHOM U TOM XK€
(byHKIMOHANBHOM 251eMenTe [12].

Tennypun repmanus (GeTe) npencrapnsier coboi Ou-
HapHBIN XaJIbKOT€HU/IHBIH MaTepHajl, KOTOPbIH SBISETCS
XOpOMIEH aJbTepHATUBON TEIUTYPHIY TEpPMaHUSI U CypbMBbI
(GST) bnaromaps 6osee BHICOKOH CKOPOCTH KPHCTaUIN3a-
UK, OOJBIIEMY COIIPOTHBIICHHUIO U O0Jiee BEICOKOH TeM-
neparype kpuctamuusanuu (7,) [13, 14]. B pabote [15]
TIOKA3aHO, 4TO OOJIee BBICOKAs TeMIIepaTypa KpHUCTaIlINn3a-
unu GeTe mo cpaBaenuto ¢ GST (185 °C u 145 °C, coot-
BETCTBEHHO) U 00Jiee BRICOKUN KOHTPACT AIEKTPOPU3NIe-
CKHX CBOWCTB (BBIIIIE HA TIOPSIJIOK) 00SCTIEUNBAIOT JTyUTITYIO
TEPMHUYECKYIO CTAOMIBHOCTh COCTOSIHUM B YCTPOHCTBAx
xpaneHus. Ha ero ocHoBe ObUIM peani30BaHbl CETHETOI-
JEKTPUYECKHUE U TEPMODIIEKTPUUECKHE YCTPOHcTBa Xpa-
HeHUsl MHPOpMAIUH, a TAaK)KEe ONTHYECKUE BOTHOBOIBI
nH]ppaKkpacHOro nuarazona [16].

Kpowme Toro, GeTe cran ocHoBoil ycrpoiicts PCRAM
Grarogaps BHICOKOH CTaOMIIBHOCTH COCTOSIHUH, OOJBIIOMY
KOHTPACTY (pU3MUECKUX CBOHCTB pa3HBIX (ha3, BHICOKOTO
KOJIMYECTBA IIUKJIOB 3aIMCh/CTUPAHNE U BBICOKOH CKOPOCTH
nepexitoueHus [17-21]. B psane paboT nmpoaeMoHCTpH-
poBaHa OoJiee BBICOKasi CKOPOCTh kpuctamm3anuu GeTe
(10-30 HC) IO CpaBHEHUIO C aHAJIOTAMH, B TIEPBYIO OYEPEb
¢ GST (60-100 ue) [13, 16, 21, 22]. OT™MeTHM, YTO YCTPOI-
CTBa Ha OCHOBE HCCIIeJyeMoro Marepuaia 3(h()eKTuBHO

a

O0nacTh BO3IEHCTBU JTa3epa

pa0dOoTakOT MPH MOBHIIICHHBIX TEMIIEPATYPaX, HAIPUMEP, B
ABTOMOOMJIBHOH MPOMBIIICHHOCTH [ 16].

C TOUKHU 3pEHUS DJIEKTPOHHBIX U OMTOIIEKTPOHHBIX
NpPUMEHEHUH, B KpucTtainnyeckom cocrtosinuun GeTe ne-
MOHCTPUPYET CHIBHO BBIPAKCHHYIO METAIIINYECKYIO
mpoBOANMOCTE p-Tuma [23]. Takke B mocienHee BpeMs
TIPEACTaBICHBI Pa0OTHI 1O (ha30M3MEHIEMBIM MaTepHaIaM,
B KOTOPBIX ONTHYECKHE CBOWCTBA M3MEHSIOTCS TOJIBKO B
3aBUCHMOCTH OT OTKJIMKa HOCHUTEJNEH 3apsia, Halpumep,
MOCPEICTBOM MUMITYJILCHOTO OTITUYECKOTO BO30YKIEHUS
WK 3JICKTPUUECcKOro HanpspkeHust [24]. Takum oOpaszom,
M3yYeHUe TMHAMUKU U3MEHEHUS CTPYKTYPbI, SIEKTPOIPO-
BOJTHOCTU M ONTUYECKUX CBOMCTB MPH Ja3epHO-UHIYIIUPO-
BaHHOW KpucTan3anuu ToHkou rienku GeTe npeacras-
JsieT OOMBIION HHTEPEC KakK I PyHIaMEHTAIBHON HAyKH,
TaK U JIIsl IPUKJIATHBIX TPUITOKCHHN.

