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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuyHbIX TpyaoB «HaHocucremu, nanomarepiaiau, HaHorexHosorii» (HHH) ny6iaukyer emé
Heony6JINKOBaHHbIE U HE HAXOAAIIMECH HA PACCMOTPEHHUN [JId ONyOJUKOBAHUS B MHBIX N3TAHUAX HAyY-
Hble 0030PBI ¥ OPUTHMHAIbHEBIE CTATHY, COJEPIKAIIe U XapaKTePU3YIOllie Pe3yIbTaThl SKCIePUMEHTAb-
HBIX ¥ TEOPETUYECKUX MCCJIEJOBAaHMUIL B 001acTu GUSUKYU, XMMUU, METOOB CUHTE3a, 00Pa00TKHU U JUATHO-
CTHKU HAHOPa3MEPHBIX CUCTEM M HAHOMACIITAOHBIX MaTepHUasoB: KJIACTEPOB, HAHOYACTHUIL], HAHOTPYOOK,
HAHOKPHUCTAJIJIOB M HAHOCTPYKTYP (AIaTUTOMOZOOHBIX GHOCUCTEM, aMOP(MHBIX U KOJUIOUJHBIX HAHOPAas-
MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IVIEHOK U IOKPBITU, HAHOIIOPOIIIKOB 1 T.X.).

CraTbu Iy0INKYIOTCS HA OJJHOM M3 TPEX A3BIKOB: aHIVIMHCKOM, YKPAWMHCKOM MJIX DYCCKOM.

CraTbu, B 0hOPMJIEHNY KOTOPBIX HE COOJIIOEHEI cieayolye npasuia i mybaukamnuu 8 HHH, Bos-
BpAaII[aloTCsA aBTopaM 0e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa cauTaeTca JeHb IIOBTOPHOTO
IIPeJCTABJIEHUs CTATHY IIOCJIE COBJIIONeHUsI YKAa3aHHbBIX HIKe IIPABUIL. )

1. CraTps 10/sKHA GBITH MOANMCAHA BCEMU aBTOpPaMu (C yKadaHueM MX aJPecoB JIEKTPOHHOM II0YTHI);
ciaenyeT ykasaTs (paMuUINIo, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnus OyAeT BeCTU IEePENucKy, ero
TOYTOBRIH azpec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM TOYTHI.

2. N3moskeHne NOJIKHO OBITH SICHBIM, CTPYKTYPUPOBaHHBIM (paszenamu «1. Beegenue», «2. Jkcue-
puMeHTasnbHasA/TeopeTuueckas MeTOguKa», «3. PesyabraTsl u ux obcyxaeHue», «4. BerBogsl», «Iluru-
POBaHHAsS JUTEPATYPa»), COKATHIM, 6e3 AJIMHHBIX BBEAEHUN, OTCTYILIEHUA U IIOBTOPOB, AYOJUPOBAHUSA B
TeKCTe JAaHHBIX TabGJIUIl, PUCYHKOB U MOANNCEH K HUM. AHHOTAI[UA U pasznes « BeIBOABI» HOJKHEI He 1y0-
JIMPOBATH APYT Apyra. YucaoBble JaHHbIE CJIeLYeT IPUBOAUTDH B OOIIEIIPUHATHIX eUHUIIAX .

3. 06béMm craThu 10 KeH ObITh He 6osiee 5000 cii0B (¢ y4ETOM OCHOBHOI'O TEKCTA, TAGJINI], IOAIIUCEH K
PUCYHKaM, cIiucka juteparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6osiee 9000 ciooB u 30 pucyHkoB), pemarmTca penxosurerneiit HHH Ha ocHOBaHWYM IpeABapUTEIHLHO
IpeoCTaBIEHHOM aBTOPAMY PACIIINPEHHON aHHOTAI[UY PAaGOTHI.

4. B pefakuio mpegocTaBiasiercsa 1 9K3eMILIADP PYKONICH € MIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIA Ha Oymare ¢popmara A4 yepes JBOIHOI HHTEPBAJ B OAMH CTOJIOEL] C OLHOI CTOPOHBI JINCTA.

5. B pemaxknuio o0A3aTeqbHO IpefocTaBidercs (1o e-mail miu Ha KoMIakT-gucKe) Gaila pykomucu
craThby, HAOpaHHBINA B TeKCTOBOM pegakrope Microsoft Word 2003, 2007 mau 2010 ¢ HagBaHUEM, COCTO-
AmuM us haMuIny IepBoro aBTopa (JaTuHuIel), Hanpumep, Smirnov.doc.

6. IleuaTHBII BApUAHT PYKOIIUCHU U €€ 3JIeKTPOHHA S BEPCUS JOJKHBI ObITh HACHTUYHBIMU U COJEPIKATD
5—7 ungexcos PACS (8 mocnexnneit pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammio (200—250 cioB)
crarbu (BMecTe ¢ 5—6 Kiaro4eBbIMU cJI0BaMu). TeKCTHI PYCCKO- U YKPAUHOSA3BIUHBIX CTATEH JOJKHBI TaK-
JKe COZepsKaTh 3arjaBre CTaTby (BMECTE CO CIIICKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIUX YUDPEKIe-
HuUi), pacmupeHayio anaoranuio (300—-350 cioB), KJlOUeBBIe CJIOBA, 3arOJIOBKU TAaOJMI[ U MOAIUCU K
PUCYHKaM HA aHIVIMHCKOM A3bIKe. TeKCThl YKPANHOA3BIYHBIX CTATeH AOJIKHEI GBITH HOIIOJIHEHBI ATOH JKe
uHpopMaIueil Ha PyCCKOM fA3bIKe (COAEepKaHNA aHHOTAI[UI Ha YKPAMHCKOM M PYCCKOM SI3BIKaX JOJIMKHBI
OBITH UAEHTUUHBIMHU).

7. PucyHKH (TOJIBKO 4epPHO-0ejIble WM MOJYTOHOBbIE ¢ TPaJanueil ceporo) mIpeJocTaBIA0TCA Ha OT-
[eJbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuiny mepBoro aBropa. Bce pucyHKH JOIIKHBI GBITH
[OTIOJIHUTEILHO IIPE/ICTABJIEHbI B BUAE OTAeIbHBIX (PailioB (IIpeJrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS uau JPEG) c HagBaHusAMY, cocTOAIMMY 13 (aMUINU IIEPBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo mumrocrpanuii (B TOM Yuciie ITOJIYTOHOBBIX) ZOJIMKHO
obecreunBaTh UX BocupousBegenue ¢ paspemenueM 300600 Touek Ha groiiM. [[OIOJTHUTEIBHO PUCYHKY
IpeoCTaBIAATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJYTOHOBBIX ) HA/IO 10 BOBMOYKHOCTY 3aMEHUThH 6YKBEHHBIMU
o6o3HaueHnAMHY (HaOpaHHLIMU HA KOHTPACTHOM (DOHE), a KPUBbIe 0003HAUYNTD IUMPAMU UJIU PA3IHIHOTO
THUIIA JUHUAMYI/MapKepaMu, pas3bsACHAEMBIMY B IMOAINCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH YEPHOIO I[BETA U JOCTATOYHBIX TOJIIIVH/Pa3MePOB IJiA KaueCTBEHHOTO
BOCIIPOU3BEIEHUA B YMEHBIIIEHHOM B 2—3 pas3a Buje (peKoMeHAyeMas MIMpWHA pucyHka — 12,7 cm).
CHI/IMKI/I JOJIXKHBI 6I:ITI; ‘{éTKI/IMI/I " KOHTPACTHBIMM, a HAAIIUCU U 0608Ha‘{eHI/Iﬂ JMOJIKHBI HE 3aKPbIBAaTh
CyII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HMCIIOJIB30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
yBeJIMUEHNs [IPU ChEMKE JKeJIaTeIbHO IPOCTAaBUThH MaciuTad (Ha KOHTPACTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucu K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKaTh
0003HaueHns (NI HANMEHOBAHUA) OTKJIAJbIBAEMBIX BEJIUUNH U Yepe3 3alsTYI0 UX eIUHUIILI U3MEDEHU .

9. ®opMyasI B TEKCT HEOGXOJUMO BCTABJATH C IOMOIIbI0 pegakTopa dpopmyn MathType, mosHoCcTHIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a tak:xe Ta0JIUIbI U IIOJCTPOYHbIE MPUMeYaHHUA (CHOCKM) JOJ’KHBI UMETh CILJIOIIHYIO
HyMepaIuio 10 BCeil craTbe.

11. CebLiku Ha JUTEpaTypHBIE NCTOUHUKY CJIEAYeT AaBaTh B BUE IMOPAIKOBOIO HOMEpPa, HalleuaTaH-
HOT'0 B CTPOKY B KBaApPaTHBIX CKOOKax. CIMCOK JIUTEepaTyphbl COCTABISAETCS B MOPSAJKE IIEPBOr0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMephl 0pOPMIIEHUs CCHLIOK IPUBEEHbI HUYKEe; IPOCUM 00paTUTh BHUMAaHNE Ha II0-
PAIOK CJIeJOBAaHUSA MHUIINAJIOB U (haMuinili aBTOpOB, 6ubinorpaduuecKux CBeAEHUN U HA PasJe/uTeb-
Hble 3HAKH, & TAKIKe Ha HeOOXOAMMOCTh YKa3aHUs BCEX aBTOPOB IIUTUPOBAHHBIX PaboT, a TaAKIKe B KOHI[E
KasKI0il cchlIKY eé nudposoro nugentuduraropa DOI, eciu Takoii mMeeTCA ¥ COOTBETCTBYIOIIEH MIy0In-
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http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf;
http://images.webofknowledge.com/WOK46P9/help/WOS/A abrvjt.html;
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O6s3aTeIbHBIM TPEOOBAHMEM ABJISETCS IPENOCTaBIeHe JOIIOJHUTEIBHOTO CINCKA IIUTUPOBAHHOM JuTepa-

Typs! (References) B matunckoit rpancanrepanuu (cuicrema BGN/PCGN; pekoMeHAyeMble TPAHCIUTEPATO-

poi: http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn). ITocse Tpamc-

JINTEPUPOBAHHBIX HA3BAHUM KHUT, JUCCEPTAINIA, TATEHTOB U IIP. HAJO0 IPUBOAUTE B KBaAPATHBIX CKOOKAaX

UX aHIJIOA3BIYHBIH ITepeBos. IIpu Tpancaurepamuu crareit us HHH Hamo ncnosbsoBats Hanucanue @ .1.0.

aBTOPOB, IIPUBEAEHHOE TOJIBKO B AHIJIOA3BIYHOM OIJIABJIEHUU COOTBETCTBYIOIIETO BBIIIYCKA, ¥ O(DMIUATIBHOE

TPaHCINTEPHPOBAHHOE HadBaHNe COOPHUKA (CM. TAKIKe CaiiT).

12. Koppekrypa aBTOpaM BBICBLIAETCS IO JIEKTPOHHOM moure B Buze pdf-daiisa. Ha nmpoBepKy Kop-
PEKTYDHI aBTOPAM OTBOJSATCS 5 pabounx gHEMH, HauuHas CO JHs, CAeAYIOIIEro 3a aToi OTIIPaBKU KOPPEK-
Typhl. ITo ncTeYeHNN YKA3aHHOI'O CPOKA CTAThd aBTOMATHUUYECKU HAIPaBJsfeTcs B meuaTs. VcmpaBieHus
cJielyeT OTMETUTDb U IPOKOMMEHTHPOBATh B camoM pdf-daiiie 1160 0popMUTH B BU/E IEPEUHS UCIIPABJIE-
HUU ¥ mepecjarh (OT MMEHM YIOJHOMOYEHHOTO IPEJCTABUTENsS KOJJIEKTHBA aBTOPOB) IO 3JIEKTPOHHOMN
OYTe B aipec peAaKI[uul.

TleuaTHbIe Bepcuy PYKOIVCHU HAIPABJSAIOTCSA HEIocpeACcTBeHHO B pegaxkuuio HHH mo mouroBoMy azpe-
cy: 6yabpBap Akaa. Bepuaackoro, 36, komu. 210; 03142 Kues, YkpauHa 00 4jIeHy peJaKIINOHHON KOJI-
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HU3OTATEJIBCKAA 9TUKA
M IIPEJOTBPAIIEHUE HEJOBPOCOBECTHOM ITPAKTHKH ITYBJIAKAITANA
Penaxknuuonnas Kojulerusi cGOpHUKA HAYUYHBIX TPYAOB «HaHocucmemu, HanHomamepiaiu, HAHO-
MexHO0zil» CIeAyeT 3TUYECKUM HOPMAaM, IPUHSITHIM MeXKIyHapOJHBIM HAYYHBIM COOBIIECTBOM, U
IesaeT BCE AJIs TPeJoTBPAaIlleHus JI0ObIX HapylIeHuil nx. B cBoell AeATeIbHOCTH pefaKIlusA Omupa-
eTcs Ha pekoMeHzanuy Komurera mo sTuke HayuHbIxX nyoaukamnuii (http://publicationethics.org).

O0s3aHHOCTH peJaKIuu

e Bce mpejicTaBeHHBIE CTATHU PELEH3UPYIOTCS 9KCIEPTAMU B JAaHHON 00JIaCTH.

e Ilpu paccMOTpeHHU CTaThbM YUYHMTHIBAIOTCS €€ COOTBETCTBME IIPEJMETHOH o0JacTu, 0GOCHO-
BaHHOCTb, 3BHAYMMOCTb, OPDUTI'NHAJIbBHOCTB, LII/ITa6eJII>HOCTI> " A3BIK.

o Ilo pesynabTaTaM peleH3WPOBAHUSA CTAThbs MOYKET OBITh HPUHATA K ONYOJMKOBAHUIO 6e3
IopaboTKMU, IPUHATA ¢ JOPAOOTKON WM OTKJIOHEHA.

e OTKJOHEHHBIE CTAThU IIOBTOPHO HE PEIeH3UPYIOTCS.

e CraTbu MOTyT OBITH OTKJIOHEHBI 06€3 pelreH3uu, eCJU OHU OUYEeBUIHBIM 00pas3oM He MOAXOAAT
UL TyOJUKaAIUN.

e Pepaknusa npuHUMAaeT pelleHWe O MyOJIMKaIUi, PYKOBOJACTBYSCH MOJUTHUKON KypHAaja, C
YUETOM [AeiCTBYIOIIEro 3aKOHOAATEJIbCTBA B 00JIaCTU aBTOPCKOTO IIpaBa.

e He gomyckaerca K nyOoaukamuy nHGOPMAIIUSA, €CJIU MMEETCS NOCTATOYHO OCHOBAHWIM IIoJa-
raTh, YTO OHA ABJISETCA ILJIAarUaTOM.

ITpu BHanmuumum Kaxkux-au60 KOH(MIMKTOB MHTEPecoB ((pMHAHCOBBIX, aKaJAeMUUYECKUX, JIUUHBIX)

BCe YYACTHUKU IIPOIiecca peleH3NpPOBaHUA AOJKHBI COOOIUTHL 00 9TOM peakosuieruu. Bee cmop-

HbIE BOIIPOCHI PACCMATPUBAIOTCS HA 3aCETAaHUU DEeIKOJIJIETUN.

IIpuHATHIe K ONYOJMKOBAHUIO CTAThU PAa3MEIAIOTCSI B OTKPBITOM JAOCTYIle Ha caiiTe cOOpPHUKA;

aBTOPCKHUE IIPAaBa COXPAHSIOTCA 34 aBTOPAMU.

BTuqecmne NIPUHUMIIBI B J€ATEJbHOCTH PELEeH3eHTOB

o PelleH3eHTH OLIEHUBAIOT CTATHHU IO UX CONEPIKAHWIO, GE30THOCUTENHHO K HAIMOHAILHOCTH,
IOJIy, CEKCYAJbHOM OPUEHTAIUY, DPEJIUTMO3HBIM YOeKACHUSIM, STHUUECKOU NPUHAIJIEMHKHO-
CTH WX MOJUTUYECKUM YOeKIEeHUAM aBTOPOB.

o COTpyJHUKU DENAKIMU He AO/KHBI COOOIIAaTh KaKyI0-In60 MHMOPMAIUIO O IOCTYHIUBIINX
CTaThbAX JIWIAM, He ABISIIUMCS PEeIeH3eHTaMM, aBTOPAMHU, COTPYAHUKAMU DeNaKIuU U
U3aTeIbCTBA.

e PeneHsun IOKHBI OBITh IIPOBENEHBI 00BEKTUBHO. IlepcoHaNIbHAA KPUTHKA AaBTODPA HEIPHU-
emisieMa. PeleH3eHTHI 0653aHbI 000CHOBBIBATH CBOIO TOUKY 3PEHUA YETKO U OOBEKTUBHO.

e PenensupoBaHme IMOMOTaeT M3JATENI0 MPUHUMATH PeIleHre W MIOCPEACTBOM COTPYIHUYECTBA
C PeleH3eHTaM!U U aBTOPaMU YJIYUYIIUTH CTATBIO.

e Marepuaibl, HOJyYeHHBIE MJIA PELEH3UN, ABAAITCA KOHPUICHINAIbHEIMYA JOKYMEHTAMU U
PeLeH3UPYIOTCH aHOHUMHO.

o PemensenT Takke 00s13aH 00palaTh BHUMAHNE PEeJAKTOpPA HA CYINECTBEHHOE MM YaCTUUHOE
CXOJICTBO IIPEJCTABJEHHON CTAaThU C KAKOM-I100 MHOM paboToi, ¢ KOTOPOIl PeleH3eHT HeIo-
CPEeICTBEHHO 3HAKOM.

IIpUMHIUIBI, KOTOPHIMM JOJIKHBI PYKOBOACTBOBATHCS ABTOPHI HAYYHBIX ITyOJIUKAI[MI

e ABTOpHI cTaTell MOJKHBI NIPEACTABJATHL TOUHBIM OTYET O BBINIOJHEHHOU paboTe M OOBEKTUB-
HOe 00CY:KJeHne eé 3HAUNMOCTH.

e ABTOpHI CTAThU JOJIYKHBI IPEJOCTABIATL HOCTOBEDPHBIE PE3YJILTATHI IIPOBENEHHOrO 0030pa U
aHaJIM3a WCCIeNOBaHUi. 3aBeIOMO OINNO0YHBbIe MU CHATbCUDUIINPOBAHHLIE YTBEPIKICHUI
HEIIPUEMJIEMBI.

o CraTbs JOKHA COAEPIKATH AOCTATOYHOE KOJINUYECTBO MHMGOPMAIUYN AJS IMIPOBEPKU U IIOBTO-
peHUA SKCIEPUMEHTOB WJIM PACUETOB APYTUMHU HccaenoBarensaMu. MolleHHUYeCKUe MU 3a-
BEOMO HeIpaBANWBbIE 3asBJICHUS MPUPABHUBAIOTCA K HEITUYHOMY IMOBEAEHUIO U SIBJISIOTCS
HENPUEeMJIEMBIMHU.

e ABTOpBI MOTYT MPEAOCTABJIATH OPUTHHAJbHBIE PEryJsipHble U 0030pHBIE padoTel. Ilpu wuc-
TOJIb30BAaHUY TEKCTOBON MM rpaduyecKoil wH(popMamuy, MOJYyYeHHOH U3 PaboT APYTUX
Ui, 00A3aTeJbHO HEOOXOAUMBI CChLIKM HAa COOTBETCTBYIOIME NMYyOJIMKAIMU HJIU MHUCHbMEH-
HOe paspellleHre X aBTopa.

e TIlomaua craTbu Gojiee yeM B OAWH JKYPHAJ pAaCIleHUBAeTCs KaK HEITUUHOe IIOBeJeHue U
ABJIAETCSA HEIPUEMJIEMOI.

e ABTOpPCTBO [JOJKHO OBITH OIPDAHMUYEHO T€MHU, KTO BHEC 3HAUUTENHHBINA BKJAA B KOHIIEIIUIO,
pa3paboTKy, UCIIOJHEHNE MV WHTEPIPETAIUIO 3asBJICHHOTO UCCIeLOBAHUA.

o UHcrTouHuKM (pMHAHCOBOM HMOALEP:KKHU MyGIMKYEeMOro MCCIeI0BaAHUS MOIYT ObITH YKa3aHBI.
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du3zuka HAHOTPAH3UCTOPOB: paccessHUe IJIEKTPOHOB M MOIEJIb
npoxoskaerus MOSFET

I0. A. Kpyraak

Odeccruil zocydapcmeeHHbLIL IKON02ULeCKUL YHUB8epcumem,
ya. JIveosckas, 15,
65016 Odecca, Ykpauna

IToxmpo6HO paccMOTpeHa KadueCTBEHHAs KapTWHA SABJIEHUN pacCesTHUA 3IJEK-
TPOHOB B KaHaje IPOBOAMMOCTH HAHOTPAH3UCTOPOB ¥ CHOPMYJIUPOBAHBI
Ba’KHEUIIIe pe3yJbTaThl B BuAe cBOAKU GopmyJa (18), B KOTOPOH KJIIOUEBLIM
ABJAETCA MOHATHEe O Kospduiinente npoxoxkaeHua T(E), CBA3BIBAIOIIEM
CPeqHIO AJUHY cBOOOAHOTro Impobera Haszan A(E) ¢ aauHON KaHajga IPOBOAU-
moctu L. 3arem o00600méHHAaA Teopud TpaHcmopra Jlangayspa—JlaTTa—
JIyaacrpoma (JIIJI) mosBosmiaa mOCTPOUTh Momeab mpoxokaenus MOSFET c
y4E€TOM paccesHus JIeKTPOHOB. OrpaHmueHus, HaKJAJblBaeMble 3JIEKTPOCTA-
tukoir MOS, yuTeHbI B BhIpaskeHuu Jlangayspa ana toka (19). Urorom sBu-
aacey momenb npoxoxkaeHusa MOSFET B Buge cBoaxu dopmyn (36) mas BBI-
YMCJIeHUA JIMHEHHOM 06JiacTy U 00JIaCTU HACHIIIEHWSA BBIXOJHOIN XapaKTepu-
CTUKN HAHOTPAH3UCTOPa, KOTOPYIO IIOJIE3HO CPABHUTH C 0AIIUCTUYECKOUN MO-
menbio MOSFET (69/[1]). Ecau TpamsucTop paboTaeT B IOAIOPOTOBOM PEIKI-
Me, MOXKHO BOCIIOJIb30BATBHCSA HEBBIPOKIEHHOII craTmcTukoii. OgHAKO B pe-
JKMMe BBIIIe IIOpOra 30HA IIPOBOAMMOCTY Ha BepIInHe Oapbepa OJM3Ka WIu
maxke HuKe ypoBHsA PepMu, TaK UYTO HYMKHO II0JIb30BATBCS CTATUCTUKOM
Pepmu—upaxka. Tem He MeHee, CTaJ0 MPAKTHUKON B TEOPUU YCTPOMCTB CO
cTpyKkTypoit MOS wmcmnosib30BaTh HEBBIPOKIEHHYIO CTATUCTUKY Makcpesia—
BosbiiMaHa, TOCKOJIBKY HMCIOJIb30BAHUE €€ CUJILHO YIIPOIIAeT PaCUYEThI, BEAET
K OoJiee mpocThIM (hopMyJsiaM M JesiaeT Teopuro Oosee moHATHOUN. Ha mpakTu-
Ke TakKe OOBIYHO HEKOTODBIE IIapaMeTpPhl TPAH3UCTOPA HEe M3BECTHBI C JOCTAa-
TOYHOM TOYHOCTBIO, ¥ B CJIyYae MCIIOJIb30BAHWS HEBBIPOMKIEHHON CTATUCTUKUI
OHU MOTYT PacCMaTPUBAThLCSA B KauecTBe IapaMeTPOB MOATOHKHU, o0ecHeunBasd
BIIOJIHE IIpHeMJIeMble pes3yabTaThl. IlosyueHHBIE YpaBHEHUS XOPOIIIO COrJia-
cyroTcs ¢ ()DM3UKOH IPOIECCOB B JUHEMHOH 00J1acTH, KaK U B 00JIaCTU HaCHI-
IIEeHNs, Yero Heslb3s CKasaTh 000 Bcell 00JIacTV M3MEHEHUS HANPSKEHUs Ha
CTOKE, IIOCKOJIBKY Y HacC HeT JOCTATOYHO HANEKHON MOIEU IJIA 3aBUCUMOCTH
T(Vps). Hamnee Oymer mokasaHo, KaK MOXKHO OOBEIMHUTH MOJEJIb IIPOXOXKIE-
HUA ¥ MOJeJb BUPTYAJbHOTO MCTOKA M TaKUM O0OPas3oM BBIATH HA MOIEJIHPO-
BaHNe Bcell IMeJIbHOI BBIXOAHON xapakTepuctuku MOSFET.

225
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HeTanbHO DPO3IJIAHYTO AKICHY KapTUHY SABUIN PO3CilOBaHHSA €JE€KTPOHIB ¥
KaHaJi NIPOBIZHOCTM HAHOTPAH3UCTOPiB i chopMyJsbOBaHO HaNBaXKIMBiIIi
pesyabTaTy y BUTJIALL 3BemeHHA (opmya (18), B AKOMY KJIIOUOBUM € IIO-
HATTA Tpo KoedimieuT mpoxomxenua T(E), 1mo 3B’A3ye cepemHIo AOBKUHY
BibHOTO mpobiry Hasam A(E) i3 moB:kmHOIO Kamaay mpoBimHoctu L. ITotim
ysarajgbHeHa Teopis Tpaucuopty Jlargmayepa—Harra—Jlyagcrpoma (JIIJI)
YMOKJIUBHUJIA MOOyayBaTu Mozeab mpoxom:xkeHHa MOSFET 3 ypaxyBanHAM
poscitoBaHHsa eleKTpoHiIB. OO0Me:KeHHsS ejdexkTpocratuku MOS BpaxoBamo y
Bupasi Jlammayepa gusa ctpymy (19). IlincymMKoM cTaB MOJeb MPOXOMKEHHA
MOSFET y Buraazni seefeHHa dopmya (36) nia odunucieHHs JiHitHOI 0061a-
CTH M 00JIaCTM HAaCUTY BUXIiZHOI XapaKTepHMCTHUKN HAHOTPAH3UCTOPA, AKY
KopucHO nopiBHATHU 3 Gasictuunum Mmozaesnem MOSFET (69/[1]). Axmio Tpa-
HB3UCTOD IMPAIIOE B IIiIIOPOTOBOMY PEKHMi, MOKHA CKOPHUCTATHCH HEBUPO-
IPKEHOI0 cTaTuCcTuKo. OMHAK y pesKUMi BuUllle TOpoTa 30HA IPOBiTHOCTH HA
BepminHi 6ap’epy 6amsbKa abo HaBiTHL HuKUe piBHA Pepmi, Tak 110 TOTPio-
HO KopucTtyBatucda cratuctukoio Pepmi—/lipaxka. IIpoTe cTaso mpakTUKOI B
Teopil mpucTpoiB 3i cTpyKTypoio MOS BHKOPHCTOBYBATH HEBUPOIKEHY CTa-
TUCTUKY MakcBennma—BoabliMaHHA, OCKiJIbKM BUKOPHCTAaHHA Ii CHJIBHO
CIIPOII[YE PO3PaxXYHKM, Bede A0 OiJbIll mpocTux (GOpMYyJa i poOuUTh Teopiro
6inbin 3posymisoro. Ha mpakTuili Taxkosk 3a3Buuail gedKi mapamMeTpu TpaH-
3UCTOpa HE BifloMi 3 JOCTAaTHBOIO TOUHICTIO, i B pasi BUKOPUCTAHHS HEBUPO-
MPKEHOI CTaTUCTUKU BOHU MOKYTh PO3TJVIANATHCA B AKOCTiI mapamMeTpiB IIpu-
macyBaHHsA, 3a0e3lMeuyoun I[IJTKOM HPUHHATHI pesyabratu. Omep:xaHi piB-
HAHHA To0pe y3romKymThbcda 3 Gi3nKoI0 IIpoIeciB y JiHiMHINA obmacTi, AK i B
o6JiacTi HACUTyY, YOro He MOKHA CKasaTH IIPO BCIO 00JIaCTh 3MiHM HAIIPYTH
Ha CTOIli, OCKiJIbKM y Hac HeMa€ AOCTAaTHHO HAMIMHOTO MOJENI0 JJIA 3aJIeK-
vHoctu T(V,s). Hami Oyme mokasaHo, AK MOKHa 00’€IHATH MOJEIb IIPOXO-
MUKEeHHS Ta MOJEeJb BipTyaJbHOrO BUTOKY i TaKMM YMHOM BUHUTH Ha MOJe-
JoBaHHS Bciel mimicHol Buxiguoi xapaktepuctuku MOSFET.

A qualitative pattern of electron-scattering phenomena in the conduction
channel of nanotransistors is considered in detail, and important results
are formulated in the form of a summary of formulas (18), in which the
concept of the transmission coefficient T(E) connecting the mean free
path A(E) with the conduction channel length L is key. Then, the general-
ized theory of Landauer—Datta—Lundstrom (LDL) transport enables to
construct a model for the MOSFET transmission with allowance for the
scattering of electrons. The limitations imposed by the MOS electrostatics
are taken into account in the Landauer expression for the current (19).
The result is a model for passing the MOSFET in the form of a summary
of formulas (36) for calculating both the linear region and the saturation
region of the output characteristic of a nanotransistor, which can be com-
pared with the ballistic model of a MOSFET (69/[1]). If the transistor op-
erates in a subthreshold mode, one can use nondegenerate statistics. How-
ever, in the regime above the threshold, the conduction band at the barri-
er top is close to or even below the Fermi level, so we need to use the
Fermi—Dirac statistics. Nevertheless, it has become a practice in the theo-
ry of MOS devices to use the nondegenerate Maxwell-Boltzmann statis-
tics, since its use greatly simplifies calculations, leads to simpler formu-
las, and makes the theory more understandable. In practice usually, some
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parameters of the transistor are not known with sufficient accuracy, and
in the case of using nondegenerate statistics, they can be considered as
fitting parameters, providing quite acceptable results. The obtained equa-
tions are in a good agreement with the physics of processes in the linear
region as well as in the saturation region that cannot be said concerning
the whole region of voltage variation in the drain, since we do not have a
sufficiently reliable model for the T'(V,s) dependence. Next, we show how
you can combine the penetration model and the virtual source model, and
thus to simulate the entire MOSFET output characteristic.

KaroueBble cjoBa: HAHOYJIEKTPOHUKA, moJieBoi Tpausucrop, MOSFET, mo-
nens JIIJI, MeTpuKa TPaH3UCTOPOB, paccedHUE 3JIEKTPOHOB, MOJEeJb IIPO-
XOMKJEeHU.

KarouoBi cioBa: HaHOeJIEKTPOHiKa, moaboBuii Tpausucrop, MOSFET, wmo-
neab JIIJI, meTpmKa TpaH3UCTOPiB, PO3CilOBaHHA E€JIEKTPOHIB, MOJAEJb IIPO-
XOMKEeHHA.

Key words: nanoelectronics, field effect transistor, MOSFET, LDL model,
transistor metrics, electron scattering, penetration model.

(ITonyueno 17 mapma 2019 e.)

1. BBEAEHUE

IIpu BbIuuciaeHuu xapaxktepucTuk Oamauctuueckux MOSFET bl
HaumHaau ¢ ypaBHeHuUA (57/[1]), B KOTOpOM IIpeAIIONIarajaoch, YTO KO-
apdumuent npoxoxkaenusa T(E) paBeH eguHuiie. PaccesHue 3J1eKTpPoO-
HOB Ha 3apsKEHHBIX IPUMeCSIX, KOJeOaHUAX PEIIEeTKH M TOMY II0m00-
HbI€ IIPOIEeCChl YMEHBINIAIOT IPOXosKAeHre. 11 BeIUMCIEHUSA XapaKTe-
PHCTUK TPAH3UCTOPOB C YYETOM paccesdHUA B IIeJIOM CIPaBEAJIUBO
ypaBHeHUe

I, = qu [ TEYM(E) (,(E) - £,(E)) dE . (1)

TpaexTopusi 3JeKTPOHA MPKU OAJIMCTUYECKOM IIepeHoce CXeMaTH-
YecKM MOKasaHa Ha puc. 1 B CpaBHEHUHU C KBa3MOALINCTUUYECKHUM IIe-
peHocoM, BKJIIOYAIOIIIUM MHOMKECTBEHHbIE ITPOIIECChl PACCedHU .

Kax moxasano Ha JieBOM puc. 1, 5JeKTPOHBI BIIPLICKMBAIOTCS YC-
TOKOM, T'lle¢ OHM IIOJBEeP:KeHbl PAaCCesHUI0, B KaHAJ IIPOBOAMMOCTH, B
KOTOPOM He IIPOMCXOAAT IIPOIECCHI PACCEedHUs, U BXOAAT B CTOK, I'le
OHH OIIATDH IIOJBEP:KeHbI paccessHN0. PasHuIla B 9JIeKTPOXUMHUUYECKUX
MOTeHIIMAJAaX Ha KOHIAX KaHajJa IPOBOAMMOCTH YCKOPAET 3JIEKTPO-
HbI, OHU TepAIT KUHETHUECKYI0 sHepruio KE, KoTopas mepemaércs
CTOKY. ITO OANITHUCTUUECKUNA IepPeHocC.

CuopaBa Ha puc. 1 yCJIOBHO HMOKasaHa TPaeKTOPHUA IIepeHoca B IIPU-
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Ea L<<i E4 L>>A

Puc. 1. Unnocrpanus OaLaucTUYECcKoro (cjeBa) M KBas3MOAIHNCTHUYECKOI'O
(ctpaBa) mepeHoca 3JeKTpoHa. B o6omx ciydasgx NOKa3aHBI TPaeKTOPUU
9JIeKTPOHA, WHIKEKTUPOBAHHOIO MCTOKOM IIpU ONpeleseHHOU sHepruu E.
Pacceanre — 9TO cToxacTuyecKU# IIpoIlecc, TaK UTO TPAeKTOpUsA cIipaBa —
0[lHA M3 MHOKECTBA BO3MOKHBIX TPaeKTOpHii.!

CYTCTBUH aKTOB paccedHMs. HeKoToOpble aKThl pacCesHUA YIpyrue:
W3MeHsIeTcsa HalpaBjieHne IBMKEHHUS, HO He sHeprud. [[pyrue akThl
HeyOpyrue: W3MeHAOTCA U HaOpaBjieHue U sHeprus. Hampumep,
AJIEKTPOHBI MOTYT HPHOOPECTU DHEPTUI0 IIYTEM IIOTJIOIIEeHUS (POHOHOB
(KoiebaHMII PEIIETKMN) WJIM MOTYT IepelaTh JHEpPTHUi0 KoJebaHuAM
peliéTKku, reaepupys (poHOHBI. B uwacTHOCTH, IJ4 MOKAa3aHHOU cIIpaBa
TPAEKTOPUU 3JIEKTPOH, BIPLICHYTBHIH MCTOKOM, TOCTUTAaeT CTOKAa, Of-
HaKO, paccesHKe 3TO CTOXACTHUUECKUI IIPOIecC, U MOTYT Pear30BBbI-
BAThCA TPAGKTOPUU, KOTIA HHIKEKTHPOBAHHBIA HCTOKOM 3JIEKTPOH
paccenBaeTcda Hasaa X BO3BpalllaeTcsd B MCTOK. IIpoxosKaeHue OT mcC-
TOKA 0 CTOKa €CTh OTHOIIeHMEe IIOTOKA 3JIeKTPOHOB, BIPHICHYTHIX HC-
TOKOM, K IIOTOKY 9JIEKTPOHOB, MOKHUAAIOIIUX KaHaJ IPOBOAUMOCTU
yepes CTOK, C Hen30eKHOCTHIO YMEHbIIIaeTCsA 13-3a PACCeAHUA.

Hayiee Mbl BHAauaje KaueCTBEHHO PAaCCMOTPUM pacCesdHue 3JIeKTPOo-
HOB U BBEIEM MOHATHE O KOod((dUIlMeHTe IPOXOKIEHUA, a 3aTeM IIO-
cTpouM Mozeab npoxo:xaenus MOSFET.

2. PACCEIHUE 9JIERTPOHOB H ROO®PUITUEHT ITPOXOKIEHUA

Hamopasmepusie MOSFET He aBIAOTCA HU YKNCTO 0ALIMCTUUYCCKUMU
(T(E)=1), u uncro auddysuonusivu (T(E) << 1): onu paGoraior B
KBasmbasmauctuueckom pexume ¢ T(E)</=z1. Hama samaua —
HAyYUTHCA II0Jb30BaThCcA ypaBHeHHeM (1) B KBasmubOaIMCTHYECKOM
pe:xkume. Bosee moapo6GHO C IPOXOMKIEHHEM MPU PaCCesTHUU MOKHO
MMO3HAKOMUTHLCA B [2—5].

XapakTepucTu4ecKue BpeMeHa M IJUHBI. ¥ TOOHBIN IMOAXOHN K IIOHU-
MAHHUIO paccesHusA Tal0T XapaKTepUCTHUYeCKHe BpeMeHa, TaKkue Kak
cpenHee BpeMsA MeKIY CTOJKHOBEHUSAMM T, MJIN CKOPOCTh PacCedHUs
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1/t KaK BepOSATHOCTh aKTa paccedHUWs 3a eIUHUILy BpeMeHU. ¥ T0OHO
BBECTH TaKJKe XapaKTepucTuuecKue IJIUHBI, TaKhe KaK CcpemHas
IJWHA cBOOOAHOTO mpobera A, cpemHee pacCTOAHME MeXKIY aKTaMU
pacceanusa, a 1/A ecThb BepOSTHOCTb pacCeTHUS Ha €OUHUITY AJIWHBI.
B obmiem cayuae sTH XapaKTepUCTUYECKHe BpeMeHa U AJUHBI 3aBU-
CAT OT dHePrum dJeKTpoHoB. Hac OyayT MHTepecoBaTh CpegHUNEe Bpe-
MeHa paccedHUHS U CpeJHHe IJUHBI CBOOOZHOTO Impobera, Koraa
ycpeqHeHNe ITPOBOAUTCS IO (PUBUUYECKM CYIIIeCTBEHHOMY paciipenelie-
HUIO 9HEPruil 3JIeKTPOHOB.

