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IIBUAKICTh NIPOIT'PAMYBAHHS EHEPTOHE3AJIEXKHOI MAM’ATI
HA BA3I XCH

Ilposedeno  docniodcennss  6MAUGY — HU3KU — YUHHUKIG  HA  WEUOKICMb  NPOSPaAMYEAHHS.
enepeonesanescnoi nam’smi (EHII) na 60azi xanvkocenionoz2o ckaonodionoco uanienposionuxa (XCH).
Onucano memoo 6U3HAYEHHS WBUOKOCTHI NPOSpAMY8aHHs Ol 8GIMKHEHHSI NpUCmpoio (Kpucmanizayis,
HU3bKOOMHUL CMAH) | BUMKHEHHS (amop@izayis, 6UcOKOOOMHUL cmar). Takodxc NoKa3aHo, o wmeuoKicms
yeimxHnenns (6umknenns) EHII nepegasicho 3anedicums 8i0 enekmpuyHo20 KOHMAKMy HPUcmpoio.

Knrouoei cnosa: smina gasu, weuoKicmos YGIMKHEHHA-GUMKHEHHS, KpUCmanizayisi-amop@izayis.

Beryn

Enepronesanexxna nam’sth Ha 0a31 XCH (EHII) 3MmiHI0€ a3zoBuii cTaH i3 BACOKOOMHOT'O Ha
HU3bKOOMHHM 1 HAaBIAaKu M JI€I0 €IEKTPUYHOrO0 CUTHAy. YBaxaroTh, mo Ttaka EHII moxe B
MEPCIEeKTUB] 3aMIHUTH HasBHI BUJIM EHEPrOHE3aJIEKHOI IaM’STi, HaBITh Ti, SKI MAalOTh BHUCOKY
HIBUJKICTH OOMIHY iH(OpMaIli€l0 Ta CTaOUIBHICTh POOOTH, 1 NEPEBUILUTH iXHI XapaKTEPUCTUKH.
XanbKoreHigHui cknonoAionuii HaniBnpoBiqHUK (XCH), sikuii BukopucroByroTs y 1iii EHII nHemae
(dbyHIaMEeHTAIbHUX OOMEKEHb IBUIKOCTI Mepe3anucy (10 cy0-HaHOCEKYH) 1 B pO3Mipax KOMIPOK
nam’sti (KII) (mo 50 anrcrpem). /lo mepeBar HaJleXuTh 1 T€, IO JOCATHYTUN PIBEHb CTPyMY
nepe3anucy He MOIIKOJDKYE MaM’aTh 1 He 3MEHIYe LUKIIB IMepe3anucy, K 1e Oylo B HepLIuX
3pa3Kax mam’sTi.

Texnonoris ¢azoBux 3miH y XCH (GeSbTe), siky Bunaiimon 1 po3suB CteH OBUIMHCKI,
mBUAKO Halyna KoMepliaiizamii B Trainy3l eHeproHesanexkHoi mam’sti [1]. 3ycumist Garatbox
HayKOBHUX Irpyn npuckopwin ueil mnpouec [2]. IIpoBigHiCTh, a HE PEeQIIEKTUBHICTH € T'OJIOBHOIO
XapaKkTEepPUCTUKOIO 3MIHM (pa3u CIIaBy LIOIO HAMIBIPOBIIHUKA, L0 BPEIITI 1 CTaJO T'OJIOBHOIO
npuunHoio oOpanHss XCH 6a3oBum Marepianom gt HoBoro noxoJiiHHS EHII. Pi3ni komno3suTHi
crutaBu XCH, siki BuxopucroBytoth juisi EHII marore HabaraTto mupimiuii CHekTp, HDK A
ONTUYHUX NMpHUJIaAiB nepcoHampHoro komi torepa (I1K) [3].

Texnonoris EHII s IIK 3acHoBaHa Ha (a30BUX MEPETBOPEHHAX Y CEpelOBUIIL
HaITBIPOBITHUKA 3 00’€MHOIO BII €MHOIO AudepeHIliaibHO0 MpoBigHICTIO S-Trmy (S-BO), saxa
ICHY€ 3aBJSIKM BUCOKIM HIUTBHOCTI HUTOK CTPyMY, 1 came 1€ MPU3BOJUTH J0 3MIHU (a30BOro crany
HaniBrpoBigHuka [4]. IcHye 3araabHONPUHHATUN TOTJSLA, IO HUTKA cTpymy B mpuctpoi EHII
noOpe copMmoBaHa 1 il AUHaMIYHUM omip O6au3bkuil 10 Hynd. Ot1xke, Oyab-ske BiaxuieHHs Bix O,
Bumipsae Ha npwial (dU/dI 3a mlanazony ctpyMmy nepes3anucy), 3yMOBJIEHE 3arajbHOI0 CyMOIO BCIX
PE3UCTOPIB y cepii MK 30HAAMH, CEpe]l IKUX 1 OIMip KOHTAKTIB.

B ontuuniii mam’ati  eHeprisi mporpamyBaHHS  (3ammCy, CTHUPaHHS, TE€pE3aIncy)
MIPUKIIATAEThCS 0€3MOCEPEeIHbO A0 TMOBEPXHI MPUCTPOIO 30epiraHHs 1HGOpMAIli 32 JOTOMOTOIO
JIA3epHOT0 MPOMEHA. A y IpWIagax E€JICKTPUYHOI mam’siTi €Heprisi MEepelaeThCs 3a JTOMOMOT0I0
€JIEKTPUYHOTO CUTHAly, 110 IPOXOJUTh 4epe3 MeTayieBl abo HamiBMETalleBl KOHTakTH [2, 4].
Martepian 13 S-BJIO migBuiiye posib HEOIHOPIIHOCTEH 1 Mae MOMIIMBICTH 30epiraTé CTaOUIBHI
CTaHH HU3BKOI'O Ta BUCOKOI'0 ONOpY 0€3 NMpUKJIaJaHHs 30BHIIIHBOT eHeprii [4].

3HarouM Martepiajl KOHTakTIB 1 reomerpito npunany, BAX mnepemukanns EHII uacto
30IraeThCsl 3 MPAaKTUYHO OTPUMAHUMU 3HAUYEHHSMHU ONOPY KOHTAKTIB 1 HE 3aJI€KUTh B/l TOBIIMHU U
TeMIieparypu XanbkoreHimy. Jleski 3miHu 3HaueHb BAX, 110 MOXYTh TparuisiTUCS, CIPUYHUHEHI
3MIHaMH BXIIHOTO 1 BUXITHOTO OTMOPIB IHTEPGEICy Mpuiamy.
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Puc. 1. BAX tunosoi EHII Ha 6a3i XCH tumy BDL 3pa3zka criaBy Ne225 (Ge2Sb2TeS) 3 ByrieueBumu
(kapOOHOBUMU) KOHTAKTaMHU