Onucanune 3KCIepUMEHTA

B pabore nccnenoBana cepusi 00pa3loB TOHKHX ILIe-
HOK (100 HM) GeTe, nonmyueHHast METOIOM TEPMUYECKOTO
BaKyyMHOT'O HaIbLJICHMsI Ha MOIJIO0XKKAX MOJIUPOBAHHOIO
Si0,. Kaxablii oOpasen uMen BUJ MaTPULBI U3 IOJIOCKO-
BBIX conpoTuBneHuil Ha ocHoBe GeTe, ¢ npenBapuTens-
HO HambUICHHBIMA OMHUYECKHMH KOHTakTamu u3 100 HM
XpoMma, Ha KOTOpBIE Jajiee OB HaHECCHBI KOHTaKTHBIC
wromanky w3 100 am mean [25]. Korduryparms cxemst
HU3MEPEHUs INEKTPUIECKOTO CONMPOTHUBICHUSA oOpasma
npencTaBieHa Ha puc. 1, b.

BrImonHeHo uccienoBanre Bo3neHcTBUs PeMTOCEKYH/I-
HBIX JIA3EPHBIX UMITYIbCOB PA3IUYHON IFIOTHOCTH SHEPTUU
Ha JIEKTPUYECKYIO TPOBOAMMOCTH TOHKHX IuieHok GeTe.
IIpoBeneH PKCHEPUMEHT, CXeMa KOTOPOTO MpecTaBlIeHa
Ha puc. 1, a. B skcnepuMeHTe UCIONb30BaHAa JIa3epHas
cucrema Astrella (800 M, 45 ¢c, 1 xI'). s renepa-
IIUH OJMHOYHBIX (DEMTOCEKYHHBIX JIA3EPHBIX NMITYIbCOB

fl RGeTe
W o 2wmm
s f
v T ~50Q0——
= [
[E R ggooo

Puc. 1. Cxema sxcriepuMenTa: / — oOmuit Bug oOpasua; 2 — cucTeMa YOMIepoB Ul OIyYeHUs] OIMHOYHBIX UMITYJIbCOB;
3 — ocmutorpad; 4 — auadparma (a). Konpurypanus cxeMmbl H3MEpEHUS AIEKTPUUECKOTO CONIPOTUBICHH 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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MPUMCHCHA CUCTEMa CUHXPOHU3HPOBAHHBIX YOIIEPOB,
MTO3BOJISIFOINAS TIOJTYYaTh OJMHOYHBIN UMITYIbC. JlazepHOe
M3IYYCHUE HAIPABIUIOCHh Ha 00pa3ell yepes MosIpr3aliu-
OHHBII aTTEHIOATOP (0CIaOUTEIh), KOTOPBII ITO3BOISIT pe-
TYIUPOBaTh HHTEHCHBHOCTh HMITYIIECOB. [ITTOTHOCTB 3HEp-
UM MMITY/IbCOB M3MEHAIACH B auanasone 15-40 mJx/cm2,
KOJIMYECTBO UMITYJBCOB B CEPHH HAXOIMIOCH B IIPEETe OT
1 mo 5. CTouT OTMETHUTH, YTO IJIOMIAIh MIATHA JTa3ePHOTO
M3ITyYeHHUs MpeBbIIIajia IIomans oopasma ha3on3MeHs-
€MOTO0 MaTepuaja MKy METaNTINIeCKUMHA KOHTaKTaMH.
JIjist perucTpanuy U3MEHECHHs COIIPOTUBIICHUS 00paselr
MOJIKJIIOYANICSl K UCTOUHUKY HampsbkeHus (5 B) B cxeme
JICUTENS] HAlPsDKEHUs, I7Ie B Ka4eCTBE OTMOPHOTO COMpO-
TUBJICHUS BBICTYIIATIO BXOIHOE COMPOTUBIICHUE OCIUILIO-
rpacda (50 Om).