Tpu Ba)KHBIX XapaKTePUCTUUYECKUX BPEMEHU MITPOUJLIIOCTPUPOBAHEI
Ha puc. 2. PaccMoTpuM TOTOK BSJEKTPOHOB C KBasUUMITYJIHCOM
p(E) = p(E)X , "HKEKTUPOBAHHBLIX B IOJYIPOBOAHUK B MOMEHT Bpe-
meau t=0. Bymzem cumTaTh, UTO SHeprud 3JEeKTPoHOB E HamMHOrO
O0osbirie paBHOBecHOU sHepruu 3kT/2. Ilo mcreuenum Bpemenu T(E)
IyCTh KaKILIN SJIEKTPOH HCIIBITAeT B CpeJHEM XOTs Obl OJMH aKT
pacceanusa. Beauuuma t(E) ecTh cpefHee BpeMsdA paccesdHus, a oopart-
Hasa BequumHa 1/1(E) — cpeaHAasa CKOpoCcTh pacceaHusaA. Ilpu aTom
IIpenIojiaraeTcs, YTO BCE COCTOSHUS, B KOTOPbIe PAaCCEMBAIOTCS JJIEK-
TPOHBI, CBOOOAHBI I OTCYTCTBYIOT SJIEKTPOHBI, IPUBHECEHHBIE U3 APY-
rux coctosaHuii. Bosiee TouHo BenmumHy T(E) MOMKHO HasBaThb CpEI-

p(t = 0) %,

—’ o
— V -
= <
t=0 t~0
PP
twthI tNTE>’Em2‘E

Puc. 2. KauecTBeHHas BH3yaNuW3alnus pPA3JIUUYHBIX XapaKTePUCTUUYECKUX
BpeMéH paccesdHusi. B momeHT BpemeHu ¢ =0 B3JEKTPOHBHI C OJUHAKOBBIMU
UMIyJIbCaMU BIPBICKMBAIOTCSA B MPOBOAHUK B OJHOM HAIPaBIEHUU. OJIEK-
TPOHBI MCIBITHIBAIOT B CPEIHEM OIHO CTOJKHOBeHHWe uepe3 Bpems t = T(E).
CyMMapHBIfI MMIYJIbC II€PBOHAYAIBLHOTO aHCAMOJIA SJIEKTPOHOB 3aHYJISAETCHA
gepe3 Bpemda t =~ T,(F) > 1(E), a sHeprua IpUHUMaeT CBOE PaBHOBECHOE 3Ha-
JeHHe uepe3 BpeMda ¢~ T,(E) > 1, (E)=1(E). [J1uHa BeKTOPOB Ha PUCYHKax
CHMBOJIMYECK CBA3aHA C dHeprueit [2, 4].2
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HUM BpeMeHeM paccesHHus 3JeKTPOHOB Hapy:Ky (out-scattering time).

Kax moxasano Ha puc. 2, I0JE3HO ONPEeIeJUTh U APYrue XapakxTe-
puctudyecKkue BpeMeHa. Hampumep, mpenMyIlecTBEeHHBIM MeXaHN3MOM
paccessHUA MOKET OBITH YIPYroe W aHMW30TPOITHOE paccesHure, TaK YTO
aKT paccedHMs He H3MEHSIET SHEPTrui0 W JUIIHh HEe3HAUUTEJIbLHO OT-
KJIOHAET 3JIeKTPOH. B aTom ciaydae mo mpoirectBuu BpeMeHu T(E)
BJIEKTPOHBI BCE EIMé XapaKTePUIYIOTCA UMITYJIbCOM IPEUMYIIIECTBEHHO
B HAaIIpaBJIEHNHN OCH X M HNX 9HEPIrusd HpI/16JII/ISI/ITeJIBHO Ta e, 4TO u
mpu BOpbickuBaHuHM. Ilo3)Ke, Uepesd BpeMs peJlaKCAllUd WMITYJIbCa
7,(F) UMIYyJIbCHl 3JIEKTPOHOB PAHAOMU3UPYIOTCA W PeIaKCHUPYIOT U
CYMMAapHBIA HMITYJILC VysKe He HampaBJeH BIOJb ocu X, OTHAKO,
CPeqHASA dHEPrus Bce emié OJM3Ka K SHEPTUU IIPU MHIKEKTHUPOBAHUMU,
ec/ii JOMWHAHTHBI MeXaHM3M paccesaHUs Bce eIlé OCTaETcA YIpy-
ruMm. HakoHell, uepe3 HECKOJBKO 0OoJiee IJINTEJIbHOE BpPeMdA, BPeM:A
pelaxkcanuu BSHEPruu 71,(E), BIPBICHYTHIE OJIEKTPOHEBI IIOTEPAIOT
CBOIO M30BITOYHYIO SHEPTUIO U IPUIYT B paBHOBecHOe cocTtodgnume. Co-
OTHOIIMIEHNE MEXJy O9THMMU XapPaKTEepHUCTHUYECKUMMHK BPE€MEeHaMWu IIPpU-
OIM3UTEILHO TaKOE:

T (E) >> 1, (E) >/ = 1(E), (2)

rge OTPasKeHO, YTO MOJKET IIOTPe00BATLCA HECKOJBKO AKTOB HEYIPY-
roro paccesiHmusi, 4To0bl cOPOCUTE M30OLITOUHYIO sHepruio. Eciu pacce-
siHMe M30TPOIIHOE, T.€. JeKTPOHBLI PABHOBEPOATHO PACCEHBAIOTCA B
JIO0OBIX HalpaBlaeHUAx, To 1(E) =1, (E).

MosKHO OIpemeUTh TAKMKe XapaKTepHuCTUUYeCKHe AJUHBI pacces-
HUsS, TaKMe KaK CpegHsas [OJuHa cBobomHoro mpobera (mean-free-
path—mfp)

A(E) = v(E) «(E), (3)

VHaUe cpeJHee PacCTOAHME MeXKIYy aKTaMu paccesHus, mau mfp pe-
Jakcaluu uUMITyJibca u mfp pejaxkcamuu SHePruu, €CJau dTO HeohXOo-
IUIMO.

Cropoctu pacceanusa u 3Heprud. PyHJaMeHTAJLHBIM IOHATHEM B
TEOPUU paCCesTHUA SABJSIETCA MaTpUIla paccesHus S(p — p'), IepeBo-
IAIAaA CUCTEMY YaCTHUIl U3 MEePBOHAYAJIBHOTO COCTOAHUA P B HEKOTO-
poe KOHEUHOe COCTOAHUE P’ .

CkopocTh paccesHUsA, WHAUYe BEPOATHOCTH PACCEAHUA 3a €IUHUILY
BPEMEHU, €CTh IPOCTO eIWHUITA, AeJEHHASA Ha CpelHee BPEMS MEXKIY
COCEIHVMMU CTOJKHOBEHUAMHU, U IIOJYyYaAeTCS IIYyTEM CYMMUPOBaHUA
10 BCEM BO3MOKHBIM KOHEUHBIM COCTOSHUAM, & UMEHHO:

1
—:ES - p). 4
) ~ (p—>p) (4)
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B mpenamosioskeHnn, UTO 3JEKTPOHBI BIPBHICKUBAIOTCS B IPOBOSHUK
¢ HAYAJbHBIM WMIYJIbCOM, HAIPABJEHHBIM BJOJb OCU X, JJA CKOPO-
CTU UMIYJbCHOH pejlaKkcanuu, mo aHajgoruu ¢ (4), umeem [2]:

= X0 ) . )

x

7,,(P)

AHN30TPOIHOE paccesdHNEe CTPEMHUTCS OTKJOHUTH 3JIEKTPOHBI Ha
HeOOJIbIIe YIJIbl, B Pe3yJbTATe UEro BPeMsA MMIIYJILCHON pejaKCcalluu
pacTéT, a COOTBETCTBYIOIIAS CKOPOCTh IafaeT. AHAJOTMUYHBIM oOpa-
30M 3aMMCBIBAETCSA CKOPOCTH PeJIaKCAI[N DHEPIUHU Uepe3 BPeMs COOT-
BETCTBYIOIEH peJaKCcallin.

Bpemsa mMIOyJabCHOM pelakcamuyd MOMKHO PACCUUTATH U3 CKOPOCTHU
nepexoga. TexHMKA BBIUMCJICHHIM CKOPOCTH IIepexoia IIOAPOOHO u3-
JoxkeHa B [2]. 3mech MBI 00pHCYyeM JIHINIL €€ OCHOBHBIE MOMEHTEHI.
PaccmoTpum aKT paccessHus moapobuee (puc. 3).

IIycTh 5JIEKTPOH C MMIIYJILCOM P = ik M OmMCBIBAaeMBIH BOJIHOBOII
dbyuKnUedl y,(r) okasajca B o0jacTu AeHCTBUA NMOTEHIHAJa paccesd-
Hua Ug(r,t), KOTOpBIH MOXKeT OBITH KaK CTATUUECKUM (paccesHHe Ha
3apSAMKEHHBIX IIPUMECSX), TAK U JUHAMHUYECKUM (paccesdHue Ha (POHO-
Hax). B pesyibTaTe axTa pacCesHHUs II€PBOHAYAJIBHBIA MMIIYJILC
DJIEKTPOHA CTAHOBUTCS MHBIM P’ , U3MEHSETCA M €ro BOJIHOBAA (PYHK-
nua Ha ,(r). HyxHO paccuuTaTh BEpOATHOCTDH (32 €IMHUILy BpeMe-
Hu) S(p — p') Hepexoja 3JIeKTPOHA M3 IEPBOHAUYAILHOI'O COCTOSHUS
P B KoHeuHoOe p’.

B mepBoM mopsgKe TEOPUU BO3MYII[EHUHA

N _ 2T 2
S(p - p) =TL|HP,,I,| S(E'— E - AE), (6)
rae ManI/I‘IHBIfI 9JIEMEHT IIepexoaa
2 +00 R
H,,[ = [ v;@Us@)y,(x)dr.

Bripaskenue (6) m3BeCTHO B KBAHTOBOUM TeOpPUM KAaK 30JI0TOE IIpa-
Busio Pepmu—duparka [6, 7]. @urypupyiomniad B (6) d-pyHKIUA OT-

v (r)
p!

Puc. 3. Ilepexon sjieKTpOHaA M3 HAYAJIBLHOTO COCTOAHWS B KOHEYHOE B pe-
3yJbTaTe aKTa pacceAHUsA Ha moreHnmuane Ug(r,t) 2
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BETCTBEHHA 324 COXPaHeHWe SHEpPruu. B cilyuae CTaTHYECKOr'o IIOTEH-
muajga paccesHus (HampuMep, Ha 3apAMKEHHBIX IPUMECSX) 9Heprus
He penakcupyer (AE =0). [Ina mepuoAuUYecKOro IIOTEHI[MaJa C Xa-
paxTepHO# uacToTOil ® (KoaebaHus pemérku) AE = +hwm, YTO COOT-
BETCTBYeT H3JIYUYEHUIO HJIM IOIJIOIeHn0 (oHOHA. B Jsro6oM ciryuae
CHauajla HYXXHO 3aJaThbCA IIOTEHIIMAJOM PACCESHHUS, 3aT€M BOCIIOJIb-
30BaThCsa (6) U majiee BRIUYMCIUTEL XapaKkTepHoe Bpema (4) uau (5).

Corsacuo (4), CKOpPOCTb paccesHMS 3aBUCHUT OT UMCJIa KOHEUHBIX
COCTOAHUI mpu dHepruu E(p'), DOCTYOHBIX OJas dJaeKkTpoma. Cmerru-
Q)I/I‘—IGCKI/IG MeXaHu3Mbl pacCeadHud MOTYT OTﬁl/IpaTb CIienniajJIbHbIE KO-
HEUYHBIE COCTOSHNS, B UeM MbI yOeIMMCSA HUKe IIPU O0CY KIEHUH pac-
CedHNsS HA B3apAKeHHBIX IPHMeCiX, a B IIPOCTEHIIeM CcJydae CKO-
pocTh paccesaHHUsA OOJIKHA OBITh HPOMOPIIMOHAJIBHON IIJIOTHOCTH KO-
HEeUYHBIX cocToAHUM. [[JIf MBOTPOIMHOTO yIPYyroro pacceadHmusd dJIeKTPO-
HOB B 30H€ IIPOBOAMMOCTH

1 _LOC
«E) t,(E)

D(E-E,), (7)

a MJid U30TPOIIHOI'O HEYIIPYI'oro pacCCedHnd, KorJa 3JIEKTPOH IIOoIVIoIIaeT
nim u3djaydaeT 9HEepPIruio ﬁ(D, HalipuMep, IIpu BSaHMOAGfICTBHH C (l)OHO—
HOM,
1 1
uE) t,(E-E,)

« D(E+ho- E,). (8)

Hasi mpoCTBIX 30H MapaboIMdYecKOro Hpouis M3BECTHHI aHAJIUTHU-
YyecKUe BBIPAYKEHUs AJIsI BpeMEH paccedaHusd [2], a myis GoJiee CIOKHBIX
30H He 000HTHCHL 0e3 UMCJIeHHOr0 CYMMUPOBAHUS II0 KOHEUHBLIM COCTO-
STHUSIM.

B ciayuae moJiyIpOBOJHHKOB BPEMEHA PACCESHUSA YACTO 3aIIMChIBA-
10T B )OpPMeE CTEIIEHHOT'O 3aKOHA

E-E.Y
— C
Tm(E) - Tmo E kT ’ (9)
rIe s — XapaKTepHBLI MOKas3aTeNb CTEIeHU, COOTBETCTBYIOIIUN TOMY

WM WHOMY MeXaHu3My paccedHus. Hampumep, paccesHHe 3JIEKTPO-
HOB HA aKyCTUYEeCKUX (POHOHAX JOIYCTUMO pacCMaTpUBaTh KaK IIO-
YTH YIPyroe W M30TPOIIHOE IPU KOMHATHOI Temmeparype. CKOpOCTH
paccessHUA OJIKHA OBITH ITPOIIOPIIMOHAJIBHOMN IJIOTHOCTU COCTOAHWIA,
KoTopas Aasa 3D-3JIeKTPOHOB Ipu nNapaboJryecKoil 30HHOH CTPYKType
NOJyIIPOBOAHUKA Hponopiuonanbia (E — E,)"?, Tak uTto mis Bpeme-
HU paccedHMA MOMKHO OKHIATHL IIPONMOPIIMOHAJBLHOCTh BEJIUYUHE
(E - E.)"?. XapaxTepHbIii TIOKa3aTelb CTENEHU JJIA PACCeAHUSA Ha
akycTuueckux (ouHoHax s=-1/2. Haa 2D-3JeKTPOHOB ILIOTHOCTD
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COCTOSIHUI HEe 3aBUCUT OT HEpPruu, Tak UYTO XapaKTepHBIH IToKasa-
rensb crerneHu S = 0. [[nag 1D-5JeKTPOHOB IIJIOTHOCTH COCTOSHUI IIPO-
TopIMoHAaJIbHA (E—EC)’I/ ? § xapaKTepHBIH IIOKA3aTeNb CTEIEHH B
cremennoM 3akoHe (9) s=+1/2. He Bcerma MOKHO OIIHCATL BpEMs
pacceaHUA CTeIeHHLIM 3aKOHOM, HO €CJM 9TO BO3MOXKHO, TOTJa pac-
YETEI CUJIBHO YIIPOIIAIOTCH.

Korma mpu paccesHHMN YUUTBHIBAIOTCS 3JIEKTPOCTATUUYECKUE B3anMO-
IeiicTBUsI, HAIIPUMEP, IPU PACCEAHNM Ha 3aPAKEHHBIX IPUMECIX WA
IpU pacceTHUM Ha (POHOHAX B MOJIAPHBIX CpelaX, 3aBUCUMOCTH BpeMe-
HU paccesgHMs OT dHeprum mHasgA. Kak moxasaHo Ha puc. 4, pacmoJo-
JKeHHbBbIE CIyYalHBIM 00pasoM 3apsAlbl BLISBIBAIOT (WIYKTyalluu IIPodhu-
JIg AHA 30HBI mpoBopumocTu E,(x), mpuBozAmue K paccesHUIO dJIeK-
TpoHOB. OTHAKO BBICOKOIHEPTETHUECKIUE SJIeKTPOHBI UYBCTBYIOT (DIVK-
TYUPYIOIUI ITOTEHITNAN B MEHBINIEH CTeIleHH, UeM 3JEeKTPOHBI ¢ 0ojee
HU3KOM dHeprumeil, Tak UTO B CJIyUae paccesdHUA Ha 3apAKEHHBIX IIPU-
MecAX WM Ha MHOJAPHBIX (POHOHAX MONKHO OKHUIATH, UTO CKOPOCTD
paccesuus 1/t(E) ymeHbiutca (BpeMsa paccesuus t(E) yBeJIUUUTC)
C POCTOM dHEPTUU 3JeKTPOHOB. LA 3D-3/eKTPOHOB BPEMEHU pacces-
HUA B CTEIIEHHOM 3aKOHE COOTBETCTByeT 3HaueHume s =+3/2 [2]. Ilpu
paccessHUM Ha HEIOJAPHBIX (POHOHAX BPEMs PacCesHUs YMEHBIITAeTCs C
SHEepPTHUel 9JeKTPOHOB.

B oTHollleHuy pacceaHUA Ha 3apPKeHHBIX IPUMeECAX BaKHO OTMe-
TUTH €r0 aHM30TPONMI0. 3HAUNUTEIbHAS MO0JSA 3JIeKTPOHOB XapaKTepu-
3yeTcs OOJIBIIION SHEpTHUed M IIOUYTH He MEHSIOT CBOM TPAeKTOPUU B
mmojie 3apsAKeHHBIX HpuMeceii. B pesyabraTe BpeMsa pejaKcaluy HM-
myJbca IIPU pACCeIHUM Ha 3apsaKeHHBLIX IIPUMeCcAX CYIIeCTBeHHO
Oosbllle cpefjHEr0 BpeMeHH pacceaHusd: T, (E) >> t(E).

Cpenusas aamHa cBOOOAHOTO mpobera TakiKke MOKeT OLITh 3alrcaHa
B BHUJIe CTeIeHHOro 3aKoHa. VI3 ypaBHeHUs (3), IOMHS, UTO JJs IIapa-

ET
*-————-
P’ E (x)
A\ r\\,\l\/p{ x
JE (x) = Uy(x)

Puc. 4. ®ryKTyupyoIIuid TOTEHIIUAT, CO30aBAeMbINl CIYYaHO PACITOJIOMKEH-
HBIMM 3apdajaMy, WJIIIOCTPUPYeT paccesHUe Ha 3apssKeHHBIX IIPUMeECHX.
OJIEKTPOHBI C BBICOKOI 9HEprueil UyBCTBYIOT BO3MYIIAION[WIM MOTEHIIMAJ B
MEHBIIIEell CTelleHU II0 CPABHEHUIO C JJIEKTPOHAMHU C MEHLIEeH JSHeprueud u
IIOBTOMY PacCeMBaIOTCS MeHbIme.*
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6osmueckux 300 V(E) o (E - E,)"?, umeem

ve(E-E.Y E-E.
Mm:mmwmmw—ay(jﬁ§j=%ﬂzFﬂ,(m)

rie XapaKTepUCTHUYECKUII IIOKA3aTeNlb CTEIeHW AJA CPeaHel IJIMHBI
cBobomHOrOo mpobera r=s+1/2. [Ina pacceaHus Ha aKyCTUYECKUX
¢ononax B 3D s=-1/2, tak uto r =0: cpegHaAsa AJUHA CBOOOIHOTO
npobera He 3aBUCHUT OT sHepruu. IIpm paccesHUM HA aKyCTUUYECKUX
dononax B 2D s=0, Ttak uto r =1/2: cpenHas IJumHA CBOOGOIHOTO
mpobera yBeJUUYNBAETCA C POCTOM SHEPTUU 3JIEKTPOHOB.

Kosdduimment mnpoxoxaenuda. Pazmumume MexXIy IPOXOKIEHUEM
Ty, (E) ot ncroka k cToky u T,4(E) 0oT cTOKa K HCTOKY MJLIIOCTPUDY-
erca Ha puc. 5. Bemuunna T, (E) ecTb oTHOIIeHUe CTAIIOHAPHOTO
IIOTOKA 9JIEKTPOHOB, BBIXOAMAIIEIO0 M3 CTOKA, K IIOTOKY, MHIKEKTHPO-
BaHHOMY MCTOKOM, a BeauuuHa 1,,(F) — oTHOIIeHUe IOTOKAa dJeK-
TPOHOB, BBIXOHASAIIEr0 M3 MCTOKA, K IIOTOKY, MHKEKTHPOBAHHOMY CTO-
KoMm. IIpum HyneBOM mMJM HeOOJBIIIOM HAIPSIKEHUN Ha CTOKE MOKHO
OXKHUIATh, YTO 00a HampsKeHUd ofuHAKOBBI: T, (E) = T, (E)=T(E).

E| TulE)—/> 171, (E)
ST T TN
/ N\ -
s N
T.\'H(E): TM(E)

HeOObIINE Vps

>

X

Typ (B}t e T, (E)

< \
E / \

Top ( E) >> Ths (E) \\ E(x)

— ——

QounblMe Vps
X

Puc. 5. Mnmoctpanusa AByx Kosdduruenros npoxoxgenus T, (E) u T, (E).
IIpu BUOpBICKMBAaHUM IIOTOKA 3JI€KTPOHOB MCTOKOM IpoxoxjeHue T, (E) ompe-
IeJIAEeT MOJI0 9JIEKTPOHOB, MOKUJAIOIINX CTOK, & IPY BIPHICKUBAHUU JIEKTPO-
HOB CTOKOM IpoxoskfaeHue T, (E) ompefenseT HOTIO BIEKTPOHOB, IIOKMJAI0-
X WCTOK. BepxXHWII PHUCYHOK COOTBETCTBYET HYJIEBOMY WU HEGOJBIIIOMY
HAIPKEHUI0 V., a HWXHUH DHUCYHOK COOTBETCTBYeT OOJIBIIOMY HAIIPAXe-
HUIO Ha CTOKe.’
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IroT cayuaii mOKasaH B BepxHeH yacTu puc. 5. B HmkHell uactu pu-
CYHKAa IIOKasaHa CUTyallus, KOrJa HaIpsyKeHNe Ha CTOKe BeJNKOo. B
9TOM CJIyuyae COBCEM He OUEeBMJIHO, OyAyT MJIM He OYAYT OJMHAKOBEI
T,n(E) u T,g(E), HO MOXXHO IIOKas3aTh, YTO B clIydae YIpyroro pac-
cesHusa 00a MPOXOMKIAEHUS OAMHAKOBBLI. OMHAKO IIPpU HEYIPYyroM pac-
CeHHUU OHU COBepIIeHHO pasauuHbl: T, (E) << Ty, (E) .

IIpu wmomenupoBamuum Toxka B MOSFET Tor (darrt, urTo
T)s(E) << Ty, (E) mpu OOJbIIOM HAIPAKEHWM Ha CTOKe, He HMeeT
0OJIBIIIOTO 3HAYEeHHs, IOCKOJBbKY IIpu OonbmioM V), IOTOK 3JIeKTpo-
HOB, MHXEKTHPOBAHHBIX MCTOKOM, M TaK CJAUIIKOM HE3HAUNTEJEH.
Takum 00pa3oM, OOBIYHO IPEAIIOJATAeTCsI, YTO AOCTATOYHO BBIYMCJIATH
JUNIbL OnWH Ko3(hdumnueHT npoxoxaeHusa T(E), KOTOPBIH oIpeeideT
OPOXOsKAeHNre B JI0OOOM M3 HaIpaBJICHUIA.

Panee ObLI0 mOKasaHo, uTo KoahduiueHT npoxoxkgenusa T(E)
CBsA3aH CO cpegHell AJIMHOM mpobera MeXKIy CTOJKHOBEHUSIMHN Ha3al
ME) coraacuo (21/[1]):

ME)

= mr

(11)

Obparmaer Ha ceda BHUMaHUE TO, UTO B BBIPAMKEHUM A Koda(hdu-
IIMeHTa TPOXOKICHUA MCIIOJb3yeTCAa CpeIHsad aiamHa npobera ME), a
He A(E) mo (3). 9ro ypaBHenue (11) He cioXHO BhIBecTH [3, 4], Kak
U He CJIOKHO yOeIUTHCSA B €r0 CIIPaBeIJIUBOCTH.

VYpasuenue (11) mpurogHo MJIA ONMMCAHUS IPOXOKIEHUA BO BCEM WH-
TepBaJjie OT OAJIMCTUYECKOTO Ipenesna o auddysuonnoro. Korga mimua
MIPOBOAHUKA MEHbIIe CpeaHell AJIUHBI CBOOOTHOTO ITpobera, Toraa

ME)

= im-r

51 (L << ME)), (12)

M IEePEeHOC 3JIEKTPOHOB B KaHAJe IIPOBOJMMOCTH OaJIINCTUYECKUIL.
Korza minHa OpOBOSHHKA BEJIMKA II0 CPABHEHHUIO C AJUHON CBOGOIHO-
ro mpobera, Tormga

T(E) = o - 3 (L>MN). (13)
A+ L L

YpaBuenue (11) omuchiBaeT MPOXOKAEHNE SJIEKTPOHOB IIO0 IIPOBOJ-
HUKY B OTCYTCTBHU 3JIEKTPUUECKOr0o moJig. To, UTO MPOUCXOAUT IIPU
MIPUJIOKEHUY JEKTPUUYECKOTO IOJSI K KaHaJly TPOBOAUMOCTH, MUJLIIO-
cTpupyeTrcsa Ha puc. 6.

Ha pucynke 6 mokasaH KOPOTKUI KaHaJl MPOBOAMMOCTU, K KOTO-
pOMYy TPUJIOIKEHO CUJBHOE BJIEKTPUUYECKOe IoJie. PaBHOBECHBIN ITOTOK
AJIEKTPOHOB BIIPBICKMBAETCS MCTOKOM. JJIEKTPOHBI OBICTPO HapAaIIu-
BalOT KMHETUUYECKYI0 DHEPTUIO, M CKOPOCTh MX PACCESTHUA YBEJIUUYUBA-
ercsa. MopenupoBaHUe 3JEKTPOHHOIO TPAHCIIOPTA Yepe3 KOPOTKUE
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I'(x = 0)h—

T1+(0)
E (x)

Puc. 6. NnntocTpaliusi TPAaeKTOPUHU 3JEKTPOHA B KOPOTKOM KaHajie TPOBO-
OIUMOCTHA IIPU BBICOKOM MPUJIOMKEHHOM 3SJIEKTPUUYECKOM II0Je. OJIEKTPOHBI
BIIPBICKMBAIOTCA MCTOKOM M3 PABHOBECHOI'O COCTOSHMWS, 1 OOJIBIIAA UX YaCTh
JOCTHUTaeT CTOKA, Jake eCJIU U IIPOMCXOAAT aKThI pacceanus [8].°

KaHaJbl ¢ OOJBIIMM IIepelnajoM HaIpAKeHHusd, KaK B paccMaTpuBae-
MOM cJy4Yae, Korma HaOapomaloTca Taxkue d>(P(eKTsl KaK pesKue
BCILJIECKY CKOPOCTH, OHA W3 MHTPUTYIOIINX 3aJaY COBPEMEHHOH II0-
JyKJaccuuecKoil Teopum Tpaucmopra [2]. Pacuér cpegHeii cKopocTu B
3aBHCHUMOCTH OT IIOJIOKEHMS 3JIEKTPOHA B IIPOBOAHNKE BechbMa HEIIPO-
crasd 3ajada, OOHAKO, JeTajJbHOEe MOAEeJHUPOBaHUE €€ C MCIIOJIb30BaHU-
eM IOHATHUS MNPOXOKIeHWS HPUBOAUT K BecbMa IIOHATHBIM M IIPO-
cTbIiM pesyiabraraM [8]. OOHapy:KeHO, UTO €CJaW HUHIKEKTUPOBAHHBIE
AJIEKTPOHBI IIPOHUKAIOT Jake Ha KOPOTKOE pacCcTosdHHue BIayOb o6Jia-
CTH C CUJBLHBIM JJIEKTPUUYECKHM IIOJIEM, TOTAa AaKe eCJaU OHU U IIO[-
BepraioTcs aKTaM pacCcesiHMUS, TO OHM BCE PaBHO OOpPeUYeHbI JOCTUYL
KOHIIa KaHaja mpoBomumocTu [8]. Haske ecim mMeeT MeCTO CHJIBHOE
paccesimme, KOd(M@PUIIMEHT IIPOXOKAEHUSI MOMKEeT OBITH IIOUTH pPaBeH
eINHUIIE, IIOCKOJbKY CHUJIbHOE 3JJIeKTPHUUYECKOe II0Jie IIOJXBATHIBAET
SJIEKTPOHBI M BBIHOCHUT HMX M3 KaHaJa IPOBOAMMOCTHA B CTOKOBBIH
TePMUHAJ.

B BricokokauectBeHHOM MOSFET mpu 6oJbIioM HAIPAMKEHUU HaA
CTOKEe 9JIeKTPUUecKoe IoJjie BOJIM3MW BepIIUHBI 6apbepa y BXoaa B Ka-
HaJl TPOBOAMMOCTH cjaboe, a BOJIM3W CTOKA cuybHOe. A moHMMA-
HUS TOr0, UTO MPOMCXOAUT B TAKOM CHUTYyaIlMH, PACCMOTPUM MOJEJb
Ha puc. 7.

B sT0ii Momenu sHepreTHuecKuil MPoPUIb KaHAaa IIPOBOLUMOCTU
COCTOUT M3 ABYX YYACTKOB: KOPOTKOTO y4YacTKa MOJWHOH L; ¢ moCTO-
AHHBIM IIOTEHIIMAJOM M CpemHell IJInHOII CBOOOZHOrO mpobera A; u
IJIUMHHOTO yYacTKa AJWHON L, C CUJIBHBIM 3JEKTPUUYECKUM IIOJIEM.
IIpoxoskaenue depes mepBBIl yuacTok ecTb 1, = A, /AL, +1,), a depes
BTOpO#l yuacTok — T, ~1. CymmapHOe IPOXOK/JeHHue, OUYeBUIHO, Oy-
ger T =A,/(L, +A;). BaxXHBIM BBIBOJOM U3 TAKOT'O DACCMOTPEHU
SIBJISIeTCA CJEAYIOIIUM: IIPOXOKAEHNe dUepe3 CJIOKHYIO CTPYKTYpPY,
COCTOAIIYI0O M3 HIUB3KOIOJEBOr0 yUacTKa U Jajiee uepes3 YUYacTOK C BBI-
COKUM DJIEKTPHUUYECKHUM II0JIeM, KOHTPOJUPYETCA AJNHON HU3KOIIOJe-
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(B) | TUEN £

<—L1—><—L1-—>

Puc. 7. Mogenpublli npounab KaHajka IPOBOAUMOCTU, WJIJIIOCTPUPYIOIIUH
IIPOXOJKJJeHVe 3JIEKTPOHA CHadasa depes3 00JIACTh C HUBKUM 3JIEKTPUUYECKUM
oJieM, a 3aTeM — C BBLICOKMM BJIEKTPUUYECKUM IIOoJeM."

Boro yuacTtka. Ha mpaxTuke, Korja 3JeKTPUUYECKOe II0Jie MEeHSeTCs
ILJIaBHO BAOJb KaHaJla IIPOBOAMMOCTH, OBIBAET TPYAHO HAAEKHO OIIpe-
IeJUTh AJUHY HU3KOImoJeBoro yuacTtka [9, 10], Ho sTo mpoBemémHoe
BBIIIIe IIPOCTOE PacCMOTpPeHHe (PUINYECKH HATJIAAHO HIOACHSIET pe-
3yJIbTAThl MAaTEMATHUYECKOTO MoAeJupoBaHus [8].

ITogBemém uTOorM OOCYKIEHUSA MHOHATHUA K03(pdUITMEeHTa IIPOXO0KIe-
HUA.

1. IIpoxoikaeHue CBA3aHO CO CpedHell MIMHOM CBOOOAHOTO mpobera
Hasag T =A /(L+A).

2. IIpu 6annuctuueckom tpaucmopte T — 1, ecau L << A.

3. IIpu guddysuomuom Tpancmopre T —> A /L << 1, ecnu L >> A.

4. Ob6sacTh B KaHaje IIPOBOAUMMOCTH C BBLICOKUM 3JIEKTPUUYECKUM
IMOJIEM SBJISIETCA XOPOIINM KOJIJIEKTOPOM dJIEKTPOHOB; T ~ 1.

5. B xaHajle IpOBOOUMOCTH, B KOTOPOM 3JEKTPUUECKOe II0Jie Me-
HSeTCs OT cJaaboro 3HAUeHUs M0 CUJILHOTO 3HAUEHUs, KaK 9TO MMeeT
mecto B MOSFET mpu 0OOJIBIIIOM HaOpPAKEHUM Ha CTOKe, IIPOXO0XKIe-
HIEe KOHTPOJUPYeTCA 00JaCThbI0 ¢ HUBKUM 9JeKTPUUECKUM MOJIEeM.
CpemHasa nauHa cBOOOTHOTO Mpodera Haszamx. MbI mosb3yeMcs ABYMs
PasHBIMM HOHATHUAMU CPedHell NIWHBI cBOOOmHOTO mpobera. Himmma A
(3) ecThp cpemHee pacCcTOdHWE MEXKIY IBYMA aKTaMH pPacCeaHU.
MMeHHO 3TOT CMBICJ OOJIBIITMHCTBO (DM3UKOB BKJIAIbIBAET B IIOHSITHE
«cpegHel AJMHBI cBoOOomHOTO mpodera». OOparHada BemmuumHa 1/A
€CTh BEPOSITHOCTDH pacCesHMWs Ha eIuHUIly AauHbl. OgHAKO, B HAIeM
KOHTEKCTe BeJWUYMHA A, KaK CpegHAd [IJInHa CBOOOZHOTO IIpobera
Hazazg, Oosee cymiecTBeHHa. Eé oOparHaa Beamumua 1/A ecTh BEPOAT-
HOCTh Ha eOWHUILY [IJUHBI TOrO, YTO IPAMOH (B IIOJOKKUTEIbHOM
HaAIIpaBJIEHUM) IIOTOK pacceeTcsa Haszan (B oOpaTHOM HAIIPABJIEHUM).
IIpoxoxknenue (11) ompenenserca uyepes IMOHATHE BeJIWYWHBI A. Kak
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PacceuBAIOIIHAN IIOTEHI[HAJ

————— oo >

HaJIBTaIOHII/Iﬁ QJERTPOH

>X P>y

paccesgnne BIiepen

R e R— o

pacceaHue Hasanm

Puc. 8. Pacceanue Buepé u paccesHue Hasaj B kanaiue 1D [3, 4].8

CBA3aHBI MEXKIY CO00M HMOHATHSA IJIUH A 1 A?

Pucynork 8 mamioctpupyer paccesuue B 1D-KaHaje IPOBOIUMOCTH,
nanpumep, 8 NW MOSFET.

IIycte paccesnume OymeT M3OTPOIHBIM K CpeAHee BPeMSA MEXKIy
IBYyMS aKTaMM PacCCedHUs eCTb T. KCaM SJIEeKTPOH, IBUMKYIIUICA B
[IPSIMOM HAIIPABJIEHUM, COBEPIINUT aKT PACCEeIHUSA uepe3 BpeMsd T, OH C
ONMHAKOBOII BEPOATHOCTBIO MOXKET PACCEATHCA KAaK BIEpEem, Tak u
Hasan. ToabKO paccessHMe Hasal, KOTOPOE B CPEJHEM IIPOUCXOIUT Ue-
pes Bpems 27T, CYIIECTBEHHO IJIA HOAJePKaHUA TOKa. B cooTBeTCTBUU
C 9THM OYEBUIHBLIM YTBEPIKICHHEM CPeIHAS IJNHA CBOOOMHOrO IIPO-
Oera Hazang B 1D-rKaHajie ecTb

ME) = 20(E) 1, =2A, (14)

rIe UCIOJb3yeTcA BpeMsdA pejlaKcalluu MMIYJbCA, IOCKOJbKY IIPeAIIo-
JlaraeTcs U30TPOIIHOe paccesHUe, AJIA KOTOPOTO T, =T.

B 2D- u 3D-xamaiax ompenesieHuMe cpegHeidl AJUHBI CBOOOIHOTO
mpobera Hasaj mpeAmoJiaraeT ycpegHeHwue mo yriaam [11], kak aTo 1mo-
KasaHo Ha puc. 9 mama xKanamga 2D.

Hna 2D-kaHaja TPOBOAUMOCTY OKOHUATEIbHO MMeeM

ME) = Zu(E)t, = —A, (15)
2 2
a nnsa 3D-rkanama ME)=4A/3 [3, 4, 11]. 1a KOppeKTHOro pacuéra
MIPOXOMKAECHUA BasKHO YUUTHIBATH pasjauume MeEXKIYy ABYMA CPEIHUMU
IJIMHAMU A U A.

IIpocToe BBIpaskeHue Aas Koadduimenra npoxoxkaeHus (11) cea-
3BIBAET CPEAHIOI IJIWHY CBOOOMHOrO mpoOera Hasam A ¥ JJIUHY HUS-
KOIIOJIEBOMT dYacTu KaHaja IIPOBOAUMOCTH, IPUXOIAINEHcsa Ha He-
00JIBIITYyI0 00JIacTh BepIIUHBLI Oapbepa. A BBIUMCICHUS TPOXOKIE-
HUA HYXKHO 3HATh BeJauuuHy A. E€ MOKHO BbhIumcauTh mo (15) uam
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pacceanue Hasag _ ———
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HAJEeTAIOMNHA
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| ————————— e >
BJIEKTPOH \ Lo
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Puc. 9. Pacceanue Buepé; u paccesHme Hasazn B kanaie 2D.°

OIIPENIEIUTH BKCIEpUMeHTaNbHO. CUTyanus B KJIACCUYECKOM ITOHUMA-
HUW BBITJIAIUT KaK 3ajada Aud@ys3my — YacCTUIbl MHKEKTUDPYIOTCA
JIEBBIM TepMUHAJOM, IUPPYHAUPYIOT Uyepe3 KaHaJl U IOKUAAIOT €ro
yepe3 IIPOTUBOIIOJIOMKHBIN TepMuHaL. BrIxoadamuii MOTOK 3JIEKTPOHOB
onpeneasercsa Kod(MOUIMEHTOM MIPOXOXKAeHUSA; B KJACCUUECKOUl IIo-
CTAaHOBKe 3aj/lauu BCE Aesio B Koaddunuente quhdysunu. TiiaTeabHbIN
aHagma 3Toi curyanuu [3, 4] mOKa3bpIBaeT, UTO MMEET MECTO CJIENY-
Iolllee IIPOCTOE COOTHOIIeHUWe Mexay KosddunueHTom auddysuu u
cpenHel AJMHOIN cBOOOAHOTO Ipobera Hasaj A, a UMEHHO,

A
D= vT_<>, (16)
2
rome (A) — cpemHAa IJIWHA CBOOOZHOTO mpobera, ycpegHEHHAS IIO

sHepruu. IMeHHO 3TO YAUBUTEJHLHO IIPOCTOE COOTHOIIEHNE OTKDPHIBAET
BOBMOYKHOCTH OIPEAENUTh CPEAHIO IJIWHY CBOOOTHOTO IIpobera dKC-
nepuMeHTaabHO. O0paTHUM TOJBKO BHUMaHWE HA TO, UTO BHIPAKeHUE
(16) mpuUrogHO JUIMIb /I HEBLIPOKIECHHON CTATUCTUKU 3JIEKTPOHOB.
Bonee obmiuit cayuait cratuctuku @Pepmu—llupaka MpUMEeHUTEIbHO K
aTOH 3amaue obcys:kgaercd B [3, 4].