Ha puc. 1 moka3zaHo THUIOBI 3aJI€KHOCTI ONOpPYy Bix cTpymy (R/I) Ta cTpyMmy BiJ Halpyru
(I/U, BAX) nna EHII 3a pi3Hux 3HaueHb Temmeparypu. Taki npuiaaym MarTh THI «IpoOOo», 1110
onucaHo B mpami [2]. VYci iHmI JgaHl B3ATI 3 ONyOJIKOBaHMX pe3yNbTaTiB MPAaKTUYHOTO
MOJICJIIOBAHHS 3 O3HAHOMYOI0 METOIO Uil OTPUMAHHS KOHKPETHHX BHpasiB. [loTouHe 3HaueHHS
HacudeHoro (Ir,, uepBOHa JIiHIS) ONOPY BUMKHEHHS (Rr) 1 3HaU€HHS ONOpPY B KPUBIH MIHIMyMIB
3anexxHocTl R/l (MyHKTUpHA JIHIS)) MMOKa3ye omip yBIMKHEHHS (Rs), SIKHH OTpUMaHO Ha MiJCTaBl
€JIEKTPUYHOTO0 HU3bKOIMOJIbOBOIO BUMIPIOBAHHS CYMHU BCIX PE3MCTOPIB MDK 30HJIaMH — Rs 1 olOpiB
KOHTaKTIB — dU/dI. Ot1xe, MiHIMaJIbHUI omip XanbkoreHigHoro marepiany y KII:

R =R —dU/dI, (1)

XCH min s min

ne dU/dl BuMiproroTh 3a HaxuiaoM KpuBoi 3anexxHocti /U Bin 50% no 100% cTpymy BUMKHEHHS
(cTupaHH$) y 3B 3Ky 3 MOXJIMBOIO HEJIIHIMHICTIO MTPOLIECY.

Memorw 1€l cTAaTTi € JOCHUDKEHHS BIUIMBY pIBHS CTpyMy Iiepe3amnucy, 3MiHU (as3u
KOMIIO3UTHOI'O CIUJIaBy 3pa3ka 1 MOro TOBUIMHHU, MAaTepiajiB KOHTAKTY €JEKTPOJiB, IeoMeTpil
Mpuiay 1 TeMieparypu Ha mBHAKICTh porpamyBanHs EHIT.

EKCHepI/IMeHTaJ'lea YaCcTHHA

EHII nmpaittoroTe Ha OCHOBI TeOpii «ITPOO0I0» 3 YTBOPEHHSIM CTPYKTYpPH KaHAJBIIIB CTPYMY,
110 MPHU3BOJUTH 0 3MIHU IPOBITHOCTL. Ycs iH(pOpMalLlis Ipo CydacHl MPUCTPOI 3 BUKOPUCTAHHAM
XaJIbKOT€HIIIB Y SIKOCTI 3a11aM’ITOBYBAJIBHOTO I11apy, 1110 BUTOTOBJISIOTH €JIEKTPOHHO-IIPOMEHEBOIO
mirorpadieto (EIUI) 3 yrBopeHHsiM miapy enekrpuyHoro npobdoro (BDL — break-down layer), mae
€KCIIEpUMEHTAJIbHE MMOXO0DKEHHS [3].

MeToa BUMipOBaHHS MIBUAKOCTI BUMKHeHHs. [IIBUAKICTh cTUpaHHS mam’sTi 3a3BUYal
BUMIPIOIOTh 3aCTOCYBAaHHSIM ONTHMI30BAaHUX €JIEKTPUYHUX IMIYJIbCIB YBIMKHEHHS Ta 3MIHU
TPUBAIOCTI ONITUMI30BAaHUX IMITYJIbCIB BUMKHEHHS, SIK 1€ TIOKa3aHO Ha puc. 2.
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Puc. 2. Cxema TecTy IBUIKOCTI CTUpaHHS; (HiKCOBaHI IMITYJIbCH BBIMKHEHHSI (TPUBAJIICTh 1 aMILTITY/1a) Ta BAMKHEHHS
(amrutiTyza)

OnTuMi30oBaH1 aMIUIITYAH PO3paxoBYIOTh Ha OCHOBI JaHUX, OTpUMaHMX 13 BUMipsiHOI BAX
peanpHOTO TIpucTpoto. [Ipudyomy iHGopmMariro 30UparoTh 3 il aMIUTITYAHUX 3HAYEHb SIK IMapaMeTpiB
LUISIXOM 3MIHM TPUBAJIOCTI IMITyNbCy cTupanHs Bia 10 He go 500 He.
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Puc. 3. Ilpuknan rpadika Rr.t/Tr 3 pi3HUMH aMIDTITyIaMU BUMKHEHHS

Onip HU3BKOIMOJBOBUX MPUCTPOIB BUMIPIOIOTH HAa MOCTIHHOMY CTPyMi, IO MOJAETHCS 3
HE3HAYHOI0 MOro 3MIHOIO HICisl KOXKHOTO IMITysibey. OCTaTOYHO MIBHJIKICTh CTUPAHHS BU3HAYaIOTh
SK CIIBBiIHOWEHHS [r 10 Ir,, xonu T, nagae Hwxkde 20 HC. B 1boMy BUMagKy CTpyM HacCHUEHHS
J0CATa€ CBOI'O HOMIHAJbHOTO 3HAYEHHS, a MOYAaTKOBUU OMip BUMKHEHHS OOMpAaEeThCcs B Mexax
1 kOMm...1000 kOm.

Meron BuMipoBaHHA MBHAKOCTI BBiMKHeHHsi. Ha puc. 4 mnoxa3zaHo pe3yibTatu
TECTYBAaHHS KOMIPKH IIaM’ATi. 3 MOMEHTY, KOJIM MPWJIaJ] TOYMHAE BMUKATHUCS, HEOOXiTHE 3HAYCHHS
onopy BBIMKHEHHS (Rs)) gocaraerbcsi Maibke onpasy. HacTynHe 3HaueHHS aMIUTITYyId BUMKHEHHS
30UIBIIYETHCS (TPUBATICTD IMITYJIbCY BUMKHEHHS 3aJMIIAETHCA (DIKCOBAHOKO MPOTATOM BCHOTO
TECTy), JAajli Ha HpUCTpid, 100 HOro BBIMKHYTH, IOJAIOTH YcC€ OUIBII HIMPOKI IMIIYJIbCH
BBIMKHEHHS, 1 11€ PU3BOIUTH IO BCE OUTHII IIBUIKOT 3MIHH (ha3H MPUCTPOIO.