Pe3yabrarsl

B pesynsrare sxciepumMenTa (puc. 1) n3mepeHo Hamnpsi-
JKCHUE Ha PE3UCTOpe JeNIUTels, KOOPPUIUEHT JeJIeHUs
KOTOPOTO 3aBUCUT B KayK/IbIi MOMEHT BPEMEHH OT COIIPO-
THUBJICHUS] TOHKOIIJICHOYHOTO 3JIEMEHTa. JTO HalpsDKeHNe
JIETKO MOKHO NEPECUYUTaTh B SKBUBAJICHTHOE Y/IEIbHOE
COIIPOTHBIICHUE TUICHKHU. YIEIHHOE CONPOTHBICHUE CO3-
JaHHBIX aMOP(HBIX TOHKUX IUIEHOK PaBHO p,,, = 40 OM-cM.
OKBHBAJICHTHBIM XK€ YJCIbHBIM COIPOTHBICHUEM TOHKO-
IUIEHOYHOTO 00pasia OyleM CUUTaTh BEIUUUHY P, () =
= (Rgete(DD/S = aRGe1e(?), THE RGe1e(f) — compoTuBite-
HHUE TOHKOIJICHOYHOTO JIEMEHTA; / — PAaCCTOSHUE MEKIY
KOHTAKTHBIMHU IIJIOIIAAKaAMU (IIJ'[I/IHa aKTHUBHOM YacTH dJie-
MEHTa); S — IJIOLIaAb Cpe3a AEMEHTa; o — IapaMeTp,
ompeaesisieMblii TeoMeTpreii oOpasia. DTOT mapameTp
MIOCTOSIHEH ISl KaKJI0ro o0pasiia ¥ He U3MEHsIeTCs TIpU
BO3JICHCTBHUH JIa3epHOTO M3IyueHus. [I0CKOIbKY B dKCIIe-
pUMeHTe nu3Mepsuioch Hanpsbkenue U Ha pesucrope R, TO
13 U3MEPEHUH MOYKHO MOJIyYHTh SKBHBAJICHTHOE Y/IEIIbHOE
CONPOTHUBJICHNE TUICHKH B KayKAbIi MOMEHT BPEMEHH:

VR

p3KB(t) = % -R a,

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

Jist uccnenoBaHusi MHOTOMMITYJILCHOTO BO3JEHCTBUS
Ha TOHKHUE TUICHKH Ha KaKAbIi 00pa3sel ¢ KOHTaKTaMH 1o~
CJIC/IOBATEIbHO BO3/ICHCTBOBAIIO IIATH UMITYJIECOB, Pa3He-
CEHHBIX 10 BPEMEHH Ha HECKOJIBKO CEKYH/I, JUISl TOTO YTOOBI
ITUICHKA rapaHTHPOBAHO yCIIeBajia OCThIBaTh. B kax 1ol ce-
PHH U3 IISITH UMITYJIECOB JUTS PAa3HBIX 00pa3II0B HCIIONIB30-
BaHa pa3Hasi ITIOTHOCTH SHEPTHH JIa3ePHOTO (PeMTOCEKYH/I-
HOT'O u3ay4yeHus. Jluamna3oH SHEpruil cocTaBisil oT 15 1o
40 mJTx/cm2. JTaHHBIN 1Mana3oH BLIOPaH B CBA3U C TEM, YTO
3Hauenue 15 MJDk/cM2 uist KeeieyeMbIX TUIEHOK 9TO HIK-
Hsisl TPAaHUIIA, IPH KOTOPOH BO3MOXKHA KPUCTAJUIN3ALHS,
HHIyLUpYeMasi UCTIONIb3YeMbIM HCTOUHHKOM H3JTyUeHHSI, a
[pH IIOTHOCTSIX dHepruu Boiiie 40 MJk/cM? HaurHaeTCst
aOnsimst MaTepuaia. 3aBUCUMOCTh CONPOTUBIICHUS IIJICHKH
GeTe nocne Bo3aeHCTBUS OT KOIUYECTBA UMITYJIBCOB ISt
Pa3HbIX SHEPT Uil MpuBeieHa Ha puc. 2.