Jlerue uaMepuTh MOABUIKHOCTh, YeM KoahduiiueHT aup@ysuu, Tak
YTO B JIUTEpAType MpOIle HAWTH CBeleHUs o momaBuskHOCTU. COOTHO-
IeHre MEeXIy HUMU NaéTcs ypaBHeHHeM JWHINITeHHa:

D_H, (17)
[ q

KOTOpOe, IIpaBja, CIIPaBeAJNBO BOJIM3M PaBHOBECUS, OJHAKO, U dJIEK-
TPOHLI B HM3KOIOJIEBOI YaCTHM KaHaJjia B 00JIacTH BepIIMHEI Oapbepa,
KoTopas, COOCTBEHHO, M KOHTPOJUPYET IIPOXOKIAEHWEe, TOXKe HaXo-
IATCSA BOJIM3W PABHOBECUS.

TaxuM 00pasoM, HAJIUIO JOBOJLHO IIPOCTOM MYTh OIEHUTH CPETHIOI0
IJUHY CcBOOOZHOrO IIpobera Hasag dUepe3 KM3MepeHNe IIOABUIKHOCTHU
sjexkTpouoB. CHauasa ompeneisercsa KodpPuiimeHT auddysum mu3 Io-
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mBu:kHOCTH 1o (17), a 3aTeM — cpemgHAA AJMHA CBOOOAHOTrO IIpobera
mo (16). Yuér BBIPOKAEHUS, UTO Ba’KHO B 00JIaCTH BEIIIE IIOpoTa, 00-
cy:kmaercsa B [3, 4].

B xauecTBe mpuMepa BBIUMCJINM CPEIHIOK AJUHY CBOOOIHOI'O IIPO-
Oera u Kos(pdunuent npoxoxaeHuda 22 aum MOSFET. Pacecmorpum n-
Si MOSFET c¢ xamamom pgauebel L =22 am npu T=300 K B kKBa-
suKJjaccuueckoM pe:kume. Ilycts opumenTanusa moaido:xkku (100) u sa-
celleHa JHUIIL HIDKHASA I0A30HA. IlogBumsxHOCTh W= 250 cm?/(B-c).
Hatigém (A) u T.

Breruncasem xkosdgduinuent nuddysun us moaBumkHocTH 1o (17):

D= uﬂ =6,5 cm?/c.
q

Bospmém m” = 0,19m,, Tak 4TO U, = 1,23-10" cm/c, u ompemenum
(A) mmo (16):
Gy=22 - 2X65 _ 14 5 o,
v, 1,2-10
a Jmajiee ompepesseM mpoxoskmenue mo (11):
T ~ D) = 10,5 =0,32.
(M+L 10,5+22

ITOT pe3yabTaT ABJAAETCSA IPUOJINSUTENbHBIM, IIOCKOJIBKY BeJIWYMHA
(A) B 5TOM BBIpA'KE€HUM He yCPeIHAJACh II0 DHEPruu, KaK TOrO Tpe-
oyer ¢opmya (11). Tem He MeHee, IOJYUEHHLIH PE3yJILTAT TOBOPUT O
oM, uTto Takoii MOSFET B nuuelinoii oOsacTu paboTaeT Ha OIHY
TPEeTh B OaJJIMCTHUYECKOM pe:xkuMe. [Ipm BBICOKOM HANpPsKEHUM Ha
CTOKEe 9JIEKTPOHEI 00J1aaioT OOJIbINIell SHeprueii, YTO BEIET U K Oojee
WHTeHCUBHOMY paccesHuio. OnmHako majbHeliIllee pacCMOTpPeHHe, KaK
9TO HU YAWBUTEJIBbHO, MOKaskeT HaMm, uto MOSFET mnpu BbICOKOM
HaOpsS)KeHUM Ha CTOKe padoraer OMmiKe K OaIMCTUYECKOMY PEKU-
My, YeM IPU HU3KOM HAIPAKEHUH.
Urak, cyiiecTBeHHbIe Pe3yJIbTaThl TAKOBHI:

T(E) = ﬂ,
ME) + L

ME) = Zo(B) T, O = 2D (18)

Ur

rge mog L HY)KHO IIOHMMATh HU3KOIIOJIEBYIO YaCTh KaHajaa IIPOBOLU-
mocTu. MHOKUTENIh T/2 BO3HMKAET M3-3a YCPeIHEeHWS MO0 yrjaM B
2D-xkauajne. Ilociemmee ypaBHeHHE MOKAa3LIBAET IIPOCTOH IIYTh OIle-
HUTHh CPeIHIOI IJNHY CBOOOZHOrO mpobera uepesd KosddumumeHT mud-
dysuu B OPEAIIONOKEeHUU HEBBIPOMKIEHHON cTaTHCTHUKHU. [lajiee MBI
paccmorpuM Mozens mpoxo:xkaeHud MOSFET u BoigscHMM, KaKuM 00-
pasom paccesHMe Has3aj BJIMUsSIET Ha PaboTOCIOCOOHOCTH TPAH3UCTOPOB.
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3. MOAEJDb ITPOXOKIEHNA MOSFET

Ilepeiiném K mocTpoeHuio moaenau HaHnopasmMepHbIXx MOSFET c yuérom
pacceanusa. VIMeHHO y4YéT paccedHUs OeJIaeT MOJEJIUPOBAHME TpPAaHC-
TMIOPTHLIX ABJEHUM TPyAHOI 3amaueii, a B ciaxydae MOSFET — ocobemn-
HO cioxxkHOi [9, 12]. Tem He MeHee, MBI yOegZUMCA B TOM, UTO OCHOB-
Hble npuHIUOBEI MoAeaupoBanud MOSFET ¢ yuéroMm paccedHUuA JETKO
MIOHATHh U MCIOJL30BATh Jajiee AJIA MHTEPHpeTarnu dKCIePUMeHTab-
HBbIX HaHHBIX W Pe3yJbTaTOB BBIUMCJIEHUN IIPA MOJAEJIMPOBAHUN.

Wrak, ans Toxka MBI uMeeM o0OIiee BuIpaskeHue (2/[1]) ¢ yuérom
BCEX BO3MOKHBIX PEKMMOB IIPOTEKAHUS TOKA

s = 2L [ TEM(E) (1(B) - £,(B)) dE [ (19)

Ecam Ha cTOoK momaHo 0oJsbllloe HaIpAMKeHuUe, Torga fq(E) >> f,(E),
¥ TOK HACBIIEHU

2
Ipsar ==L | TE)M(E)(E)E . (20)

B KBasupaBHOBECHOM peXXKHMe TOK HeGOJIBIIOH, fy ~ f,, U Ana Toka
¥ IIPOBOJMMOCTH Ha JinmHeiHoM yuacTke umeem (10/[1]):

2¢° of,
I,.v=6G.,V,s[A]l, G, = TJT(E)M(E) _6_E0 dE [CMm]. (21)

Ilo aTM ypaBHEHHAM MOXKHO BBIYWUCJIUTDH JUHEWHBII TOK, BeJIWYU-
vy I,, um TOK BO Bceil obmactu usmeHeHua V,, or V. =0 gm0
Vs = Vop - . .

C meJsiplo ynpolleHUs AajbHEHIINX IOCTPOeHUBl OyzeM IIpeAIosa-
raTb, 4TO CpefHAA JJINHA CBOOOZHOrO Ipobera He 3aBUCUT OT dHEP-
run:

TEy=—E _p_ o

S ) AN s (22)
ME)+ L Ay + L

TAK UTO BBIPAYKEHHUSA IJISA IPOXOXKIAEHUS OyJAeM CUNUTATh COOTBETCTBY-
IOIIM 00pa3oM YCPEeIHEHHBIMU IO SHEPIUU.
Pesome oaaaucruueckoin momeau MOSFET. Broinuinem OKOHUYATEJb-
HBIe Pe3yJbTaThl DasmucTudeckoit momenu (69/[1]) caemyiomum obpa-
3oM. Tok cToKa
— ball
I, = W|Q(VGS’VDS)| FSATvinj . (23)
DyHKIINA HACBIIEHWS TOKA CTOKA AJA 00€MX CTATHUCTUK TaéTCs
BBIPAYKECHUSIMMU:
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FSAT = {1 — \51/2 (nFD) / \51/2 (nFS)j| (cDepMI/I—,HI/IpaK /FD),

1+ 34 (Mep) / o (Ngs)
1 _ e*qVDs/kT
Fyp = {W} (Maxcsenn—Boasiman /M B), (24)
Eps — E(0) qv,
Nps = — kTC > Mrp = Nps _k—;ws'

Bannucrudeckas CKOPOCTB BIIPBICKMBaHUA

3 f
v = Sz (Mes) (FD), v' = v, (MB), v, = iZT (25)

’ 3o (nFs)

Bamnucruueckuil TOK B JIMHEHHON 00JacTU

%)

PRREINU
Toun =W R Ves )|(2k7i/QJ 1//:((nFS)) Vos (FD.

J ps (MB),

(26)

Iy = W|Q(VGS’VDS [2kT/

a IJId TOKa HacChIIeHnd nMeeM:

Ipsar = W|Q sV, )

vt (FD), Ipgyr = W|Q(Vas» Vis )|or (MB). (27)

Haxomerr, s/IeKTPOHHBIN 3apA] Ha BepinuHe 0apbepa

Q(VGS’VDS Nap 1”lFs +3 (nFD ):I (FD), (28)

a pna cratuctuku MaxkcBenna—Boabimana wuHTerpajabl PepMu—
Jupakra mpocTo CBOAATCA K 9KCIIOHEHTaM.

Hnsa yuéra paccesdaHmusa, Kasajgoch Obl, HYMKHO 35TH YypaBHEHU:

YMHOKUTH TOJBKO Ha mpoxokaeHuwe 1. Mbl gajgee ydegmmcs, 4TO 3TO
MEeHCTBUTEJNLHO TaK AJA JUHEHHOrO TOKa, HO He JJAd TOKa HachIIle-
HUA U He AJA 9JIEKTPOHHOTO 3apazia.
JluneitHass oOsacth. [ BBIUMCIEHUA JUHEHHOTO TOKAa C YYETOM
paccessHnusa HauMHaeM ¢ ypaBHeHus (21) mua mpoBogmmoctu. [lna
yuca MoJ moab3yemca ypaBHeHuem (60/[1]). Ilpu sanucu GpyHKIIUU
®epmu yuuteiBaem, uro E, = E., ~ E; . Ilocie BbIuMCIeHUSA HHTe-
rpaja moJyuYuM ypaBHeHUe, moxoikee Ha (47/[1]), B KoTopoM HYIKHO
JIAIIb 3aMEHUTH IPOXOKJeHue B Aub@ysuoHHOM mpenene A, /L Ha
npoxoskaeHue T, Kak B HCXOOHOM ypaBHeHuu (21) maa omucaHUs
TPAHCIIOPTA BO BCEX PEKMMAaX OT OayaucTuyecKoro no nuddysmnoHHO-
ro, a UMEHHO,
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2 *
I =TW2i gN2mm kT | -

DLIN h onh ~S 12 (T]F) Viss (29)

KOTOpPOE eCTh HMUTO HMHOEe KaK ypaBHeHNe OaJJIMCTHUYECKOr0 TOKa B
JauHenHON obaactu (61/[1]), ymMHOKeHHOe Ha mpoxo:kaenue T'.
YpaBuenme (29) cmpaBexnuBo nasa Jauneiinoit obmactu MOSFET,
paboTaroiero Bo BCeX PeXHMax OT OaJINMCTHUYECKOro a0 Aud@ys3uoH-
HOT'0O, OGHAKO, BBITJIAAMWT OHO HEIIPMBBIYHO IIO0 CPABHEHHWIO C TPpagWI M-
OHHBIM BhIpaskeHueM (5/[13])
7 w

DLIN = T ne, (V

s — Vr ) Vs - (30)
B mosiHOM COOTBETCTBUM 3THMX YpPaBHEHUI NPYT APYTY MBI yOequM-

cd Io3XKe.

O6sacts Haceimenns. [[y1d BeIUYUCIEHUS TOKAa B 00JIACTM HACHIIEHUS

HaunHaeM ¢ ypaBHeHuA (20) u BBIUMCIAEM WHTErpaJl TAKUM Ke obpa-

30M, KaK U B JWHeHHOM cJiydae Bblme. OKOHUYATENBHO IIOJIydYaeM

ypaBHEHUE

2q | g,N2m kT
IDSAT:TWI T kT

JE .

9 S0 (m) ’ (31)

KOTOpOe fABJSETCS HUYEeM HHBIM KaK ypaBHeHUEeM OaJlINCTHUUYECKOTO
ToKa B objacTu Hachkienusd (64/[1]), yMHOXKEeHHBIM Ha MPOXOKACHUE
T. YpaBHenue (31) cupaBennuBo nasa objaactu mHacwinienus MOSFET,
paboraroIiero Bo Bcex pPeKuMax OT OaJLIUCTUUEeCKOro A0 Aud@y3uoH-
HOTO, OMHAKO, BHITJIAJUT OHO HEMPUBBLIYHO II0 CPABHEHUIO C TPaIUIIY-
OHHBIM BhIpaskeHueM (7/[13]) ueped CKOPOCTH HACHIIIIEHUA

Iy =WC,, (VGS - VT)vsat . (32)

CBA3b MEXKIY STUMU YPAaBHEHUAMH, IOJYUYEHHBIMU B PA3HBIX MO-
Iensax, o0CyquM IIO3JKe.
OT IUHEHHOTO TOKA M0 HACBIMEeHudA. [[Jid BRIUMCIEHUSA TOKA HPU JIO-
00M 3HaUEHWU HAUPAKEHUA HA CTOKE C YUETOM pacCcesHUs HAUMHAEM
¢ ypaBHenua (19) ¢ BhIUMCIeHMEeM HHTETIpaJioB TaKHM Ke obpasoM,
Kak u mpexae. OKoOHUATEJNLHO TIOJyYaeM:

2nm kT ~ ~
gv;t—;nh kT[Jl/z (nps) — e (ﬂm)] ’

_ Ep — E(0) _ Vs

Is=T W%
(33)

MNrs BT Nrp = Nrs k—T
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VYpaBHenue (33) oTimMuaeTca OT AHAJOTHMUYHOTO peayJbTaTa B OaJ-
aucTudeckoMm mpepneie (66/[1]) muink yMHOMKEHHEM Ha IPOXOKICHUE
T. Ouvo mepexozutT B ypaBHeHHe (29) mua maneix V., u B (31) ana
6onpmux V., B UeM He CJI0XKHO yOeguTbcsa. MeI BUAMM, YTO TOK
CTOKA € YUYETOM pacCeTHUs OTJIUUYAETCI OT OaLTMCTUYECKOTO TOKa
JUNIb YMHOMKeHUeM Ha KoahduiiueHT npoxo:xkaeHuda 1. Ecau ke TOK
BBEIPA3UTh Uepes dJIEKTPOHHBIN 3apfAl, TO CUTyallus OKaKeTcsA He Ta-
KOM »Ke IIPOCTOIi, B UeM MEI ceiiuac yoegumcs.

Mz 1o cux mop paccMmarpuBanu 2D-sieKTpoHBI. He cioKHO BhIBe-
cTu aHajgorunuubie Gopmyasl aada 1D-saextpoHoB B NW MOSFET.
BroipaskeHue O TOKA uepe3 3JEKTPOHHBIN 3apdAn. YpaBHenue (33) B
mozenu JIIJI copaBensinBo AJiA IPOU3BOJHLHOTO HAIIPAMKEHUA Ha CTO-
Ke, HO B HEM He BHUAHA 3aBHUCHUMOCTL OT MHBEPCHUOHHOT'O 3JIEKTPOHHO-
ro zapaga @. OgHako Bcerjga IIPeAIIOYTHUTEJIbHO BHIPAKaTh TOK Uepes
3apAn @, CBA3AHHLIN HEIOCPEACTBEHHO C JJIEKTPOCTATUKOH CTPYKTY-
pet MOS. [na BuIUMCIIeHUS 3apana @ HYYKHO BBECTH B PacCMOTPEHUE
MMOJIOKUTENbHBIE IIOTOKH 3JIEKTPOHOB, MHIKEKTHUPOBAHHBIX HCTOKOM,
KOTOpBIe 3acesdloT COCTOAHUA +v, Ha BeplIuHe 6apbepa, U OTPHUILA-
TeJbHbIE IIOTOKHU SJIEKTPOHOB, MHKEKTHPOBAHHBLIE CTOKOM, KOTODBIE
3aceJIAIOT COCTOAHUA —U, Ha BepInuHe Oapbepa. B OasimcruyecKux
MOSFET pesyabTaT HaM U3BEeCTeH B BuUIe (GOPMYJ IJd TOKa W 3apsna
(69/[1]). 9OroT pe3ysabTAT HU3MEHHUTCA W3-3a HEOOXOAMMOCTH YUETa
pacceaHusa Hasald, MOCKOJBKY HaM HYKHO yUYeCTh BCe€ BO3MOYKHOCTH
3aceIeHUsI COCTOSHMI Ha BepiinHe Oapbepa. Kak mokasaHo Ha puC.
10, xaK u mpexIae, Yy HAC eCTh OAIMCTUUYECKUN IOTOK, MHIKEKTUPO-
BAHHBLIN MCTOKOM, 3aCeNdIoNInii COCTOAHUA Ha BepIiuHe Oapbepa, HO
ImobaBiasgeTcsA TaK:Ke U BO3BPATHBIA IIOTOK pacceasHMsA Hasal B
HaAIIpaBJIeHUM WCTOKA, a BeJIMUYMHA GaJIIMCTHUUECKOrO IIOTOKA, MHIKEK-

E A
I(0) TI«(L) (L)

1

7)i(0)

|
T 0 x

Puc. 10. 3acenéHHOCTh COCTOSHUMUM Ha BepIIMHE 0apbepa OompenessieTcs Tpe-
MsA TOTOKaAMM 3JIEKTPOHOB: CO CTOPOHBI MCTOKA, BO3BPATHBIM IIOTOKOM pac-
cedHUA Has3ajJ B HaNpPaBJIEHWM WHCTOKA UM IIOTOKOM CO CTODPOHBI CTOKA,
VMeHBIIIEHHLIM Ha K03(h(GUINeHT TPOXOKIeHNA.
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THPOBAHHOTO CTOKOM B HAIIPABJEHUU BEPINUHBI Dapbepa, YMEHBIIIAeT-
cAd Ha Koa(duiueHT mpoxoxkaeHusd. TakuM oOpa3oM, ypaBHEHHE IJIA
sapana (29) Hy:KHO 3aMeHUTDH CJIEAYIONIUM ypPaBHEHUEM:

N
Q(Ves: Vis) = — ¢ 22D [ S0 (Mps) + A =T, (M) + T3 (M) ] -(34)

IlepBoe ciaraemoe B BHIpAYKEHWU [JIA 3apsfa Ha BepinuHe Gapbepa
(34) ecTh GalmuCTHUUYECKUI ITOTOK, MHIKEKTUPOBAHHBINA MCTOKOM. Ero
BeJIMUMHA 3aBUCUT OT IOJOKEHUS 9JeKTPOXMMUUYECKOTO MOTeHI[raIa
B MCTOKe. BTopoe ciaraemoe ecTh BKJIaJ B 3apsA] Ha BepIuHe Oapbe-
pa OT TOTOKA paccesHWs Has3aJ B CTOPOHY MCTOKA. IIOCKOJBKY BTOT
BO3BPATHBIA IOTOK OepeT CBOE HAUYaJI0O HAa HMCTOKE, OH TOXKE 3aBUCHUT
OT TIOJIOJKEHUS 9JeKTPOXMMHUYECKOT0 IOTeHI[Masa B MCTOKe. TpeThbe
cjaaraemMoe 00A3aHO 0AJIMCTUUECKOMY IIOTOKY, OepylleMy CBOE Haua-
JIO Ha CTOKEe M IIOTOMY B3aBUCHAIIEr0 OT JeKTPOXMMUYECKOTO ITOTEH-
1raJjia Ha CTOKe W YMEHbBIITeHHOMY Ha KO9(M@UIINEeHT TPOXO0KIeHUI.

YpaBuenua (33) u (34) MmO3BOJAIOT Teleph BLIPA3UTH TOK Uepes
DJIEKTPOHHBIH 3apan. g sToro (33) YMHOKUM UM pasmeuM Ha 3apsn
@, Tax uTo

|Q|q| g N2nm'kT
Q| h nh

I,,=TW kT[Sl/z (nFS) =Sz (nFD)] » (35)

a saTeM 3apaja B 3HaMeHaresie 3aMeHuUM ypaBHeHueM (34). Ilocie He-
CJIO)KHBIX aJyire0pamyecKuX NIpeo6pasoBaHUIl IOJydYaeM CJeRyIOIIye
OKOHUYATEJbHbIE PEe3yJbTAThl C YUYETOM pacCesdHUSA AJISI TOKa, BBIpA-
JKEHHOTO Uepe3 dJIEKTPOHHBIN 3apsAf, BO BCEM JUala3oHe U3MEHEHUS
HaNPAKEHUsS Ha CTOKe:

1- S1/2 (ﬂm)
312 (N
I, = W|Q(VGS’VDS)| Vinj Tl/2"(s ES) ),
1+ ;0 Nrp
2-T3, (nFs)

Q = = 4223, () + (1= 13, () + 75, ()], (36)

_ vball( T j pbell 2kT S1/2 (nFs) S1/2 (nps)

inj — Yinj inj ¥~ =v 3 ’
ng \2-T ! mm 3, (T]Fs) ! ~o (nFS)
V.
Nep = Mps — qqu-,S‘

IlonyuyeHHBIE YpaBHEHUA C YUETOM DPACCESTHUS MOKHO CPABHUTH C
ypaBHeHuUsMu (69/[1]) mna Ganmmucrmueckoro toka. Tak Kak T <1,
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CKOPOCTH BIPBICKMBAHUSA C Y4YETOM pacCessHWs Hasajg U, MeHbIIe
6AJLTHCTIYECKO CKOPOCTH BIPBICKUBAHUA: U, < Uy , ITO HIPUBOLHT
K TOKY, MEHBIIIEMY II0 CPABHEHUIO C OAJIIMCTUUYECKUM TOKOM.

VYpaBuenua (36) MOKHO YHOPOCTUTH AJA HEOOJNBITUX M OOJBIITNX
HaOpsS)KeHUN Ha CTOKe TaKHUM jKe o0pasoM, KaK OBLIO IIOJIyUEHO BhI-
paxenue (70/[1]). [ia auHeHOro y4acTKa TOKAa IIOJydaeM

e (T] )
I = W|Q(Vye )| T 22223 IS )y (FD),
DLIN | ( GS)| ZkT/q 51/2 (nFS) "

1%
Inyy =W |Q (VGS )| T m

(37)
V,s (MB),

e ofe CKOpPOCTH U, W U, HYKHO 6paTh mo (25). AHAIOIHYHO IO-

JIydyaeM BBIpaKeHUud OJIdAd TOKa HaCBIIIEeHUd:

T a
Ipsur = W|Q(VGS’VDS)|(m) Uibnjll (FD),

T (38)
Ipsar = W|Q (VGS’VDS)| (ﬁj vy (MB).

IIpu ucnosbsoBanmm cratucTuku Pepmu—Jlupara HY:KHO 3HATh IIO-
JoxkeHne ypoBHA Pepmu. Ero sHaveHme HaXOOWUM II0 U3BECTHOMY
3HAYEHUIO 3JIEKTPOHHOTIO 3apsla M3 BTOPOro ypaBHeHUdA B (36).

I9Tu pes3yabTaThl, MMOJYYEeHHBIE C YUYETOM paccedHUsI, CPABHUM C
bamnucTuueckuMu pesyabratamu (26) u (27). OxaspiBaeTcs, UTO JIU-
HeWHBIA TOK C YUYETOM pPACCESIHUS OTJIMUAETCA OT JMHEHHOTo 0aJsiu-
CTUYECKOT0 TOKa JHUIIh YMHOMeHHeM Ha OpoxokaeHume T, a TOK
HACBIIIEHUA C YUYETOM PACCETHUS IMOJydaeTcd U3 OaLIMCTUYECKOTO
TOKa HAaCBIINleHUs yMHOXKeHueMmM ero Ha T /(2-T). 9ro pazauuue,
CBsA3aHHOEe C OajamcoM HOTOKOB (34), ompenesioninX 3JeKTPOHHBIN
3apsAN IPU YUETE pPACCETHUS, MBI 00CYIUM HUIKE.

VYpaBuenue (36) ommchIBaeT IeJIbHYIO BOJIBT-aMIEPHYIO XapaKTepHu-
cturky Jlapgayspa—Iarra—Jlyamcrpoma (JIIJI) MOSFET uepes siex-
TPOHHLIN 3apsaj Ha BeplinHe Oapbepa @ M Kod(pPUIMEHT IPOXOKIe-
Hua T. OgHako 5T ypaBHEHHsS He TaK IMIPOCTO MKCIIOJb30BAaTL Ha
IpPaKTHUKe, IIOCKOJbKY KO3(duiinmeHT mnpoxo:xkmeHus T 3aBHUCUT OT
HaIPAKEHUA Ha CTOKe V¢, YTO MBI 00CyIUM HUIKe.

Beixoguyio xapakrepuctuky JIIJI (36) MOKHO BBIUMCIUTHL CJIENY-
oM o6pasom. CHauana BorunciseM Q(Vig,V,s) U8 smeKTpocraTn-
Ku crpykTypbl MOS, ucomoab3ys, HaIpuUMep, IIOJYSMINPUUECKOe
ypaBHeHUue (46/[14]). 3arem, 3amaBIINCh 3HaAUeHWEM § BO BTOPOM
ypaBHeHUUu (36), BBIUMCIAEM IIOJOMKEHUE 3DJIEKTPOXUMUYECKOTO IIO-
TeHIIAJIa HCTOKa 1g. OTO CO3JA€T HEKOTOPble IPOOJeMBI, IIOTOMY
YTO IJIS DTOTO HAM HYKHO 3HATh 3HadYeHWe T ¥ HOHATH, KaK KO03(-



DPU3SNKA HAHOTPAHSIVICTOPOB: PACCETHIE 9JIEKTPOHOB 1 MOJJEJIb MOSFET 247

dunuent npoxoxpenus T(V,g,V,s) 8aBUCHT OT HOZAYM HAIpPAXKe-
uuii. [ajee BBIUKCISAEM OAJINCTAYECKYIO CKOPOCTH BIIPBICKMBAHUSA
u3 deTBépTOro ypaBHeHus (36), a 3aTeM CKOPOCTH BIIPBICKHUBAHUS C
YU€TOM paccessHUA U3 TpeThero ypaBHenud (36). Hakoner, BeIUmMCIA-
eM TOK B Touke (Vis,V,s) u8 mepBoro ypaBHeHuma. OCHOBHAS IIPO-
O0sleMa BBIYMCJIEHUU II0 9TOM MOJAEJNN COCTOHUT B TOM, UTO OO CHX IIOP
He CyYIIeCTBYeT JOCTATOYHO XOPOIIHX MOZeJeH IJsd OIleHKH’
T (Vs> Vps ). VIMeHHO HO9TOMY TaKoe IIMPOKOe IPMMEHEHHe HAILIa
MMOJIYSMINPUUYECKAA MOAENb BUPTYAJIbHOTO UCTOKA.

Ha mpaxkTukKe dYacToO MCHOJIb3YeTCA HEBLIPOMKICHHAS MAKCBeJLI-
0OJILIIMaHOBCKAas (opMa STHX ypaBHEHHUII. ITO BeAET K HEKOTOPOM
IIOTPEIIIHOCTH, OCOOEHHO BBIIIE IIOPOTa, OMHAKO, HEBBIPOKIEHHBIE
YpaBHEHMSI HAMHOI'O IIPOIe, TAK YTO IPUXOIUTCA BLIOMPATH MEKIY
IPOCTOTOM BBIUMCJIEHUHN M TOYHOCTHI0. OTMETHM BCe K€, UTO MCIIOJb-
30BaHNE HEBBLIPOKIACHHOM CTATUCTUKU IpuMeHutTeabHo K III-V FET
MOJKET IIPUBECTH K CJIUIIKOM OOJIBIIMM IIOIPEIIIHOCTSIM.
3aBHCHMOCTh IIPOXOKACHHA OT HANPAKEHUS Ha cToke. Hecmorpsa Ha
BCIO IIPOCTOTY IIpenjoskeHHoI BwIie momenu MOSFET, ma mpaxkTuke
BOBHHUKAIOT BOIIPOCHI, CBA3aHHLIE C T€M, KAKMM 00pPasoM y4eCTb 3aBU-
CHUMOCTL KO3((PUIMEHTA IPOXOMKIAEHUA OT HAIPSKEHUS Ha CTOKe.
9Ty 3aBHCHMOCTB IIPOXOKJEeHUA oT V¢ neMoHCTpupyeT puc. 11.

IIpy HM3KOM HANPAMKEHUHN HA CTOKE SJeKTPUUYECKOEe II0JIe HEeBeJIN-
KO BIOJIb BCero KamaJia mpoBomumocTu. Kak y:xe obcyskmaioch paHee,
IIPOXOJKAEHNE OIpejessieTcsd IJNHOM HH3KOIIOJEeBOM dYacTH KaHaJja,
TaK UTO IPU HU3KOM CTOKOBOM HAIPAMKEHNU

A
Ty =—— (39)
LIN ¢
Ao +L
HpI/I BBICOKOM HAIIPAMKEHNN Ha CTOKE€ B Ka4Ye€CTBEHHOM TPaH3UCTOPE
HUBKOIoJieBaA 00JacTh — Heﬁom,maﬂ, nauHOo ( B camMoM Haudalle
E? E
r—> o r—
EFS e —————— EFD EFS S
_/-_ N

<< L

Huskme V BBICOKME V/

>

X X

Puc. 11. Unnioctpanusa sddexkTa 3aBUCUMOCTH KO3(PUIIMEHTA IIPOXOKIe-
HUA OT HAUPAKEHUA Ha CTOKE U IoueMy 3TOT d3(hdeKT 60bIlle Ipu OOJIBIITNX
V,s» 4eM npu MeHpmnx. CpegHas AauHa cBOOOAHOrO Ipobera B cepoil 30He
IpesAIoaraeTca ~ A, B 0601x caydaax.'!



248 IO. A. KPVTJISAK

KaHaJjia IIPOBOAMMOCTM. BbICOKOmOJIeBasA o0JiacTh KaHajla padoTaer
IOUTH KaK HAeaJbHBIN KOJJIEKTOP 3JeKTpoHOB ¢ T ~1. Kak yxe 00-
CY’KJaJIOCh paHee, IIPOXOKAEHNE KaHajla B 9TOM CJIydyae OIpeaesIsier-
cA IOJUHOM HHU3KOIOJIEBOr0 YYaCTKA, TAK UTO IPH BBICOKMX HAIIPS-
JKeHUAX Ha CTOKe

}\'0
Tour Y . (40)

Takum ob6pasoM, IPUXOAUM K BbIBORY, 4TO Tg,. > T}, , IOCKOJBKY
{ << L. Ilpu BBLICOKOM HANPSKEHUN HA CTOKE 3JIEKTPOHBI B BBLICOKO-
IIOJIEBOM 00JIACTH KaHAaJa IIPOBOAMMOCTU O0JIAAAIOT OOJIBIINM 3aIIacoM
®HEPIUU U pacceuBaloTca 0ojlee MHTEHCUBHO, UYeM IIPU HU3KOM V.
Tem He MeHee, KOa(hDUIIMEHT IPOXOXKAEHUSA BbIIle IIPUA BBICOKOM V),
1 TPAH3UCTOP AEMOHCTPUPYET TOK, OJU3KUI K OAJINCTUYECKOMY IIpe-
Ieny.

PacuéT mpoTsa:KEéHHOCTH HM3KOIIOJEeBOU ob0jJacTy KaHaJjia B 3aBHUCHU-
MOCTH OT HAIPSKEHUN Ha 3aTBOpe M CTOKe ImoTpedyeT, B IPUHITHIIE,
CaMOCOTJIACOBAHHOI'O peIlleHUsA 3aJadul 3SJeKTPOCTATUKU B IIPUCYT-
CTBUHU IIOTOKA 3J1eKTPoHOB [9, 12]. Korga npoduas kanama E,(x) us-
BECTeH, MPOTSAKEHHOCTh KPUTUUECKON AINHBI [ MOKET OBbITh pPacCUm-
rauna [10, 15, 16]. AlbTepHATUBHBIM IIOAXOAOM MOJKET OBITH MCIIOJb-
30BaHMe OSMIMPUUYECKON (GYHKIIMK HACBIIEHWS CTOKA U CKOPOCTHU
BIIPBICKUBAHUSA B MOJEJIN BUPTYAJbHOTO MCTOKA.

IIpuBegém UmMCIeHHBIH IpPUMeEp O0CY:KIAeMBIX IOHATHI Ha obpasiie
ETSOI MOSFET pgnunoit L =25 um [17]. Ilapamerpsl TpaH3uCTOpa
npu 300 K rakossr [18]:

v,; =0,82-10" cm /e, A, =10,5 am.

Bocmnoseayemca Takske 3HaUeHUEM U, = 1,2 - 10" cm/c cormacuo (15/[19]).
HOna T,,, no (39) umeem:

7o M _ 105
N, + L 10,5+25

=0,33.

Hna serauciaenus Tg,, Hoab3yeMca TPeTbUM ypaBHeHHeM us (36):

B 2
1+v,/v

inj

=0,8.

SAT
Kax u oxxuznanoch, IpOxXoxJeHNe HaMHOTO O0JIbIIIe IIPY BBICOKOM HAIIPS-
JKeHuu Ha cToke. [auHy KpuTudecKoi obsactu ( maxomum us (40):

(=g | =2

-1|=2,6am<< L.

SAT
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TaxuM o0pasoM, IPOTAKEHHOCTL Y3KOTO MeCTa Ha BepIInHe 0aphb-
epa, OIpeHedaIoiero ToK, cocrasiader npubdbausureabno 10% ot gam-
HBI KaHAJIa IPOBOLUMOCTH.

Mosxer moxasaThbCcA CTPAHHBIM, YTO JIMHEMHBII TOK C YYETOM pac-
cesuuda (37) orimuaeTcAa OT OAJNIUCTUYECKOTrO TOKa MHOMKuTeiaem T,
Torza Kak TOK HachklmeHus (38) — muokurenem 7T /(2—T). Ilpuun-
HOM 3TOr0 B KOHEUHOM UTOre ABJAeTCS sjJeKTpoctatuka MOS, a 00b-
sSICHEHIEe 9TOMY OOCTOSATEIBCTBY MOJKET HATh PACCMOTPEHNE CUTYAIlNU
IpY BBICOKOM HANPAMKEHHN HA CTOKEe C IIPEeHeOPe:KMMO MAaJIbIM
BIIPBICKUBAHIEM 3JIEKTPOHOB HA BEePIINHY Oapbepa CO CTOPOHLI CTOKA.

PaccmoTpum cHavasia Oa/LIMCTUYECKYIO CUTYaI[Mi0, IIOKAa3aHHYIO
HaBepxy puc. 12. Tox I,, BIPBICKHBaeTCA UCTOKOM. B sToMm ciyuae
3apsdAn Ha BeplluHe Oapbepa CO3Ta€TCA JIUIIL 3JIEKTPOHAMM, WHIKEK-
THPOBAHHLIMU HCTOKOM. IIOCKOJIBKY TOK €CTh IIPOM3BeIeHUE 3apsia
Ha CKOPOCTb, TO 3apsAJ Ha BepIInHe 0apbepa, B IPEIINOJOKEHNN CTa-
ructukyu Maxcsesia—Boabimana,

I+
Q=5 &

Temeph PacCMOTPUM CHUTYAIIMIO C 3apANOM IpPU HAJIUUYUU pacces-
Hus. Kax mokasano Ha puc. 12 BHU3y, 3apAn Ha BepIllIuHe Oapbepa
dopmMupyeTcsa AByMs IOTOKAMU 9J€KTPOHOB: MOTOKOM 3JEKTPOHOB CO
CTOPOHBI MCTOKA C IIOJIOMKUTENbLHBIMI CKOPOCTAMU M OOPATHBIM IIOTO-
KOM 3JIEKTPOHOB C OTPHUIIATEJIbHBIMH CKOPOCTAMM, TaK UTO CyMMap-
HBIN 3apAn

I'+(1-Ty ) I (2-Ty)I”
- = . 42
A Wu, Wu, (42)

B xauecTBeHHOM TpaH3MCTOPE SJIEKTPOHHBIN 3apsah Ha BepIInHe
b6apnepa @xfo ompeneaseTcs IIPENMYINEeCTBeHHO 3JIEKTPOCTATUKOMN

E? 1, gall E 1 I

E (x)

1 3
| - |

0 x 0 x

Puc. 12. IHKeKTUPOBAHHBIN W PACCETHHBIN Hasaj MOTOK JJIEKTPOHOB IIPU
BBICOKOM HANPAKEHWM HAa CTOKe: OajaumcTuduecKas curyainua (cjaeBa) M CH-
Tyamus ¢ paccesHreM Hasaz (cmpasa).'?
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MOS u He moJKeH 3aBHCETh OT TPAHCIIOPTA: 3apAl B 0AJIHUCTUYECKUX
ycaoBuax (41) momken OLITh TAKUM Ke, KaK W IIPU yUETe pacceaHus
(42). YpaBuuBadA 3THU 3apAIbl, HAXOIUM, UYTO
+
I+ — Iball (43)
2- TSAT)

IIpu yuére paccesuuss T <1, TaK YTO WHKEKTUPOBAHHLI MEHb-
XA IIOTOK 3JIEKTPOHOB CO3JAE€T HA BEPIINHE TOT K€ BJIeKTPOHHBIN

3apsan @x: .-

Tox cTroxa 0oJblIlle MHKEKTUPOBAHHOTO TOKa B T pas, TaKk UTO IJA
bamnncTudeckoro cayuas T =1

Iyg =I"=1,,, (44)

a nna Toxka [, B obmem ciaydae (7T <1) ¢ yuéTom (43) HaxoAUM

T,
I, = TTSATIJr = ﬁ%ﬁm . (45)
SAT

TpeboBaHnue perraiomnieii poau sjgeKTpocratuku MOS mpuBOAUT K
TOMY, UTO TOK HACBIIIEHUA B YCJIOBUAX pPacCCeAHUS paBeH OaJJINCTH-
YeCKOMY TOKY HacCbIIleHuA, moMHoKeHHoMy Ha T /(2—-T).