HeoOxinHe 3Ha4eHHs O1opy BBIMKHEHHSI BU3HAYalOTh TaK:

R, =10*{log(R,)+[log(R, /R,)]/6}, (2)

PesynpTaty 004MCIEeHb HABEJEHO HA pHC. 5.
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Bapianii TppBanocTi iMoyabscy BBIMKHEHHSA
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Puc. 4. CxeMma TecTy BU3HAUCHHS IIBUIKOCTI BBIMKHECHHS
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Puc. 5. Tlpuknan BUXiTHUX TaHUX

PesyabTaTn i 00ropopenns

Buie Oynu mpuBeneHi pe3yabTaTH €KCIEPUMEHTAIbHOTO BHUBUEHHS KIHETHMKU 3MiHU (a3
XCH 3 amop¢hHOTro 10 KpUCTAIIYHOTO CTaHIB I TUTBKH 3pa3ka ckiaxy GST No225 3 ToBmIMHOIO
Big 13 no 100 M. CnoyaTky HEOOXiJHO MOKa3aTH, 110 OMIp BUMKHEHHS y HIPUCTPOi THUILY
KaHaJbIIB CTPYMy MOKe OyTH po3paxoBaHUM 3 TeoMeTpuuHOi (irypu, 300paxeHoi y dopmi
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MEPEBEPHYTOr0 KOHYyCA 31 3p13aHOI0 BEPIIMHO. Y TaKOMY BHUIIAJIKY OTip OyIyTh pO3paxOBYyBaTH 3a
dbopmyroro [2]:

-d
R= (p )(ﬂ' -r(r +d/tg0£)) ’ (3)

Je ¥ — pajailyc HWKHBOTO KOHTaKTy, d — ToBmuHA MWIiBkM XCH, a — moB’s3aHo 13 MOMMUpPEHHIM
HUTKHU CTpyMy 1 Oeperbes 45°.

Ha puc. 6 mokazaHo ekcnepuMeHTaIbHI JaHl Ta MacmTad0yBaHHS Rr, BITHOCHO TOBIIUHU
miBku XCH.
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Puc. 6. O0unceHi Ta eKCIIepUMEHTAIEHO OTPUMaHi 3Ha4eHHs Rr, 1 rpadik MacmtadyBanus Rs —dU/dl BigHOCHO d

Ax BuaHO, Rr, 3aJI0BOJIbHSE BUIIEHABEICHUNM BHUpPa3 13 JTiaMETPOM CTPYMOIPOBITHOTO
kaHany 2r = 2000 anrctpeMm. IlopiBHsiHHA mnoporoBoi Hampyru nepemukanHs KII EHIT 13
toBmuHOK TIiBKH XCH [3] Takok miATBEpAWIIO, MO BCS TOBIIMHA MPUCTPOIO 30CEpPEKEHA y
¢dazoBoMy mnepexonl. 3 1HHIOro OOKy, oOmip YBIMKHEHHS Rs micist BupaxyBaHHsa dU/dl He
MOPiIBHIOKOTH 13 ToBUIMHOIO d Bk XCH. lle cBimuuTh Npo HASBHICTH IIapy 3 BHUCOKUM
3HAYEHHSM HU3bKOMOJBOBOI'O MUTOMOTO OIMOPY, L0 HE 3aJIeXKuTh Bia ToBIIMHU XCH.

Tenep po3risiHEMO «dYac KpHUCTami3allii», SKWM BHU3HAYAIOTh 3a JIOTMIOMOTOI0 TPUBAIOCTI
IMITYJIbCIB  YBIMKHEHHS, HNOTPIOHUX [JIsl JOCATHEHHS IPUCTPOEM HEOOXIIHOTO pIBHSA OHOpY, 3a
SKOTO TIOUYMHAETHCSI BAMKHEHHS, SIK MTOKa3aHo Ha puc. 7 [2]. TpuBamnicts iMmynbcy BUMKHEHHS 20
HC. Y MOMEHT, KOJM IPUCTPIA Mailke BBIMKHYBCS, HEOOXIZIHA TPUBAIICTh IMIYJIbCIB BBIMKHEHHS
3pOCTa€ MPaKTUYHO B FEOMETPUYHIN ITporpecii:

T.=T,, exp(G-R), )

min

ne G — xapaKTepHUCTHKA MPOBIIHOCTI 3 JESAKUM IPOMDKHHM HACHYCHHSM, IO 3MIHIOETHCS TIO0
BEpTHUKaIl MOAIOHO 10 Rr.

3poCTaHHs TPUBAJIOCTI IMIYJIbCY BBIMKHEHHS CIOCTEPIral0Th, KOJHM 3aJIMIIKOBA KUIbKICThH
¢Gpakiiif KpUCTAIYHMX YACTMHOK Yy MPUCTPOi 3MEHIIYETbCA. YBaKalTh, 110 BEPTHUKAJIbHE
3pOCTaHHS TPHUBAJIOCTI IMITYJIbCY 3 ’SBJISETHCS 3a ONOPY BUMKHEHHS BIINOBIIHO J0 BTpaTH
CKYITYEHb KPUCTAIIYHOI CTPYKTYpH. Bapto noxaru, mo 7's — e He MpOCTO Yac KpucTaiizailii, a yac
JOCATHEHHS BCIET KpUCTAIIYHOI 00J1aCT1 IEBHOT'O 3HAYEHHS 1 CTBOPEHHS OUThII TOBHOTO KOHTAKTY 3
iHTEepdeicoM eneKTpoa Uil JOCATHEHHS MOTPIOHOTO onopy Rs, 17 MOBHOLIHHOTO MEPEMUKAHHS
CTaHy.
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Bimomo, mo 7s,,, 3MIHIOETBCA TpOMNOpIiiHO BiqHOCHO ToBmuHH TIiBkn XCH [3], 1 me
J03BOJIUJIO HaM TPHUITYCTUTH, IO (PPOHT KpucTamizalii momuproerbes depes 00’em XCH mix
KOHTaKTaMU B3JIOBX LUISIXY CTpyMy 3 npubiau3Horo mBuakictio 600 cm/c. Otxke, 3 o1HOTO OOKY
MIHIMAJbHUNU OMIp TUTIBKM XaJbKOTECHITHOTO HAMIBIPOBIHUKA Rycy,;, HE TPOTOPLIAHUKA [0
TOBIIMHM, aJI€ 3 IHIIOTO OOKY KpHCTAI3allisd MaTeplaly MOIIUPIOETHCS Bl OJHOTO KOHTAKTY JI0
iHmoro. Li 1Ba coctepexenHs, y34Ti pa3oM, JT03BOJISIOTH MPUITYCTUTH, 10 00JIaCTh KpUCTaTi3aIii
3arajioM BiIIOBiAAE 3a Rs, 110 JIOKaTi30BaHa Ha OJHOMY 3 KOHTAKTiB.

3HaueHHs aMIUIITYAU IMITYJIbCY BBIMKHEHHs 13 30UIbIIeHHSIM TpuBanocTi Usy, rpadik sikoi
300pakeHu# Ha puc. 70, HEOOX1IHO BCTAHOBUTH HIKUY€ TOOYTKY NOTPIOHOIO 3HAYEHHS onopy Rsy
Ta CTpyMyY BUMKHEHHS [r, KpuBa RI sikux 300pakeHa Ha puc. 7.