W3 nonmy4yeHHON 3aBUCUMOCTH BHJIHO, YTO HAa HU3KHX
sHeprusix (10 20 M [K/cM2) IeHKa KpUCTAUTH3YETCS [U1aB-

—o— 15 mJIx/cM?
> 102k —o— 17,5 MIlK/cM®
; 20 mIx/cm>
© 3 22,5 mJTx/cm?
£ ol 25 mJTx/cm?
5 100 —o— 30 mJT/on?
£ L —o— 35 mJIx/cm?
S —o— 40 mJlx/em?
§ 102 '

(5]
S F
== E
E 0
g 107°F
S
10*6 i 1 " 1 1 1 " 1 " 1 L 1 n 1 " 1

Howmep ummynbca

Puc. 2. 3aBUCUMOCTb yAEIBHOIO COIPOTUBICHUS TOHKUX
ieHok GeTe oT KoiaMYecTBa HHAYLMPYIONHX (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 3HAYNTEIHLHOM
KOJIMYECTBE UMITYJIHCOB HE MTPOUCXOANT MOJTHON KpPHUCTAI-
nusanuu [26]. Tpu sHeprusx B auanazone 20-25 mJ[x/cm?
3HAYMTETbHASI KPUCTAILIM3AINS TPOUCXOIUT TOJIBKO ITOCIe
BTOPOTO MMITyJIbca. DTO CBSI3aHO C TEM, UTO NPH TAKUX
9HEprusAx O0NbIIOi 00BEM IUICHKH HArpeBaeTCs 10 TEM-
Heparypbl KpUCTAJUTU3aINH, OHAKO OBICTPOE OCTHIBAHHUE
MPUBOAUT K TOMY, YTO KPUCTAJIM3YETCsl HE3HAUUTENbHAS
4acTh Marepuaia, u B ee aMmophHOM oObeMe obpasyercs
MHOTO KPUCTAJUTMYECKUX 3aPObIIICH, KOTOpPbIE BHIPACTAIOT
TpH crenyronieM ummyibcee [27]. Ilpu mioTHOCTAX 3Heprun
Bole 25 mJIx/cM2 MIIEHKa IPOrpeBaeTCs JOCTATOUHO ISt
TOTO, YTOOBI OOJIBINON 0OBEM KPUCTAILIA BBIPACTAN CPa3y
JKe IocJie mepBoro uMmynsca [21, 28].

Takum 00pazoM, 10 Xapakrepy BO3ACHCTBHS (HEeMTO-
CEKYH/IHBIX MMITYJIbCOB IJIOTHOCTh UX YHEPTHH MOXHO
pa3duTh Ha TPHU JMANa30Ha:

1) 15-20 m/Ix/cM2 — cnabas KpucTaIM3alus ¢ npe-
obOmamanmeM B TIeHKE aMOp(HOM (ha3bl, Jake mocie
MHOKECTBA UMITYJIbCOB;

2) 20-25 m/Ix/cM2 — MHTEHCUBHBIH IPOLIECC 3aPOIbIIIE-
00pa3oBaHKs M 3HAYUTEIbHAS KPUCTAJUIN3AIHS TOIBKO
MOCJIE BTOPOTO UMITYIbCa;

3) 25-40 mJIx/cM2 — 00pa3oBaHUE 3HAYUTEIBHOTO 00b-
eMa KpHCTAJUTMYECKOH (ha3bl cpasy ke MOocIe IepBOro
UMITYJIbCA.

HaunbGonpmuit nHTEpec npeacTaBisieT TUHAMHUKA JK-
BUBAJICHTHOTO COTIPOTHBIICHHS Cpa3y MOCIE BO3ICHCTBHS
Ha o0paszel Ja3epHOro UMIynasca. McemenoBanue 3Toi
JUHAMUKH TIO3BOJIT CYAMTH O BPEMEHH MEPEKIIOUCHUS
COCTOSIHUSI TOHKOTUJIGHOYHOTO JIEMEHTA, a TaKXKe JacT
MIPE/ICTABIIEHHE O XapaKTepe KPUCTAIUIN3AINH [TOCTe KaxkK-
JIOTO M3 UMITYJICOB B MHOTOMMITYJIBCHBIX KCIIEPUMEHTAX.