ObcyauM TaK:Ke, KAKOM CMBICJ WMeeT IIOHATHE IIOABMMXHOCTU B
manopasmepubix MOSFET. Coriacuo ypasmenuo (50/[1]), moasux-
HOCTHL IIPOIOPIIMOHAJNILHA CcpeaHell IJuHe CcBOOOAHOro mpobera. B
TPAHCIIOPTHON TeOpUH MOHATHE IIOABUKHOCTH XOPOIIO OIpeaeieHO
BOJMIM3M pPaBHOBECUA B MACCHBHOM HIPOBOAHUKE C IJIUHONH, BO MHOTO
pas mpeBBINIaoINell cpeaHIoln MJIUHY cBobomHOro mpobera [2]. B co-
BPEeMEHHBIX TPaH3UCTOpaX AJNHA KaHaja IPOBOAMMOCTH CPaBHHMA CO
cpenmHeil OJWHON CBOOOAHOrO mpobera M IIPM BBICOKOM HAIPSIKEHUU
Ha CTOKE 9JIEKTPOHBI JajieK! OT COCTOSHHUS paBHOoBecus. M, tem He
MeHee, IPaKTHKa IIOKa3bIBaeT, UTO KBasMpPaBHOBECHASA IIOABUKHOCTD
HaOEKHO OIHChbiBaeT (GYHKIMOHMPOBAHWE HAHOPAsMEPHBIX TPAaH3U-
cropoB. Kak 00BACHUTH 3HAUYMMOCTD MMOABUMKHOCTU AJIA HaHOpPasMep-
ueix MOSFET? Kak y:xe obcyskmagoch B cBas3u ¢ puc. 11, mouru
paBHOBeCHas CpegHAS IJIWHA CBOOOAHOTO mpobera A, KOHTPOJIUPYET
TOK BO BCeM [OuAalla3oHe W3MeHeHUuA Hanpsa:KeHusa Ha cToke. IIycTb
PaBHOBECHBIH IIOTOK JJIEKTPOHOB BIPBLICKMBAeTCA MCTOKOM. IIpu Hus-
KOM HaOpAMKEHUM Ha CTOKE DTU JJIEKTPOHBI OCTAIOTCSI KBa3UPaBHO-
BEeCHLIMHK BO BCEM KaHaje IIPOBOAMMOCTH. IIpu BBICOKOM HAIIpsKe-
HUY HA CTOKE 3JIeKTPOHLI IPHOOPETAIOT SHEPruio, MX CKOPOCTH pac-
CeAHUA YBEJIMUMBAETCS, a CPefHAS [JuHa CBOOOJHOrO mpobera
ymenbInaercs. OgHAKO, KAK MBI yiKe yOeauanch, MMEHHO HU3KOIIOJIe-
BaA 00J1aCTh KaHajia OTBETCTBEHHA 3a MPOXOKIAeHUEe. JJIEKTPOHBI KBa-
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3MPABHOBECHBI B 3TOH 0OJIACTM KaHAjJa IIPOBOJMMOCTU, WX CPETHAA
IJIWHA CBOOOAHOTO mpobera KOHTPOJUPYET TOK, KaK IIPU HUBKUX, TakK
¥ IIPU BBICOKUWX HAIIPSKEHUAX HaA CTOKeE.

IKCIIEpUMEHTAJIbHO MOATBEPIKIaeMYI0 KOPPEIAINio MeXIy (PyHK-
IIMOHAJBHOCTHI0 HAHOTPAH3UCTOPOB U IMOABUIKHOCTBIO MOMKHO 00BsC-
HUTh TEeM, UYTO IIOABH;KHOCTH IIPOMOPIIMOHAJbHA KBa3UPaBHOBECHOI
cpenHeil myuHe cBOOOAHOTO IpobGera, KoTopasd W KOHTPOJUPYET TOK
HAHOTPAH3UCTOPAa OT HU3KHX M0 BHICOKMX 3HAUEHHUM HANPAKEHHH Ha
cToke. KoHeUHO, 9TO CJMIIIKOM OUEBUAHBIA apryMeHT. B KOpOTKOKa-
HAJbHBIX TPAH3UCTOPAX MOTYT CIYUYUTHCA IIepenanbl ¢ MeXaHUYeCKUM
HaIps:KeHMeM U JOIMMPOBAaHWEM, TaK UTO JJIEKTPOHBI He HaXOIATCS
TOYHO B paBHOBecHU. B oUeHb KOPOTKHX KaHaJIaX 3JIEKTPOHBI, BXO-
IAIMe B KaHaJ CO CTOPOHBI MCTOKA, MOTYT BO30OYAUTH ILJIa3MeHHBIE
KosebaHusA BOJMBM HCTOKA, KOTOPHIE IIOHUBAT CPENHIOI AJUHY CBO-
b6oxmoro mpobera [17, 20]. Otor sddeKT HabIOZANCT SKCIEPUMEH-
TaJIbHO, OJAHAKO, YTBEeP:KIEHHEe O TOM, UTO TOK IIPHM BBICOKOM HAIIPS-
JKeHMW Ha CTOKe HAAEKHO KOppeaupyeT ¢ KBasUPaBHOBECHOI IIO-
IBUKHOCTBIO, KaK IPEACTaBJIAETCS, BIIOJHE COOTBETCTBYET CJIOKUB-
IIIXMCS IIPEICTABJICHUSAM O (DU3UKe IPOIeCCOB B HAHOTPAH3UCTOPAX U
MIPUBOAUT K AOCTATOUYHO TOUHBLIM Pe3yJbTaTaM Ha IIPaKTHUKeE.

IlogBeném wurToru. DBrlma moapoOHO paccMOTpeHa KauecTBEHHASA
KapTuHa ABJIEHUI paccedHUs 3SJIEKTPOHOB B KaHaJie IIPOBOJUMOCTU
HAHOTPAH3UCTOPOB U OBbLIM C(HOPMYJIHMPOBAHLI BasKHEHINIE pesyJibTa-
THI B Bujie cBoAKu (opmys (18), B KOTOPOI KJIIOUYEBBIM SABJIAETCA IIO-
HATHEe 0 Ko3(hduiueHnte mpoxoxxaeHus T(E), cBA3BIBAIOIIEM Cpel-
HIOI0 IJIMHY cBOOOZHOro mpobera Hasan A(E) ¢ OJIWHON KaHajga IIpPo-
BogumocTu L. 3aTem 0000IIéHHas Teopusd TpaHcmopra Jlammayspa—
Harra—JlyHacTpoMa MO3BOJIMJIA IIOCTPOUTH MOJAEIb IIPOXOMKICHUS
MOSFET c¢ yuérom paccedHUs 3JeKTpPoHOB. OrpaHUYeHUs, HaKJIATbI-
BaeMble 3JeKTpoctaTukoi MOS, yuTeHBI B BBIpa)KeHUH JlaHmayspa
nasa toxa (19). Urorom saBmiack Momenab mnpoxoxaeuusa MOSFET B
Buse cBoaku (opmya (36) mis BeIUMCIEHUA JUHEHHON objacTu m 00-
JIACTH HACBHIIIIEHUS BBLIXOAHON XapaKTePUCTUKM HAHOTPAH3UCTOPA,
KOTOPYIO IIOJIE3HO CPABHUTL C OamaucTudeckoil momenbio MOSFET
(69/[1]). Ecau Tpansucrop paboTaeT B IIOAIIOPOTOBOM PEXKHUME, MOMK-
HO BOCHOJIE30BAThCsA HEBBIPOMKAEHHOM cTaTUCTHUKOM. OmHaAKO, B pe-
JKUMe BBIIIIe IIOPOora 30HAa IIPOBOAMMOCTH HAa BepliuHe Oapbepa OJmsKa
WIn naske HUXKe ypoBHA PepMmu, TaK YTO HYKHO IIOJIb30BATHCA CTa-
tuctukoit Mepmu—upaxka. Tem He MeHee, CTaJI0 IPAKTUKOI B TeO-
puM yCTpPOMCTB cO cTPyKTypoii MOS mcmoab30BaTh HEBBIPOKICHHYIO
cratuctTuky MaxcsBesia—BosbliMaHa, TOCKOJbKY WCIIOJIb30BaHUE €€
CHJILHO YIIPOIIaeT PacuéThl, BeAET K OoJiee IPOCTHIM GopMyJaM U Je-
JaeT Teopuio GoJiee MoHATHONM. Ha mpaKTHMKe Tak:Ke OOBIYHO HEKOTO-
pole ImapamMeTphbl TPAHB3KUCTOPA He M3BECTHBHI C JOCTATOYHON TOUHO-
CTBIO, U B CJy4Yae MCIOJb30BAHUS HEBBIPOKIEHHOIN CTATUCTUKU OHU
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MOTYT paccMaTpMBATLCA B KauecTBe ITapaMeTpoB IIOATOHKM, obeciie-
YunBasd BIIOJIHE IIpHEMJIEMbI€ Pe3yJIbTaThI.

IlonyueHHble YypaBHEHUSA XOPOIIO cOTJiacyioTcAa ¢ (GUBMKOI mpoliec-
COB B JIMHEMHOI 00J1acTH, Kak U B 00JIACTHU HACBIIIEHUS, YeTr0 HeJIb3s
cKasaTh 000 Bceli 00JlacTM WM3MEHEHUS HANpPAKEHHA Ha CTOKe, IIO-
CKOJIbKY y Hac HeT AOCTATOYHO HAAEXKHON MOIeNN AJA 3aBUCUMOCTH
T(VDS). Hamee OymeT mOKasaHO, KaK MOKHO O0OBEIWHUTL MOIE]b
MPOXOKACHUA U MOJENb BUPTYaJbHOTO HCTOKA M TaKuM oOpasoM
BBLIATHU HA MOJAEJHUPOBAHMWE BCEH ITEJbHON BBIXOMHON XapPaKTEePUCTUKU
MOSFET.

B ocHOBY HacTosIero o63opa mojsoxkeHbl JeKknuu Mapka JIyaagcTpo-
ma ‘Fundamentals of Nanotransistors’ [5], mpouuTaunusie um B 2016
rogy B pamrax mHunuatusbl Purdue University/nanohub.org/u.
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! Fig. 1. Illustration of the ballistic (left) and quasi-ballistic (right) electron transfer. In both
cases, the trajectories of the electron injected by the source at certain energy are shown.
Scattering is a stochastic process; so, the trajectory on the right is one of many possible tra-
jectories.

2 Fig. 2. Qualitative visualization of different characteristic scattering times. At a moment
when ¢t =0, electrons with the same pulses are injected into the conductor in one direction.

Electrons experience on average one collision in time ¢~ t(E) . The total momentum of the
initial ensemble of electrons is zeroed in time ¢ = 1, (E) > 1(E), and the energy takes its equi-

librium value in time f =~ 15(E) > 1,,(E) 2 (E) . The length of the vectors in figures is symbol-

ically related to the energy [2, 4].
3 Fig. 3. The transition of the electron from the initial state to the final one because of the

scattering event on the potential Ug(r,?).

4 Fig. 4. The fluctuating potential produced by randomly located charges illustrates the scat-
tering by charged impurities. Electrons with high energy feel the perturbing potential to a
lesser extent as compared to electrons with lower energy and therefore dissipate less.

® Fig. 5. Illustration of two transmission coefficients Tgp(E) and Tpg(E). When the electron
flux is injected by the source, the transmission Tg,(E) determines the fraction of electrons

leaving the drain, and when the electrons are injected by the sink, the transmission Tpg(E)
determines the fraction of electrons leaving the source. The upper figure corresponds to zero
or small voltage Vg, and the bottom figure corresponds to a large voltage on the drain.

5 Fig. 6. Illustration of the trajectory of an electron in a short conduction channel with a
high applied electric field. Electrons are injected by the source from the equilibrium state,
and most of them reach the drain even if scattering events occur [8].

" Fig. 7. The model profile of the conduction channel, illustrating the passage of an electron
first through a region with a low electric field, and then with a high electric field.

8 Fig. 8. Scattering forward and backward scattering in channel 1D [3, 4].

9 Fig. 9. Scattering forward and backward scattering in channel 2D.

10 Fig. 10. The population of states at the barrier top is determined by three fluxes of elec-
trons: from the source side, a backward flow in the direction of the source and a flow from
the side of the drain, reduced by the transmission coefficient.

1 Fig. 11. An illustration of the effect of the dependence of the transmission coefficient on
the voltage on the drain and why this effect is greater for larger voltages than for smaller
ones. The mean free path in the grey zone is assumed in both cases.

12 Fig. 12. Injected and back-scattered electron flow at high voltage on the drain: the ballistic
situation (at the top) and the situation with backward scattering (bottom).
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ITokasamo, YTO MOJEJNDb IPOX0KICHUA MOXKET OBITH TECHO YBA3aHA C MOJEJIbI0
BUpPTYyanbHOrOo ucToKa. IIpocroit 3ameHo# nquddy3sMoOHHON MOIBUIKHOCTUA L B
MOJIeJIY BUPTY&JIbHOTO UCTOKA Ha KAXKYIYIOCS OABUMKHOCTD W, AJIs JIUHEH-
HOTO TOKAa MOJIyuaeM KOPPEeKTHBIE Pe3yJbTaThl OT 0AJIMCTUUYECKOTO Ipeesa
Io tudPy3nOHHOTO Ipeaesia. 3aMeHOH JUMUTUPYEMOM pacceaTHEM CKOPOCTH
HACBILEHUs U,,, HA CKOPOCTb BIPBICKUBAHUS U, IOJy4aeM KOPPEKTHYIO Be-
auaury Toka I, . CpaBHeHUe KCIepUMeHTAaTbHO M3MepPeHHBIX XapaKTepu-
CTUK ITOKa3bIBAET, UTO HAHOTPAH3UCTOPHI HA KPEeMHMEBOI MOIJIOKKe paboTa-
IOT BecbMa JaJIeKO OT 0aJJIMCTUUYECKOTo IIpesiesia, ToTAa KaK HaHOpa3MepHBIe
III-V FET pa6oTaioT oueHb OJU3KO K OajrncTuueckoMy mpezeny. K momenanu
MIPOXOKIEeHNUA eCTh IBe cepbhbEésHble mperTeHsun. OmHa U3 HUX CBI3aHa C TPYI-
HOCTBIO BBEIUMCJIEeHUA 3aBucumocTu I,  oc V,, u3-3a mpobyieM pacuéTa 3aBUCH-
moctu T oc Vo . A Apyras BeI3BaHa TPYAHOCTAMM IIpefcKasaHus Toka I, ,
YTO, B CBOIO OUepelb, CBA3AaHO C TPYJHOCTHIO BEIUUCJIEHUSI KPUTUUECKOM IJIN-
HBl { TIpPU BHICOKOM HAIMPSYKEHWHU HA CTOKE, B PE3yJbTATe Yero TPYAHO IIpPej-
CKas3arb Benn4uny Tg,,. M3-3a 5THX OrpaHMYeHMI MOJEJH NPOXOKACHUA U
BUPTYAJbHOTO UCTOKA OOBEAUHSIOT TAKUM 00pasoM, UTO ITapaMeTpPhbl MOAEJIU
MIPOXOXKIeHnA OepyTcs M3 BIUCBIBAHUA SKCIEPUMEHTAJIbHBLIX PEe3yJbTaTOB B
MOZieJIb BUPTYaJbHOT'O MCTOKA, a (PU3UUYECKUIN CMBIC IIapaMeTpPoB OepéTcs u3
MOAeS U TPOXOoKAeHUA. IloKkazaHo, KaKmM o0pasoM MOKHO aHaJIN3UPOBATH
BAX HaHOTpPaH3MCTOPOB Ha ocHOBe Mozenu MVS/mpoxoxaenus. PasHoobpa-
31e TUIIOB TPAH3MCTOPOB MOPOKIAeT HOBBIE YACTHBIE 3aaUM, OJHAKO METO/0-
JIOTUS aHAJIW3a SKCIePUMEHTAJbHBIX HAHHBIX MPUHIIUIINAJIBHO He MEHSIETC.
IToguépKkuBaeTcs, uTo mpuMeHenue momgean MVS/mpoxoxaennsa 0o60CHOBAHO,
ecJIM TPaH3UCTOP cOOpaH KauecTBeHHO. [ TaKUX TPaH3UCTOPOB MOMEJb I103-
BOJIAET HAAEIKHO MOJYUUTH QU3UUECKY 3BHAUNMBIE TapaMeTPhI.

ITokasaHo, 1110 MOJEJIb IPOXOKEeHHSI MOKe OyTH TicHO OB’ I3aHU i3 MogeseM
BipTyaJsibHOTO BUTOKY. IIpocToro 3amiHo0 AudysiiiHOI PyXJIMBOCTHU I B MOJEJIO
BipTyasJbHOTO BUTOKY Ha IO3iPHY PYXJIUBICTH W, AJA JIHIHHOIO CTPYMY OZ€ep-
KYEMO KOPEKTHi pe3yJIbTATH Bif 6aicTHUHOI rpaduIli 10 fu@ys3iiHol rpaHuIli.

255



256 IO. A. KPVTJISAK

SaMiHOIO JiMiTOBaHOI PO3CIAHHAM IMIBUAKOCTH HACUTY U,,, Ha MIBUJKiCTBb BIIOD-
CKYBAHHA V,,, OJEPXKYEMO KOPEKTHY BeJndIuHy crpymy I, . IlopiBHAHHSA eKc-
TIEPUMEHTAIbHO BUMiPAHUX XapaKTEePUCTUK ITOKA3ye, 110 HAHOTPAH3UCTOPU Ha
KpeMHifloBi#l miAKJIAAMHII IPAIIOIOTh JOCTATHLO JajeKo Bif OamxicTuuHOI rpa-
HUIIi, Toai Ak HaHnopoaMmipHi III-V FET npaifforoTs ay:ke 6JI1M3bKO A0 OamicTud-
Hol rpaHuti. o Momesro mpoxXoaKeHHA € ABi cepiiosHi nmpeTensii. OgHa 3 HUX
OB’ A3aHA 3 TPYAHOIAMY O0UHCIeHHA 3anexHocTu I, oc V. yepes mpobieMu
PO3paxyHKY sanexHocTu T oc V.. A iHIIy cCOpUYMHEHO TPYAHOIIAMU Ilepef-
6auenHsa cTpyMy I, , I1J0, B CBOIO UepI'y, OB’ A3aHO 3 TPYAHOIIAMY O0UMCIeHH
KPUTUYHOI [OoBKUHM { TIPU BUCOKii HANpys3i Ha CTOIIi, B PE3yJIbTATi YOTO BaYKKO
nepegdauntu BenuuurHy T,,. Uepes mi oOMeskeHHA MOJesi IPOXOAKEHHS Ta
BipTyaJbHOT'O BUTOKY 00 € IHYIOTH TAKUM UHMHOM, IO ITapaMeTPU MOJEJIIO IPOo-
XOMXKeHHA 0epyThCA 3 BIIMCYBAHHSA €KCIEePUMEHTATbHUX PE3YJIbTATiB Y MOJAEb
BipTyaJIbHOTO BUTOKY, a (hismuHmMil 3MicT mapaMeTpiB 6epeThecs 3 MOAEIIO IPO-
xomKxeHHA. [Tokazamo, AKUM YMHOM MOKHA aHarisyBatu BAX HaHOTPaH3UCTO-
piB Ha ocHOBi Mozeno MVS/mpoxomxenHsa. PisHOMaHITHICTh TUIIIB TPaH3UCTO-
PiB IMopo:Kye HOBi OKpeMi 3aBIaHHA, ONHAK METOJO0JIOTiA aHAi31 eKCIIepUMeH-
TAJIbHUX MaHUX MIPUHIIMIIOBO He 3MiHIOETbCcsA. IligKpecoeThbes1, M0 3aCTOCY-
BaHHA Mozesio MVS/mpoxomKeHHA oOIPYHTOBaHe, AKIIO TPAHBUCTOP 3i0paHo
AxicHo. g TaKUX TPAH3UCTOPiB MOJie/Ib YMOXKJINBIIIOE HaAitiHO ofepsraTu (i-
3WYHO 3HAUYIITi TapaMeTpHU.

As shown, the transmission model can be closely related to the virtual source
model. By simple replacing the diffusion mobility p within the virtual source
model by the apparent mobility p,,, for a linear current, we obtain the correct
results from the ballistic limit to the diffusion limit. By replacing the satura-
tion rate v,,, limited by scattering by the injection rate v,,; , we obtain the cor-
rect value of the current I, . A comparison of the experimentally measured
characteristics shows that nanotransistors on a silicon substrate work very far
from the ballistic limit, while nanosize III-V FETs work very close to the bal-
listic limit. There are two serious shortcomings concerning the model of pas-
sage. One of them is conditioned by the difficulty of calculating the dependence
I, oV, due to the problems of calculating the dependence T o V. . Another
one is due to the difficulties in predicting the current I,, that, in turn, is due
to the difficulty of calculating the critical length ¢ at a high voltage on the
drain; because of that, it is difficult to predict the magnitude of T,, . Because
of these limitations, the transmission model and the virtual source model are
combined in such a way that the parameters of the transmission model are tak-
en from the insertion of the experimental results into the virtual source model,
and the physical meaning of the parameters is taken from the transmission
model. It is shown how it is possible to analyse the volt-ampere characteristics
of nanotransistors on the basis of the MVS/passage model. The variety of types
of transistors generates new particular problems; however, the methodology
for analysing experimental data does not fundamentally change. As stressed,
the application of the MVS/transmission model is justified, if the transistor is
assembled qualitatively. For such transistors, the model makes it possible to
obtain physically meaningful parameters reliably.

KaroueBbie ciroBa: HAHOIJEKTPOHUKA, mojeBoit Tpamsucrop, MOSFET, wmo-



PUBNKA HAHOTPAH3HCTOPOB: MOJEJIb MVS-ITPOXOMIEHNA 257

nens JIIJI, MeTpuKa TpaH3UCTOPOB, Mojesib MVS/mpoxokaeHus.

KarouoBi croBa: HaHOeJIeKTPOHIKA, MOJAKOBUI Tpausuctop, MOSFET, moxens
JIIJI, meTpuka Tpans3ucTopiB, Mmoxenb MVS/mpoxomkeHHA.

Key words: nanoelectronics, field effect transistor, MOSFET, LDL model,
transistor metrics, MVS/transmission model.

(ITonyueno 17 mapma 2019 2.)

1. BBEJEHHE

B zakaoueHure MPeACTOUT 00BEIUHNATh MOAEJb IIPOXOKICHUI U MOAEIb
BUPTYaJbHOTO UMCTOKA. ¥ paBHeHUus (36/[1]) maror cBOaKy hopMys MoO-
IeJu IPOXOXKIeHU MJIA pacuéTa BRIXOAHBIX Xapakrepuctuk MOSFET.
Tox cToka B MOZeNI BUPTYaJbHOTO MCTOKA B HYKHOU TOUKE (VGS, v, )
BBIXOJHO¥ XapaKTEePUCTUKHU BbIUMCIIAETCA o ypaBHeHUIo (18/[2]), uc-
MoJIb3ysl AJiA Berumeaenus 3apana (19/[2]), a ana BerYmciaeHUs CKOPO-
ctu (24—26/[2]). YcTaHOBUM CBA3H MEKAY 9TUMU ABYMSA MOJIEJIAMU.

Hauwnnaem ¢ ypaBHeHus (18/[2]) nnsa Toka B Buae IIpOU3BeAeHUA 3a-
pdAla Ha CKOPOCTb:

I, =W| Q( oV, )L:o |x v, (VGS,V )L:O. (1)

JJIeKTPOHHBIN 3apAn BbIumcasaeM u3 ajgekTpocratukum MOS. [lanee
olpenessieM CPESHIOI CKODPOCTH 3JIEKTPOHOB Ha BepIIVHe 0aphepa —
II0-Pa3HOMY B MOJEJIH IIPOXOXKJeHUSA U B MOJEJY BUPTYaJIbHOTO UCTOKA.
Pezrome mopenu nmpoxoskaenus. IlycTs moBesieHMe 5JIeKTPOHOB B KaHAJe
IIPOBOAWMMOCTH IogumHAeTca crartuctuke Maxcsenna—Bonprnmvana
(MB). Tok paérca ypaBHeHueM (36/[1]). 3apsang B HY:KHOI TOUKe
(Vis» Vs ) Ompenensercs anexTpocraruroi MOS. B cirydae craTuCTUKE
MB Her HY:KIBI 3HATH 3HaUeHUe 9Hepruu epMueBcKoro ypoBaa. Cro-

POCTH BIPHICKMBAHUSA
T
Uinj = Ur (2 _ T‘j s (2)

rae 0aJIMCTAYECKAs CKOPOCTh BIPBICKUBAHUSA U, JAaETCA BEIPAKEHUEM
(25/[2]) B makcBeLI-00ILIIMAHOBCKOM IIPEeIe:

2kT
m’

3)

Up =

CpenHssi CKOPOCTD 9JIEKTPOHOB Ha BepIiinie 6aphbepa B TOUKe (VGS V5 )

(VGS’ s) o Four (VDS ) Uinj » (4)
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rae

1 _ e—qVDS /kT

F,

SAT (

v

DS) - 1 +( T equDs/kT .
2-T

()

Tox BbIUMCIIAEM OKOHYATEJbHO 1O (1) ¢ yUETOM TEPMUHAIBHBIX CO-
POTUBJIEHU.

TpyaHOCTH B 9TOM aJITOPUTME BHIUMCJIECHUN CBABAHBI TOJBKO JIUIIH C
pacuérom T'(V ).

Hna auskux V), npoxoxgenue 6epérca mo (39/[1]):

A

T — LIN s 6

H 7\‘LIN + L ( )
a ayda Beicokux V,, — mo (40/[1]):
L

T.,,,=—24T 7

sar LSAT + E ( )
Kax y:xe obcy:kmasoch paHee,
My ® Agar = Ao+ (8)

IIpoTa:KEHHOCTD KPUTUYECKON AJIUHBI { OIEHUTH HE TaK MPOCTO [3—
5], a BOT BBIpAKEHUA AJA JUHEHHOTO TOKA W TOKA HACBHIIIEHUS B
MOSFET JIIIJI nerko yBA3aTh ¢ ypaBHeHusaMu B mozaeau VS. CoryacHo
(37/[1]) u (38/[1]), oT; BEIpAKEHUS CIAEAYIOIITHE:

1%

Ipuy =W |Q (Vos )| Turw mVDS, 9)
T,
Insur = W|Q (VGS) Vinj = W|Q (VGS )| [ﬁ] Up.
sAT

Celtuac ybeguMcs, UTO 3TH YPABHEHHUS JIETKO YBA3aTh C COOTHOIIIEHU -
MU, IPUHATBIMU B TpaguitnoHuoi mogean MOSFET u B momenan BUPTY-
aJIbHOTO MCTOKA.

Pe3iome Momesn BUPTyaJbHOTO HCTOKA. ITA MOJENb TAKIKEe HAUNHAETCS
¢ ypaBHenud (1), HO cpegHAA CKOPOCTH HA BepIuHe Oapbepa BHIYUCJISA-
etcs corJiacHo (24 /[2])

<vx (VGS’VDS )>|Y:0 =Fyr (VDS) Ugar » (10)

TZle 3aBUCUMOCTH CPefHell CKOPOCTH OT HANPSKEHUS Ha CTOKe MaéTcs
AMIUPUYECKON (hYHKITME HAChIIeHnA TOKa cToKa (25/[2]):
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Vis/V,
FSAT (VDS): D5’ DoAT PRI (11)
|:1+(VDS/VDSAT) }
rae
v L
VDSAT: S:i . 12)

3apazn BeruncaAeTcd, ckaxkeM, mo (19/[2]). YuecTs TakKe CTOUT Tep-
MUHAJIbHBIE COIIPOTUBICHUA.
J1a He00NbITNX HATIPSKEHUH HAa CTOKe

F, SAT - VDS/V DSAT

<Ux (VGS’ Vps )>|Y=0 — wVps/L.

JIuHeHbI TOK B Mozeau VS

w
Ippn = Z|Q (VGS )| Whs (138)

COBIIaJIaeT ¢ ypaBHeHMeM B TpagunuoHHoi Moxenum MOSFET. Mna
bonpmux 3HaueHunit V,, ypaBHeHue (10) cBoguTcsa K TpaAUIMOHHOMY
BBIPAYKEHUIO AJIA CKOPOCTU HACHIIITeHN A

Ipsar =W |Q (VGS’ Vps )

vsat * (14)

IIo cymecTBY, MOZeab BUPTYAJNbHOTO UCTOKA — 3TO IOJIydMIUpUUe-
cKad MojJeJjb, II03BOJAIOIIAS BOMNCATHCA B SKCIEPUMEHTAJILHO U3Me-
PEeHHYIO BBIXOAHYIO XapaKTepPUCTUKY. B ciyuae KOPOTKOKaHAJNBLHBIX
MOSFET napameTpsl |1 1 U,,, Hy»KHO IIOJJOTHATh:

H - Mapp’ vsat - vinj' (15)

Panee 6n1710 moKasaHo [2], 4To B 6aJIIUCTUYECKOM IIpefiesie KaKyIra-
ACs MOABUIKHOCTD W, Y CKOPOCTH BIPBICKUBAHWSA U, WUMEIOT SCHBIH
dusnuecKuii cMmbpicja. Jlajsee MbI MHTEPHIPETUPYEM STHU ABa IIapamMeTrpa
yKe C YUETOM paccesaHNUA.

2. OFbEJUHEHUWE MOJAEJIN ITPOXOKIEHNA U MOJEJIN
BUPTYAJIBHOI'O HCTOKA

Hama sagaua ceituac, o0beguHAs 00e MOIEJIM, IOHATH (PU3UUYECKU
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CMBICJI KaxKyITielica MOABUIKHOCTHA U CKOPOCTH BIPHICKMBAHUS.
Juneitnaa o6aacth. Mcnonbsysa Buipaskenue (39/[1]) mnia mpoxoxme-
uus T, = Ay/(A, + L), nepemuiiem (9) ceayommm 06pasom:

w v
Ippy = Z|Q (VGS )|(TL1NL)(T7T,/QJ Vps =

(16)
w 1 %
=7 |Q| " Vs
L (1/xy)+@ /L) )\ 2ET/q
Bceconomunaem onpenenenue nmoasukaocTH (50/[6])
D U A
p=— =0 (17)
kT/q 2kRT/q
u OasLmucTIdYecKoi moasuxxHocTH (54 /[6])
v, L
= ) 18
Up 2kT/q (18)
WUcnonbaysa ux, nepemnuckiBaem (16) B Buae
w 1 w
I =— — |V, e =— Vo 19
DLIN L |Q| ((1 /M) + (1 /HB)j DS L |Q| “app DS ( )
riae KaKyIasics IOABUKHOCTD OIIpeiesIsgeTca Kak
1 = 1 + 1 . (20)
“’app “’ “B

ITomoGHEIN pelenT HAXOMKIEHUA Pe3yJbLTUPYIOIel BeJIWUYMHBI Kak
CYMMBI IBYX HE3aBHCHUMBIX IIPOIIECCOB IIPUMEHUTEJIbHO K 3JeKTPUUe-
CKOMY CONIPOTHBJIEHUIO U3BECTEH KaK mpaBuyio Maruccena [4].

Kaxk yxxe obcy:kmasock paHee [2], bamaucTuuecKkasa MOABUIKHOCTD CO-
OTBETCTBYEeT TaKOIi IIOABUIKHOCTHU, KOTAAa CPeIHSA AJIUHA CBOOOMHOTO
npobera CTAaHOBUTCA PABHOM IJIMHE KaHAJA ITPOBOIMMOCTH. DJIEKTPOHBI
paccenBaIOTCs MHTEHCUBHO B KOHTAKTaX UCTOKA U CTOKA, TaK YTO KOTAa
KaHaJ IIPOBOJUMOCTH OKa3bIBaeTcA 0aJIIMCTUUYECKUM, TO PACCTOSHUE
MEXKIY OBYMS IIOCJIEJOBATEJbHBIMUA AKTAMU PaCCesSHUS OKas3bIBaeTCs
PaBHBIM AJMHE KaHajia IPOBOAUMOCTH. VICIIONB3Yys OALIHUCTUUECKYIO
MOABMKHOCTD B (19), nuHeliHbI# ToK B 6ammuctuueckom MOSFET mo-
JKeT OBITH 3aIMCaH B TpaAUIIMOHHON nuddysuonHoi hopme (13).

Coraacuo (20), xamymasaca nogsuskHocTb MOSFET Bcerma menbime
HaUMeHBbIIIell U3 ABYX MOJBUKHOCTE — OaIIUCTUYECKON W, Uau Aud-
(dysuornoii p. aa nporaxénnoro kanana MOSFET p << u,, 1 Kaxy-
mascsAd MOABMIKHOCTL orpammueHa Aud@ysroOHHOI IIOABUIKHOCTHIO. B
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caydae HaHOTPAHB3UCTOPOB [, << |, ¥ KaXXyIllasacd IMOABUKHOCTE OIIpe-
IesseTcsa 0AlINCTUUYECKOIl MOABMKHOCTRI0. OOpaTM BHUMAaHME Ha TO,
YTO TPAOUIIMOHHOE BRIpAKeHUe IJIA JuHeHHoro ToKa (13) MoKeT oIru-
0OYHO IIpPeACKAa3aTh TOK BBIIIE OAJIIMCTUUYECKOrO Ipejesa, eClnu KaHal
IIPOBOJMMOCTH JOCTATOYHO KOPOTKHUI, HO €CJH TPASUIMOHHYIO IIO-
IBUMHOCTD 3aMEHUTH KAXKYIIeHCA HOABUKHOCTLIO, TO 9TO He CIAYUYUTCH.
B nuneitnoit oomactu MOSFET Benér cebsa KaK pe3rcTop, KOHTPOJIH-
PyeMbIil IPUJIOKEeHHBIM HaIpsasKeHneM Ha 3aTBope (puc. 1).
W3 (19) carenyeT, UTO COIMPOTUBIIEHNE KaHaJIa IIPOBOAUMOCTH
R, = Vs :£ 1 . (21)
IDLIN W |Q| Happ

Ha mpaxTumke OOBIUHO YUKUTBHIBAIOTCA TEPMUHAJILHBLIE COIIPOTHBJIE-
HUS, TaK UYTO JINHEHNHEBIA TOK

VDS VDS . (2 2)

I = =
o R, +Rs+ R, Rpp

BrouceiBas SKCIEPUMEHTAJIbHO HN3MEPEeHHYI0 BXOMHYIO XapaKTepH-
CTUKY B €€ JUHEHHON 00JacTH B MOJEJb BUPTYAJIbHOTO NCTOKA, MOMKHO
M3BJIeUbh 3HAUCHUS TePMHUHAJILHBIX COMPOTUBIEHUN 1 KaKyIencsa Io-
IBUYKHOCTHU.

HUrak, ObLI0 MOKa3aHO, UTO JUHEHHEINA TOK B MOJEJHN IIPOXO0KIECHUA
(19) mo:xeT ObITHL 3amucaH B auddysuonHoi dpopme (13), IpuHATOH B
MOJEeJH BUPTYaJIbHOT'O MCTOKA, €CJU TPamsuIuOHHYI0 Auddy3HOHHO

v,
0 R, =—2%-=R,+R.+R,

o
N
e A
&

\

v

VDS

Puc. 1. UnnrocTpaiusd Toro, KaK JUHEHHBIH TOK CBSA3aH C COIPOTUBIIEHIEM Ka-
HaJa ¥ TepMUHAJLHBIMU COIMPOTUBIEHUAMU. [[JIsd 3aJaHHOTO HATIPSIKEeHUA Ha
3aTBOPE CONMPOTUBJIEeHME KaHaa mpoBoaumMocTu (21) o6paTHO IPOIOPITNOHAT -
HO KKYITeHcs MOTBUKHOCTH. |
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KOHTPOJMPYEMYIO TOJBUIKHOCTD |I 3aMEHUTh KaKyleicsa MOABUIKHO-
CTBIO [, .
Oo6aacTh HacbImeHuA. Y pasueHue (9) cBUIeTeILCTBYET O TOM, UTO B 00-

JIACTY HACHIIIEHUA BAXKHYIO POJIb UTpaeT MHOXUTENb Ty, /(2— Ty, ).
Coraacuo (7), ¢c yuéToM (8) 9TOT MHOKUTENH MOYKHO IIePeIcaTh B BUIe
TSAT — 7\‘0 (23)

2-Tyn Ag+20
Torma cKOpoCTh BIIPbICKUBAHUA (2) —

Tour v = AoUr 1

= = . 24
A B WY, (1/v,) + €/ (Aevp/2) 24)

Bceconomunas onpegenenue kKoahdummenta guddysuu (19/[6])
D =v,\,/2, nepenuiiem (24) nuuaye:

inj = 1 + L (25)
v, D/
ViR 0%
1 _1 + 1 . (26)
Vi Up D/

Cornacuo (26), mpuxoauM K BBIBOAY, UTO CKOPOCTH BIPBLICKUBAHUA B
MOSFET Bcerga MeHbIIIe, UeM HANMEHBINIAS 13 IBYX BEJIUYNH — CKOPO-
cTu 6aJIIMCTUYECKOTO BIPHICKUBAHMUS 1 BeTuuuubl D /( , paBHOU CKOPO-
CTH, C KOTOPOI 3JEeKTPOHBI AuGMOYHAUPYIOT UYeped Y3KOe MECTO Ha Bep-
mrHe 6apbepa miuHbl (. Ecau mimraa ( KOCTATOYHO IPOTAMKEHHAA WJIN
kospunuent aupdysuun D HeOosbmoi, T0 D/ <<Uv,, U CKOPOCTb
BIIPLICKMBAHUA KOHTPOJIHPYETCA CKOpocThio nuddysuu. Ecau ke gauHa
( HeBesnKa unau KosddunuesTt suddysuu D 6omabioii, To D/ >> v, , n
CKOPOCTDH BIIPBICKMBAHUS HE MOYKET OLITH 00JIbIIe 0aJIIUCTUYECKON CKO-
PpoCTH BOPBICKMBAHUSA, HO MOKET ObITh HAMHOTO MEHbIIIe.

PucyHOK 2 cay:XuUT WJJIIOCTPAI[MEl TOT0, UTO IPOMCXOAUT B HAHO-
pasmepaoM MOSFET B pe:xume «ON». OIeKTPoHbI ZUGPYHIAUPYIOT Ue-
pes ys3Koe MecTO KaHajia, HO OHM He MOTYT ABUTaTbCA CO CKOPOCTBHIO
OnIicTpee, YeM TeIlJI0Bas CKOPOCThb, IIOCKOJBKY HpuumHOH Aud@ysuu
sIBJISIeTCA CcJIydaiiHoe TelioBoe aBuskeHue. Ilocie nudpdysuu depes ys-
KOe MeCTO 9JeKTPOHBI IIONAJAI0T B BBLICOKOIIOJIEBYIO 00JIaCTh KaHaJja
IIPOBOAMMOCTH, B KOTOPOIl 9J€KTPUUECKOE II0JIe IMOAXBATHIBAET JJI€K-
TPOHBI ¥ BBIHOCUT UX B CTOK. ¥Y3KO€ MEeCTO KaHaja aHaJoTuYHo 0ase B
OUIIONAPHOM TPAH3UCTOPE, a BBICOKOMIOJIeBasA OO0JIaCTh aHaJOTHMYHA
KOJIJIIEKTODY.