U, <R, ‘I, )

3HaueHHsT HACHUYEHOTO ONOpy BUMKHEHHS Rr, BHU3HayaroTh Oe3nocepenHro 3 BAX
MPUCTPOIO, & HACUYEHI CTPYMU BUMKHEHHS [r, 1 BBIMKHEHHs [s, IOBUHHI MaTH 3HAYEHHS 1€ Ha
20% BwuIIi 3a KPUTHYHI, 32 SKUX 3JIACHIOETHCS TEpPEXi]] MaTepiaay 3amam’ sITOBYBAJIBHOTO Iapy
EHII 3 onui€i ga3u B iHILY.
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Puc. 7. 3aiexHICTh TPUBAIOCTI IMITYJIBCY BBIMKHEHHS BiJl OIOPY BUMKHEHH (2) Ta CTpyMy IporpaMyBaHHs (0).
[pucrpiit mae BDL-cTpykTypy 3 pe3uctuBHUMH KOHTakTamMu THITy C-C

[Ipunyctumo, 1m0 [AOMIHyIOYa 4YacTMHA Rs po3TalloBaHAa Ha IIOBEPXHI €JIEKTpoay 1
KPUCTAJIYHUM MaTepiai CIYrye B SIKOCTI IITYYHO YTBOPEHOIO (BIPTYyaJbHOTO) KOHTAKTY 3 ILIIBKOIO
XCH. Tomi edexkTuBHAa I1UIONIA BIPTYAIBHOTO KOHTAaKTy 3 €JICKTPOJOM 3aJIeKaTUME Bil
HU3bKOTIOJILOBOI'O OMOpPY €leKTpoay 1 Roff.nes. HallOuipmuii omip €neKTpoay CIOCTEpIraioTh 3a
MaKCUMaJIbHOT KUIbKOCTI KpucTanigyHoro marepiany B 00’emi XCH. MinimanbHe 3Ha4eHHs Roff.nes.
TaKOX BHUMAara€ MAaKCUMaJbHOI YaCTKM KPHUCTAIYHOTO MaTepiany. Skmo 3actocyBaTu
HEPE3UCTUBHUMN €JIEKTPOJI, TO BIACOTOK KpHUCTajliuHOro marepiainy B miiBui XCH Oynae HuxK4MUM.
OTxe, HasIBHICTb PE3UCTUBHOTO 1HTEpdeiicy, yrBopeHoro 3 kapOoHy Bugy C-C (Byrienb-Byrielb),
3MEHIIYye e(eKT NIYHTYBAHHS KPUCTAIIYHUX «HUTOK CTPyMy» B aMOp(HOMY MaTepiaii.

Posrnsaemo mnuTaHHSA, SK MOXHA 3MIHUTH IMIBUAKICTH YBIMKHeHHs mpuctporo EHIIL
[IpupoaHO NPUITYCTUTH, SKIIO BCTAHOBUTH OMIYHUN KOHTAKT (HU3bKUHM OIIP) €NeKTpona, TO Rs,
U1 Ts OynyTh 3HIKEHI. € KUIbKa aJbTEPHATUB: 3MIHUTU CKJIAJ CIUIaBY 3 TUMH X MaTepialamu
KOHTAKTIB, 3MIHUTU MaTepiajl KOHTAKTIB, YBECTU MPOMDKHUN KOHTAKTHUH IIap 3 HU3bKUM OMIYHUM
onopoM MKk XCH 1 OCHOBHUM €JIEKTPUYHUM KOHTAKTOM a00 KOMOIHYBATH IIl METOIH.

VY Tabmuii 1 mpencraBiieHi AesKi eKCIIepUMEHTANIbHI aHi [2].
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Tab6muus 1
ExcnepuMenTaabHi nani
Cmnas Hroxniii BepxHiit T, (npu Ir,), ¢ T, (npu 1.21r,), c HIBuakicTh
CIICKTPUIHUH CIICKTPUIHUH YBIMKHEHHS:
koHTakT (HEK) koHTakT (BEK) 17,in 1r,*20 HC

Ne225 CC BDL C C 3e-7 3e-6 0.4
No225 FF BIT TiAIN 2 MOM cMm TiW 3e-7 2.8e-6 2.7
No225 FF BDL | TiAIN 5 MOm cm Ti-TiN-Ti 3e-8 7e-8 1.2
HPC FF BDL TiAIN 5 MOM cMm Ti-TiN-Ti 1.5e-8 4e-8 1.35
HPC FF BDL TiAIN-C Ti-TiN-Ti 2e-8 4e-8 1.1
HPC EIJI C C-MoN 4e-8 S5e-8 1.2
HPC EIJI MoN C-MoN Se-8 2e-7 1.5

ne Ne225 — cnmaB Ge2Sb2Tes, CC — ByrneneBi kontaktu, FF — Meranesi kontaktu, bI1 — 6iune
nepemukanHs crany XCH, BDL — map enexkrpuynoro npo6oro XCH, HPC — Hu3zpkope3ucTuBHuiA
cruiaB XCH, EINJI — enexktpoHHO-TIpOMEHEBA JiTorpadis.

3 HaBeIEHUX BHILE JaHUX 3poOMMO Taki eucHoexu. llepexin Ha cruiaB 3 OUIBLI HU3BKUM
OTIOPOM TIOKpAIllye€ IMBHUAKICT YBIMKHEHHS, ocoOnuBO 3a 1.2[r, Matepian i1 omip BEpPXHBOTO
KOHTaKTy Ma€ MEHIIWH BIUIMB Ha WIBUAKICTH yBIMKHeHHs. [lonaBanHsa Ti-mmapy A0 BEpXHBOTO
KOHTaKTy 3HAyHO MOKpallye HIBUAKICTh yBIMKHEHHs. lle, IMOBIpHO, MOB'SI3aHO 3 THUM, IO
BBIMKHeHHS Ti-mapy y mumiBky cmiaBy GST Ne225 3alesneuye rapHuil OMIYHHUH KOHTAKT.
[IBuAKICT, BUMKHEHHS MaJIO 3aJICKHUTh B MOIU(]IKAIi BEPXHBOTO KOHTAKTY, ajie 3aJIeKUTh Bl
MPOBITHOCTI HIKHBOTO KOHTakTy 1 craBy XCH. Ilposinnicts mapy XCH, BUroToBieHoro 3a
nonomoroto EINIL, € Bumor, 1 ToMy mBuikicTh BUMKHeHHs EHII HaBiTh 13 BUKOPHCTaHHAM
BYIJICIIEBUX KOHTAKTIB 3pOCTAE.

TemnepaTypHa 3aJieskHiCTh IIBHAKOCTI nporpamyBaHHs. Onip BUMKHEHHS 3MIHIOETHCS 3
TEMIIEpaTypol0 ToMy, 1o rexepauis HociiB ctpymy B XCH e aktuBHum npounecom. Ha puc. 8
BUJIHO pI3HI T1OYAaTKOBI piBHI BHUMKHEHHS. OCKUIBKM TPHUBAIICTh IMIIYJbCY BBIMKHEHHS
30UTBIIYETHCS 32 3MEHUICHHSI TEMIEPATypH, TO KOXHa 3 BIAMOBIAHUX KpuBUX RT majgae 10 piBHA
BBIMKHEHHS. TpuBamicTh IMIyJabCy, HEOOXIAHOIO JUIsl JIOCSATHEHHSI II€BHOTO PIBHS ONOpY,
3MEHILYEThCS 3a 30UIbILIEHHA TeMIlepaTypd, TOOTO IIBUAKICTb YBIMKHEHHS IPUCTPOIO
30UTBIITYyEeThCS [3].