Ha puc. 3 mpuBegeHa nuHaMHUKa SKBUBAJIEHTHOTO
YIAENBHOTO CONPOTHUBIICHUS HCCIEAYEMBIX 00pa3IoB Mo-
CJle KakJI0TO M3 HECKOJIBKUX HMITYIbCOB JUISl INIOTHOCTH
sHepruu B repBoM auanasone (17 mJx/cm2), 1us aByx
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Puc. 3. JlunaMuKa SKBUBAIEHTHOTO Y/IEIbHOTO CONPOTUBIICHUS B MHOTOMMITYJIbCHOM 3KCIIEPMMEHTE IIPH [IOTHOCTSX SHEPTHUH:
17 mJx/em? (a), 22,5 mJlx/em? (b) m 35 M Tx/cm2 (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 JIMANa30HE ¥ sl OTHOTO UMITYIIbCa
B TPEThEM Jnana3oHe. Takoe npeacTaBiIeHHe BHIOPAHO HC-
XOZs U3 TOTO, YTO Ha PUC. 2 XOPOIIIO, BUIHO, YTO B TPETHEM
U BTOPOM JHaIia30HaX M3MEHEHHE COCTOSHUI HE MpOouc-
XOIIUT ITOCJIE OTHOTO M IBYX UMITYJICOB COOTBETCTBEHHO.

MeieHHOE U3MEHEHHUE YACTBbHOTO CONPOTUBICHHS Ha
puc. 3, a BbI3BaHO OCThIBaHUEeM oOpasma. [Tpnuem Temne-
parypHbli K03()(OUIMEHT CONPOTHBIICHNUS, OYEBUIHO, OT-
pHLaresieH. DTO CBUICTENBCTBYET O TOM, YTO HANOOIBIIHH
BKJIaJI B IPOBOJIMMOCTh MaTrepralia BHOCUT KOHIIEHTPAIUs
HocuTenel 3apsina [29]. Takum 0O6pa3oM, B pacCCMOTPEHHOM
JIMana3oHe IUIOTHOCTEH SHEPIHH BO3ACHCTBYIOIINX ONTH-
YECKUX MUMITYJIbCOB, JJAXKE TTOCIIE HECKOIBKUX MMITYIbCOB
Marepuai o0nazgaeT NPeuMyIECTBEHHO MOIYIPOBOAHNU-
koBbIMH cBoiicTBamu [30, 31]. IIpu 3TOM BHIHO, 9TO C
Ka)KJTBIM UMITYJTbCOM COMPOTHBIICHUE 00pasIia rajiaeT u3-3a
YBEJIMYCHUS JIOJIM KPUCTAIUINYECKOI 00nacTi B o0bemMe
NJeHKU. B 9TOM quamnazoHe sHepruil MOXKHO JAOOUTHCS

(hopMHPOBaHHSI MHOKECTBA COCTOSTHUN Pa3INnIaroniXcs
JIoNIell KPUCTAITNYECKON (ha3bl, OTHAKO BOCIIPOM3BOIU-
MOCTb TOJO00OHBIX PEKUMOB YIpaBICHHUS THOPHIHBIMH
ONTORJICKTPOHHBIMU CTPYKTYPaMH €IIe HYKHO HUCCIICI0-
BaTh. KpoMe Toro, mosiHast amopdusaius oopasia 3JeK-
TPUYCCKUMH UMITYJIbCAMH 3aTPyJHEHA M3-32 OOJBIIOrO
COIIPOTHBIICHUS U, KaK CJICICTBHUE, OONBIICH HEOOXOMUMOH
MOIITHOCTH MMITYJIbCOB.

Ha puc. 3, b noka3aHa nTMHaMUKa yACIBHOTO COIPO-
THUBIICHUS] TOHKOIZICHOYHOTO 00pa3iia Mpu BO3ICHCTBUU
UMITYJIbCA C TUIOTHOCTBIO SHEPTUH M3 BTOPOIO JUara3oHa
(22,5 mJIx/cM2). BuiHO, YTO TIOBEIEHHUE YIETBLHOTO COMPO-
TUBIICHHsT 00pa3iia Mmocje MepBoro UMIYIIbca ¢ SHEpruei
13 BTOPOT'O IMAINAa30Ha aHAIOTUYHO TAKOMY )K€ MOBEICHUIO
MOCJIe UMITYJIbCa U3 MEPBOTo auanazona. OnHaKo pe3koe
YMCHBIIICHUE YACILHOTO COMPOTHURIICHHUS TTOCIC BTOPOTO
HMIIYJIbCA MMO3BOJISIET CYAUTh O 3HAYUTEIIEHOM KOJIMYECTBE
KPUCTAJUTMYCCKHUX 3aPOABIIICH, 00pa30BaBIIMXCS MOCIE