Taxum oOpaszoM, OLITIO IIOKA3aHO, UTO TOK HachkImeHuda (9) B Mozenn
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1 1 1

A
E ) v, DI

«Haza»

«yaKoe MecTo»
\ «KOJLIEKTOP»

\\ Ep(x)

———-

X

Puc. 2. Sounasa nuarpamma MOSFET B pexxume «ON », 1eMOHCTPUPYIOIIAA V3-
KOe MECTO JJI TOKAa C HeOOJIBIINM 3JIeKTPUUECKUM II0JIeM U BBICOKOIIOJIEBYIO
006J1acTh KaHAJIa IPOBOAMMOCTH. JTO Y3K0Oe MECTO aHAJOTUUHO 0a3e B OMIIOIAD-
HOM TPaHBUCTOpPe, 2 BHICOKOII0IeBas 00/IaCTh AHAJOTHYHA KOJIeKTOpY. >

MIPOXOKACHUA MOKET OBITh 3alMCaH B TPAIUIINOHHOI hopme (14) uepes
CKOPOCTH HACHIIEHUA, MIPUHATON B Mojeau VS, ecau TPaAUIMOHHYIO
nu¢@dy3MOHHO KOHTPOJHMPYEMYI0 CKOPOCTb U, 3aMeHHUTb CKOPOCTBIO
BIPbICKUBAHUA U, (26). IIpesesbHBIM 3HAUEHNEM CKOPOCTH BIIPHICKH-
BaHUA ABJAETCA OAINCTUYECKAA CKOPOCTh BIPBICKUBAHUSA Uy, .

BrnucriBas sKceprMeHTaIbHBIE JaHHBIE B MOJIeJIb BUPTYaJIbLHOTO HC-
TOKA, Mbl HAXOJUM KaKyIIyIOCH [OABUKHOCTD W, ¥ CKOPOCTH BIIPbIC-
KuBaHusA U, . Ecau skcnepuMeHTanbHbBIE JaHHBIE OTHOCATCS K JJIMH-
HOKaHAJbHOMY TPaH3UCTOPY, TO OIIPENEIUM U CTAaHAAPTHYIO AuMGY3U-
OHHYIO IMOABUKHOCTE L. Il03:Ke MBI ITOKaKeM, UTO TPATUIIMOHHYIO II0-
IBUKHOCTD |I MOYKHO OIIPENEJINTh M B CJIydyae KOPOTKMX KAaHAJOB B
HaHOoTpausucropax. Ilpeamosaras, 4To HaM M3BECTHHI 3TH TPU Iapa-
MeTpa, IIOKaMeM, KaK BBIUMCJIUTH KO3I(POUIIMEHT IIPOXOKIEHUA B JIU-
HEeWHOM 00JIacTH U B 00JIaCTU HACHIII[EHNA.

Vpasuenue (9) paér nuneinbit Tox uepes T, , a (19) — uepes p,,, .
YpaBHUBaAA 9TH [IBa BEIPAKEHUA, TOJTydaeM

-1
_ Happ Up _ Happ

T =
N L\ 26T /q .

a MCIOJIb3yA Jajiee OompenesieHre Kakyirelica moaBu:kHOocTu 1mo (20),
OKOHYATEJHLHO HaXOAUM, UTO

1
TLIN = S = £ . (27)
Mg +U U Ut H

Hna Beruucienus T,

sar BOCIIOJIb3yeMCs BRIpasKeHueM (2)

T,

_ SAT
Uinj = Ur o_T ’

SAT
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oTkyzma ana T,,, nuMeeM

B 2
1+v,/v '

inj

(28)

SAT

CxopocTh BHOPBICKUBAHUS U, ONPENeNseTcs IYTEM BIVCHIBAHUS
ONBITHBIX HAHHBIX B MOAEJb VS, OOJHAKO, 0AJJIMCTUYECKYIO CKOPOCTH
BIPBICKUBAHUA U, OIpPeNeauTh TpyAHee. Eé MOKHO U3BIeUb U3 aHAIU-
3a 9KCIIEPMMEHTAJIbHBIX BXOIHBIX XapaKTepuCTUK [8]; BmecTe ¢ TeM, eé
YACTO BBIUUCJIAIOT, IIOJb3YsICh U3BECTHBIMU 3(P(PheKTUBHBIMU MaccaMu 1
THUIIOTE3011 0 UICJe 3aHATHIX IIOJ30H.

Onenum p,, W @ T,y BIIsE auHennon odosnactu n-MOSFET ¢ niuuoi
kaHasa L =22 um npu T = 300 K. ITycrs B moamoxxke Si(100) zacenena
TOJBKO OJHA HUKHAS II0I30HA, & IOABUKHOCTD L = 250 cm’® /B-c.

B arux ycnosusx, cornacuo (15/[2]), v, =1,2-10"cm /c . Bannucru-
YeCKYIO MOABMKHOCTD HaxoauM 1o (18)

oL (1,2-107)x(22-107)
he = kg 2 x0,026

=508 cM®/(B-c). (29)

ITockonBKY W, COIOCTaBHUMA C |, 9TOT TPAH3UCTOP paboTaeT B KBa3u-
0AJLTHCTUUECKOM perKuMe.
Kaxxymiyroca nmogsu:xkHOCTh Haxogum us (20), a »MeHHO:

_ppg 250 x508

- = =191 cm?®/(B-c).
o = 1, ~ 2501 508 /B <)

Kak u o:kumaioch, KayKyIascsa IMOABUKHOCTb MEHbIIIe HaMeHbIIIed
U3 IBYX HMOABUIKHOCTEH — OasaucTuueckon u nuddysuonHoii. 1, Haxo-
Hell, HaX0oauM Koa(h(GUIINeHT IPOX 0K AeHN B IUHEHOI obsacTu 1o (27):

o Bk 250

= =0,33. 30
ENC p, 4 508+ 250 (30)

Mge1 yOeguanch, YTO Kak JJid JUHEHHOM 00JIacTh BBIXOAHOM XapaKTe-
PUCTUKH, TaK U OJIs 00JIaCTU HACHIIIIEHUA BCeTIa MOKHO YCTaHOBUTE CO-
OTBETCTBIE MEK Iy pe3ybTaTaMU, HOJYUYeHHLEIMHY B MO/ BUPTYaJIbHO-
IO UCTOKA M B MOJEU IPOXOoKAeHusda. Temeps HaM fACHO, IOUEMY TPALH-
MUOHHYIO Trhdy3UOHHYIO IOABUKHOCTD, IPUMEHUMYIO IJI IJIMHHOKA-
HAJbHBLIX TPAH3UCTOPOB, HYKHO 3aMEHATh KaKyIlelicsa IOIBUKHOCThIO,
OXBaTBLIBAIOINE BeCh KBA3MOALINCTUYECKUIT TpaHcmopT. Tax:ke OBLIO
MMOKa3aHO, UTO CKOPOCTH HACBIIIeHU B TpaguiinouHoi mogeau MOSFET
COOTBETCTBYET CKOPOCTL BIPBLICKUBAHUA B MOIEJU IIPOXOMKAEHUSA. ITa
MOZeJIb IPeNoCTaBIsgeT (PU3NUECKU SICHOe IIOHMMAHNE M3MEHEHUsS KaK
JMHEHHOr0 TOKAa, TaK WM TOKA HACHIINIEH! B HAHOTPAH3UCTOPaX; OJHAKO
MOJyIMINPUUYECKAas MOAEIb BUPTYAJIbHOTO UCTOKA JIyUIlle IPHCIIOoco0.Ie-
Ha JJ1d BIUCBIBAHMA DKCIEPUMEeHTATIbHBIX BaHHBIX [, o V. BO BceM
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Iranasone N3MeHeH! A HAIPAKeHNUI Ha CTOKe. ITO pasjinune MexK Iy Mo-
IeIIMU He HOCUT (pyHIaMeHTAJIbLHBIA XapaKTep, OHO BO3HUKAET TOJIBKO
13-32 TPYAHOCTel BhraucIeHnsa sapucuMoct T (Vg ) -

MbI 70 cMX IOpP BCTPEUATIUCH C TPEMS PA3HLIMU IIOABUKHOCTSIMI:
1) rpagunmonHaa auddys3moHHAA IIOABUMKHOCTE L, 2) OaaucTruyecKasd
IOABUXKHOCTD |1, , 3) KAKyIIasacs IOJBUKHOCTD Happ * B reopuu MOSFET
HEPEeIKO MCHOJb3yeTCdA TaK HadbiBaeMad 3((peKTuBHAA IIOJABHKHOCTDL
Kosr [9]. Tepmun «adpdHeKTHBHAA MOABUKHOCTEY — HEyIAUHBIN; OH HOJ-
pasymeBaeT To 00CTOSATEIBLCTBO, UTO 3JeKTPOHEI BOIM3Y I'PDAHUIIBI Pasie-
Ja Si/SiO, DOMKHBI UMETh MEHBIITYI0 HOABHKHOCTH II0 CPABHEHHIO C
2JIEKTPOHAMHU B IJTyOMHE KaHaJjia IPOBOAUMOCTH, B Pe3yJabTaTe JOIOJH-
TeJILHOT'O pacceaHU Ha IIIePOX0BATOCTAX IIOBEPXHOCTH paszaesa. dhGeK-
TUBHAS IIOJBUKHOCTh — 3TO IIOABUKHOCTD SJI€KTPOHOB B KaHAaJIe IIPOBO-
INMOCTH, ycpenuéHHasa mo rayomne. ua Si MOSFET W, HaMHOTO
MeHbIlle qud(y3MOHHON TOABUIKHOCTH |I B MACCUBHOMN KpeMHUeBOU MOJ-
aoxkke. Ilna trpausucropoB III-V HEMT BbIicokad MOABUIKHOCTH COXPa-
HseTcA Ojaromaps TeXHOJOTHYECKON BO3MOYKHOCTH CO3JJaHUA aTOMAapPHO
peryJsipHOM I'paHuUIBLI pasjaeiia. B coBpeMeHHBIX HAHOTPAHBUCTOPAX, O -
HAKO0, KBAHTOBLIE OTPAHNYEHUS CTOJb CUJIbHLI, UTO BCE SJIEKTPOHLI B Ka-
HaJjie IPOBOAMMOCTHU HUCIILITHIBAIOT paccesdHMe Ha IMepPoX0BATOCTAX IIO-
BepPXHOCTH paszesa. ['oBopuTh 00 yCpeaHeHn ! ITOABUKHOCTH IO IIyOrHe
IPUMEHUTENHFHO K HAHOTPAH3UCTOpaM He mpuxonutcsa. O0e moaBUIKHO-
CTH CTOUT YPABHATD, W, = |l , X PACCMATPUBATh UX KaK JUPPYy3UOHHYIO
TIOABUKHOCTD.

3. TPAHCIIOPT B HAHOTPAH3UCTOPAX C IIO3UITNY MOJIEJINA
MVS/ITIPOXORIEHHUA

O (pusuKe IPoOIECCOB B HAHOTPAH3UCTOPAX MOYKHO MHOT'0€ BLISCHUTD U3
aHaJIM3a BOJBT-aMIIEPHBIX XapaKTepuCTUK HaHopasmMepHbix MOSFET.
PaspaboTano HemMaJIo mOaAX0A0B AJia Takoro aHasmaa [10—15]. Ilepcuek-
TUBHOCTH OOBEAMHEHHON MOmenu VS/IPOX0KIEHUS XOPOIIO 3apeKo-
MeHIoBaJIa ce0sA P M3yUYeHU N TPAHCIOPTHBIX ABJICHNI B HAHOTPAH3HU-
cropax [16—19]. IIpogemoucTpupyem ato [20, 21] myTéM aHaamsa dKcC-
IepUMEHTAJBHBIX pedyabTaToB Ha mpumepe Kaxk ETSOI MOSFET [22,
23], rax u III-V HEMT [19, 24].
0630p mogeau MVS /mpoxosxkaenusd. IIpexae uem nmepexoguTs K aHAJIN-
3y SKCHePUMEHTANbHBIX HJAHHBLIX HPUBEIEM OCHOBHBIE ITOJOMKEHUS II0-
caeqHell BepcuM 5TO 00beAWHEHHON MOJeJNN, IMOJYUHnBIlell Ha3BaHUe
mozenu MVS/mpoxokIeHns, TOCKOJIBKY OHA ObLiIa chopMyaImpoBaHa B
MaccauyceTCKOM TeXHOJIOTUYEeCKOM nHCcTuTyTe [25].

Mogens MVS omuchbIBaeT TOK CTOKA B BUE IPOU3BEIEHU JIEKTPOH-
HOT'0 3apsia Ha CKOPOCTH 3JIEKTPOHOB [25—27], a MeHHO:

IDS = W‘Q (VGi’VDi)

XFSAT (VDi)vinj ’ (31)
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rae Fg,, (V) )U,; — 9TO CKOPOCTH 5JIEKTPOHOB HA BUPTYaIbHOM HCTOKE.
Hanpaxenusa V,, u V,, — sTo cobcTBeHHEIE (intrinsic) Hanpsa:KeHUA HA
3aTBOPe M HA CTOKe. JJIEKTPOHHBIN 3apsf B3AT IO aOCOJIOTHOM BeJIM-
YKWHE, TOCKOJbKY NHBEPCUOHHBIN 3apsas orpunareabuniii B n-MOSFET.

B mogem MVS sapsan Ha BupTyambHOM uctoke Q(Vy,,V,, ) BEIYHCIAET-
cA W3 IOJYSMIIMPUYECKOTO BEIpasKeHusA, momobHoro (45/[28]) [25], a
UMEeHHO,

q (VGi -V - a(kT/Q)F})
mkT

‘Q (VGi,VDi) x=0‘ =mCy" %ln 1+ exp{

} . (32)

B sTOM BBIpakeHHU MCIIOJb3yeTCA WHBEPCHUOHHAS IIepexoxHas (PpyHK-
mud (inversion transition function) [25]

1

F s
KH—DQ—aMT/m/Z%

f =

(33)

1+exp{ kT /g

KOTOpasi OTBeTCTBEHHA 3a yBeJIMUeHIe IIOPOroBOT0 HANPAMKEeHUA Ha Be-
JUYNHY a(kT / q) /2 1o mepe Toro kak MOSFET mnepexoauT 13 mOAIIO-
POTOBOTO PeKMMa B PEeXKMM CUJIbHOW mHBepcuu: F, — 1 B moamoporo-
BOM peskume u F, — 0 B peskuMe CUJIbHOW WHBEPCUH. OMIMPUIECKUN
mapamMeTp o 0OBIYHO BBHIOMPAIOT paBHBIM 3,5 [20, 25]. B ypaBuenuu (32)
IIOPOT0BOE HAIPSKeHHe 3aBUCUT OT HAIPAMKEHHS Ha CTOKEe COIJIACHO
(47/[28]), a umenHo,

V=V, =06V,

Di>

(34)

rae V,, — BTO IIOPOroBOe HaIpssKeHNe B PeKUMe CUJIbHOI MHBePCUHU
npu V,, =V, =0, a 6 — osro napamerp DIBL. Ilognmoporosslii mapa-
MeTp HaKJoHA B (32)

m=m,+mV,, (35)

rge m, — 9TO TOAIOPOroBbIM mapamerp npu V,, =V, =0, a
m' =dm /dV,, onucblBaeT m3MeHeHHe IIapaMeTpa m ¢ H3MeHeHHeM
HaAIPAKEeHUs Ha CTOKeE.

B mozenun MVS ucoonbayercsa sMmunupuuecKkas GYHKIINA HACBIIIIEHUA
ToKa cToka (45/[28]) [25]

FSAT (VDi) — VDL‘/VDSATS (36)

[1 + (VDi/VDSATs )B T/ﬁ

c (56/[28])
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v. .L
Vosars =~ (37)

DSATs
app

rae Leff — 3T0 3(deKTNBHAS AJIMHA KaHajia IpoBogumocTu 1o [29]. O6-
paljaeM BHUMaHue, uto B uaAexc SAT B V., nmobaBieHa OyKBa S, UTO-
ObI yuecTb TOT (paKT, 4TO F,,, ONUCHIBaeT HacHIIlleHUe TOKa CTOKAa B pe-
JKMMe CHUJIbLHOM WHBepcuH. B yClI0BUSAX MTOAIOPOTOBOTO peKmMa
Viosar = BT / q[29]. Mogens MVS paccmaTpuBaeT 3TOT mepexon oT Vg,
B IIOAIIOPOTOBOM pe:KMMEe B PEKHM CUJIbHOM WHBEPCUU SBPUCTUYECKU C
HUCIOJIF30BaHMEM WHBEPCUOHHOI ImepexomHoit ¢yrkunum (33) [25], a
MMeHHO,

Viosar = Vosars (1 - F)f + (kT/q)F} . (38)

CobcTBeHHBIe TepMHUHAJIbHBIE HampsxXeHua V,,V, CBA3AHHBEI C
BHEIIHMMM TEePMUHAJBbHBIMHU HaNpPsKeHuAMU V., V., ClIeaymoluMu
COOTHOIIIEHUSIMU :

Vi = Vos = IpsBspos Vo = Vs — IDSRSDO/Z’ (39)

rfe cyMMapHoe TepMUHAaIbHOe compotuBiaenue R, = Ry, + B,, ecTb
CyMMa COIIPOTHBJIEHHS MCTOKOBOIO TepMuHana Ry, ¥ COIPOTHUBJIEHUS
CTOKOBOI'O TepMHuHaJa R,,, KOTOpbIe IIPeAII0IaraloTCsa OJUHAKOBLIMU 1
He3aBUCAIINMHU OT HAIIPAMKEHNH Ha 3aTBOPE U Ha CTOKeE.

Mogens MVS mMoKeT OBITH BOMCAHA B 9KCIIEPUMEHTAJILHO U3MEPEH-
Hble IepeJjaTOuYHble XapaKTepucTukKu I, o V., U BBIXOJHEIE XapaKTe-
pucturu I,q oc V, o, 4TO IIO3BOJIUT OIPEEJUTh HECKOJIbKO BAXKHBIX I1a-
pamerpoB MOSFET. JlanbHeHIIINHi aHAINS COCPEIOTOUYNM HA JIUHEHHOMH
o0sacTu Ipu HUBKUX V,, U Ha 0071aCTH HACBIIIIeHNU IIPU BBICOKUX V.

IIpu HEOONBPIINX HATIPAKEHUAX HA CTOKE

v KooV bs
Four — 25, U, (VGS ’ VDS) - —= .
Vosars x=0 Leff

VYpasuenue ajsa Toka (31) B InHeHOI 00JIACTY CTAHOBUTCS TaAKIM:

w 1%
Ipiy = L_|Q (VGS )| HappVDs = # ’ (40)

eff ch

rae R, — compoTuBiIeHNe KaHaJIa IPOBOAUMOCTH.
Jasa Gonpmux Hanps:KeHUi Ha cToke Fg,,. — 1 um ypasaenue (31)
CBOIUTCA K TPAAUIIMOHHOMY BBIPAKEHUIO IJIsI TOKA HACBIIIeHU
Insur = W|Q(VGS’VDS)| Ur, (41)

rae
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_ 2kT =

T — * inj
mm

(42)

eCcTh OaJIIMCTHUYECKAs CKOPOCTb BIIPBICKHMBAHUS B CJyYae MCIIOJIb30BAa-
Husa cratTuctTuku Maxcsesnta—Boasimana. ObopaTuM BHMUMAaHKE Ha TO,
YTO OAJIIHUCTUUECKYIO CKOPOCTh BIPBHICKMBAHUA Ha IPAKTHUKE BELIUNC-
JUTHh TPpyAHO. PusnuecKre HANIPIKEHNA U KBAHTOBbIe OTPDAHNUYEHUS B
HAaHOTPAH3KUCTOPAX MOTYT CKAa3aThCA HA BeJIMUYUHE M, K TOMY e ypaB-
HeHnue (42) npeamojaraer, 4To TOJbKO OJHA HUKHASA IO30HA 3acejieHa,
YTO He BCeraa BepHO.

Kamymasca nogsu:xHOCTS (20) B Mmogenu MVS 3aBucuT OT L, un na-
€TCs BhIparKeHreM

1 - 1 + 1 , (43)
Happ (Leff) U Mg (Leff)
rae nudPys3uoHHAA MOABUKHOCTE (17)
D U
w=— =0, (44)
kT/q 2kRT/q
a bajmcTuyecKasd IOABUKHOCTS (18)
v.L
L,.)=-—"—21, 45
Hp ( eff) ZkT/q ( )

CKOpPOCTE BIIPBICKMBAHUS IIPK BHICOKOM HAIIPAMKEHNN HA CTOKE OIpe-
mensercsa us (26), a *MeHHO,

1 _1 + 1 , (46)
U, Ur D/
rae (<< L, u
D= szxO : (47)

MpbI IPEATIONIOKUIN, UTO B JIMHENHOIN 06J1aCTU CpefHAS AJUHA CBO-
O6ommoro mpobera A,,, COBIIaZaeT CO CPeAHeH NJIMHONU CBOOOJHOTO IIPO-
Oera B 00JaCTH HACBIIEHUSA Ag,,. XOTSI PABEHCTBO A, ;v =Agr = Ag»
CTPOT'0 TOBODPS, HE COBCEM KOPPEKTHO, ONHAKO, (PM3MUYECKU OHO BIIOJHE
npuemsiemo [30] u moaTBep:kgaeTca B skcuepuMenTax [20]. Hakowerr,
MOJIE3HO BCIIOMHUTD, KaK mapaMeTphl B Moaeau MVS cBA3aHbI ¢ KO3(h-
dunmeHTOM ITPOXOKIeHUs. VI3 (27) niia nuHeliHOM 00JIaCT TMEEeM:

7\'0 — l"LGPP — | (48)

o Mo + Ly Hp Up + 1 ’
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aus (28) nns ob6sacTH HACKHIITIEHU T

o 2 . (49)
Ao +€  1+4+v,/,

inj

SAT

NamepsaeMasa CKOPOCTh BIPBLICKUBAHUA CBsA3aHA ¢ KO03((pUIIMEHTOM
OPOXOKAEHUA, KaK

T.
inj T ﬁ . (50)
SAT

MsblI mpuBesn OCHOBHBLIE pPE3yJIbTAaThl HOBEHIEN BePCHUU MOENIN
MVS/npoxoaeHnsi, B OCHOBE KOTOPOU JIEKUT 00beANHEHHAS MOIEJb
MIPOXOKAECHUA U MOJeJb BUPTYaJbHOTO MCTOKa. KaK TOJNIBKO sKCIIepH-
MEeHTAaJIbHO N3MEPEHHBIE BOJIbT-aMIE€PHbIE XapaKTEPUCTUKYN BIIMCAHLI B
mozeab MVS, pesyiabTaTamMy M3MepeHHiI OyJeM cuUmTaTh CyMMapHOe
TePMUHAJIBHOE COPOTUBIEHNE R, KAKYIYIOCH OABUMKHOCTD |1, U
CKOPOCTB BIPBICKUBAHUA U,,; . MBI TaKKe YBUIUM, UTO U3 9KCIIEPUMEH-
TaJbHBIX JAHHBIX MOXKHO M3BJIEUDb CBEAEHUS O 0ALINCTUUECKON CKOPO-
CTU BIPBICKUBaHUS, AUMOPOY3MOHHONU IIOABUKHOCTU, CPEeAHEN IJIMHE
cBOOOmHOrO Ipobera, KPUTUUECKOH AJUHE M O Koa(puiimeHTax IIpo-
XO0MKIeHUA B INHENHOM 00JIacTy 1 B 00J1aCTH HACBIII[eHNA.

4. ETSOI MOSFET U III-V HEMT

IIpoamanusupyem Si MOSFET, uMeroniuii IpocTyio U TINATEJILHO JeTa-
JIN3UPOBAHHYIO (PU3UUECKYIO CTPYKTYPY, UTO BecbMa 0JaromnpusiTCTBY-
eT IIocTaBJIEHHOH 3amaue. Kak mokasano Ha puc. 3, ato Si SOI (silicon-
on-insulator) cTpyxTypa ¢ HCKIOUNTEIHO TOHKUM caoem SOI ToJru-
voit Ty, = 6,1+0,4 am[20].

ITnockocts kanana — (100), manpasieHue TpaHCIOPTA SJIEKTPOHOB
— (110) . AmexTpoxn 3aTBopa — poly-Si m okcung saTtBopa — SiON c
TOJIIIMHON 9KBUBaJeHTHON éMKocTu CET =1,1 M. EmrocTs 38aTBOpa B
pexume cuiabHON wmuHBepcumu (21/[31]) C,° oupeneneHa u3 BOJIBT-
émKocTHEIX (C—V) uamepenuii Ha JIMHHOKaHAILHOM TpaHaucrope [20].
Ilns paccmarpusaemoro Koukpersoro n-FET Co” =1,98 ud - cvm °[20].
MsmepenHas KBasupaBHOBECHAA IIOABUIKHOCTD IJIA JJINHHOKAHAJIBHOTO
TpaH3UCTOpa OKasajach paBHOI 350 cm®/B - c, UTO COOTBETCTBYET Cpe/-
Heli 1auHe cBOOOLHOTO Impobera 15,8 HM .

B sTOoM TpaH3HCTOPE HCIIOJL30BAINCDH IPOKJIAAKY IJIA CHATUS MeXa-
HUYecKoro Hanps:xenus (neutral stress liners), Tak 4To KpeMHUEBBIH
KaHaJ HOMUHAJBHO HEe HANPSKEH, YTO YIPOINAeT BBIYNCIEHUE U .
IIpennonaras, uro m = 0,22 m, , HaxoguM v, = 1,14 cm /c . Texnomo-
ruuecKuii mpolecc coamamusa SD-o0iacTeil pacHimpeHuUs IPUBET K
OUeHb PEe3KUM p—n-IepexolaM ¢ HU3KKM 3HaUeHHeM CYyMMAapHOTO Tep-
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0.9
0,6
0,3

p-FET n-FET |
0,0 . :
10 05 00 0505 00 05 L0
VGS, B Vas’ B

Puc. 3. Ceuenne ETSOI MOSFET u 3aBucuMocTs ng oc Vg, MOJIydeHHAS BIH-
CLIBAHUEM SKCIePUMEHTANbHBIX JAHHBIX (KPY/KKHU) B Momeab VS (nunun). Io-
kKasaubl SD-001acTh pacmupenus (SD extension region—SDE), paciupenssbIit
SD (raised SD—RSD), caoii yrayoaénuoro okcuzna (buried oxide/BOX) Tou-
muHoi 145 HM u AIuHOM KaHana nposogumocTu L, [20].2

MUHAJBLHOTO conpoTuByeHUusa [22]. Pusmueckad AJIMHA dJIEKTPoOAA 3a-
TBOpa ompenensanack nyrém C—V-usmepenuii [21]. HetanbrHOE Momesu-
poBaHUIe mpoliecca U3TrOTOBJEHUA TPAH3KUCTOPA IIOKAa3aio, UYTO UMeeTCs
mepexpbiBanre B 1—-2 HM MeXKAy SJEeKTpoaoM 3aTtBopa m S- u D-
pacmupenuamu aisa n-MOSFET u p-MOSFET, cooTBeTcTBEHHO, TaK YTO
L,=L, —2uMm gaa n-FET u L,=L, -4 8Mm ana p-FET, roe L, —
dusuveckas AJuHA dJIEKTPOAa 3aTBopa. llepeunciieHHble AJUHBI IIOJ-
TBEPKAEHBI ITYTEM TITATEJIbHOTO aHaausa 2D-sneKkTpoctaturu [22, 23].
TpaH3UCTOP C BHLICOKOU IMOABUKHOCTRIO 31eKTpoHoB HEMT — 5T0 mo-
JIEBOM TPAH3UCTOP, B KOTOPOM JJIs CO3AAaHUS IIPOBOAMMOCTY KaHAJIa C-
MOJIb3yeTcA KOHTAKT JIBYX MOJIYIIPOBOJHUKOBBIX MarTepuajioB III-V
TPYHOI C PasINYHON IINPUHON 3aIPEIéHHON 30HBI (BMECTO JIETHMPOBaH-
HOIT objacTu Kax y o6bruHBEIX MOSFET): mimpokas salperniénHas 30HA
paboTaeT KaK U30JSATOP, a Y3Kasd 3alIpeléHHasI 30Ha paboTaeT KaK KaHa
mpoBoguMmoctu. Mogenuposasica III-V HEMT (puc. 4), mogpobHO omu-
caHHBIN B [19, 24]. Tpanaucrop cobpan Ha moaio:xke InP. Bydep mapa-
IIUBAaJICA Ha MOAJIOXKKe, Aajee mau caou 2 HM Ing 53Ga, 4;As, 5 EM InAs u
3 HM In, 53Ga, 4;As. Pemérku cnoa 2 Hm Ing 53Gay 4;As u nognoxku InP
COBMECTHMBI, OTHAKO MMEeT MEeCTO HEeCOOTBETCTBHE MEXKIY PeIleéTKaMu
Ing 53Gay 47As 1 InAs, Tak uto cioii InAs — nceBroMopdhHEI, HAIPAKEH,
HO OH BCE JKe JTOCTAaTOUYHO TOHKUII U He co3maér medeKThl. IloBepx aTOrO
10 M kaHasa co3maH OapbepHBIH cioit Ing ;,Alj sAs, urparomuii poib
usoasaTopa. T-o0pasHasa CTPYKTypa 3aTBOpa IIOHUKAET COIPOTUBJIEHUE
3aTBOPA, YTO BAKHO [IJIS PAAMOYACTOTHBIX IPMiIo:KeHuit. CUIbHO IOIH-
poBaHHBIE ITOAKOHTAKTHBIe SD-cj1ou (ITIOKa3aHbl Ha PUCYHKEe O0eJIbIM IIBe-
TOM) 06eCIIeunBAIOT HU3KKE TePMUHAJIbLHEIE COIIPOTUBICHUS.
WsmepeHHas ITOABUIKHOCTH AamHHOKaHaibHOro HEMT oxasanachk
paBHOii 12500 cm?/(B - ), 9TO 1aéT CPeSHION JJINHY CBOOOLHOTO IIpode-
ra 153mmM [21]. DddexrtuBHas macca m = 0,022 m,, OTKyza
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Puc.4. III-VHEMT [24], B3aTbIfi [AJA aHaIm3a B paMKaxX MOJeau
MVS/npoxoxaenns.*
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V.o B
Puc. 5. Sxcnepumenranpable xapakTepuctuku ETSOI MOSFET c L, = 30 uEM
(TOuK1) 1 BIMCAaHHBLIE B HUX ypaBHeHUA Moaeau MVS/npoxoxkaeHusa (JIUHUN).
JlaHHbIe IpUBEAEHBI 1) BocbMu 3HaueHuit V,, = —0,2(0,1)0,5 B[32].°

v, =3,62- 10" cm /¢ [21]. Caoit 4 HM Ing 5,Alj 4sAs TMOBEPX KaHaJa Ipo-
BOJMMOCTH TOKa3biBaeT éMrocts C = 1,08 u(I) cm ? [21].
BnuceiBanue momeaun MVS /npoxom,ue}ma B JKCIIePMMEHTAaJbHbIE
JaHHbIe. AHATN3 9KCIEPUMEHTATbHBIX XapaKTepPUCTUK OOBIUHO ITPOBO-
IUTCA KaK [IJid BBIXOJHBIX, TAK U JJIA MePeIaTOYHBIX XapaKTepUCTUK.
IIpenmonaraercs, uTo pusnyeckue u spGHeKTUBHLIE JINHBI 3aTBOPA M3-
MepeHbI He3aBHUCUMO APYT OT ApyTra, TaK Ke Kak EMKOCTh 3aTBopa B pe-
JKUMe CUJIbHOU mHBepcuu. [lapamMeTp o, KOTOPBIN KOHTPOJUPYET mepe-
X0z OoT cs1aboil 10 CUJIbHOM MHBEPCUU, B3AT paBHLIM 3,5 [20, 25]. ITapa-
Mmetp B B F,, (36) mogobpaH Tak, YTOOLI BIUCATHCA B TOK HACBII|EHUS.
OOBIYHO OH OKAasbIBaeTcss B y3KoI obsactu B ~1,6—2,0 [25]. UToOb!
BIIMCATHCS B 9KCIIEPUMMEHTAJbHBIE NaHHbIEe, MOKAa3aHHBbIE Ha puC. 5, B
KauvecTBe IOATOHOUYHBIX MCII0JIh30BaJNCh UeThIpe TapaMeTpa.
IToporoBoe HampsasxeHue V,, moadupasoch TaKUM 06pasoM, YTOOBI
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IIOJTYy4YUTh U3MEPEHHBI TOK I, IPU HU3KOM HaIpAXeHWH! Ha CTOKe
V,s - SBHaueHme napamerpa 6 DIBL nmoabupanock TaKUM, YTOOBI IIOJTY-
yuTh udMepenHoe 3Hauenne DIBL. Iloamoporoserii mapamMeTp HaKJIOHA
m, U mapaMmeTp Ipobos m' BEIOPAHBI TAKUM 00pa3oM, YTOOLI BIIMCATHCS
B IIOAIIOPOT'OBBII HAKJIOH IIPU HU3KHUX U IIPU BBICOKUX V.. 3HaueHHe
Kakymieiica IOABUIKHOCTH Kopp BBIOpAHO TakK, YTOOBI COOTBETCTBOBATL
HaKJOHY JHMHeHHOro ydacTka xapakrepuctuku I, o V.. CkopocTb
BIPBICKUBAHUA U, COOTBETCTBYET M3MEPEHHOMY TOKY HACBHIIEHUS.
TepmuranbHOE compoTuBieHue R, BIugeT KaK Ha JUHEWHYIO 00-
JIacTh, TaK U Ha 06JiacTh HachImeHusa. [IocKoIbKY 9TO BAUAHNE CKAa3bI-
BaeTcA MO-Pa3HOMY Ha 3THUX YUACTKAX XapaKTePUCTUK, TO OKA3bIBAETCS
BO3MOJKHBIM HE3aBUCUMO APYT OT APYyTa ONPeeauTs W, u Ry, .
PesynbraTom BmuchiBaHuA Mozaeau MVS/mpoxo:kIeHus B SKCIepH-
MeHTaJIbHO U3MePeHHbIe JaHHbIe ABJIAIOTCA 3HaYeHnd napaMeTpoB R,
Wyp 4 U, Ecam TpansucTop co6paH IpaBUIBHO U KAYECTBEHHO, TO
mpoIeaypa BOUCLIBAHUS IPOXOAUT Oe3ympeuro. B momoaHeHNe K TpéM
Ha3BaHHLIM IIapaMeTpaM yAaéTcsd IOJYUYUTL CKOPOCTh 0aLTNCTUUECKOTO
BIIPBICKUBAHUA U, , JUPOY3UOHHYIO MOABUKHOCTE |, CPEAHIOK JJIUHY
cBOOOAHOTO Ipobera A,, KPpUTUUeCKYIO AIuHy ( , a TaKke Koadhdunu-
eHTsl npoxoxgenusa T, u Ty, .
PesyabsraTel anaau3sa sxcnepuMeHTanbHBIX HaHHbIX ETSOI MOSFET u
III-V HEMT B momenu MVS /mpoxoxkaenunsa. Ha pucyake 5 mokasaHo
corjiacoBaHMe SKCHepUMeHTAIbHBIX AaHHBIX o ETSOI MOSFET c¢ mo-
Ienbio MVS/mpoxoxaennsa. PesyabTaThl claeayoime:

cm’®

_ B B B 7 CM
Ry, = Ry + R, =130 Om - mEM, p,,, =220 — v, =0,82-10" —.
B-c c
Beruncanm KosPUITEHTHI IPOX0KICHUA OIS JUHEeHHON 00JIacT 1
obnactu Hacelenud. [lina serunciaenusa T, ,, 1o (48) Hy»KHO 3HATH OaJI-
JUCTUYECKYIO MOABMKHOCTE. Haxoaum eé corsaacuo (45):

v, L -107 1077
w, = ke _ 1,12-10) x(30-107") _ 658 cv?/(B - c) .
2kT/q 2x0,026
Torza
7, =t _ 220 _ 43y
n, 646
IIo (49) onteHnBaeM Koa(hHUITMEHT TPOXOKAEHUA B 00JIaCTH HACHIIIIEHU S :
ar = 2 = 2 =0,85.
1+v,/v,, 1+1,12/0,82

OTHoIlleHre TOKa ION K ero 6a.H.HI/ICTI/I‘IeCKOMy 3HAYEHUIO —
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B = ION = TSAT = O, 72 .

SAT ball
I ON 2- TSAT

It pesyabrarbl THONUYHLL 1 Si MOSFET. Ouu mokaswsIBaioT, UTO
TaHHBIN TPaH3UCTOP paboTaeT MPUJINYHO HUKe 0aIIHMCTHUUYECKOTO Ipe-
Iejia B INHEHHOI 00acTy, OJHAKO, BeChMa OJIM3KO0 K 0aIJINCTUUYECKOMY
mpeaesy B 00JIaCTH HACHIIIIEHU .

Haa III-V HEMT (puc. 6) moaroHoYHbIe ITapaMeTPhI CJIeAYIOIINe:

Ry, = Ry, + R, = 400 OM - MEKM,
=1800 cm®*/B-c), v, . =3,5-10" c™ /c.

l‘lapp inj

Ha 6a1IncTiYeCcKON IOABUKHOCTH, KO3((PUITUEHTOB IPOX 0K ICHUA

U 3HaueHus Bg,, Haxomum:

1, = 2088 ev?/(B-c), T, = 0,86, T, =0,98, By, =0,96.

Itu pesyabTaThl TUINYHBL A III-V HEMT. Onu moxassIBaioT, UTO
STOT TPAH3UCTOP B JWHEHHOHN o0sacTu padoTaeT MTOBOJLHO OJM3KO K
0AITHCTUUECKOMY IIpeZieNly, a B 00JIaCTH HACBIIIEHUS PEeKUM ero pado-
TBI CYILIECTBEHHO OAJNIHUCTUUECKUMN. DTOT Pe3yJabTAT MOKHO OBIIO OBI
IpegBUIETH II0 IBYM IIPpUYNHAM. Bo-1IepBbIX, CpeAHAA AJINHA CBOOOIHO-
ro mpobera, HaligeHHadA u3 AUMGPY3MOHHON IMOABMIKHOCTH, 0KAas3aJjach
paBHOI 153 HM, B HECKOJIBKO pa3 0OoJIbIIIell, YeM AJMHA KaHaJja IIPOBO-
INMOCTH. Bo-BTOpPBIX, OajamcTHuecKas IIOABUKHOCTH OKasayach
MeHbIe TP y3MOHHON TOABUKHOCTH.