3pobumo kinbka sucroskie: (Rs-dU/dI), Is Ta Ir mpakTUYHO HE 3ajeKaTh Bl TEMIEpaTypH;
MIIBUILEHHS OINOpPY MpOrpaMyBaHHS CYINPOBOKYETbCS O€3MepepBHUM 3pOCTaHHSIM EHeprii
aKTUBAaLlll; MIBUJKICTb CTUPAHHS 3aJ€XHUThb B BigHowweHHsA [r no Ir, (puc. 1), 3a sxoro R/Tr
MepeTUHaE JaeMapkalliiHy miHito 77=20 HC, MEHIIE 3HAYCHHS BIIHOIIEHHS CTPYMIB BHUMKHEHHS
BIJMOBIa€ OUTBLIIN IIBUJIKOCTI MEpeMHUKaHHS; Ts 3MEHILYEThCS 31 30UIBLICHHSIM TeMIIepaTypH,
TOOTO 31 30UIBIIEHHSM eHeprii akTuBauii B aianaszoHi Big 0,05 no 0,3eB (puc. 8); ans npuctpois 13
ByrienieBuMu KoHtaktamu CC Tr He 3aieXuTh Bif Temneparypu B aianazoni 20 ve — 10 mc (puc.
9).
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Puc. 9. 3anexuicts Tr B nianazoni temmeparyp 10 — 90 °C mst mpuctporo GST Ne225 CC BDL

Marepian esiektTpoaiB. [lokaxkemo, 0 BYyTJIENeBl KOHTAKTH a0COJIIOTHO YHIKQJIbHI ISt
3aCTOCYBaHHS $K MaTepianu Juid enekTpoxiB. IlepeBara Byriiento y 3MiHI OmOpYy 3 BiTHOCHO
PE3UCTHUBHOTO MaTepialy B maTepial 3 BHUCOKOIO NPOBIIHICTIO, aje TUIbKH B Oe3mocepenHii
O6m3pKOCTI Bim 30HU KOoHTakTy A0 XCH. [xoyneBuii HarpiB mij 4ac MPOIYCKaHHS CTPyMY Yepes
crek C-SiINx-C 3ymoBmtoe 3miHu. IIpu npomy SiNX 1i€ Sk map eIeKTpUYHOTO MpoOOoro, SKUi
JOKaJi3ye poOOTy MPHUCTPOI0 B Oe3mocepennin Oau3bpKocTi 10 30HM mpobOoro [3]. Ha puc. 10
MOKa3aHo, IO IMiJ 4Yac MPOXOKCHHS CTPyMy 4Yepe3 MPUCTPI BIH CTa€ BCE OUIBII 1 OLIBII
MPOBIIHUM, 1 Takl 3MIHM € MocTiiHUMU. CrodaTKy Omip HPUCTPOIO MPUOIU3HO piBHUU le6 Om,
Jalti, MO/Ial0uu €JIEKTPUUHUN CUTHAI 31 CTpyMOM 2 MA 1 Hanpyroto 3B, Tpariserbest npo0iid, micis
4oro MnpucTpid 3MmiHioe cBiil omip 10 le4 Owm. Ilomanbuie 30UTbIIEHHS CTPyMy HPU3BOAMUTH 10
MIOCTYIIOBOTO 3HWKEHHS onopy npuctporo Big 1e3 Om 1o 100 Om.
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Puc. 10. Enextpuune ¢popmyBanns komipku C-SiNx-C

[IporpiBanHs Takux nNpucTpoiB 3a Temnepatypu 350 °C npoTsarom 72 roJiuH He NPU3BOAUTH
710 MOJaNbIIMX 3MiH. JIJi1 HEBBIMKHYTOT'O MPUCTPOIO MPOTpPIBaHHA 3a TeMIepaTypHu HUx4oi 3a 350
°C He mpU3BOIUTH JI0 MiABUIICHHS MpoBiAHOCTI [3]. Pedynbratu 3aneceH1 g0 Tabmwmii 2.

Tabmums 2
PesynbTaT TepM000pooKH
Onip 10 nepeMUKaHHs Onip micis Omnip TUX caMHX MPUCTPOIB MiCIIs
C-SiNx-C, Om 3aCTOCYBaHHS BUITIANIOBaHHA 3a Temneparypu 350 °C mporarom 72 roaux
€JIEKTPUYHUX (moBisIbHE OXO0J0MKEHHS), OM
iMIyneciB, OM
1.96e6 444 511
1.25¢e6 3.46e4 3.42¢4
8.15e5 1.5¢4 1.4e4
1.56e6 210 289
2.7e6 814 886
1.7e6 be3 nepeMukaHHs 1.3e5
1.2e6 be3 nepeMukaHHs 9.1e4
1.4e6 be3 nepeMukaHHs 9.4e4
9.6e5 be3 nepeMukanns 8.5¢4

OTxe, MOKHA 3pOOUTH BUCHOBOK, 1110 BYIJIELIEBUIM KOHTAaKT CpOPMOBAHO B Oe3nocepeaniit
OMM3BKOCTI BiJ 30HM MPOOOIO, J1e Temmeparypa mporpamyBaHHs pocsrae 650 — 700 °C. Ile
3a0e3neyye MepeBary I130TPONHOI TEIJIONPOBIAHOCTI, HpHU SKIH NEpHeHIUKYIspHAa A0 IUIOMIl
MPUCTPOIO TEIUIONPOBIAHICTh 3HAYHO MEpEBUIIYE, ii 3HAUYEHHA A0 Horo OIYHOI CTOPOHH, 1
noriomarae e€(QEeKTUBHO TEPMIUHO 130Jt0BaTU TpHCTpid. llel exkcmepumeHT mnependavae, M0
BYIJICIIEBl KOHTAaKTH 3MIHIOIOTH ONIp JIMIIE B3J0BXK LUISIXYy CTPYMy W 3alMINAIOThCS OUIbI
EJICKTPUYHO- 1 TEPMIYHOPE3UCTUBHUMH 32 BIAXUJICHHS BIJ MOTOYHOTO NMUIAXY. TaKMM YHHOM O14H1
TEIUIOBTPATH Yepe3 TOBUIMHY KOHTAKTIB MiHIMI3ytoThcs. Otmxe, EHII tuny BDL, ne nHuxHii
KOHTAKT BUTOTOBJICHHUH 13 BYTJICIIO, IEpEeMUKA€Thbes mBuAIIe, HiX 13 TIAIN. Ane BapTo 3a3Ha4YUTH,
110 MBHUAKICTh BUMKHEHHS MOYK€ 3POCTH, SIKIIO HUIKHIA KOHTAaKT BUKOpUCTOBYeE ciiaB TiAIN 3
BUILUM 3HAYEHHSM OTIOpY.
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BucHoBxku

[Toporose 3HaueHHs onopy nepemukanus Rry EHII 3MiHIO€THCS MpONOPLINAHO 10 TOBIIMHU
wiBku XCH. Jlns onopy IpHUCTPOO 32 HU3BKOTO €IEKTPHUYHOIO Nois R, Taka 3aJIe)KHICTb HE