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MexaHUkn 1 ontukun, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5

915



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

MepBoro ummyibsca. Kpome Toro, XapakTepHbIi TeMIiepa-
TYpPHBIN JAPEH] COMPOTUBICHUS TOCIEC BTOPOTO HMITYJIbCA
MPaKTUYECKU OTCYTCTBYET HM3-3a TOTO, YTO TEMIICPaTyp-
Has 3aBHCUMOCTh conportupienns GeTe B kpucramim-
4ecKol (a3e CyIecTBEHHO MEHBIIE, 4eM B aMOp(HOM.
Takoke TemmepaTypHbI K03 QHITMEHT COMPOTHUBICHUS
gepe3 HECKOITBKO JIECITKOB HAHOCEKYH]I MEHSIET CBOH 3HAK.
OTO0 03HAYaeT, 9TO K 3TOMY BPEMEHHU B INIEHKE HaYMHA-
10T TIpeo0IIaaTh METAJUIMIECKHIE CBOWCTBA, XapaKTepHBIE
st kpuctanandeckor ¢aszsl GeTe [23]. AHaTOTHYHBIN
a¢dekT cMeHbl 3HaKa TemIepaTypHoro kospduuueHTa
COTIPOTHUBIICHUS TOpa3fo JIydllle BHACH Ha pHcC. 3, ¢, Te
MOoKa3zaHa IMHAMUKA YJEJIBHOTO COMPOTUBIICHUS TIPU BO3-
JEHCTBUH BBICOKOYHEPTHUYHBIX UMITYJIbCOB U3 TPETHErO
JTara3oHa.

[Ipu BO3ACHCTBUU (PEMTOCCKYHIHBIX HUMITYIIECOB U3
TPETHETO TUANAa30HA INIOTHOCTEH YHEPTHIA, POCT OOJIBIIOTO
o0beMa KPUCTAIUTMICCKOH (ha3bl MPOMCXOIUT Cpasy Mocie
TIEPBOTO UMITYJTbCA. DTO BBI3BAHO OYCHB BHICOKOH TeMIIepa-
TypOM IUIEHKU I10CJIE TAKUX BO3AECHUCTBUN U €€ OTHOCUTEIb-
HO MeIeHHBIM ocThiBaHneM. GeTe 00mamaeT Kak BEICOKOM
CKOPOCTBIO POCTa, TaK M BBICOKOH CKOPOCTHIO 3apObIIIIe-
obpazoBanus [32, 33]. [1pu oTOM JanbHeiee Bo3neicTBrIEe
Ha IUICHKY UMITYJIbCAMH TaKOH K€ SHCPIHU MPAKTHYCCKU
HC MPUBOST K U3MCHCHHUSM YJICIIBHOTO COTIPOTUBIICHUS.
Ha puc. 3, b, ¢ BUIHO, 9TO CTAOMIIHOE COCTOSIHUE IIPH TIe-
PEKIIFOYCHUN ToCTUTaeTCs Ha BpeMeHax 1o 80 He. JlanHoe
3HaueHue Hwxke, yem 1t stueiiku PCRAM na ocHoBe GST
(100 ue) [34]. [dnsg uMIyIIbCOB HU3KOW YHEPTUU M3MEHE-
HUe (pa30BOrO COCTaBa, OYEBUIHO, TPOUCXOIUT 32 CXOKUE
BpEMEHA TOpsKa HECKOIBKUX JECATKOB HAHOCEKYH, HO
TeMIepaTypHBIN Apeid yaeTpHOTO COTPOTHBICHHUS aMOP-
(hHOI YacTH TUIEHKH HE TIO3BOJISIET TOBOPHUTH O CTA0OMIILHOM
CYHTBHIBAEMOM 3JICKTPHUCCKUMH METOIaMHU COCTOSHHU.
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OueHb BaKHBIM OCTACTCS BOMPOC TIOJHO# peamopdusa-
1uH 00pasia. 1o HeoOXOAUMO /IS IEPEe3ariCH COCTOSHUS
TOHKOIIJICHOYHOT'O DJIEMEHTA UJIU BBICTABIICHUS COCTOSIHUS
¢ OOBITUM COTPOTUBIICHHEM. JIJIsi OMUCaHHBIX 00Pa3IoB
TaKOE BBICTABJICHHE HAYAIBHOIO COCTOSIHHS Oiarojmaps
HHU3KOMY COTNPOTHUBJICHHIO B KPHCTAJUTMIECKOU (haze MOKHO
OCYILIECTBIIATH MOIIHBIMHU NEKTPUUECKUMU UMITYIILCAMH.