XoTsA 9TOT TPAH3UCTOP U PaboTaeT MOBOJLHO OJM3KO K OaJLIHCTUUe-
CKOMY IIpejielly, eCIu CyAuThb II0 TOKY I, , ONHAKO, BaXKHO IIOMHUTE,

800 v
30 M
;:Eﬁ 600
2 [
<
% 400 .
=
2
~ 200
0 -
0 0,2 0,4 0,6 0,8

Voo B
Puc. 6. 9xcnepumenTanbable xapakTepuctuku III-V HEMT c L, = 30 am [24]

(TouK1) U BOMCAHHBIE B HUX ypaBHeHUA moaeaun MVS/mpoxoxaeHusa (JIUHUN)
[32].6
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YTO «BOJIM3K OAJLIMCTUUECKOrO Ipeaesa» 03HAUAeT TOJbKO, UTO KPUTH-
YeCKMI YYaCTOK KaHajla IPOBOAMMOCTU KOPOTKHI II0 CPABHEHUIO CO
cpenHeli IanHOI cBOOOLHOrO IIpobea.

O6cy:xmaeMble pe3yabTaThl IIOMOTAalOT HAM MHOHSATH pPaboTy TpaH3U-
CTOpa uepe3 TaKle MOKA3aTeNn, KaK KOd(PPUIINEHT IPOXOKICHUI U OT-
nomenue k Iy . Kax ceituac 6ymer mokasaso, 6oJiee TIaTe bHBIH aHa-
JN3 JUHEHHOM o00JacTy M 00JIaCTH HACHIIIEeHHUsS ITO3BOJAET JOIIOJHMN-
TeJbHO MOJYUYUTH IIOJIe3HbIe mapaMeTpbl. HaKoHel], OTMeTHM, UTO B
9THUX pacuérax ecTh HEKOTOpPhIe HeolpeaeeéHHOCTH. BIOOp B pacuérax
3HaueHUH a(p(PeKTUBHBIX 5JIeKTPOHHBIX MACC 3aBUCHUT OT CTEeIIeH! MeXa-
HUYECKON HANPSIKEHHOCTH B KPEMHHUEBOU IIOAJIOMKKE, KOTOpas MOYKeT
VBEJIMYHUTD NI YMEHBIIUTD M~ , ¥ OT CTeIIeHU HellapaOOIMIHOCTH 30HEI
IPOBOAMMOCTH, TaKsKe BJIUSIIONIell Ha 3HaUYeHMHEe 3JIEKTPOHHOM MAaCChI,
0COOEHHO B YCJIOBUAX KBAHTOBBIX OrpaHHuYeHNnii. BbICOKME IIOA30HBI
TaKyKe MOTyT OBITh 3acCejeHbl, TAK UTO HEBLIPOXKAEHHAS CTATHUCTUKA
MOKeT OKasaThCsA HempuemJyeMoii, ocobernno aasa III-V FET. Hampu-
Mep, Kak OyfeT IIOKa3aHo Jajee, 3HaUeHUEe U, MOYKHO IIOJIYUYUTH HeEIO-
CPeICTBEHHO 13 aHaJIN3a XapaKTePUCTUK B 00JIaCTH HACHIITIEHU .
Anagans auHeitHoi oodaactu. Ananna guHeiHoM obmactu FET mossos-
eT O0HAPYKUTL HaJNUMe 0aJJINCTUYECKON KOMIIOHEHTEI B COIIPOTUBIIE-
HUY KaHaJa IPOBOAUMOCTH, a TAKYKe OTKPhIBAET BO3MOMKHOCTE U3Mepe-
Hua auddysunonHoi noaBuKkHOCTH L. IIpomeaypa BOUCHIBAHUS MOLEIN
MVS/npoxokaeHusi B SKCIepUMEHTAJNbHbIE OaHHBIE ITO3BOJISET W3-
BJIeUb (DUBUUYECKHU CYIIeCTBEHHOE 3HAUCHIE KAMKYIeiicsa OB HOCTH!.
W3 ypaBuenuii (43)—(45) Haxogum, 4TO

1 _1 2% 1
H HLeff’

(51)

H app

TIe BTOPOE cJjiaraeMoe eCcTh o0paTHoe 3HaueHHe O0aJIJIMCTHUECKOU IIOo-

8><10 4
0 .
0 1/n,,, =0,014L , + 8,2-10 -
5 A~
S -
© ¥ 5
- 4 A
as)
"& /l’M. Lundstrom et al.,
=g - IEDM Tech. Dig., 2014
: ~ HAKJIOH = ho/ 1
G0 0,01 0,02 0,03 0,04
-1
1/L , am™* —

Puc. 7. 3asucumocrs 1/n,,, o« 1/L . pnsa III-V HEMT: us nepece4eHus ¢ 0Cbio
opAuHAT HaxoguM Au(GGY3HOHHYIO MOJBUKHOCTD, a 110 YIJIy HAaKJIOHA OIpeje-
JIsIeM KBa3WPaBHOBECHYIO CPEJHIO IINHY cBo6ogHOr0 mpobera [21].7
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nBuskHOCTU. OKHIOaeTcs, UTO 3aBUCHMOCTD p;;p oC L;;f IOJIXKHA OBITH
MIPAMOM JUHNEN, IlepeceueHrne KOTOPOIi ¢ OChI0 OPAMHAT AacT oOpaTHoe
sHaveHre Tu(hPy3noHHON HOABUIKHOCTH, a YI'0JI HAKJOHA JACT OTHOIIIE-
HUe cpefHell IINHLI CBOOOAHOTO Ipodera K AuMy3rMOHHON IOABUKHO-
cru. Eciu saBucumocts p,,, o L, oKaxerca IpAMOii THHKel ¢ dpusn-
YyeCcKHU INPHUEMJIEMBIM yIJIOM HaKJIOHA, TO 3aBHCHUMOCTDL KasKyIIelics mo-
IBUKHOCTHU OT AJMHBI KaHaJIa JOJYKHA ObITH 00513aHA B IEPBYIO OUepeb
3aBHCHUMOCTH OaJITMCTHYECKON MOABUKHOCTU (45) oT IIMHBI KaHaJa.
MMeHHO 9Ta KOHIENINA MOATBEPKIAETCA SKCIEPUMEHTAIbHBIMI JaH-
HBIMU (puc. 7). W13 atoro rpadpura Haxonzum, uro p =12195 cv?/B-c, a
Ao =171 HM. OTU 3HAaUEHNUS OUYeHb OJIM3KMU K 3HAYEHUAM, 0KUAeMbIM
nasa nanaHoKanaabHBIX FET [21].

3asucumocts 1/u,,  o1/L, He OymeT HpAMOW JUHWEH, €CIAU yros
HaKJIOHA, OIpefieldeMblil OTHOIIeHueM A, /|, OyJieT nepeMeHHOH Besu-
YUHOM, T.e. KOT[a CPpeIHAS AJNHA CBOOOIHOTO IIpobera u/uan guddysu-
OHHAas MOABMIKHOCTEL OYIYT 3aBHCETh OT AJWHLI KaHajya. Tak, 1s 3aBu-
cumoctu 1 /A, oc 1/L,.. ns rex xe ypasuenuii (43)—(45) Haxoaum, 4To

1 v 11
Ao (Leff) 2(ET/q) Mupy  Luy

OTKY/la MOXKeT ObITh OmpefesieHa 3aBUCUMOCTBb A, o L . Ora saBucu-
mocTb Ob11a mocTpoena ana ETSOI MOSFET (puc. 8).

O6pamtaer Ha ce0sa BHUMaHNe yMeHbBIIIeHNe A, C YKOPOUeHHe JJINHBI
KazaJia. ATOT 3(p(PeKT BOZHUKAET, BOZMOMKHO, M3-38 TEXHOJOIMYECKUX
0COOEHHOCTEM M3rOTOBJIEHUS TPAH3UCTOPA, OJHAKO, OH TaKiKe ObLI U
IIpeICKa3aH KakK CJIeICTBLE NaJIbHONENCTBYOIINX KYJIOHOBCKUX OCIIHII-
aanuii [35, 36].

OrmMeTuM, UTO B CUTyalluHu, Korga audp@ysruoHHAas IMOIBUMKHOCTEL He
3aBHCHUT OT AJMHLI KaHAJa, KaK Ha PUC. 7; TOr[a AJIA OoIpeleseHns 000-

, (52)

20,

e

0 50 100 150 200
L, um

Puc. 8. 3aBucumocTs cpegHeil AAUHELI cBOOOAHOTrO mpodera (mfp) A, OT AIUHBL
kanasua nposogumoctu ETSOI MOSFET npu muskom Vg [32]. AnbrepHaTns-
HBIH TOAXO0/, B KOTOPOM IIPeAIoJaraerca A, = const , a mpocjexuBaeTcs 3aBU-
cuMocThb [ oc L. myTém yuéra paccesHusA Hazak, cM. [33, 34].8
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UX IIapaMeTpoB, — U AU(GPY3MOHHON MOABUIKHOCTU, U CPeIHEN NJINHBI
cBOOOAHOTO IIpobera, — He TpeOyeTcs 3HAHUSA BeJWYUHEI U, . Ecau xe
IO/ABUKHOCTb U3MEHSETCS C JIMHOM KaHaa, TO 3aBUCUMOCTh A, o< L,
MOXXHO HaiiTu u3 (52), Ho moTpebyeTcsa 3HaHNE TeIJIOBOA CKOPOCTU Uy .
ITO MOYKeT BLI3BATEL 3aTPYAHEHNs 0e3 HaAEKHBIX cBeJeHU 00 ahPeK-
THUBHBIX MaccaxX dJeKTPOHOB U 3aCeJIEHHOCTH IoA30H. OgHaKo gajiee 0y-
JeT MOKa3aHo, YTO 3HaUeHHe V; MOYKHO IMOJIYUUTh U3 aHAJIN3a 3aBUCH-
MOCTH CKOPOCTH BIIPBICKMBAaHUA OT AJUHBI KaHaJsia IIPOBOANMOCTH.
Anaaus o6mactu HaceIeHUss. CKOPOCTH BIPLICKUBAHUA YMEHbBIIIAETCS
¢ YBeJIUUeHUeM AJINHLI KaHaia mpoBogumoctu. 13 (49) cienyer, uto

)\‘0

0, = Up—20 53
T, + 20 53)
YTO MOKHO IIepennncarb Kak
11,20 (54)
vinj UT 7\'OIJT

IIpaBmomom06HO TPEAIOI0KUTh, YTO KpUTHMUecKas qaumHa ( Tpo-
HOpIUOHANbHA AnuHe KaHana L . . [lokasaTh CTPOTO 9TO IPE/IION0Ke-
HIUe 3aTPYAHUTEJIbHO, OAHAKO, TINATEJbHBIN aHaJIN3 9KCIePUMEHTAIb-
HBIX JAHHBIX YKa3bIBAET HA TO, UTO 9TO JOIIYIIEHIEe BIIOJHE IIPUEeMIEMO
Ha npakTuke [20]. IIpeamosoxuB, 4TO

L=EL,, (55)

nepenuireM (54) B Buze
1 1 2& I

o eff *

56
UV, Up AgoUp (36)

HaKJ0H = 25/A v,

0 50 100 150
Leﬁ, HM —

Puc. 9. Onpesiesienue TeIIOBOH CKOPOCTH Uy U3 aHATM3A DKCIEePUMEeHTATbHBIX
nanubx asa III-V HEMT [21].°
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3asucumocts 1/v,. « L, oxunaerca nuneinoii. [lepeceuenune ¢ ocbio
OpJAUHAT IIO3BOJIUT OIpeNeNnuTh 3HaUeHUe U, , a HAKJOH JacT 3HaueHHe
KoadduruenTa &, a crago ObITb, U KPUTUUECKOU AJIUHBI [ , COTJIACHO
(55). Pesyabrater Takoro ananusa nia [II-V HEMT [21] mokasaHbl Ha
puc. 9. U3 sroro rpadura moiaydaem v, = 3,57 - 10°cm/c u &=0,09.
ITO 3HaUEHME TEIJIOBO CKOPOCTU OUEeHb OJIMBKO K 3HAUEHUIO, OXKUIae-
MOMY IO U3BeCTHOI 3(h(PeKTHBHOI Macce, a KpUTHUUYECKAas OJIMHA Jei-
CTBUTEJNLHO ABJISAETCA JIUIIL HEOOJIBIITON YaCThIO AJUHBI KaHAJIA ITPOBO-
JIVIMOCTH.

Anaaus mepexoaa JMHEHHON 00J1aCTH K HackImeHuto. OnHa u3 mpodeM
mpu MoaenupoBaHuu HaHopasMmepHbIx MOSFET sakmatouaerca B ToM,
UYTO HeT aHAJUTUYECKUX BhIPpAXKeHU A4 3apucumoct T oc V.. Ypas-
HeHuda (48) u (49) maioT BHIpaXKEHUA IJIA IPOXOKIEHUA B IIpeesie Hu3-
KHMX U BBICOKMX 3HAUEHUH HaOpPAKeHHU Ha cToKe. Eciau ObI MBI MMeJIN
aHAJIUTUYECKYIO MoJeb A1 T oc V, , He OBLIO OBl HyK/bI B 9MIIIpUUe-
CKOIl QyHKIIUM HACBII[eHNs TOKa cToka F,,, (36).

W3 »sKCIepuMEeHTATBHBIX XapaKTePUCTUK KAYeCTBEHHO COOPAHHBIX
MOSFET Mmo0xHO U3BJIeUb «dKCIepUMeHTaJIbHbIe» 3aBUcUMOCT T oc Vo .
IIpomenypa caenytomiasa. CHauaaa B 9KCIEPUMEHTAJIBHBIE XapaKTEePUCTH-
KM BIOHCBbIBaeM Mopeab MVS/mpoxoxxnenus. llamee reHepupyeM cob-
CTBEHHBIE XapaKTEePUCTUKU TPAH3UCTOPa, IONokuB R, = R, =0 B MoO-
nmesm MVS, 1 cTpouM pesyIbTUPYIONTNE XapaKTePUCTUKU. 3aTeM UCIIOJb-
gyem ypaBHeHue (36/[1]) B HEBLIPOIKIEHHOM IIpe/eJie, a UMEeHHO,

1-— e_qVDS/kT

T
Ips = WQ|(VGS’VD8)|UT(2_ Tj1+Te—qVDs/kT . e0

NuBepcuonusii sapan Q(Vig,V,s) 6epém mo (32) ¢ mapamerpamu,
KOTOpble YyiKe OblIM OIIpeAesieHbl MIPW BIWCLIBAHUU  MOJEIU
MVS/mpoxokaeHus B dKCIEePUMEHTAJbHBIe xapakrtepuctuku. IIpen-
moJsiaras, 4To 6aJIMCTHUeCcKas CKOPOCTh BIPBICKUBAHUA U, M3BecTHA,
Ana moGoit rouru (V,,,V,, ) BuuceiaeM (57) B paHee BEIYNCIEHHbIE CO0-
CTBEHHbBIE XapPaKTEePUCTUKN TPAH3UCTOPA U TeM CAMBIM IIOJyYaeM UuC-
nennsle sHavenua T (V,,V,, ). IoaydeHHbIl TakuM o6pasoM rpadux
sasucumoctu T (V,,V,, )=V, npu V, =V, noxasan Ha puc. 10 aus
IBYX KaHaJOB pPasHOM AamHbI. Kak U 0XKUIAI0Ch, KOA(DPUIIMEHT IIPO-
XOMKIeHUS YBEJINYNBAETCSA C POCTOM HAIPSAMKEHUSA HA CTOKE U IIPOXOiK-
IeHure MeHbIIe IJisd 6oJiee IJIMHHOr0 KaHaJa IIPOBOINMOCTH.

Us rpapura T (V,,,V,, )« V,, Ha puc. 10 MOKHO OIPEJEIUTh KPUTH-
yecKyIo AMuHy L, (VDi . 3anuiiieM KOa(PPUITHEHT IPOX0KICHNUS B BUIE

Ao

TV, J)=— 20 |
(Vi) Ao + Lo (V)

(58)

Ilonosxus L, = L, ¥ BOCHOJIb30BABIINCH rpapuKaMu Ha PUC. 10,

Di=
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nomyuatorcs sapucumoctu L, (V) , nokasaussie Ha puc. 11.

Kax u osxwupamocs, L, = ( << L, 1o mepe Toro, Kax V,, = V,,. Pu-
cyHkmu 10 u 11 moaTBep:KIAIOT OXKUIaeMoe IOBeJeHne KoddduiimenTa
MIPOXOMKAECHUA M KPUTUYECKOUN UIMHBLI C MSMEHEHVEM HaNPAKEeHUsA Ha
croke. I3 sHaueHusa ﬂVDsO Ha puc. 10 u L, v o = Leys » COTIIACHO (58),

DiT
HaxXooguM cCJIenyrolnue sHaudeHuA OJINHBI CBO6OI[HOI‘O Hp06ef‘a AJId KaHa-
JIOB IIPDOBOAMMOCTHN paSHOfI OJIVHBI:

MLeff:30 - = 15’4: HM, ML 180 s = 17,8 HM.

eff

T
l 1 1 ] ]
L,= 30 M

0,81 -
0,6f L, =180 M -
04 .
0,2 -l

G 1 L L 1
0 0,2 0,4 0,6 0,8 I
V. ,B

Di’

Puc. 10. 3aBUCUMOCTH «9KCIEPUMEHTAJLHOT0» KOd(DuIeHTa NTPoXoKIeHua T'
oT Hanps:keHus Ha crtoke ana ETSOI MOSFET c¢ xamanamMu pasHO#l IJIMHBI
[32].1°

0,6 08 1
V..B

Di

Puc. 11. 3aBUCUMOCTD «9KCIEPUMEHTANBHON» KPUTUUECKOI IIUHBI C YUIETOM
paccesHusa Hasang oT HanpskeHud Ha cToke Hasa ETSOI MOSFET c xanamramu
pasHo# gauns [32].1
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Mogenr BUPTYaJbHOTO MCTOKA NAET IIOJNYSMIIMPHUUECKOE OIMCAaHNe
BOJIbT-aMIIEPHBIX XapPaKTEePUCTHUK IIOJIEBLIX HAHOTPAH3UCTOPOB. Iloj-
Oupas 3HaUeHUs JUIIL HECKOJIbKUX IIapaMeTPOB MOAEJN, VIAETCA C BbI-
COKOIi TOUHOCTHIO BOCIIPOM3BECTH SKCIEPUMEHTAJbHbIE XapPaKTePUCTU-
Ku. OOoOmiénmas  TpaHCIOpPTHAA  Momedb Jlammayspa—IlaTTta—
JlyaacTpoMa MO3BOJIAET IIapaMeTpaM MOJENN IPUAATHL (PU3UUEeCKuil
cMmbicy. IIpuBenéHHbBIe BBINIE IIPUMEPHI MILITIOCTPUPYIOT BO3MOIKHOCTHU
mozenu MVS/mpoxoIeHnsa M3BJIeUYb U3 SKCIEPUMEHTAJIbHBIX XapaK-
TepUCTUK (PUINUECKU 3HAUMMYIO0 MHGOPMAIIHNIO O TPAHCIIOPTHBIX IIPO-
Imeccax B HaHOTpaH3ucTopax. K Takoil mHoOpMaIly OTHOCATCSA CBele-
HHUA 0 0ANIUCTUYECKON CKOPOCTU BIPBICKUBAHUA U, , CPeJHeH AIuHe
cBOOOJHOTO IIpobera ¢ y4eTOM paccesHUA Ha3aJ A, , Juby3rnoHHOI 1Oo-
IBUKHOCTU |, KPUTUYECKOHN JJIMHe KaHaja mpoBogumoctu ( u [Ip.
ITos:xe MBI OOCyAMM OTrpaHHUYEHHS M HEOIPeNeJEHHOCTH, IIPUCYIIHe
STOM MOJEJIN.

IToaBeném uToru. BeLIO TOKa3aHO, UTO MOJAEJIb IPOXOMKIEHUI MOMKET
OLITH TECHO yBs3aHa ¢ MOIEeJbI0 BUPTYaJbHOIo ucToka. IIpocToit 3ame-
HO¥ AuDDY3MOHHOM MOABUKHOCTH |l B MOJIEJIU BUPTYaAJIbLHOTO NCTOKA Ha
Ka)KYIyIocs HOABHIKHOCTD |, JJIs JIMHEHHOr0 TOKA [OJy4aeM Kop-
PEeKTHEIe pPe3yJabTAThl OT GAJIIMCTUUYECKOTO A0 AuMy3nOHHOro IIpee-
Ja. 3aMeHOl TUMUTUPYeMOIi paccessHEeM CKOPOCTH HACHIIIeHUA U, , Ha
CKOPOCTD BIPBICKUBAHUSA U, I0JIy4aeM KOPPEKTHYIO BeJIUYMHY TOKA
I, - CpaBHeHNe 5KCIIepPUMEHTAJIbHO U3MEPEeHHBIX XapaKTePUCTUK II0-
Kas3bIBAeT, UTO HAHOTPAH3UCTOPHI Ha KPEMHUEBOM IOIJI0MKKe padboTaoT
BecbMa JAJIEKO OT 0aJITMCTHYECKOTO IIpeleia, TOTAa KaKk HaHopasMep-
uele III-V FET pa6oTaioT oueHb 0JIM3KO0 K 0AJIIMCTHUECKOMY IIpeneay.

K Momenn mpoxo:kIeHUs eCTh ABe cepbeésHble mperemsuu. OmHa us
HUX CBA3aHA C TPYAHOCTBIO BhIUKMCIeHUA 3aBucumoctu I,  oc Vo u3-3a
mpobJieM pacuéra T(VDS) . A npyras BbIZBaHA TPYIHOCTIMHU HIpeICcKa-
3aHUA TOKa I, , UYTO B CBOIO O4Yepeab CBA3AHO C TPYJHOCTHIO BBIUNCIIE-
HUS KPUTHUUYECKOI AauHbl { IPU BHICOKOM HAIIPSKEHUHU Ha CTOKe, B pe-
3yJbTaTe 4ero TPyJAHO IpenckasaTh Beauuuny Tg,,. M3-3a aTux orpa-
HUYEHUH MOIeJU MPOXOKICHUA M BUPTYAJIbHOTO MCTOKA 00BEeINHSIIOT
TakKuM O0pasoM, UTO HapaMeTPhl MOMAEJU IIPOXOKIAEHUs OepyTcd us
BIIMCBHIBAHUS 9KCIEePUMEHTAJIbHBIX Pe3yJIbTAaTOB B MOe/Ib BUPTYaJIbHO-
IO UCTOKA, a (PU3UUYECKUIN CMBICJ IIapaMeTpPoOB OepeéTcsa 13 MOAEJU IIPOo-
XOMKJCHUS.

IToxasamo, KakKuM 00pa3oM MOXKHO aHAIU3UPOoBaTh BAX HaHOTpaH3U-
CTOPOB Ha ocHOBe Mmozenu MVS/mpoxo:kmeHus. PasHoobGpasue THIIOB
TPAH3UCTOPOB MOPOXKIaeT HOBLIE UaCTHLIE 3aJaull, OJHAKO METOJOJIOTH S
aHa/IN3a SKCIEePUMEHTAJIbHBIX MaHHBLIX HPUHIUINAILHO HEe MeHsSeTCHd.
IToguépKuBaioch, UuTo MpuMeHeHne Moaear MVS/IpoxoxaeHusa 000CHO-
BAHO, €CJIU TPAH3UCTOP cOoOpaH KauecTBeHHO. [[JIig TaKMX TPAH3MCTOPOB
MOJeJIb ITO3BOJIAET HAMEKHO IOJYUYNTL (PU3UUECKM 3HAUMMEIE ITapaMeT-
pBI.
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B ocHOBY HacTosIero o63opa mosoxkeHbl JeKknuu Mapka JIyaagcTpo-
ma ‘Fundamentals of Nanotransistors’ [32], npounTanusie um B 2016
rony B pamrax uauinmatuBbl Purdue University/nanohub.org/u.
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! Fig. 1. An illustration of how a linear current is related to the channel and terminal re-
sistances. For a given gate voltage, the resistance of the conduction channel (21) is inversely
proportional to the apparent mobility.

2 Fig. 2. The MOSFET band diagram in the ‘ON’ mode, showing a bottleneck for a current
with a small electric field and a high-field region of the conduction channel. This bottleneck
is similar to the base in a bipolar transistor, and the high-field region is similar to the collec-
tor.

3 Fig. 3. Section ETSOI MOSFET and the dependence ng oc Vg obtained by writing experi-

mental data (circles) in the model VS (line). SD extension (SDE) region, raised SD—RSD, and
buried oxide/BOX layer with conduction channel length L,; are shown [20].

4 Fig. 4. III-V HEMT [24] taken for analysis within the scope of the MVS/transmission mod-
el.

® Fig. 5. Experimental characteristics of the ETSOI MOSFET with L,;; =30 nm (points) and

inscribed in the equations of the MVS/transmission model (lines). Data are given for eight
values Vg =-0.2(0.1)0.5 V [32].

5 Fig. 6. The experimental characteristics of III-V HEMT with L,; = 30 nm [24] (points) and

inscribed in the equations of the MVS/transmission model (line) [32].
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" Fig. 7. Dependence 1/ugpp < 1/L,y; for III-V HEMT: from the intersection with the ordi-

nate axis, we find the diffusion mobility, and from the angle of inclination, we determine the
quasi-equilibrium mean free path [21].

8 Fig. 8. Dependence of the mean free path (mfp) A, on the length of the ETSOI MOSFET con-
ductivity channel at low Vg [32]. An alternative approach, in which it is assumed that

Ao =const , but a dependence poc L, is observed by taking into account backscattering; see

[33, 34].

9 Fig. 9. Determination of thermal velocity v, from the analysis of experimental data for III-
V HEMT [21].

10 Fig. 10. Dependence of the ‘experimental’ transmission coefficient T on the voltage on the
drain for the ETSOI MOSFET with channels of different lengths [32].

11 Fig. 11. Dependence of the ‘experimental’ critical length with allowance for backward scat-
tering from the drain voltage for ETSOI MOSFET with channels of different lengths [32].
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EnexTpoHHi BI1aCTUBOCTI riOpUIHOT0 KOMIIO3UTY HAHOLIEJTI0JI03a—
rpadgenonoxionuii-Zn0 i3 nepuIONPUHIMITHUX 00UNCIEHD

A. B. 3gemun, P. M. Banabaii

I BH3 «Kpusopisvruil Oepicasruil nedazozivHuil yHigepcumemy,
npocn. I'azapina, 54,
50086 Kpusuil Pie, Yrkpaina

MetomamMu (YyHKITIOHATY €JIeKTPOHHOI I'YCTHHU Ta IICeBIOMOTEHIiANY i3 mme-
PIINX TPUHIUIIIB 3 BUKOPUCTAHHSAM aBTOPCHKOTO IPOTPAMHOTO KOMILIEKCY
OJlepsKaHo PO3MOMiJN TYCTHHUW BAJEHTHUX €JEeKTPOHIB, I'YCTUHU eJIEKTPOH-
HUX CTaHiB, INMUPUHU BAaJIEHTHOI 30HU, 3a00POHEHOI 30HU, 3apsaAu aTOMiB
IS KOMIIOBUTY Ha OCHOBIi I€JIIOJIO3W IIPU MeXaHiYHMX BIJIWMBax. BuABJIeHO,
o 3Mina mupuHU 3abopoHeHoi 30HU KoMmmos3uTiB CNC/g-ZnO mpu mexani-
YHOMY CTHCKaHHI Ma€ TeHMEeHIIiI0 10 3MeHINeHHA. 3apikcoBaHO 3HAUHE IIe-
peHeceHHA 3apsany B MeKaxX KOMIIO3UTY, IO IPUBOAUTH OO BUHUKHEHHS
obJiacTeil IPOCTOPOBOTIO 3apALYy Pi3HUX 3HAKiB.

Within the framework of the methods of the electron density functional
and the ab initio pseudopotential, the spatial distributions of the valence
electrons’ density, the electron density of states, the band gap, the va-
lence band, the charge for the cellulose-based model composite structures
under mechanical influences are calculated using the author program
complex. As determined, a change in the band gap of CNC/g-ZnO compo-
sites under mechanical compression tends to decrease. A significant
charge transfer within the composite is recorded; it leads to the initiation
of spatial charge regions of different signs.

MetogamMy (QyHKIIMOHAJA BJIEKTPOHHOM TIJIOTHOCTU W IICEBIOIOTEHITUAJIA U3
TIEPBBIX IIPUHITMIOB C MCIIOJIb30BAHMEM aBTOPCKOTO IIPOTPAMMHOTO KOMILIEKCca
TOJIyYeHBbI pacIpefeeHNsA IIJIOTHOCTH BAJIEHTHBIX JJIEKTPOHOB, ILJIOTHOCTH
9JI€KTPOHHBIX COCTOSHMM, ITUPUHBI BAJEHTHON 30HBI, 3aIIPEIEHHON 30HBI, 3a-
PAIBI aTOMOB IJI KOMIIO3UTA HA OCHOBE ITEJLIIOJIO3bI IPW MEXaHWYECKUX BO3-
IeUCTBUSAX. BBIABIEHO, YTO M3MEHEHWEe MIMPUHBI 3aIPEIéHHON 30HBI KOMIIO-
3uToB CNC/g-ZnO npu MexaHWYEeCKOM CYKAaTHUU MMEEeT TEHAEHIIUIO K YMEeHBIIIe-
HU0. 3apUKCUPOBaH 3HAUMTEJLHBLIN IepeHoC 3apdAna B mpefesiaX KOMIIO3UTA,
YTO MPUBOAUT K BOSHUKHOBEHUIO 0O6JIacTell IIPOCTPAHCTBEHHOTO 3apAna pas-
JUYHBIX 3HAKOB.
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Karouosi cioBa: meToja (PyHKIIOHANY €JEeKTPOHHOI I'YCTUHH, METOJA IICEB-
IOTOTEeHIiANYy, TiOPpUIHI KOMMIO3WTH, HAHOKpUCTAJNiuHa IleJi0J03a, Tpade-
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(Ompumano 10 keimusa 2019 p.)

1. BCTYII

CyuacHa eJeKTpOHiKa, 3a3BUUall, BUTOTOBJIAETLCA 3 MaTEPisIiB, IO He
migmaroThesa OioJioriuHOMY PO3KJIAMaHHIO, a iHOAI IOTEeHIIIMHO TOKCHU-
HuXx. [[o TOro K, BUTOTOBJIEHHS €JIEKTPOHHUX IIPUCTPOIB HA CHOT'OAHIIII-
Hill TeHb BKJIIOUAE TPOIecH, Me IOTPi0eH BUCOKHII BAKYYM, BHCOKA Te-
mIeparypa, TooTto mopori omepairii [1]. Pasom 3 TuM TepMmiH ciry:xOu
€JIeKTPOHIKM CTae Aefajli KOPOTIINM i HAOIMKAEThCA OO MEKiJIbKOX Mi-
camiB. Ile cTBOpioe He TiMBKM TEeXHOJIOTiIUHi, aje i 3pOCTal4Yu €KOJIOTi-
yHi mpobaemu [2].

TiopuaHi HAHOCTPYKTYPU HOETHYIOTHL MATEPiAJMN 3 PiSHOMAHITHUMU
BJIACTMBOCTAMM Y IIapyBaTUX TeTepocTPyKTypax [3], AKi jexars B
OCHOBi CcyYacHOI eJeKTPOHIKM Ta MOMKYTH IIPUBECTH OO0 HOBUX (DYHK-
IiOHAJBbHUX BJIACTHUBOCTEH. ¥ TPAOUIIIAHUX TeTePOCTPYKTYpaX ys3ro-
IJKeHHA T'PAaTHUIL Ta iHIII MipKyBaHHS OOMEXKYIOTh MaTepidaum, AKi
MOKYTb OyTum 00’emHaHi, Ta AKicTs, imTepdeiiciB, AKi MOXKyTh OyTH
mocarayTti. Ile oOme:xkeHHA MOKHA OOiMTHM 3a AOIIOMOTOI0 BHKOPC-
TaHHS TiOpUAHMX KOMIIO3UTIB, AKi MAalOTh cJaabKi Bzaemomii ik
CKJIAmOBUMU KoMmo3uTy. Ila ciaabKicTb yMOMKIMBIIIOE B IIPUHITUIIL
YKJIAZATH B KOMIIO3UTH IIMHPOKUNA OiAmasoH MarepisnaiB pasom. Cu-
JbHiI KOBAJICHTHI 3B’A3KHM 3a0e3MeuyioTh CTabiJIbHICTh B MeKax CKJia-
IOBMX KOMIIO3UTY, TOHI AK ciaabki Bam mep BaanbcoBi cuim Tpuma-
IOTh CTeK KOMIO3UTy pasoM. Ili reTepoKoMIIO3BUTHM MOMKYTH IEMOH-
CTPYyBaTH VHiKaJbHiI (pismMUHi BIAaCTHUBOCTI, IO JA€ MOMKJIUBiCTL mOOY-
IyBaTU HOBi eleKTpoHHi mpuctpoi. Ha choroaui Benmka ysara mpumi-
JSE€THCSI OPraHiYHO-HEOPTaHIiUYHUM TiOPUAHUM KOMIIO3UTAM, OCKiIbLKHU
BOHHU BOJIOMIiIOTH BUTIJHMMHU XapaKTEPHUCTHUKAMU SK OPraHiuHUX, Tak
i HeopraHiuHMX MaTepiamnis [4].

BinbpmiicTs BUTOTOBJIEHNX THYYKUX E€JIEKTPOHHUX CXeM BUKOPHUCTO-
BYIOTH B SIKOCTi OCHOBM Ha(dToOxeMiuHi mojimepu, Taki Ak moJiedipu-
Minm, mosiimizn, momieTmieHTepedTasaT i mpocTuil mosiedipedipkeToH.
OuikyeTtbes, 1mo g0 2020 poKy CBiTOBHII PHHOK THYUYKOI €JIeKTPOHIKHU
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pocarse $13,23 muaph., o CBigUMTL OPO Te BeJndye3He 3HAYEHHS,
dAKe HAaloTh PO3POOHUKU eJEeKTPOHIKM THYUYKoMYy Marepiamy [5].
OpHaK, IIi CMHTETHWYHI MaTepifju BUCHAKYIOThCS, ajie, T'OJOBHE, BO-
HU IIPEeICTaBJSIOTh CEPHO3HY eKOJOriuHy mpobaeMy udepes ixmio HeOi-
OPO3UMHHICTE i mpoOseMu, IOB’fA3aHI 3 IXHLOIO PEIUPKYIAIic0. ¥
3B’ABKY 3 IIUM, IEePCHEeKTUBHUM HANPAMOM € BUKOPHUCTAHHS ITEJII0JIO-
31 B SKOCTi HiZKJaAMHKU Ta (PYHKI[IOHAJHHOTO €JIEMEHTY eJeKTPOHi-
Ku. ITomoBuna Giomacu, BupoOGJieHOI (POTOCHMHTE3YBAaJIbHUMU OpTaHis-
MaM#, TAKMMUA SK POCJMHM, BOLOPOCTI Ta AeAKi 6aKTepii, CKIaZaeTh-
cA 3 IeJII0JI03U, AKa € HAUIOIIMNPEHIIIon MOJeKyJa0 Ha 1aaHeri. Ile
MMOHOBJIOBAHUM, MOPTATUBHUN 1 rHyukmuit matepisan [6]. ¥V myOmikairi-
ax [6—9] HaBogATL JeAKi BJIACTUBOCTI I’€30PE3UCTUBHOTO TEH30MET-
PHUYHOrO BUMipioBaua Ta CEHCOPHOI CTPYKTYPH Ha OCHOBi HaHOIIEJIO-
Jo3u—rpadeHa.

Oxcuz nueKY (Zn0), mo Haxexutsb 1o A"BV-manisnposigEnkoBoro
KJIacy MaTepidxiB, Mae cTabibHY CTPYKTYpPy BIOPIIUTY B CTaHIApPT-
HUX YMOBaX, € KJIOUOBUM TEXHOJOTIiUHMM MATepisjoM i Moike OyTu
BUKOPUCTAaHUM SAK CKJIaJ0oBa rerepokomMmo3uty. Tomki maisxku ZnO,
IIT0 MAalOTh TOBIMUHY MeHIle 18 mIapiB, 3a pospaXxyHKaMMU aBTOPiB
[10], mepeTBOopoOIOTHECA 3 (hasu BiopuuTy B rpadiromoxidony dasy. Onx-
HaK, eKcmepuMeHTanbHO [11] cmocrepiraam, IO II€EPETBOPEHHS B
rpadeHonomiouuit okcug MUHKY (g-Zn0) BimOyBaeTbCcsA, KOJU ILIiBKa
ZnO mana jawuie Tpu abo YoTUpPH aToMapHi mapu. IK pospaxyHKH,
Tak 1 eKcImepMMeHTH BKas3yIoTh, I10 g-Zn0O € xemiuHO cTabiIbHMM.
Amnionu O i KaTioHM Zn yTBOPIOIOTH TPUTOHAJIBHO-IIJIACKY KOOpIMHA-
Iiro 3amMicTh 00’eMHOI TeTpaegpuuHoi KoHMiryparii B cTpyKTypi BiOp-
IUTIiB i MalOTh IJACKy TeKcaromajbHy KOoMipky (P63mc) 3 mapamer-
pom rparuuni a = 3,303 A, 3 1oBXKUHOI 3B’A3KY Mixk aromMamMu Zn Ta
0, pisromwo 1,92 A [10-12].

Iadopmarii M010 €JIEeKTPOHHUX BJIACTUBOCTEH KOMIIOSUTHUX CTPY-
KTYyp i3 BKJIIOUEHHAM Ieojo3u Ta ZnO B moBHill mipi Hemae. Tomy
I ii posmupeHHsS HaMU Oy IIPOBEAEHi TEeOPeTHMUHi MOCTimKeHHS
KOMIIO3UTY, IO CKJAAAEThCA 3 rpadeHOoIoi0HOr0 OKCHUIY ITMHKY Ta
BOJIOKOH HAHOKPUCTAJIYHOI IIEJI0J03M. 3a [JOIMOMOTOK aBTOPCHKOTO
mporpaMuoro kKoxy [13] Oynmu oOuuciieHi meromamMu (yHKIioHATY
€JeKTPOHHOI T'yCTHMHU Ta IICeBAOINOTEHIiANy i3 IepHInX IPUHIUIIB
IIPOCTOPOBi PO3MOAiNM T'YCTHHHN BAJEHTHUX €JIeKTPOHIiB, IMTUPUHU 3a-
OopoHeHOI 30HM Ta BEeJIWUYMHU 3apAAy Ha HNOHHUX OCTOBaX AaTOMiB
KOMIIOBUTY IIPU HMOTr0 MEeXaHIYHOMY CTHUCKAaHHI.