CIPaBDKYETHCS, X04a (PPOHT KpHUCTATI3AIlil MaTepialy TOMIMPIOETHCS Bl KaTO/a 10 aHOJIa B3JI0OBXK
HUISIXY MPOXOJDKEHHS CTpyMy. EKcriepuMeHTanbHI AOCHIIM MOKA3yIOTh, 10 KPUCTAIIYHI 00JacTi
¢azo3minHoro crutasy GST Ne225 e BipTyaJlbHUMHU KOHTakTaMu 1O BEPXHBOro IHTepdelcy
eJeKTpoJia (aHO 1), 0 MPU3BOAUTH 10 OUTBII MIBUAKOTO nepeMukaHHs (a3zoBux craniB KII, Tomy
LIBUJKICTh YBIMKHEHHSI HE 3aJIe)KUTh BiJ] KOHTAKTy KaToJ/a, ajieé CyTTEBO 3aJIeXKUTh BiJl KOHTAKTy
aHoga. Skmo 3pobutu 3B’s30k aHonma 13 matepiamom XCH Oumbm cmabkum, TOOTO MEHII
PE3UCTUBHUM, TO 30UIbIIYEThCS IIBUAKICTh YBIMKHEHHs. Marepian aHoja oOMparoTh Ha MiJICTaBl
npoBigHocTi cmiapy XCH, mo Oe3mocepeqHb0 MpWISTaE 10 HBOTO, 3 METOK MIHIMI3YBaTH
HU3bKOTIOJLOBUH OIIp iHTEpdeiicy. Sk moka3yroTh ekciepuMeHTH, mBUAKICT, BUMKHeHHs: EHIT 13
OUIbII HM3BKOIO PE3UCTUBHICTIO MaTepialy KOHTAKTIB IEPEBaKHO BU3HAUYAETHCS IMOOIYHUMU
TEIUIOBTpAaTaMU Yepe3 HUKHIM KOHTAKT (KaTtoxd) Ta cyMibkHI obusacti iiBku XCH, Tomy IIBUIKICTD
BUMKHEHHS (Tepe3anucy, CKMJAHHS) MOXKE CYTTEBO 3ajJeKaTu BiJ KOHTAKTy Karojaa (K Horo
Marepiaily, Tak 1 reoMeTpii), ajge OyTH HEYyTJIMBOIO JO 3MIH KOHTaKTy aHoja. lle cBimuuTh mpo
HasBHICTh TMOJIIPHOCTI NpoxoikeHHA cTpymy depe3 KII. Omxe, Oulbll BHUCOKOT HIBUIKOCTI
BuMkHeHHsT EHII MoxxHa npocsartu 3a yMOoBHM MiHIMI3alli MOOIYHHMX BTpaT TeIla Ha KaTOMl.
AmopdHuil Byrieub Mae BIIACTUBICTh 3MIHIOBATH OIIp JIMIIE B HANpPSMKY IMPOTIKAHHSA CTPyMY,
TOMY BUKOPHUCTaHHSI aMOP(HOTO BYTJICIIO B KOCT1 MaTepiary KaToJa € ONTUMAIbHHIM.
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I. V. Slobodian
CGS-BASED NONVOLATILE MEMORY PROGRAMMING SPEED

The paper studies the influence of a set of factors on the speed of programming the nonvolatile
memory (NVM) based on chalcogenide glassy semiconductor (CGS). The method is described for
determining the speed of programming the device switching on (crystallization, low-resistance state) and
switching it off (amorphization, high-resistance state). It is also shown that the speed of switching off and on
the NVM depends mainly on the electric contact of the device.

Keywords: phase change, on /off switching speed, crystallization-amorphization.

Introduction

CGS-based nonvolatile memory (NVM) changes its phase state from high-resistance to low
resistance state and vice versa under the influence of electric signals. It is believed that such NVM
could, potentially, replace the existing types of nonvolatile memory, even those, which have high
information exchange speed and operation stability, and to exceed their performance. Chalcogenide
glassy semiconductor (CGS) used in this NVM has no fundamental limitations of the overwrite speed
— up to sub-nanoseconds and in terms of the size of memory cells (MC) — up to 50 angstroms.
Among the advantages we can mention the fact that the achieved overwrite current level does not
damage the memory and reduce overwrite cycles as it was the case with the first samples of the
memory.

The technology of phase changes in CGS (GeSbTe), that was invented and developed by
Stanford Ovshinsky, was quickly commercialized in the field of nonvolatile memory [1]. This process
was accelerated due to the efforts of many research teams [2]. Conductivity rather than reflexivity is
the main characteristic of the given semiconductor alloy, which, ultimately was the main reason for
selecting CGS as the basic material for new-generation NVM. There is a broader range of various
composite alloys of CGS, used for NVM, than the spectra of those used for PC optic devices [3].

NVM technology for PC is based on phase transformations in semiconductor environment
with volumetric negative differential conductivity of S-type (S-NDC) that exists due the high density
of current filaments, which causes the semiconductor phase change [4]. There is a generally accepted
view that current filament in NVM device is well-formed and its dynamic resistance is zero. Hence,
any deviation from zero indicated by a measuring device (dU/dI for the overwrite current range) is
determined by the total sum of all resistors connected in series between the probes including
resistance of the contacts.

In optical memory the programming power (of recording, erasing, overwriting) is applied
directly to the surface of the information storage device using a laser beam. In the electric storage
devices energy is transmitted via the electric signal passing through the metallic or semi-metallic
contacts [2, 4]. S-NDC increases the role of inhomogeneities and has the ability to maintain a stable
state of low and high resistance without the application of external energy [4]

Knowing the material of contacts and geometry of the device, we can obtain volt-amp
characteristic of on / off switching of NVM that, as a rule, coincides with practically obtained values
of resistance of the contacts and does not depend on the thickness and temperature of chalcogenides.
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Fig. 1. Volt-amp characteristic of a standard CGS-based NVM of BDL type for the sample of alloy Ne 225
(Ge2Sb2Te5) with carbon contacts

Fig. 1 shows typical R/l and I/U dependences for NVM at different temperature values. Such
instruments are of a “breakdown” type, which is described in [2]. All of the data, given below, are
taken from the published practical modeling results with informational purposes and for obtaining
specific expressions. Saturated current values (/r,, red line) for off-resistance (Rr) and resistance
values in the minimum curve of R/I dependence (dotted line) indicate the on-resistance (R,), obtained
by electric low-field measurement of the sum of all the resistances between the probes — Rs and
resistances of the contacts — dU/dl. Thus, minimum value of the chalcogenide material in MC will be
given by

RHGS,min = Rs min dU/dI H (1)

where dU/dI 1s measured by the slope of /U dependence curve with off-current from 50% to 100%
(erasing) due to the possible non-linearity of the process.

This paper aims at studying the influence of overwrite current level, phase change in the
composite alloy sample and its thickness, contact materials of the electrodes, geometry of the device
and the temperature on NVM programming speed.

Experimental part

NVM operates on the basis of the “breakdown theory” with formation of the structure of
current channels, which leads to conductivity changes. All information about modern devices with
chalcogenides, used as a memory layer manufactured using electron-beam lithography (EBL) with
formation of an electric breakdown layer (BDL), is of experimental origin [3].