3akJjiouenne

HccnenoBanHele B HacTosield paboTe 00pasibl MOXHO
UCIIOJIb30BaTh B KaY€CTBE MPOTOTHUIIOB THOPUIHBIX OMTO-
9JIEKTPOHHBIX MEMPHUCTUBHBIX 3JI€MEHTOB, B KOTOPBIX
OIIPEIEIICHHBIE COCTOSIHUS TOYHO 33/1a10TCS ONTHYECKUMHU
HAMITYJIbCaMH, a COPOC COCTOSTHHSI MOKET OCYIIECTBISITHCS
071 BO3AEHCTBUEM IEKTPUIECKUX UMITYIIbCOB. [Ipn aToM
BBIOMpAs AMAIa30H HEPTHH BO3ICHCTBYIONINX ONTHYE-
CKHUX UMITYJIbCOB MOYKHO BBIOPATh OJIMH M3 PEXKUMOB pado-
ThI MEMPHUCTUBHOTO 37eMeHTa. Ha sHeprusax B auana3one
15-20 M/I:x/cM? BO3MOYKHO OCYIIECTBUTh HEPEKIIOYECHUE
MEXKy MHOXECTBOM COCTOAHUM MeMmprcTopa. Ha cpenaux
sueprusx (20-25 mJ[x/cM?2) KONHYECTBO TOCTYIHBIX CUH-
TBIBAEMBIX COCTOSIHUM MEMPHCTOpPA HEBEIIMKO, a IPAKTHIE-
CKH TIOJIHOE TTEPEKITIOUCHNE ITPOUCXO/IUT 3a JBa HMITYJIbCa.
Ha Bbicokux sHeprusx (2540 mJlx/cM2) miieHKa J0mycKa-
€T TOJIbKO OMHApHOE TEPEKIIOUEHHUE, a KPUCTAIUTH3AIHS
3HAUUTENIBHON YacTh 00pa3sia MPOUCXOINUT BCETO 3a OANH
umIynbc. [Ipu 3ToM BO Beex ciydasix BpeMsi MepeKIIoue-
HUS B cTaOWIIBHOE COCTOsIHHE cOCTaBisieT He Oonee 80 He.
OTMETHM, YTO 3TO BPEMsI MOYKHO YMEHBIIUTb, UCTIOJb3Ys
TMIOJIVIOXKKY ¢ O0Jiee BEICOKOH TEIIONPOBOAHOCTBIO MK 0O-
Jiee TOHKHE IUIEHKH, HO 9TO, B CBOIO O4Yepe/ib, IPUBEET K
M3MEHCHUIO 3HAYCHHUH JIMaia30HOB SHEPTUi, XapaKTePHBIX
JUIS TUTAaBHOM M CKaYK00Opa3HOM MepecTpOKH COCTOSHHM.

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, HuJ.,, 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

Hay4HO-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. JIOTWH

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.
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.
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
// 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., No¢ 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,

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MexaHUkn 1 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 anekTpruyYecKrx 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

Esaucees Hukouaii HukosaeBu4 — Mitaamnii HayYHbI COTPY/IHUK,
WHcTutyT npobneM na3epHbIX ¥ HHOOPMAIMOHHBIX TeXHOJIoruit PAH —
¢uman denepanbHOro rocyIapCcTBEHHOr0 yupexaeHus «DexepaabHbIi
Hay4YHO-UCCcenoBareabekuil entp «Kpucramtorpadus u GpoToHHKa»
Poccwuiickoit akagemun Hayk», [llatypa, MockoBckas obnacts, 140700,
Poccuiickas ®enepanys, s¢ 57201774880, https://orcid.org/0000-0002-
8864-3961, nikolai.eliseev@phystech.edu