2. METOIHU OBYUCJIEHHA

OCHOBHi CTaHU €JIEKTPOHHO-ANEPHOI CUCTEMU BUSBJAJIUCSA 3a HOIO-
MOTOIO0 CaMOY3TOA:KeHOro pPo3B’sa3aHHA piBHAHE Kona—Illema. Emexrt-
poHHi 3MiHHI BusHauanucsa npu QiKcoBaHUX aTOMOBUX ocToBax. Ciri-
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nyioun 3a Komom—Illemom [14], erekTporHa I'yCTHHA 3aIlucyBajiacd B
TepMiHaX 3aHATUX OPTOHOPMOBAHUX OJHOYACTHMHKOBUX XBUJBOBUX

GyHKITii:

n(r) =3y, @) (1)

Touka Ha MOBEepPXHi MOTeHIIiAJABHOI eHeprii B HaOmm:keHHI BopHa—
OnmeHraiiMmepa BHU3HaYaJlacAd MiHIMyMOM eHepreTWYHOro (PyHKIIioHAa-
JIy II0 BiTHOIIIEHHIO A0 XBUJLOBUX (DYHKITili:

E[{wi},{Rj},{av}J - Z i d*ry(r) _% v, (r) +U[{n(r)},{Rj},{aU}],
(2)

e {Rj} — KOODJMHATH ATOMOBMX OCTOBiB, {o,] — yci MOMKJIHBi 30-
BHIIITHI BIJIMBU HA CHUCTEMY.

YV zaraapHOONPpUNHATOMY (HOPMYJIIOBAHHI MiHiMisaIlis eHepreTHuHO-
ro ¢pyHKIioHaJY (2) IO BiAHOIIEHHIO OO OSJHOYACTHHKOBUX OpbiTasei
IpY HaKJaAeHNWX Ha HUX JOJATKOBMX YMOBAaX OPTOHOPMYBAHHSA IIPU-
BOJIUTEL A0 OgHOUACTHHKOBUX piBHAHL Koma—Illema:

_h_zvz ou

om " an [V = Evi®). 3)

IIpu posB’szyBaHHI IMUX PiBHAHL BUKOPUCTOBYBaBcA opMastisM Ice-
BIOIIOTEHI[ISIY, 3TiJHO 3 SKMM TBep/e TiJI0O PO3TISAJAETLCSI SIK CYKY-
IIHICTH BaJICHTHUX €JIEKTPOHIB 1 HIOHHUX OCTOBIB.

Y HaOmm:KeHHI TMICEeBIOIOTEHIIISIIy OMIepaTop IICEeBAOMOTEHITiATY
V,s, AKUH ONHCYy€e B3a€EMOJiI0 BAJE€HTHUX eJIeKTPOHIB 3 OCTOBOM, Ma-
Juii, a BimIoBigHA IICeBIOXBUJIbOBA (PDYHKIiA rianka. IlceBmomoTeH-
I[is1JT Mae TPaBUJIbHO IIPEACTABIATH JAJNEKOCIKHY IIPHUPOAY OCTOBA Ta
IaBaTU 3MOTY OHepPiKaTU PillleHHA Y BUTJIAMLL IICeBIOXBUJILOBUX (PYH-
KIIi#l, AKi cmiBmazaioTh 3 MOBHOIO XBUJILOBOIO (PYHKI[I€I0 3a MexKaMu
pagitoca iiomHOro octoBa r.. Kpim Toro, 6askaHo, 1mo0 IICeBIOIOTEH-
1isga OyB HMepeHOCHUHM; Ile O03Hauae, 10 OOWH i TOHW Ke ICeBIOIIOTeH-
Migga MoKe OyTH BUKOPHCTAHUU IIPU PO3PaxXyHKax B PiBHMX XeMiu-
HUX OTOYEHHAX i maBaTm pe3yabTaTH OOUMCJIEHHS 3 IOPiBHAHHOIO TO-
yHicTio. Tak, Beuesner, Xemenn i IIlnboTep 3anmponoHyBajau aHAJIITH-
YHUN, NPUAATHUHA OO BUIITEO3HAYEHUX YMOB IiceBAomoTeHIiAx [15].
ITeit nceBAOMOTEHIiAN i3 MEPIINX NPUHIIUIIIB BUKOPUCTOBYBABCA Ha-
MU.

IloBHMI KpuCTAJTIUHMIA MOTEHIIiAT OyAyeThCa SK CcyMa HOHHUX
IICeBAOIIOTEHITiANIB, AKi He IEepeKpuBaIOThCSA i IMOB’A3aHi 3 HoHaMu
OCTOBiB (d7pa + OCTOBHiI eJIEKTPOHM), PO3TAIIOBAHMMM HA MTO3UIIIIX
Ry, aKi mepioAuYHO TOBTOPIOIOTHCA IJIs KPUCTAJIB:
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Vorys (1) = Vs ®) = 23 VS (r =P~ Ry) - @)

s HemepiogMYHUX CHCTEM, TaKMX SK TOHKAa ILIiBKa ab0 KOMIIO-
3UT, IPo0JieMa BiJCYTHOCTH IIEPiOJUYHOCTH OOXOOUTHCS METOIOI0 CY-
meprpaTHUIl, B MeKaX SIKOI KOMIIO3UT, HANIPUKJAM, HMEePioguYHO II0-
BTOPIOETHCA, ajie Bigmaab MiK KOKHUM KOMIO3WTOM Ta HOTO IIepiomgu-
YHUMHU IIOBTOPEHHAMH! HACTIiJIBKM BEJIMKAa, M0 IXHS B3aEMOMiA € HexX-
TOBHO MaJjioro. IloBciogHa mepioguuHicTs KpucTanaiuHoi (abo MITyYHOL)
I'PATHUIIL CTBOPIOE IIEPIiOAMYHMHA HOTEHIISAI i TAKMM YMHOM HaKJAIae
Taky oK IIePiOAWYHICTL HA eJeKTPOHHY TIyCTHUHY (MaeThbcsi Ha yBasi
BioxoBa Teopema). Iloremmisn Koma—Illema mnepiommunoi cucremu
MIPOSIBJISIE TY caMy IIepioguuHicTb, 110 ¥ r'paTHuIA, a opbirani Koma—
IIlema MoKyTH OyTH 3anmucaHi B Bioxosiit (popmi:

y(r) = y,(r, k) = exp (ik - r)u,(r, k), (5)

me k € BexTopom i3 mepimoi Bpimmoenosoi somu. Igexc i mepebirae
yci moxkauBi enexTpouHi cranu. @yHKIIA u(r, k) Mae mepiognuHicTb
IPOCTOPOBOI I'PATHHUIII TAa MO:Ke OYyTH PO3BMHEHOIO B PSAM 3a ILITACKU-
Mu xBuasaMu. 1le oOr'pyHTOBYe BUKOPUCTAHHS IJIACKUX XBUJIb K Oa-
30BUM Habip, oOpaHUiT HaMu, OJA PO3BUHEHHS IePiogWYHOI YaCTUHU
opbiTaneii. OCKiIbKK MJIACKI XBUJII YTBOPIOIOTH MOBHUII TAa OPTOHOP-
MoBaHuil Habip (PYHKI[iM, BUKOPUCTAHHA iX IJIs PO3BUHEHHS OJHOYA-
CTUHKOBHUX OpOiTasieili Mmae BUTJISAM:

1
kr)=——)> b.(k+G)exp(i(lk+G)-r), (6)
v, RGEIX ( )
me G € BeKTOp oOepHeHoi r'paTHUIi, O — 00’eM eJeMeHTapHUX KOMi-

POK, KOTpi 3alOBHIOIOTH KPHUCTAJ ab0 INTYUYHY CYIeprPAaTHUIIO y BU-
magky HemepiogmuHUX 006’ €KTiB.

Piaauna (3) micna Pyp’e-mepeTBOpy Mae TaKWii BUTJIAL y 00ep-
HEHOMY TIIPOCTOPi:

h? ’
; zl_m(k+G)2_8j SG,G'+VKS(k+G’k+G) j(k+G):O’ X

ne Vis — moreutnian Korna—Illema:
Vis(k+ G k+G) =V, (k+Gk+G)+V, (G —G)+ V(G -G). (8)

Vic € OOMiHHO-KOpeNAIifiHNM IOTeHIiAJIOM; AJd HOro pPO3paxyHKy
MU BUKOPHUCTOBYBaiu amnpokcuMmaritiio Cimepni—Ousme, mapameTpuso-
Bany Ilegbio Ta 3yHrepom.

Y sarajgbHOMY BUIIAAKy BUPasu, II0 ONUCYIOTH IOTEHI[iAJIU B3ae-
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MOJil, € KOMILIEKCHUMU. BUKOPHUCTAHHSI aTOMOBMX 0a3mciB, IO Mic-
TATH ONepallito iHBepcil B CcBOIM IpyIli TOYKOBOI cUMeTpii, IPUBOAUTH
o TOTO, 1Mo Pyp’e-KOMIIOHEHTH IIPW PO3BUHEHHI BCix BHpasiB € pea-
JbHUMU.

OCHOBHOIO BEJUUMHOIO B (popMariaMi (PYyHKIIOHATY eJIeKTPOHHOI
TYCTUHU € TYCTHHA eJIEKTPOHHOTO 3apaAny. BoHa OmmiHIOETHCA Ha OCHO-
Bi caMOy3TOI:KeHOro pireHHs pPiBHAHL (7), dKe Mae 3OiACHIOBATHCS B
ycix TouKax He3BigHOI yacTuHu BpinntoeHoBOI 30HM:

p(G) = Nizzzzbj(me'mcr)bj(m(;') , 9)

oe imgexc j mepebirae yci saiimari cranm; k € BeKTopom i3 mepioi
BpinntoenoBoi 3oHu; N, € uucjo omeparniii o B ToukoBiii rpymi T
aToMapHOTO 0a31Cy; MHOKHUK 2 BPaXOBY€ BUPOIKEHICTH 3a CIIiHOM.

PospaxyHKOBI 3yCcHJIIA MOKHA CKOPOTHUTHU, AKINO BUKOPHCTOBYBA-
TH MEeTOJ CIeIiAIbHUX TOUYOK. € pisHi migzxomu mromo BubGOpy IUX TO-
yok. Tak, MOKHa BUKOPHUCTOBYBATM DiBHOMIpHi abo HepiBHOMIipHi
CiTKM TOYOK; MOKHA 3 NMPUNHATHOIO TOUHICTIO 3aMiHHUTH CYMYBaHHS
3a CKiHUEHHUM YUCJIOM CIIEIiAJbHMX TOYOK OO0 OAHiel Touku B Bpin-
JII0OeHOBi# 30Hi. MokHa oOme:xuTuca jauiiie [-Toukor B Bpimaroeno-
Biif 30Hi; 0COBGJIMBO IIe CTOCYETHCS INTYYHUX HMEePiOAUUYHUX aTOMAPHUX
CHUCTEM.

Posnonin e1eKTpPOHIB IO eHePrifgx oJep:;KyBaBCs ILIAXOM UHCJIOBO-

ro oGuucienus moxiguol lim AN/AE, ne AN — KiabKicTh m03BOJIE-
AE—0

HUX CTAaHiB, IO IPUOAZAIOTh HA NPOMiKOK eHeprii AE, i3 omep:kaHO-
ro mig uac miaroHamisarii matpuni Koma—Illema omHOYACTHHKOBOTO
€HePTreTUYHOTO CIEeKTPa, KiJbKicTh 3HAUEHDb B SKOMY KOHTPOJIIOETHCS
po3MipoM pO3BHMHEHHS XBUJILOBOI (pymkiii. Bigmosimmo mo imeosorii
(GyHKIIiOHANY eJIEKTPOHHOI I'YCTUHU, KIJbKiCTh 3aWHATUX CTaHIB IIpU
T =0 K BusHauaJjacsa IIOJOBMHHOIO KiJbKiCTIO €JIEKTPOHIB y aTomap-
HOMY Oasuci (y 3B’A3KYy 3 HeBpaxXyBaHHSM CITiHYy eJIeKTPOHA).

ITicta myapoBOi iTepallii caMoysrom:keHoro pos3B’SI3Ky PiBHAHHS
Kouma—Illema (7) moreHIiissabHa yacTuHa omeparopa Koma—Illema wmic-
TUJa Juile omeparop ncespomoreHuiany V,, =V, (G)/&G), expano-

BaHU# mienekTpuuHO (PyHKIIi€o. OcTtanua y HaOmm:xenui Tomaca—

2/3
3 2nze® 0 , 2 Y
——————, Ae E; =|3n" — — eHep-
2 2QG°E; Q
ria depMi BiIBHOTO €JIEKTPOHHOIO rasy; 2 — KiJbKiCThb eJIeKTPOHIB,
10 MicTaThea B 00’emi Q2. To6TO He BpaxoBYBaJMCA MOTEHIIAIM, IO
onucyioTh KyJa0HOBY Ta 00MiHHO-KOPENAIifiHYy B3aeMOil eJIeKTPOHiB,
y 3B’SIBKY 3 THM, III0 HicJsA HYJbOBOI iTeparrii ime BimcyTHaA imdopma-
Iig IOZ0 T'YCTUHU BAJIEHTHUX eJIeKTpoHiB. Ilicis mHacTymHmMX iTepa-

®epmi mae Buraan &(G) =1+
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it camoysrom:kenHss B omepatopi Koma—Illema BiKe BpaxoByBaJIKCS
i Bszaemoxii. Tomy mpm aHamizi pe3yabTaTiB OOUMCICHHS OCOOJUBY
yBary OyJio IIPHUIiJIeHO BUABJICHHIO BIIJIMBY HA €JIEKTPOHHI XapakTe-
PpHUCTHKM AocaimxyBamoi cucreMu BpaxyBamusa KyiaoHoBoi Ta oOMiH-
HO-KOPEeJAiAHOI B3aeMOIill eJIeKTPOHIB.

OCHOBHOIO BEJIMUMHOIO PO3PaxXyHKiB 6araTroaToMOBOI CHCTEMH B Me-
JKax Teopil (pyHKITioOHa/Ia eIeKTPOHHOI I'yCTHHHU OyJaa caMOysTroisKeHa
enekrponna rycrura n(r) (1), xorpa € HemepepBHOIO BEJIUUYNHOIO, HOP-
MOBAHOIO Ha IOBHY KiJBbKICTb €JIEKTPOHIB y CHUCTEMi; y HaIIOMYy BUIIa-
IKy — Ha IOBHY KiJBbKiCTh €JIEKTPOHIB B OAMHUYHIN KOMipIi cyrmepr-
patHumi. g OIiHKM IIePEPOSIIONiIYy eJeKTPOHHOTO 3apAny MisK aTo-
MaM1 KOMIO3UTY PO3PaXOBYBABCA 3apsan B c)epUUYHOMY OKOJIi aToMa o
o6’emom V.

q,=Z, - JV n(r)d®r . (10)

3. OB’EKTHU OBYUCJIEHHA

¥V pospaxyHKax BUKOPHCTOBYBaBCS IIPUIIOM ITOOYIOBU IIITYYHOI cymep-
rparauini. CymeprpaTHulla Maja OIPUMITHBHY KOMipKY TeTpParoHAJILHO-
ro TUIy 3 aTOMOBMM 0asmcoM, AKif MicTuB y cobi Bcio iH(opmairiio
PO CHCTEMY, IO JOoCIim:KyBaJjaca. PoaMipu mpuMiTHBHOI KOMIpKH Yy
Kpucrajorpadgiuamx HaIpAMKax a, b Ta ¢ migOupajuca TaKUMHU, 100
VHUKHYTHA B3a€EMOZii KOMMIO3WTIB KPHCTATIUHA HAHOIEJII0JIO3a—
rpadeHononioumt okcua nuHKY (CNC/g-ZnO), mo TpaHCIOIThBCA, i
nopiBHIOBAIM a=b=c=16,94 A. OOuncieHHA IDPOBOAUINCA TiTBKH
nasa I'-roukn BpinaioeHoBoi 30HU cyneprpaTHuili. BusHauaaucs Ta IIo-
piBHIOBAINCA €JIEKTPOHHI XapPaKTEePUCTUKM KOMMIO3UTY IPU HOT0 Me-
xaHiyHOMY cTucKaHHi. IIasa mporo Oyau 3MOAeJbOBAaHI HACTYIIHI aTo-
MapHi cucTeMu.

Cucrema 1 (ymoBHe mosHauenHAa CNC) ckiaganacsa 3 IBOX BOJIOKOH
CNC crimueHHHX PO3MipiB, II[0 po3TallloOBaHi iHBEpPCHO OAWH IO OLHO-
ro Ha Biggmami y 4,08 A. AromoBumit 6asuc mictu 36 artomir C, 22
aromu O Ta 64 aromu H (puc. 1, a).

Cucrema 2 (ymoBHe mosHaueHHA CNC/g-ZnO) ckjaagajacsa 3 IBOX
dparmenTiB mapiB g-ZnO ogHOATOMOBOI TOBIIMHM, IO 3aKaTi BOJIO-
KHaMM HaHoIlearoo3u. AromoBuii 6asuc mictuB 36 aromis C, 44
aromu O, 64 aromu H Ta 5 aromiB Zn. Bigmanp MixK miapamMu OKCumy
IIMHKY Ta BOJIOKHAMHN HAHOIIEJIIOJIO3W CTAHOBMJIA 3HAUEHHS HE MeH-
me, HiX 2,04 A, mo ckiagamso cymy aromoBux pagitociB Zn Ta O.
Kommosur CNC/g-ZnO 3 BHUINEO3HAYUEHOIO Bigmajijii0 MixK HOT0 KOM-
TIIOHEeHTaMI BBaKaBCA MeXaHiuHO HeHAIpy:KeHuMm (puc. 1, 0).

Cucremu 3, 4, 5 npencraBiasaan coboio kommosutr CNC/g-Zn0O, omu-
CaHUil AK OJa cucTeMu 2, ajie i3 3MEeHIIIeHOIO BiJJaJIIio MidK IJIOII[H-
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"o mIapiB ZnO Ta BOJOKHAMM HAHOIIEJJI0JIO3U, BigmosimHo, Ha 3%,
4% Ta 5% . Taki KOMIIO3UTH BBasKAJIMCA MEXaHIUHO HAIIPYKEHUMU
(cTucHyTHMMHM); YMOBHI mos3HaueHHsa — Bigmosiguo, (CNC/g-Zn0-3%),
(CNC/g-Zn0-4%), (CNC/g-Zn0-5%).

AToMoBi KoH(piryparii MOZeIbHUX CUCTEM NOCHiIKEHHS He OIITH-
MisyBaJsucA.

4. PE3YJBTATH OBYUCJIEHD TA IX OBTOBOPEHHA

Tabauiiss Ta PUCYHKU 2—5 TEeMOHCTPYIOTh PO3paxOBaHi 3HAUEHHS IIIH-
puH 3ab6opoHeHoi 30HM (E,) Ta mupuH BaseHTHOI 30HU (AE,) Ana onu-
CaHUX BUINEe KOMIIO3UTIB B 3aJ€KHOCTi Bill CTyIleHs CTHCKAHHA KOM-
MMO3UTY Ta CTyHeHA camMoysrom:kennsa piBuauua Koma—Illema, To6TO
BpaxyBaHHa KyJoHOBHUX Ta OOMiHHO-KOPEJAIiiHUX B3a€eMOJiil Baje-
HTHUX eJIeKTPOHIiB, KOTPi BKJIOUAIOTHCA B PO3PAXYHOK Ha iTepariax
camoyaromsxkeHua 1 i Bumie (qus. m. 2).

3 ozep:KaHUX pPe3yJabTaTiB BUIHO, 110 BpaxXyBaHHA KyJIoHOBUX Ta
OOMiHHO-KOPEeJAIifHNX B3a€MOJ[ili BaJeHTHUX €JEKTPOHIB IIPU OI[iH-
IIi eJIeKTPOHHUX BJIACTHUBOCTEI TiOpUAHUX KOMIIO3UTIB € BaKJIUBUM.
Tak, 3 pUCYHKiB 2—5 OueBHIHO, III0 3MiHa IMIUPUHU 3a00POHEHOI 30HU
Ta IMUPUHU BAJIEHTHOI 30HU KOMIIO3UTIB ITPU CTHUCKAaHHI BipidHAETH-
cAd He TiJIbKM 3a BEJIWYMHOIO, ajie i 3a xapakrTepoMm. HasBamui Buire
BeJIUYUHN MOHOTOHHO 3MiHIOIOTHCS i3 CTHCKAHHAM, AKIIO BOHHU OIli-
HeHi 3 ypaxyBaHHAM TiJIbKM B3a€EMOJili BaJIEHTHUX €JIEKTPOHIB 3
MoHHMMHU ocToBaMu. Tonai AK ypaxyBaHHA BCiX MOMKJIMBUX B3a€MOJiil
B €JIEKTPOHHO-AMEPHINA CHUCTEeMi KOMIO3UTY BUABJSIE HEMOHOTOHHUI
XapakTep 3MiHM MIUPUHU 3a00POHEHOI 30HW KOMMIO3UTY HIPHU CTUC-
KaHHi, II[0 Mae eKCTPeEMYM TUNY MiHIMyMy, AKUU (ikcyBaam IJad CH-
creMm 3, 4. ToO6To MakcuMaJ/ibHe 3HAYEHHA IMUPUHU 3a00POHEHOI 30HU
Hamexxano cucrtemi 2 (CNC/g-Zn0), Koiu KOMIIO3UT BBasKaBCs MeXa-
HiYHO HeHampy’KeHUM. IIpW CTHUCKaHHI KOMIIO3UTY IIIWPUHA 3a00PO-
HeHol 30HUW, IMOUMHAIOUM i3 3HaueHHa 17,42 eB, amenmryBaigacs, OO-
cAraioun MiHiMymy, piBHOro 6,53 eB, a morim, 3 mOZaJLIIUM CTHC-
KaHHAM, 3pocTana mo sHaueHHs 10,88 eB.

PospaxoBane HaMM caMOy3roj:KeHe 3HAUEHHs ITHPUHU 3a00poHe-
HOI 30HHU i30bOBAaHOrO (pPArMeHTy HAaHOIIEJIOJ03HOTO BOJIOKHA
(E;=6,8 eB) mocraTrHb0 m0Ope Y3TOMKY€eThCA 3 €KCIepUMeHTAIbHUM
sHaueHHAM (E, ~ 4,5 eB) n1a HaHOIE0I03HOI NIiBKH, II[0 HaBeJeHO
B [8].

IIlomo mIMpMHM BAJIEHTHOI 30HM MOJENbHUX TiOpUAHUX KOMIIO3U-
TiB, ii MaKcuMaJbHe 3HaueHHs Haimexxkaao cuctemi 2 (CNC/g-ZnO),
KOJII KOMIIO3UT BBasKaBCA MEXaHiIUYHO HEHANPYKeHUM. 13 mogaabium
MeXaHiUHUM CTHCKAHHAM KOMIIO3UTY HEy3TOAKeHe 3HAUeHHS IITNPU-
HYM BaJIGHTHOI 30HNM MOHOTOHHO 30iJIbIIIyBaJIOCSA, TOAI AK Yy3TOmKeHi
3HAUEHHs IIMUPUHU BAJIEHTHOI 30HM [OeMOHCTPYBaJIM 3MEHIIIeHHS i3



BJIACTUBOCTI KOMITO3UTY HAHOITEJIFOJIOBA-TPA®EHOIIOAIBHUM-ZnO 291

Puc. 1. OquHMYHI KOMipKM HITYYHUX CYHEpPIPATHUIL Ta aTOMOBi 0asmcu 3
IIPOCTOPOBUMU DPO3NOAiIaMU TYCTHUHU BaJIeHTHUX eJIeKTPOHIB nAJdA iso3Ha-
yenHa 0,9—1 Big mMakcuMaJIbHOrO micad HYJABOBOI iTepamii: a — mias cucre-
mu 1 (CNC), 6 — ana cucremu 2 (CNC/g-Zn0).!

TABJINIA. Snauensa mupuH 3a00poHeHOI 30HU (E,) Ta IMUPUH BaJeHTHOI
souu (AE,) nasa cuctem 1-5.2

Ne Crerena ITicna mynapoBoi iTeparii ITicna Tperwoi iTepairii
n/n AE,, eB | E,eB | AE,eB | E,eB
1 CNC 2309,98 0,54 7500,01 6,80
2 CNC/ZnO 2135,28 11,43 7535,38 17,42
3 CNC/ZnO-3% 2135,82 10,07 7518,78 7,07
4 CNC/Zn0O-4% 2136,37 9,52 7504,63 6,53
5 CNC/ZnO-5% 2136,91 8,71 7491,84 10,88
2137
2136,5
M
@
o 21361
2135,5+
21355 3 ) 5

Cucrema

Puc. 2. 3HaueHHA IMMUPUH BAJEHTHOI 30HU CHUCTEM 2—5 B 3aJIe’KHOCTI Bif
CTYIEeHS CTUCKAHHS IicJA HyJIboBOI iTepamii camoysromskenHs.?

CTUCKAHHSIM KOMIIO3UTY.
IITomo po3paxoBaHOrO IIPOCTOPOBOTO POS3IOAIIY €JeKTPOHHOI Tyc-
THHYU BAJeHTHUX €JEeKTPOHIB B MeKax KOMIIOBUTY, TO BHIHO, IO
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7545

7530

, eB

~> 7515

AE

7500

7485
2
Cucrema

Puc. 3. 3HaueHHA IMUPUH BAJEHTHOI 30HM CHUCTEM 2—5 B 3alIe’KHOCTI Bif
CTYIEeHS CTUCKAHHS IIicJA TPeThol iTeparii camoysromxenHs.*

12

11+

10

Eg, eB

Cucrema

Puc. 4. 3HaueHHs IMUPUH 3a60POHEHOI 30HM cuUCTeM 2—5 B 3aJIeKHOCTi Bifn
CTYIeHS CTUCKAHHS IicJsa HyJIboBoi iTepamii camoysromsxenns.’

BpaxyBaHHA BCiX B3aeMOill HIPMBOAUTEL OO MOMiITHOTO IIEPEHOCY eJie-
KTPOHHOTO 3apAny 3 mepudepifiHuxX obJiacTeil BOJOKOH IEJIIOJIO3H B
ixHIO 10, TOAI SIK YaCTKOBe BPaXyBaHHS B3a€MOJii HeMOHCTpPYye pi-
BHOMIipHUH PO3MOZiJI BaJIEHTHUX EJEKTPOHIB Y370B/K BOJOKOH HAHO-
nesarosnosu (puc. 6). Taka MakcuMaJbHa 30CEPEIKEHICTh T'YCTUHU Ba-
JEeHTHUX €eJIEKTPOHIiB yramOuWHI HAHOIEJIOJ03W 3 OXOILIeHHAM Haii-
Omm:Kkumx Ao Hei aromiB g-Zn(O 30epiraeThbcsa OJas BCiX MOOEIbLHUX
KOMIIOBUTIB 3a IXHiX pisHMX MexaHiUHMX CTaHiB.

Ileit mepeHic eleKTPOHHOTO 3apAny 3 mepudepiiHux obsacTeil BO-
JIOKOH HaHOIIEJIIOJIO3W B iXHIO IO BILIMBAE I HA 3HAUCHHS 3apAIiB B
OKOJIi MOHHMUX OCTOBiB ii aTomisB.

Tax, sapagu Ha MOHHUX ocToBax aToMiB OKcUI'eHY, SKi posTaiio-
BaHI M0 KpadAX BOJIOKOH IIEJIOJO3M OJIsI BCiX CHCTEeM, IIf0 O0UMCJIIOBA-
Jaucs, mpu BpaxyBauHi KyJaoHOBHX Ta OOMiHHO-KOPeJIAIiMHUX B3ae-
MOJili BaJICHTHUX eJEeKTPOHIB (y3TOI:KeHUH PO3PAXYHOK) 3MiHIOIOTH
3HAUEHHA 3 HEeTaTHUBHUX (HEY3TOMKEeHUIN PO3PaxXyHOK) Ha HO3UTHUBHI
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Puc. 5. 3HaueHHs IMUPUH 3a00POHEHOI 30HM cHCTEM 2—5 B 3aJIeKHOCTi Bifx
CTYIeHs CTUCKAHHSA IPHU TpeTii iTeparii.®

&

G
\ \\
\

a

Puc. 6. OguHUYHI KOMipKM HITYYHUX CYNEeprpaTHUIbL Ta aTOMOBI 6asmcu 3
IIPOCTOPOBUMHU DPOSIOAiJIaMU T'YCTUHU BAJEHTHUX €JEKTPOHIB AJS i303HAUEH-
ua 0,1-0,2 Bix maxcumanbHoro mis cucremu 3 (CNC/g-Zn0-3%): a — micasa
HYJIBOBOI iTepallii camoysrom:xeHHsA; 6 — MicJsg TpeThoi iTepallii camoyaro-
mxeHH."

(puc. 7, puc. 12, 13).

Pucynku 8-13 meMOHCTPYIOTH PO3paxoBaHi 3HAUEHHS 3apAIiB Yy
chepuunomy o00’emi V, B OKOJIi HOHHMX OCTOBiB aTOMiB, AKi HaJe-
JKaTh O BOJIOKOH HAHOILEJIIOJIO3M MOJIEJbHHX KOMIIO3uUTiB. Papmirocu
cheprnuHIX OKOJIIB HOHHUX ocTOBiB aTomiB KapbOomy, Iigporemy Ta
Oxcureny crkiagamu sigmosigmo 0,73 A, 0,87 A Tta 1,2 A. Bapamn
OCTOBiB HABOAWMJINCS B 3apsafax eJeKTpPoHa (B KBAHTOBO-MeXaHIUYHUX
po3paxyHKax BHUKOPHUCTOBYETHLCA aTOMHA CHCTeMa OAWHUIb, B AKii
3apsAn eJeKTPOoHa BBasKaeTbcsa piBHMM oawmHuili). IlopiBHIOIOUM oxmep-
JKaHiI 3apaaum OJd BCiX MOAEJIbHMX KOMIIO3UTIB IIicjJasA HYJIBOBOI iTe-
pamii camoysromiKeHHs, sadikcyBaam, [0 MaKCUMAaJbHI 3HAUEHHS
3apAniB MOHHMX OCTOBIB HPUTAMAHHI BOJOKHAM HAHOIEIIOJO03U 0e3
miapiBe ZnQO. 3apsamu, 10 OIiHEHi i3 caMoOysrom:KeHuX PO3pPaxyHKiB,
Maii)ke OJHAKOBI /A BCiX KOMIO3UTIB i He 3aJjieXaTh BiJ CTyIIeHs
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CTHUCKAaHHA.

OT:xe, IepeHic eJeKTPOHHOrO 3apAny 3 mepudepiiinmx objgacTeit
BOJIOKOH HAHOIIEJIOJIO3W B IXHIO im0 BIIIMBAE Ha 3HAUEHHSA 3apALiB
B OKOJIL MOHHMUX OCTOBIiB i1 aTOMiB.

TakuM YMHOM, €JEeKTPOHHI BJACTHUBOCTI TiOpHMAHNX KOMIO3UTHUX
CTPYKTYP HaA OCHOBi OpraHiuHOl HAHOKPUCTAJIUHOI IIeJI0J03U Ta He-
opraHiumoro rpadeHOIOAiOHOT0 OKCHUAY IIMHKY MOKHA KOHTPOJIOBA-
TH, HAIPUKJIAL, IMJIAXOM 3MiHM Bigmaji MiK oIapaMm CKJIAJOBHUX
KOMIIOHEHTiB, IIf0 BiAOyBaeThbCA MiJ Yac MeXaHiuHOro CTHUCKAHHJI.
Tak, 3aMiHa mMIUPUHN 3a00POHEHOI 30HM TAKUX KOMIIOSHUTIB IIPM MeXa-
HiYHOMY CTHCKAHHI Ma€ TeHAEHIIiI0 1O 3MEeHINeHHS; MPUCYTHill 3HaU-
HUI IepeHic 3apAay B MeKaX KOMIIOBUTY, IIIO IPUBOAUTL A0 BUHUK-
HeHHsA o0JjacTell MPOCTOPOBOTO 3apAAY Pi3HMX 3HAKIB.

Puc. 7. OguHnmuHa KoMipKa IITyuHOI cymeprpaTHuIi i aToMoBuii 6asuc 3
HOoMepaMmu aToMiB OKcUT'eHY B HbOMY Ta CAMOY3TOIKEHHUII IIPOCTOPOBUII PO-
3IOJiJ T'YCTUHHU BaJIEHTHUX €JEeKTPOHIiB A izosHaueHb 0,9—-1 Big maxcuma-
apHOTO mia cucremu 1 (CNC).2

——CNC
1,551
— — CNC/g-Zn0O

1,45
- - --CNC/g-7Zn0-3%

. — - -CNC/g-Zn0-4%
N s

NN —
N _/’——-\ Pl
12507 Vo~ \ / CNC/g-Zn0-5%
\
v
123 4567 89 1011121314151617 18

3apsan, e”
7

Ne aToma

Puc. 8. Beauuunu 3apaniB Ha HOHHUX ocToBax aToMmMiB KapGoHY BOJOKOH
eai0Ja03u IJaA cucteM 1—5 micas HyanoBoi iTeparii camoysrom:xkenusa. Ho-
MepHU aTOMiB — BTimHO 3 HyMepaIllieio B aToMoBOMy Oasuci.’



BJIACTUBOCTI KOMITO3UTY HAHOITEJIFOJIOBA-TPA®EHOIIOAIBHUM-ZnO 295

——CNC
— — CNC/g-Zn0

----CNC/g-Zn0-3%

3apsan, e

— - -CNC/g-Zn0-4%

CNC/g-Zn0-5%

12345678 910111213 1415161718
No aroma

Puc. 9. Benuuwmnu 3apaniB Ha HWOHHUX ocToBax aToMiB Kap6oHY BOJOKOH
IeJI0J03u AJd cucteM 1—5 micia Tperwoi iTepariii camoysrom:kenus. Home-
pu aToMiB — BrizHO 3 HyMepaIllieio B aTomoBoMy Oasuci.'’

078 ——CNC
076 — —CNC/g-Zn0o

W

g 074 ----CNC/g-Zn0-3%

g

S 0721 \ — - -CNC/g-Zn0-4%
0,70-;/\ YAy \4 \ / v o\ / | ] CNC/g-Zn0-5%

/ \

0,68 A L v

19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Ne aToma

Puc. 10. Bernuunau 3apaniB Ha HOHHUX OCTOBax aToMiB ['iporeHy BOJOKOH
IIeJII0JIO3N AJs cucteM 1—5 micaa HyaboBOi iteparlii camoysrogsxenusa. Ho-
Mepu aToMiB — B3TifjHO 3 HyMepali€io B aToMoBoMy Oasmci.!!

5. BUICHOBRH

Metomamu Teopii GyHKIIiOHATY €JIEeKTPOHHOI I'YCTHUHHN Ta IICEBAOIIOTE-
HI[iAJIB i3 mepInx NPUHIIUIIB, 3 BUKOPUCTAHHAM aBTOPCBKOTO IIPO-
rpaMHOTO KOMILJIEKCY PO3Pax0BaHO IIPOCTOPOBi PO3IOMijN BaJeHTHUX
€JIEKTPOHIB, TYCTUHU €JEeKTPOHHUX CTaHiB, MUPUHU 3a00POHEHOI 30-
HU, IIUPUHYU BaJIEHTHOI 30HU JJIs MOJAEJbHUX KOMIIO3UTHUX CTPYKTYP
Ha OCHOBIi opramiuHoi HaHOKPHCTAJIUHOI IeJII0JI03M Ta HEeOPraHiuHOro
rpadeHonoAiOHOr0 OKCUAY IMUHKY IPU MEXaHiuHMX BIJIMBAX.
BusnaueHo, 110 mpW PO3PaxyHKOBHUX OIIHKAX €JeKTPOHHUX BJlac-
TUBOCTEN OPraHiYHO-HEOPTraHiYHMX TiOPUAHUX KOMIIO3UTIB BaKJIUBUM
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—CNC
— —CNC/g-Zn0
----CNC/g-Zn0-3%

™

Y =-=CNC/g-Zn0-4%

3apan, e

CNC/g-Zn0-5%

0,6 — —— — ‘
19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
Nt aToma

Puc. 11. BenrnuuHu 3apAniB Ha HOHHUX OCTOBax aToMiB ['iporeHy BOJIOKOH
IeJI0J03u AJd cucteM 1—5 micima Tperwoi iTepariii camoysrom:kenus. Home-
pu aToMiB — BrimHO 3 HyMepaillieio B aTomoBOoMy Oasuci.'?

CNC
0,751

0,251
-0,251
-0,751
-1,25
-1,75
-2,251

275
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65

— —CNC/g-Zn0O

----CNC/g-Zn0-3%

Sapan, e

— - =CNC/g-Zn0-4%

CNC/g-Zn0-5%

Ne aToma

Puc. 12. BesnunHu 3apaniB Ha HOHHUX OCTOBax aToMiB OKCHUI'€HY BOJIOKOH
IIEeJII0JIO3N AJs cucteM 1—5 micaa HyaboBOi iTeparii camoysrogsxeHHs. Ho-
MepHU aToMiB — BTimHO 3 HyMepallieio B aTomoBOoMy Oasmci.'®

€ BpaxyBaumHsa KyJ0oHOBUX Ta OOMiHHO-KOPENAIiHHMX B3aE€MOJill Ba-
JEeHTHUX eJIEKTPOHIB.

BusiBieno, 110 3MiHa IMUPUHU 3a00POHEHOI B30HKM KOMIIO3UTIB
CNC/g-ZnO mpu MeXaHiuHOMY CTHUCKaHHI Mae TEHIEHI[il0 MO0 3MeH-
IIeHH.

3adikcoBaHO 3HAUHWI IepeHic 3apAny B MeKaX KOMIIO3UTY, IO
MIPUBOAUTL OO BUHUKHEHHS 00JAacTeli IPOCTOPOBOTO 3apAny pisHUX
3HaKIiB.

BcraHoBieHo, IO €IeKTPOHHI BJIAaCTHUBOCTI TiOpUAHUX KOMIIO3UT-
HUX CTPYKTYP Ha OCHOBi OpraHiuyHOl HAHOKPUMCTAJIYHOI ITeJIIOJI03U Ta
HeopraHiuHoro rpageHOmIoIi0HOT0 OKCUAY IWHKY MOXKHA KOHTPOJIIO-
BaTHU NIIJIAXOM 3MiHM Bimjayi MiK mrapaMm CKJIAIOBUX KOMIIOHEHTIB,
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7,0

5,0 ——CNC
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Puc. 13. Beanunnu 3apagiB Ha HOHHHX ocToBax aToMiB OKCHI'€HY BOJOKOH
IeJi0J03u AJd cucteM 1—5 micima Tperwoi iTepariii camoysrom:kenus. Home-
pu aToMiB — 3rifiHO 3 HyMepaIllielo B aTromMoBoMy 6asuci.?