Off-speed measuring method. Memory erasing speed is usually measured using optimized
electric on-pulses and changing the duration of optimized off-pulses as shown in Fig. 2.
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e : off

On

i N N

Fig. 2. Scheme of the erasing speed test; fixed on-pulses (duration and amplitude) and off-pulses
(amplitude)

The optimized amplitudes are calculated on the basis of data obtained from measuring
volt-amp characteristic of the real device. Information is collected from its amplitude values, used as
the parameters, by changing the erasing pulse duration from 10 ns to 500 ns.
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Fig. 3. Example of Rr.t/Tr plot with different off-amplitudes

Resistance of low-field devices is measured at direct current supplied with a slight change
after each pulse. Finally, erase speed is determined as [r / Ir, ratio when T, drops below 20 ns. In
this case saturation current reaches its nominal value and initial off-resistance is selected from the
interval of 1 kOhm - 1000 kOhm.

On-speed measuring method. Fig. 4 shows the results of testing a memory cell. From the
moment of switching on the device, the required on-resistance value (Rs,) is reached almost
immediately. The next off-amplitude value increases (off-pulse duration remains fixed throughout the
test). Then, in order to switch the device on, increasingly broader on-pulses are supplied to it, which
leads to ever faster phase changes of the device.

The required on-resistance value is determined as follows:

R, =10*{log(R,)+[log(R, /R,)]/6}, (2)

Calculation results are presented in Fig. 5.
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Fig. 4. The scheme of on-speed determination test

1.E+7

1.E+6 -

1.E+5

R, Ohm

1.E+4 | : r

*dlll®l 4 ¢ 24 ¢ 4 4 4

- = I~ o 0 (@O D N W W v~ T I~ O (2 o]
- N = 10 WO ~ & Q = o = W P~ 0 O
Number of pulses

Fig. 5. Example of output data
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Results and discussion

The above-presented results deal with experimental studies of the kinetics of CGS phase
changes from amorphous to crystalline state for the film sample of GST Ne 225 with the thickness
from 13 to 100 nm. First, it should be shown that off-resistance of the device of the current channel
type can be calculated from a geometrical figure in the form of an inverted cone with a cut vertex. In
such case resistance will be calculated by the formula [2]:

-d
R= (p )(ﬂ' -r(r +d/tg0£)) ’ (3)

where 7 is the radius of the lower contact, d — thickness of CGS film, a is associated with current
filament and is assumed to be 45°.
Fig. 6 presents experimental data and scaling of Rr, relative to the thickness of CGS film.

2 5E+6 1.6E+3 :
2. 0E+6 1.4E+3 —-
. — 1.2E43 .
1.6E+6 § LY
: A 5 e 1.0E+3 —~
> 3
g 1.0E+6 /. « @ I ES'OEH
o 5.0E+6 (A0S — a0
0.0E+0 /‘t/ i 4.0E+2
0.0E+0 2.0E-6 4.0E-6 6.0E-6 8.0E-6 1.0E-6 1.2E-§ s
d: cm 0.0E+0
0.0E+0 20E-6 4.0E6 60E6 8.0E6 1.0E-5 1.2ES5
—Rr,0.15 R, ,02
R, ,025 —— R, ,03 d, cm

® R ra,exp.

Fig. 6. Calculated and experimental values of Rr, and scaling graph Rs—dU/dI relative to d

It is evident that Rr, satisfies the above expression when the diameter of the current channel
2r = 2000 angstrom. Comparison of the threshold voltage of switching NVM MC with the thickness
of CGS film [3] has also confirmed that the entire thickness of the device is concentrated in the phase
transition region. On the other hand, on-resistance Rs after subtracting dU/dI is not comparable with
thickness d of HcGS film. This is the evidence of the presence of a layer with high value of a low-
resistance specific voltage that does not depend on CGS thichness.

And now let us consider “crystallization time” that is determined by duration of on-pulses
necessary for the device to reach the reqired resistance level at which switching off begins as it is
shown in Fig. 7 [2]. Off-pulse duration is 20 ns. At the moment when the device almost reached on-
stage, the necessary duration of on-pulses grows practically in geometrical progression:

I.=T,, exp(G-R,), )

where G is conduction characteristic with a certain intermediate saturation changing in a vertical
direction similar to Rr.

Growth of the on-pulse duration is observed when the residual number of fractions of crystal
particles in the device is reduced. It is believed that vertical growth of pulse duration occurs at the
off-resistance in accordance with the loss of crystal structure clusters. It is worth mentioning that 7's
is not only crystallization time but also the time of reaching a definite value by the entire crystalline
region and creation of the closer contact with the electrode interface in order to reach the necessary
resistance Rs, for full switching of the state.

T, 1s known to change proportionally to the thickness of CGS film [3], which allows us to
assume that crystallization front spreads through the volume of CGS between the contacts along the
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current path at an approximate speed of 600 cm / s. Thus, on the one hand the minimum resistance
Rcgsmin Of the film of chalcogenide semiconductor is not proportional to the thickness but, on the
other hand, crystallization of the material spreads from one contact to another. These two
observations, taken together, make it possible to suggest that crystallization region, localized on one
of the contacts, is primarily responsible for Rs.

The value of the amplitude of on-pulse with increased duration of Usy, the graph of which is
shown in Fig.7b, should be set below the product of the required resistance value Rs, and off-current
Ir. RI curve is presented in Fig. 7.

U, <R, ‘I, (5)
The value of the saturation resistance Rr, is determined directly from the volt-amp

characteristic of the device and the values of saturation off- and on-currents, /7, and Is,, should be
20% above the critical values at which the material of NVM layer passes from one phase to another.
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Fig. 7. Dependence of the on-pulse duration on the off-resistance (a) and programming current (b). The device has
BDL-structure with reactive contacts of C — C type

Let us assume that dominating part of Rs is located on the surface of the electrode and
crystalline material serves as an artificially formed (virtual) contact with CGS film. Then, the
effective area of the virtual contact with the electrode will depend on the low-field resistance of the
electrode and Roff.nes. The highest resistance is observed when in CGS volume there is maximal
amount of the crystalline material. Minimal value of Roffnes. also requires maximal fraction of the
crystalline material. If resistive electrode is used, the percentage of the crystalline material in CGS
film will be lower. Thus, the presence of a resistive interface, formed from a carbon of C-C (carbon —
carbon) type reduces the effect of shunting crystalline “current filaments” in the amorphous material.

Let us consider the problem of how the on-speed of NVM device could be changed. It is
natural to suggest that ohmic contact installation (low resistance) would lead to the reduction of Rs,
Uin u Ts. There are several alternatives: to change the alloy composition with the same materials of
the contacts, to change material of the contacts, to introduce an intermediate contact layer with low
ohmic resistance between CGS and the main electric contact or to combine these methods.