Hes3opoB Aulekceii AjlekceeBHY — HAyYHBIH COTPYIHUK, VIHCTHTYT
mpoOJieM Jia3epHbIX U HHGOPMALHOHHBIX TexHonoruit PAH — ¢unn-
an denepanbHOro rocylapcTBEHHOro yupexaeHus «DenepanbHbli
Hay4YHO-HCCcIenoBaTeabekuil menTp «Kpucramnorpadus u GpoToHHKA»
Poccuiickoii akanemun Hayk», lllatypa, MockoBckast obnacts, 140700,
Poccuiickas ®enepanus, $¢ 57196274290, https://orcid.org/0000-0001-
5602-6355, terrapevt@mail.ru

MuxaJjieBckuii Baagumup AJiekcaHAPOBMY — Hay4HBIH COTPY/IHUK,
WuctutyT npobiiem TazepHbIX 1 HHOOPMALIMOHHBIX TexHomoruit PAH —
¢umman denepanbHOro roCyIapCcTBCHHOTO yupexaeHus «DexepaabHbIi
Hay4YHO-HCCIea0BaTenbckuil eHTp «Kpucramwtorpagus u GpoToHUKa»
Poccuiickoit akagemun Hayk», [llarypa, MockoBckas obnacts, 140700,
Poccuiickas ®enepanus, s¢ 56623059300, https://orcid.org/0000-0002-
6234-1084, uhr@inbox.ru

KuceseB Anekceii BiaauMupoBuy — HayuHblii cCOTpyAHUK, THCTUTYT
npobieM J1a3epHbIX U UHPOPMAIMOHHBIX TexHomoruit PAH — ¢unu-
an denepalbHOrO TOCYIapCTBEHHOr0 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. 78S,
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. OravaJ., 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

Hay4HO-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. JIOTWH

Hay4YHO-HCCIea0BaTenbekuil 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 AH/IpeeBMY — HayuHbII COTPYAHUK, IHCTUTYT mpo-
OneM na3epHBIX U HHPOpPManuOHHBIX TexHonorui PAH — dunman
DenepansbHOTO ToCyapcTBEeHHOr0 yupexaeHus «DexepalbHblii Ha-
Y4HO-UCCleoBaTenbckuil neHTp «Kpucramiorpadus u GoroHuka»
Poccuiickoit akanemuu Hayk», [llatypa, MockoBckas obnacts, 140700,
Poccuiickas ®denepanus, https://orcid.org/0000-0003-0280-7943,
tonyiplit@gmail.com

Honun Buranuii BsayecaaBoBuy — HayuHblil coTpyaHuk, MHCTUTYT
po0ieM Jla3epHbIX U MH(POPMAIMOHHBIX TexHonoruid PAH — ¢unn-
an denepalbHOro rocyIapCcTBEHHOrO yupexacHus «PenepaabHblit
Hay4YHO-HCCcIe0BaTenbeckuil enTp «Kpucramtorpadus u GpoToHUKA»
Poccuiickoii akanemun Hayk», lllatypa, MockoBckast obnacts, 140700,
Poccuiickas ®enepanus, https://orcid.org/0000-0002-1253-2261,
IoninVV@gmail.com

JloTHH AHJpeii AHATOIbLeBHY — KaHIUJIAT (PU3UKO-MAaTeMaTHYECKUX
HayK, 3aMECTUTENb pyKoBoauTens, MHCTUTYT npobiaeM na3epHbIX U
nH(opMannoHHEIX TexHonoruii PAH — ¢dunman denepansroro rocy-
JapCTBEHHOTO yupexaceHus: «PenepanbHblil HayqIHO-HCCIICI0BATEIb-
ckuii uentp «Kpucramiorpapus u ¢poronnkay Poccuiickoit akagemun
Hayk», [llatypa, MockoBckast 06iacts, 140700, Poccuiickas denepanus,
¢ 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

QOB

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

Pab6oTa gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MexaHUkn 1 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