Table 1 presents come experimental data [2].
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Experimental data

Table 1

Alloy Lower electric Upper electric T; (for Ir,), ¢ T (for 1.21r,), ¢ On-speed: 17,/
contact (LEC) contact (UEC) 1r,*20 ns

Ne225 CC BDL C C 3e-7 3e-6 0.4

Ne225 FF LS TiAIN 2 mOhm TiW 3e-7 2.8e-6 2.7
cm

Ne225 FF BDL TiAIN 5 mOhm Ti-TiN-Ti 3e-8 7e-8 1.2
cm

LRA FF BDL TiAIN 5 mOhm Ti-TiN-Ti 1.5¢-8 4e-8 1.35
cm

HPC FF BDL TiAIN-C Ti-TiN-Ti 2e-8 4e-8 1.1

LRA EBL C C-MoN 4e-8 5e-8 1.2

LRA EBL MoN C-MoN 5e-8 2e-7 1.5

where Ne225 is the alloy Ge2Sb2Tes, CC — carbon contacts, FF — metal contacts, LS — lateral
switching of CGS state XCII, BDL — electric breakdown layer of CGS, LRA — low-resistance alloy
of CGS, EBL — electron-beam lithography.

From the above data we can draw the following conclusions. Transition to a lower-resistance
alloy improves the on-speed, especially for 1.2/r,. Material and resistance of the lower contact have
less influence on the on-speed. Addition of Ti-layer to the upper contact improves considerably the
on-speed. This is probably due to the fact that the inclusion of Ti-layer into the alloy film of GST Ne
225 provides a good ohmic contact. Off-speed depends little on the modifications of the upper
contact, but depends on the conductivity of the lower contact and CGS alloy. Conductivity of CGS,
produced using EBL, is higher and, therefore, the off-speed of NVM increases, even with the
application of carbon contacts.

Temperature dependence of the programming speed. Off- resistance changes with the
temperature because generation of current carriers in CGS is an active process. Fig. 8 shows
different initial off-levels. As on-pulse duration increases with temperature reduction, each of the
corresponding RT curves drops to the on-level. Duration of the pulse, necessary for reaching a
definite off-resistance level, reduces as temperature increases, i.e. on-speed of the device increases
[3].

Let us make some conclusions: (Rs-dU/dl), Is and Ir are practically not dependent on
temperature; growth of the programming resistance is accompanied by a continuous growth of
activation energy; Ts reduces as temperature increases, i.e. with the growth of activation energy in
the range from 0.05 to 0.3 eV (Fig. 8); for the device with carbon contacts of CC type, T does not
depend the temperature in the range of 20 ns — 10 ms (Fig. 9).
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Fig. 9. Tr dependence in the temperature range of 10 — 90 ° C for GST device Ne 225 CC BDL

Material of the electrodes. Let us demonstrate that carbon contacts are unique in their
application as electrode materials. An advantage of carbon is change of its resistance from a
relatively resistive material to the high-conductivity material, but only in the close vicinity to CGS
contact zone. Heating, when current is passed through C-SiNx-C stack, causes certain changes. In
this case SiNx acts as an electric breakdown layer that localizes the device operation to the close
vicinity of the breakdown region [3]. Fig. 10 shows that when current passes through the device its
conductivity gradually increases. Initially, resistance of the device is about 1E6 Ohm, then, when
electric signal with the current of 2 mA and voltage of 3V is supplied, electric breakdown occurs.
After that the device changes its resistance to 1E4 Ohm. Further growth og the current causes
gradual reduction of the device resistance from 1E3 Ohm to 100 Ohm.
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Fig. 10. Electric formation of the cell C-SiNx-C

Heating of such devices at the temperature of 350 ° C during 72 hours does not cause further
changes. If the device is switched off, heating at the temperature below 350° C does not lead to
higher conductivity [3]. The results are entered to Table 2.

Table 2
Thermal treatment results
Resistance before the | Resistance after application Resistance of the same devices after firing at the
moment of switching of electric pulses, Ohm temperature of 350 © C during 72 hours (slow
C-SiNx-C, Ohm cooling), Ohm

1.96e6 444 511

1.25e6 3.46e4 3.42¢4

8.15¢5 1.5¢4 1.4e4

1.56e6 210 289

2.7¢6 814 886

1.7¢6 Without switching 1.3e5

1.2¢6 Without switching 9.1¢4

1.4¢6 Without switching 9.4¢4

9.6¢5 Without switching 8.5¢4

Thus, we can make a conclusion that a carbon contact is formed in the close vicinity of the
breakdown zone where programming temperature reaches 650 — 700 ° C. This provides the
advantage of isotropic heat conductivity, in which heat conductivity, perpendicular to the area of the
device, is considerably higher than that at the lateral side and enables effective thermal isolation of
the device. This experiment makes it possible to suggest that carbon contacts change the resistance
only along the current path and remain more electrically and thermally resistive when deviations from
the current path occur. Hence, lateral heat losses through the contact thickness are minimized. NVM
of BDL type, where the lower contact is made from carbon, is switched faster than that with T1AIN.
However, it should be noted that off-speed could increase if the lower contact if the lower contact
uses T1iAIN alloy with higher resistance value.
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Conclusions

Threshold off-resistance value Rr, of NVM changes proportionally to CGS film thickness.
For resistance of the device R, at low electric field such dependence is not confirmed, although

crystallization front of the material spreads from the cathode to anode along the current path. The
experiments show that crystalline regions of the phase-change alloy GST Ne 225 are virtual contacts
to the upper interface of the electrode (the anode), which leads to a faster switching of MC phase
states. Therefore, on-speed does not depend on the cathode contact but depends essentially on the
anode contact. If the anode coupling with CGS material is made weaker, i.e. less resistive, on-speed
will increase. The anode material selection is made taking into account conductivity of the alloy of
CGS, directly adjacent to it, in order to minimize low-field resistance of the interface. Experiments
show that NVM off-speed with lower resistance of the contact material is mainly determined by the
heat loss through the lower contact (the cathode) and the adjacent regions of CGS film. So off-speed
(of overwriting, reset) can depend strongly on the cathode contact (both on its material and
geometry), but to be insensitive to changes in the anode contact. This indicates the presence of the
polarity of the current flow through MC. Therefore, a higher NVM off-speed can be achieved by
minimizing side heat losses at the cathode. Amorphous carbon has a property of changing the
resistance only in the direction of current flow, so the use of amorphous carbon as the cathode
material is optimal.

REFERENCES

1. Ovshinsky S. R. Reversible electrical switching phenomena in disordered structures / S. R. Ovshinsky //
Physical Review Letters. — 1968. — Ne 21. — P. 1450 — 1453.

2. Phase Change Memory / H.-S. Philip Wong [et al.] // Proceedings of the IEEE. —2010. — Vol. 98, Ne. 12. —
P. 2201 — 2227.

3. Phase change memory technology [Enextponnwuii pecypc] / Bipin Rajendran [et al.] / IBM Research. —
20009. Pexum JIOCTYIIY:
http://www.itrs.net/ITWG/Beyond CMOS/2010Memory_April/Proponent/Nanowire%20PCRAM.pdf.

4. Kocteer C. DiekTpoHHOe TepekitodeHre B amop¢Hbix nomynpoBonnukax / C. Kocreutes, B. Ikyr. —
Haykosa nymxka: Kuis, 1978. — c. 203.

Slobodian Ivan — Junior lecturer of the Department of Telecommunication Systems and Television.
Vinnytsia National Technical University.

Haykosi npaui BHTY, 2014, Ne 3 10



	10
	10