110 BiAOyBa€eThCA IIiJ Yac MEXaHiuYHOTO CTUCKAHHI.
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! Fig. 1. Unit cells of superlattices and atomic bases with the spatial distributions of the va-
lence-electrons’ density within the interval of 0.9—-1 of the maximum value after the zeroth
self-consistent iteration: a—for system 1 (CNC); 6—for system 2 (CNC/g-ZnO).

2 TABLE. The values of the band gap (E,) and the valence-band width (AE,) for the 1-5 sys-
tems.

3 Fig. 2. The valence-band width of the 2—5 systems depending on the degree of compression
after the zeroth self-consistent iteration.

4 Fig. 3. The valence-band width of the 2—5 systems depending on the degree of compression
after the third self-consistent iteration.

® Fig. 4. The band-gap width of the 2—5 systems depending on the degree of compression after
the zeroth self-consistent iteration.

5 Fig. 5. The band-gap width of the 2—5 systems depending on the degree of compression after
the third self-consistent iteration.

" Fig. 6. Unit cells of superlattices and atomic bases with the spatial distributions of the va-
lence-electrons’ density within the interval of 0.1-0.2 of the maximum value for system 3
(CNC/g-Zn0-3%): a—after the zeroth self-consistent iteration; 6—after the third self-
consistent iteration.

8 Fig. 7. The unit cell of superlattice, the atomic base with numbers of oxygen atoms within
it, and the self-consistent spatial distributions of the valence electrons density within the
interval of 0.9—1 of the maximum value for system 1 (CNC).

9 Fig. 8. The values of charges in the vicinity of the carbon core of cellulose fibres for the 1-5
systems after the zeroth self-consistent iteration. Numbers of atoms accord to numbering in
atomic basis.

10 Fig. 9. The values of charges in the vicinity of the carbon core of cellulose fibres for the 1—
5 systems after the third self-consistent iteration. Numbers of atoms accord to numbering in
atomic basis.

1 Fig. 10. The values of charges in the vicinity of the hydrogen core of cellulose fibres for
the 1-5 systems after the zeroth self-consistent iteration. Numbers of atoms accord to num-
bering in atomic basis.

12 Fig. 11. The values of charges in the vicinity of the hydrogen core of cellulose fibres for
the 1-5 systems after the third self-consistent iteration. Numbers of atoms accord to number-
ing in atomic basis.

13 Fig. 12. The values of charges in the vicinity of the oxygen core of cellulose fibres for the 1-5
systems after the zeroth self-consistent iteration. Numbers of atoms accord to numbering in
atomic basis.

4 Fig. 13. The values of charges in the vicinity of the oxygen core of cellulose fibres for the
1-5 systems after the third self-consistent iteration. Numbers of atoms accord to numbering
in atomic basis.
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The paper presents the experimental results of the composite-materials’
synthesis on the base of nickel hydroxide B-Ni(OH), and reduced graphene
oxide using ultrasound dispersion of hydrothermally obtained B-Ni(OH),
and previously chemically reduced graphene oxide. The synthesized mate-
rial is investigated by XRD, SEM, and impedance spectroscopy. The in-
creasing of composite dispersion degree at increasing of carbon-component
content is observed. The electrical conductivity of pure B-Ni(OH), and
rGO, and B-Ni(OH),/rGO composite materials at different ratios of compo-
nents is analysed at different frequencies in the temperature range of 25—
200°C. The decrease in the activation energy of an electric conductivity
for the B-Ni(OH),/rGO nanocomposite at the component ratio of 1:2, in
comparison with pure rGO, is observed.

Y poboTi mpeacTaBieHO eKCIepHMEeHTaJbHI pe3yJbTaTh CHUHTEe3M KOMIIO3UT-
HUX MaTepianiB Ha ocHOBi rizpokcuzny Hixkmao -Ni(OH), i BizHOBIEHOTO OK-
cungy rpadgeHy MeTOJ0I0 YJIbTPAa3BYKOBOTO AMCIEPIYBAHHA TiApPOTEPMAaJILHO
onep:xkanoro B-Ni(OH), i monmepesabo xeMiuHO BigHOBJIEHOTO OKcuzmy rpade-
"y (rGO). CuHTe30BaHUI MaTepifAa MOCIiMKyBaiu 3a MOIOMOIOI0 aHAJi3u
Indpariii X-mpomeHiB, CKaHyBaJbHOI €JIEKTPOHHOI MiKpoOcCKomil Ta ime-
mamcHOl cmeKTpockoiii. IIpu 30iiplreHHi BMicTy BYyTrJIeIeBOTO KOMIIOHEHTY
cnocrepirasoca 30iJbIIIEHHA CTYHIEHs AUCIEPCHOCTH KoMmosuTty. IIpoBemeHo
amanisy esextponpoBigHocTu umctux -Ni(OH), i rGO, a TakoX KOMIIO3UT-
Hux marepidiaiB B-Ni(OH),/rGO npu pisHOMY CcHiBBigHOIIIEHHI KOMIOHEHTIB
npu pisHMX uyacTtoTax B iHTepBadi Temmepatyp 25—200°C. Cmocrepiraocs
3MEHINIeHHs eHeprii axTwBallii eJIeKTPUYHOI HPOBiAHOCTH AJITI HAHOKOMIIO-
suty B-Ni(OH),/rGO mpu cmiBBigHOINIEHHI KOoMmOHeHTiB 1:2, mOpiBHAHO 3
yuctum rGO.

B pabore mpeicTaBiIeHbI 9KCIEPUMEHTANbHBIE PE3YJbTAThl CUHTE3a KOMIIO-
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BUTHBIX MaTepuajioB Ha ocHoBe ruapokcuzna Hukend B-Ni(OH), m Boccra-
HOBJIEHHOTO OKcHJIa rpadeHa MeTOZOM YJILTPAa3BYKOBOTO AUCIEPTUPOBAHUA
rugporepMmasbHo moaydeHHoro [(-Ni(OH), m mpegBapuTenbHO XUMUYECKU
BoccTaHOBJIeHHOTO oKcuza rpadeHa (rGO). CuHTe3MpPOBAHHLIN MaTepuaJ
KCCJIeOBAN C IIOMOIILI0O aHAIM3a MU(MPPAKIINKY PEHTTeHOBCKUX Jyueii, CKa-
HUPYIOIell 5JeKTPOHHOM MHKPOCKOINN YW HMIIEIAHCHOU CIIEKTPOCKOIIUHU.
IIpu yBeMUYeHUU COAEPKAHUSA YIIePOIHOT0 KOMIIOHEeHTa HabJ/I0[aioch yBe-
JIMUYeHWEe CTeIeHU AVCIEePCHOCTH Kommosurta. [IpoBefiéH aHAIW3 BJIEKTpUUE-
ckoii mpoBogumocTu YucThIX (-Ni(OH), m rGO, a Taxk'Ke KOMIIO3BUTHBIX Ma-
repuayoB B-Ni(OH),/rGO mpu pasauyHOM COOTHOIIEHUUN KOMIIOHEHTOB IPU
PasIMUYHBIX UYacTOTaX B HHTepBaje Temmneparyp 25—200°C. Hab6amogaioch
yMeHbIIIeHNe JHEePTUM AaKTUBAllUU 9SJIEKTPUUECKON IIPOBOAMMOCTU MAJIs
nanoxkommnosura B-Ni(OH),/rGO npum cooTHOIIeHHMU KOMIIOHEHTOB 1:2, 1o
cpaBHeHUIO ¢ yucThIiM rGO.

Key words: nickel hydroxide, reduced graphene oxide, ultrasound disper-
sion, hydrothermal synthesis, electrical conductivity, electrochemical prop-
erties.
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1. INTRODUCTION

Electrochemical capacitors (EC) due to its power, long cyclic capa-
bility and low cost are the excellent solution for novel energy-
storage systems for back-up energy devices of renewable sun and
wind sources or electric vehicles. There are two different charge
storage mechanisms for EC. The first one is based on the electro-
static electric double layer (EDL) formation at the elec-
trode/electrolyte interface during electroadsorption of solvated ions
from liquid electrolyte [1]. Another one includes the reversible or
semi-reversible Faradaic redox reactions with the dependence of ac-
cumulation charge on the electrode potential, which causes electro-
chemical pseudo-capacitance [2]. The large specific capacitance val-
ue of EDL devices (up to hundreds of farads per gram) is a result of
very short distance between charged layers separated by elec-
trode/electrolyte interface and very high specific surface area value
of electrode materials (up to 3000 m%g™) typically based on the po-
rous carbon materials. The redox mechanisms allow accumulating
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relatively higher specific capacitance and energy density values
compared to the ones for EDL. The main requirement for pseudo-
capacitive electrode is the realization of surface and bulk redox pro-
cess in combination with intercalation of electrically active species
(ions from electrolyte) into channels and interlayer space of crystal
lattice of electrode materials. The reversible redox activity, high
specific surface area and high electrical conductivity are crucially
important and simultaneously mutually contradictory demands for
high performance for pseudo-capacitors electrode. The EDL capaci-
tors have an extremely high power density value and cycling abil-
ity, but specific energy densities are relatively low (up to 12
Wh-kg™' for the best commercial devices) [3]. At the same time,
pseudo-capacitors demonstrate too low power density and low lack
of cycling stability for commercial use. The development of hybrid
systems that combine Faradaic electrode (energy source) and EDL
electrode (power source) allows obtaining a high performance elec-
trochemical cell [4, 5]. The main problem is maintaining the redox
reactions reversibility that depends on the battery-type electrode
properties and a correct functionality of all components of EC as a
unified system. The development of a novel electrode material is
crucially important for next technological progress in this branch.
Among the perspective materials for Faradaic electrode (RuO,,
MnO,, MoQO;), nickel hydroxide B-Ni(OH), has a high theoretical
specific capacitance (of about 2358 F-g! [6]), but very low electrical
conductivity restricts its using. The formation of p-Ni(OH),—
reduced graphene oxide (rGO) composite materials allows improving
the electrochemical properties of this material.

2. EXPERIMENTAL DETAILS

Ultrafine p-Ni(OH), was synthesized by hydrothermal route. The sol
obtained by the interaction of NiCl,,6H,0 and ammonia solutions
with the presence of PEG 6000 as a surfactant was placed in teflon-
lined autoclave and then was kept at the temperature of 120°C for 8
h. The obtained green precipitate was washed until pH=7 and dried
at 60°C. Graphene oxide (GO) was synthesized by modified Hummers
method using protocol described in [7]. Graphite fine powder (5 g)
and sodium nitrate (2.5 g) were mixed with concentrated sulphur ac-
id (110 ml, 98%) in the ice bath at the temperature of about 0°C. Po-
tassium permanganate (15 g) was slowly added to the mixture at the
temperature of about 15-20°C. The purification of GO from Mn ions
was realized by addition of sodium hydroxide up to pH =10 with the
removing of the formed precipitate. The obtained colloidal mixture
was heated up to 35°C and stirring for 3 hours. Deionized water (230
ml) was added dropwise to the obtained reaction medium with next
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its heating up to 95°C and continuous stirring for 1 hour. The deion-
ized water (360 ml) and Hydrogen peroxide (40 ml, 30% ) were added
to the mixture. After cooling to room temperature, the obtained col-
loidal suspension was ultrasonicated for 4 hours and centrifuged to
provide removing of unexfoliated graphite particles, filtered, washed
by HCI and distilled water/ethanol mixture for sulphate species re-
moving. The final dark yellow precipitate was dried in vacuum at
60°C. GO reduction was carried out under the hydrothermal condi-
tions with the presence of hydrazine hydrate. B-Ni(OH),/rGO compo-
site was obtained by ultrasound dispersion of B-Ni(OH), and rGO
(mass ratio of 2:1, 1:1 and 1:2, respectively) in distilled water.

The phase composition and structure of the synthesized materials
were analysed by XRD and SAXS on a DRON-3M powder diffrac-
tometer (CuK, radiation). The average size of coherent scattering
domains (CSD) was calculated by Scherrer’s formula.

The frequency dependence of electrical conductivity was investi-
gated by impedance spectroscopy (Autolab PGSTAT 12/FRA-2 de-
vice) in the frequency range of 0.01-100 kHz at temperatures of
20—-200°C. The electrical conductivity value was measured for cy-
lindrical samples prepared by pressing at 20 kN.

Vega 3 MLN TESCAN device Scanning Electron Microscope was
used for testing of morphological characteristics of the samples.

Ultrasonic treatment was performed using disperser ‘USDN-A’
(working frequency of 20—-25 kHz).

Electrochemical measurements were realized with a three-
electrode cells consisted of working electrode (electrode composition
on the pure Ni substrate) reference electrode (Ag/AgCl), counter
electrode (platinum wire). Electrode composition consists of 90%
active material, 5% acetylene black and 5% polyvinylidene fluoride
mixed with acetone and dried at 80°C for 3 hours. 6M-KOH aqueous
solution was used as an electrolyte. Cyclic voltammetry measure-
ments were done at scan rate of 1, 2, 3, 4, 5, 10 mV-s''.

3. RESULTS AND DISCUSSION

The XRD patterns of the pure rGO, B-Ni(OH),, and B-Ni(OH),/rGO
composite are shown in Fig. 1. All patterns were processed with the
PowderCell software [8]. According to XRD data, all the synthe-
sized samples form hexagonal B-Ni(OH), phase (JCPDS 38-0715)
with HO-Ni—OH layers that are arranged along crystallographic di-
rection ¢ with octahedral coordination of Ni*" ions.

The broadening of (001) diffraction peak is an evidence of domi-
nant particle growth (average size of about 15 nm) along the [100]
and [110] directions that causes plate-like morphology. This conclu-
sion is confirmed by direct observation using SEM method (Fig. 2).
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The preferred orientation degree of B-Ni(OH), crystallites was
calculated by analysis of intensity ratio between (001) and (101) ref-
lexes for composite materials with different rGO contents. The in-
creasing of intensity ratio between (001) and (101) with the increas-
ing of rGO content was observed. It corresponds to increasing of the
preferred growth degree. It can be assumed that ultrasonic disper-
sion causes the decreasing of average particles sizes of materials

(001)

] (101)
2 (100) &5 Ni(OH),/rCO (1:2)
g \———---
s | | n j‘g—Ni(OH)z/rGo 1:1)
< I
- 15 Ni(OH),/rGO (2:1
2 A ,:*ll i(OH),/ (2:1)
§ f___J\_p-NiOH),
=
. GO

10 20 30 20 0

Fig. 1. XRD patterns of p-Ni(OH),, rGO and B-Ni(OH),/rGO composite ma-
terials at different ratio components.

—t 1 um Ni(OH),

Fig. 2. SEM images of B-Ni(OH), (a, b), rGO (¢, d) and B-Ni(OH),/rGO (e, f,
g, h, i, j) composite materials at different components ratio.
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Continuation of Fig. 2.

with possibilitv of carbon atoms insertion into the interplanar space
of B-Ni(OH), that is in a good agreement with SEM data (Fig. 2).
The electrical conductivity mechanisms for pure B-Ni(OH), and
rGO, and B-Ni(OH),/rGO composite materials at different compo-
nents ratio were analysed by impedance spectroscopy at tempera-
tures of 25-200°C (Fig. 3). The non-linear temperature dependences
of the B-Ni(OH), electric conductivities at some selected frequencies
demonstrate the presence of maximum at 125°C with next decreas-
ing of conductivity. The observed phenomena are caused by the
dominance of protonic conductivity in B-Ni(OH), with the hopping
mechanism of charge carriers [9]. The temperature increasing leads
to water molecules removing from interplanar space and it changes
the electrical conductivity mechanism. The slight changes in the
conductivity at low frequencies and its increase with frequency in-
creasing were observed for the sample at measurement temperatures
of 175 and 200°C that is typical for disordered semiconductors.
Jonscher power law was used to interpret the relaxation frequency
of electrical conductivity: o(w) =0, + Aw", where c, is the dc con-
ductivity, A—prefactor, and n is a frequency exponent parameter
(0 <n<1) characterizing the deviation from Debye behaviour and
measurement of the interionic coupling strength [10]). Calculated
values of n are 0.41+0.06 and 0.95+0.05 for curves obtained at
175 and 200°C, respectively. The range of 0 <n < 0.4 is an evidence
of charge transferring through the system of conductive grains sep-
arated by less conductive barriers, which behave as macroscopic di-
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Fig. 3. The frequency dependence of electrical conductivity of B-Ni(OH),
(a), rGO (b) and B-Ni(OH),/rGO (c, d, e) composite materials at different
temperatures (solid lines are fitting results of Eq. (1)).

poles strongly interacting with each other [11].

The exponent range of 0.4 <n<0.6 suggests multipolaron hop-
ping of charge carriers across the grains interfaces boundaries [12].
The obtained result indicates the transition from diffusively limited
character of carrier hops between quasi-equilibrium positions in the
crystal lattice separated by a potential barrier and correlated barri-
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er-hopping mechanism of conductivity.
The decreasing of specific electrical conductivity that is observed

for pure rGO at frequencies >1000 Hz corresponds to electric cur-
rent distribution near the surface of conducting graphene packages

(skin effect) [13]. In this case, o(w, T) curves can be fitted by Drude
Gdc

del T)y=—- "%
model as o(T) 1+ o (D)

, Where o, is a direct current conductiv-

ity.
The slight change in 6,(T) in a range of 25-100°C with the next
linear growth was observed. Both o, depend on the temperature fol-

E
lowing Arrhenius law: o,.(T) = o, exp {— k;’} , where E, is activation

energy, o, and t, are prefactors [14]. The calculated value of activa-
tion energy is 0.07 eV.

The increasing of rGO component relative content in composite
materials leads to a systematic evolution of the electric conductivity
spectra. The characteristic changes are also observed at the increas-
ing of experiment temperature. The effect of GO component for B-
Ni(OH),/rGO (2:1) composite material corresponds to additional
conductivities increasing in the frequency range of about 10°-10?
Hz (Fig. 3). Highly sensitive behaviour of temperature dependences
of electrical conductivity on the frequency was observed for this
sample. This effect is a result of two components presence with dif-
ferent conduction mechanisms that are dominant at different tem-
peratures and frequency ranges (Fig. 4, a). It can be assumed that
the increase in temperature or signal frequency causes the enlarg-

4.1074 p-Ni(QOH),
—e— 1000 Hz E
- 4| =100 Hz — & E, =0.07 eV
E 3107 —a— 10 Hz \E s &
- —— 1 Hz e & . .
| =1 Y
g y ] 0L He o £ N
] g 28 32 16
e . 81 1000/T, K
S )
110 s
0 74
25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Temperature, °C Temperature, °C
a b

Fig. 4. The temperature dependences of specific electrical conductivities
for pure B-Ni(OH), at selected frequencies (a) and o, parameter for rGO
sample at different temperatures with corresponding Arrhenius plot (b).
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ing of carbon component influence. This assumption is confirmed by
the temperature dependences of electrical conductivity of p-
Ni(OH),/rGO (1:1). The slow increase in electrical conductivity in
the low-frequency region with its gradual increasing and a jump in
the high-frequency region are observed for all the temperatures less
than 200°C (Fig. 3). The gradual increase in the low-frequency elec-
trical conductivity was observed for this temperature. The same ef-
fect for composite material with highest rGO content (-
Ni(OH),/rGO (1:2)) was observed at temperatures more than 100°C.
Temperature dependences of electrical conductivity for this material
became frequency-independent that allow calculating an activation
energy value (Fig. 5, d). The calculated value of activation energy is
about 0.06 eV that corresponds to better electrical conductivity of
composite system.

Cyclic voltammetry method was used for testing of electrochemi-
cal performance of all the synthesized materials in 6M-KOH aque-
ous solution (Fig. 6).
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Fig. 5. Temperature dependences of electrical conductivity for B-Ni(OH),—
rGO composites at different frequencies.
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As can be seen from Fig. 6, a, all the CVA curves measured for
rGO electrodes exhibit almost close to rectangular shapes in the
range of 0 V to 0.5 V that is the evidence of a reversible capacitive

GO 107 4 Ni(0H),
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Fig. 6. Cyclic voltammograms obtained at various scan rate for electrode
based on (a) rGO, (b) B-Ni(OH), and (c, d, e) B-Ni(OH),/rGO (c) composites,
and (f) the dependences of capacitance on scan rate.
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behaviour of charge accumulation. The transformation of CVA
curves with scan rate increasing is typical for EDL charge accumu-
lation type [15]. The pair of well-defined redox peaks is observed on
CVA plots of Ni(OH),-based electrode (Fig. 6, b) that corresponds to
the Faradaic reactions [16] B-Ni(OH),+ OH <> NiOOH + H,0 + ¢".
The symmetry of anodic and cathodic peaks is a result of the re-
versible process behaviour and measured charge storage are caused
by pseudocapacitive mechanism. The redox processes are observed
on the CVA response measured for composite electrodes (Fig. 6, c—e)
but in this case the peaks are broadened and changes in shape of
CVA curves with the scan rate increasing are not significant. This
indicates both complex character of electrode capacitance and better
charge carriers transport through the electrode material.

The values of average specific capacitances (C) were calculated
using the area under the CVA curves as a function of potential scan

rate [16]: C = [* IU)dU /2ms(U2 ~U,), where U, and U, are cut-

off potentials, I(U) is a current, m is a mass of active electrode ma-
terial, s is a scan rate. The values of specific capacitance for rGO-
and B-Ni(OH),-based electrodes change from 65 to 18 F-g™' and from
68 to 22 F-g! with the scan rate increasing in a range of 0.5-5
mV-s' (Fig. 6, f). B-Ni(OH),/rGO composite with maximal B-Ni(OH),
content demonstrates the best capacitive response (145 F-g' at
s=0.5 mV-s™) with the maximal decrease in specific capacitances
with the scan rate increasing. The increasing of carbon component
content leads to the deterioration of capacitive properties. The max-
imal specific capacitance values for the B-Ni(OH),/rGO composites
are 102 and 89 F-g! at component ratio 1:1 and 1:2, respectively.

4. CONCLUSIONS

Simple and effective hydrothermal synthesis of B-Ni(OH),/rGO us-
ing ultrasonic dispersion of hydrothermally synthesized B-Ni(OH),
and chemically reduced graphene oxide is proposed. The preferred
orientation of B-Ni(OH), crystallites in (001) crystallographic plane
was observed. The increasing of carbon component in composite ma-
terial leads to the increase in sample dispersion degree. The increas-
ing of interplanar distance along crystallographic direction ¢ for B-
Ni(OH),/rGO composite (components’ ratio of 1:2) can be explained
by insertion of carbon atoms. The frequency dependencies of con-
ductivity of initial components (-Ni(OH), and rGO) and composite
materials at different components’ ratio were investigated. The pro-
tonic conductivity mechanism is dominating for pure B-Ni(OH), up
to 150°C. Activation energy of electronic conductivity for reduced
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graphene oxide was about 0.07 eV. The frequency and temperature
dependences of electrical conductivities were observed for the sam-
ples with component ratio of 1:2 and 1:1. The formation of f-
Ni(OH),/rGO nanocomposite at component ratio of 1:2 leads to fre-
quency-independent conductivity with activation energy wvalue of
about 0.06 eV. The dominating of electrostatic and Faradaic capaci-
tance response was observed for rGO- and B-Ni(OH),-based elec-
trodes, respectively. The maximal capacitive performance was ob-
served for B-Ni(OH),/rGO composite with component ratio of 2:1.
The specific capacitance increasing for B-Ni(OH),/rGO system in
comparison with pure components is a result of increase in both
electron and ion transfer due to the increase in conductivity and
electrode/electrolyte interface area.
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BuBueHo mosriMepHi KOMIIOSUTHI MaTepisjam Ha OCHOBI €IOKCHUAHOI cMoOJIH,
HAIIOBHEHOI OKUCHEeHUM rpadeHoM i3 KoHIeHTpaIlieo HamoBHeHHA y 0,5—5
mac.% . JocaifxeHHs TPOBOAMJINCA IJA NBOX THUIIIB OAEPIKAHUX KOMIIO3U-
TiB, 3aJIe’KHO BiJf BUTPUMKHU Ta METOAM OJep:KaHH:A. llepmuii Tum KOMIO-
suniii BurpumyBanu 20-25 ni6 (xommosutu I'O’), a apyruit — 6inxa 6 rofg
(xommosutu I'0”). BcTaHOBIEHO HEMOHOTOHHMM BIJIMB HAIIOBHIOBAUA HA Me-
XaHIUHI mapaMeTpu Ta XeMidHY CTiHKicTh emoKcMIHUX KoMmIio3uTiB. Iloka-
3aHO, IO CTiMKicTh KOMIIO3UTIB y cymimri ameroH—ermiaamerar ta y 25%
posumui azorHoi Kuciaoru HNO,; samexxuts Bim MeTogu omep:KaHHA KOMIIO-
3uIiil (Yacy BUTPUMKHU Iepel OTBepAiHHAM): Kommoautu 'O’ iHeprHimii sa
kommosutu I'O”. Jlanuii epeKT MOKHA MOACHUTU IPUIYIIEHHAM HPO OITH-
MaJIbHIIIly CTPYKTYpPy KommosauTiB I'O”: 3akpydueHo-3ropHyTa cTpyKTypa I'O
y xommosutax 'O’ Mmae 6yTH MEHIII COIPUNHATINBOIO 3a CIAHIEBY CTPYKTYPY
kKommosuTiB 'O". aui MipKyBaHHSA yMOMKJWBJIIOIOTHL TOBOPUTHU IIPO MHepPCIie-
KTuBHicTe 'O AK mOCHMIIOBAJIBLHOTO HAaNOBHIOBAUa y pasi omrumisarmii Tex-
HOJIOTii BUTOTOBJIEHHSI KOMIIO3UTIB.

Polymer composite materials on the base of an epoxy resin filled with
graphene oxide with concentration of 0.5—5 mass.% are studied. The re-
search is carried out for two types of composites obtained, depending on
the exposure and method of obtaining. The first type of compositions is
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kept for 20—-25 days (composites GO’), and the second one is kept about 6
hours (composites GO”). The nonmonotonic influence of filler on the me-
chanical parameters and chemical resistance of epoxy composites is re-
vealed. As shown, the stability of composites in the acetone—ethyl acetate
mixture and in the 25% solution of the nitric acid HNO; depends on the
method of obtaining the compositions (i.e., curing time before indura-
tion); composites GO’ are more inert than composites GO”. This effect can
be explained by the assumption of an optimal structure of composites
GO": the curled-twisted structure of GO in composites GO’ should be less
susceptible to the shale structure of composites GO”. These arguments al-
low us to talk about the promise of GO as an enhancement filler in the
case of optimizing the technology of composite fabrication.

Wsyuenbl moaMMepHBIE KOMIIO3UTHBIE MaTepHaJbl Ha OCHOBE SIIOKCHUIHON
CMOJIBI, HAIIOJHEHHON OKUCJIEHHBIM rpad@eHOM B KOHIIEHTDAIIUM HAIOJIHE-
uua 0,5—-5 mace.% . VccienoBanusa IPOBOAUINCH AJIA ABYX THUIIOB MOJIYyUYEH-
HBIX KOMIIO3UTOB B 3aBHCHMOCTHU OT BBIZEP:KKHU M MeToxa moayueHus. Ilep-
BBII THUO Kommoauniuii BeiAep:kmBaium 20—-25 cyrox (xommosutsl I'O'), a
BTOpPOiT — OKoJ0 6 u. (KommosauThkl I'0”). YcTaHOBJIEHO HEMOHOTOHHOE BJIU-
AHVe HANOJHUTENSI HAa MeXaHWUYecKUe ITapaMeTpPhl U XMMHUUECKYIO0 YCTOMUM-
BOCTH STOKCHUAHBIX KOMIIO3UTOB. [loKa3aHO, YTO YCTONUYMBOCTH KOMIIO3UTOB
B cMecHu ameTroH—sTmiaamnetraT u B 25% pacTBope a3oTHO# Kuciaorst HNO,
3aBUCHUT OT MeTOJAa IOJYUYEeHHUs KOMIIO3UIIMI (BpeMEeHU BBIAED:KKH Iepej
orBepaenueM): KoMno3utsl 'O’ mueprHee KommosuToB ['O”. IlanHBIN 3dhdeKT
MOYKHO OOBSACHUTH IIPEAIIONOKEHNEM 00 ONTUMAaJLHON CTPYKType KOMIIO3H-
ToB I'O": 3akpyueHo-cBépHyTasa cTpyKTypa 'O B Kommosurax I'O’ moskHa
OBITH MeHee BOCHPUMMUUBOI CJIAHIIEBOII CTPYKTYphl KommosuToB I'O”. Iau-
HBbI€ PACCY:KIeHUS IIO3BOJISIOT M'OBOPUTH O ImepcrnekTuBHocTu 'O Kak ycuiu-
BAIOIIEr0 HAIOJHUTEA IPU ONTUMHUI3AIUN TEXHOJOIMU N3TOTOBJEHUS KOM-
IIO3UTOB.

Karouori cioBa: emoKCcuUIHUII KOMIIO3UT, OKHCHEHHUH rpadeH, xXeMiuHA
cTiliKicTh, MexaHiuHi BIacTUBOCTI.

Key words: epoxy composite, oxidized graphene, chemical resistance, me-
chanical properties.

KaroueBble ciIoBa: SIMOKCHUIHBIM KOMIIO3UT, OKMCJEHHBLIN rpadeH, XuMHUe-
CKas CTOMKOCTh, MEeXaHMUYeCKMe CBOMCTBA.

(Ompumano 28 6epesns 2019 p.; ocmamouna eepcia — 18 aunnsa 2019 p.)

1. BCTYII

I'paden ax ByrJyeneBuii MaTepifJ 3 [IBOBUMIPHOIO CTPYKTYPOIO €
00’eKTOM HOCIimKeHb B obOjacTi MaTepisjgo3HaBCTBA, IO BIJIMBAE Ha
MixK(asHy IIOBEPXHIO Ta BJIACTHUBOCTI MaTepisiy, OCOOJHBO IOJiMep-
HOI eIOKCHUAHOI CTPYKTYypHU. 3rimHo 3 poboToro [2], rpadeHoBa OymoBa
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ABJIAe c000I0 MOHOATOMOBI JHCTH sp’-ribpuamsoBanux atomis Kap6o-
HY, YIIaKOBaHUX Yy HBOBUMIipPHi CTiIPHMKYBATi KOMipKH 3 AUCTaHITi€IO
3B’a3ky —C-C y =0,142 am. I'padenoBa rtemronposigmicts (5000
Br-m “K™) Buma, Hixk y kKapboranotpy6ox (3000-3500 Br-m “K™) Ta
ammasy (2000 Br-m'K™) 3 koedimierTom TepmomposizHOCTH Trpade-
HOBHUX MeMOpaH, eKBiBaJeHTHUM 3HAUeHHIO N4 Mifgi (600 Br-m “K™)
[2].

BcranoBsieHo, 1o XeMiuHO aKTMBHA OOKOBa rpad)eHOBAa CTPYKTypa
HOJIMIITy€Ee ajTe3ifo MoJIiMEepHOTO MaTepidny A0 moBepxoHb. HamoBHeH-
HA EMOKCUJIHMX KOMIIO3UTIB HiABUIIYE TEPMOCTINKICTh i TEIJIOIIPOBiI-
HiCTb, OCKiJIBKM HMB3bKA TEPMOPE3VCTEHTHICTh HEHAIIOBHEHOI E€IOKCHU/I-
HOi cmoau B iHTepBasi 200—250°C obMexye i mpaKTHUHE 3aCTOCYBaH-
Hd.

MoaugikyBaHHA IIOBEPXHI OKMCHEHOro rpad)eHy BiIKpUBAaEe 3SHAUHUM
iHTepec OO BJIACTHMBOCTEHl CHCTEM OKHMCHEHHUN rpadeH—eIloOKCHUIIOJiMep
[3-T7].

Enokcugaa cMojsia mpu HamoBHEHHI MiKpoHamoBHIOBauamu [8—10] i
HanomobaBkamu [2, 11, 12] 3amiHIOE CBOi BJIACTUBOCTI 3aBAAKM XeMiu-
Hifi B3aemozii emoxcurpyn Ta rpyn —OH. IlnacTuHuaTa ABOBUMipHA
CTPYKTyYpa rpad@eHOKCUIY YMOKJINBJIIOE OAEPKYBATH BUCOKi (PismKo-
MeXaHiuHi Ta TepMOeJIeKTPOIPOBiIHI XapaKTepUCTUKU.

Mera gaHOi poOOTM — BCTAHOBJEHHA KOPeJAIii Mix ¢isukxo-
MeXaHiYHMMHU BJIACTUBOCTAMM Ta XEMiUHOIO CTiHKiCTIO IO arpecUBHUX
CepemoBUIl IOJiMEepHMX KOMIIO3UTIB 3 OKHMCHEeHHM TIpadeHoM Ipu
MaJIOMy iHTepBaJi HallOBHEHHS.

2. EKCIIEPUMEHNT I OBI'OBOPEHHS PE3YJIBTATIB

HocaigskeHo KOMIIOBUTH eINMOKCHIHOI cmonm Mapku Epoxy-520 (Ye-
xisfg) 3 okucHeHUM rpadeHom (Kurail) 3 KOHIEHTPAIli€l0 HATIOBHEHHSA
y 1,0, 2,0 ta 5,0 mac.% . OxucHeHHs OiuHOI IMOBepxXxHi rpadeHy Bu-
KOPUCTAHO OJs BapidAllii TEIJ0BOTO IOBEPXHEBOTO OHOPY MiskdasHoi
MeKi B KoMmmosmTax. BejqmumHa muToMoi moBepxHi rpadeny = 790
m?/r. HaHOuacTUHKM rpadeHy IpeacTaBIAIN cO00I0 OJIOKH, IO CKJAa-
MaloThCA 3 MEKiJTbKOX AeCATKIB ciIabKo03B’a3aHUX TIpadeHOBUX IapiB
IJIOIIEI0 He MEHIIe 5x5 MKM.

TunoBy CcTPYKTypHY (QopmMyay rpadeHOKCUIy 300pasKeHO Ha puc.
1, srigao 3 manumu pobotu [5].

BuroroBseHHsa enmokcuUrpaeHOKNCHEHOT0 KOMIIO3UTY BifOyBaJsiocs
3 MomaBaHHAM 3aTBepa:KyBaua moJieruiaenmnosaiamimy IIEITA y cmis-
BiguomenHi 7:1. ITomimepusaritzo mpoBoguaIu 3a KiMHATHOI TeMIiepa-
Typu 5 auiB i mpu 55°C mporarom 6 roguH AN BUJAJNEHHA (PisUUHO
3B’sa3aHOi Boau. TexHoOriA omepsKaHHA HOCTIAKYyBAHUX 3pPas3KiB BuU-
pisHAMacA yacoM BUTPUMKM Ta AOJAaBaHHAM 3aTBEDPAKYyBada CMOJIU.

OpnepskaHi KOMIIOSWTHI 3pasKy BUBYAJIM METOMOI0 PEHTIEHOCTPYK-
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Puc. 1. CtpykTypHa dopMyIa OKHUCHeHOro rpadeny.!

TYPHOI aHAaJi3M, MeXaHiYHUMHN MEeTOJaMU IOCHiIKeHHS; TaKOoMK BU-
3HaYaJu IXHIO 3JATHICTL 4O HAOyXaHHA.

HabyxanHs — ocHOBHA cTalis mporecy moaugpikaiii, B pesyabraTi
AKO0I BimOyBaeThCs AOCTYII PeareHTiB BCepeqUHY YAaCTHHOK MOJiMepy.
Cryninp HaOyxaHHSA 3HAXOAWJU 3i cIiBBimHOIIEHHA: = (m — my)/my,
mac.%, me m Ta m, — Macu IIPOpPearoBaHOTO Ta BUXIiAHOro 3pasKiB
BigmoBigHo. Po3uMHHMKAMMU AJIA HOJiMEpPHMX KOMIIO3UTIiB Oyau 25%
posumu asoTHOi Kucaotu HNO; (Momenb CHUIBHO KHUCJIOTO B OKUCJIIO-
BaJIBHOTO CepemoBUINA) Ta CYMIIl alleTOH—eTHJalleTaT y CIiBBigHO-
menHi 1:1 i guctmaar. HocaimxyBaHi 3pasku Oyam y CHEisIIBHUX
MicTKOCTSX — OIOKCcax 3 arpecuBHOIO pigmHO0 (y BUIIIALL JiH30BUI-
HUX TaOJeTOK AiamerpomM y 7—8 MM i BumcoToio y 1-2 MM) 3a TeMmIiie-
parypu y 20°C + 2°C.

Hna Bu3HaAUeHHA MIITHOCTH Ha CTHCK (0,) 3pasKu [AJd HaBaHTAa-
JKeHb IIATOTYBANM y BULIAAL muiaiuapiB giamerpom d = 0,7 cm i BU-
cororo h=1,2 cm. Hocaimxenna spiticHoBaaucsa BiamosBimuo mo 'OCT
4651-68 Ha ycranoBIii Shopper. Mexxy MiIlHOCTHM Ha CTHCK BH3HAYAa-
JU K cepenHe 3a pe3yJabTaTaMM HaBaHTaXKeHb b—7 3pasKiB.

3rigao 3 'OCT 14760-69 mpoBommianca MexaHiuHi BUOPOOyBaHHS
Ha BiZIpHB cTajeBMX KPYIVIMX ILJIONI i3 ILJIOIEI0 CKJIEHKH y 5 cM’
ycraHoBkoio YMM-10 ApwmaBip. Burorosjeni miIacTUHH pPO3MipoM
1x5x0,185 cm 3 emokcumuoio cmosioio EII-520 Ta okmcHeHuM rpade-
HOM IIigmaBajy BUIIPOOyBamHIO Ha BuruH. Cxemy HOCIimiB momamo Ha
puc. 2.

PeHTI'eHOCTPYKTYPHY aHai3y OKHCHEHOro rpadeHy MOpeacTaBJIEHO
Ha puc. 3. Ha penrrenHorpami 3pasKy CIIOCTepiraeThbCsi CUI'HAJ IIpU
®=25° 1o xapakTepHUI s OKUCHeHOro rpademy. Curman mnpu
® ~ 43° BigmoBizae, HAIleBHO, CTPYKTYPHHUM UM JOMIIIIKOBUM HAedeK-
raM. HagBHicTs ABOX pedeKciB CBiIUMTh HPO ABOBUMIPHY CTPYKTY-
py rpadenoBux miommuH (puc. 3) [13].


https://ru.wikipedia.org/wiki/%D0%92%D0%BE%D0%B4%D0%BE%D1%80%D0%BE%D0%B4
https://ru.wikipedia.org/wiki/%D0%92%D0%BE%D0%B4%D0%BE%D1%80%D0%BE%D0%B4
https://ru.wikipedia.org/wiki/%D0%9A%D0%B8%D1%81%D0%BB%D0%BE%D1%80%D0%BE%D0%B4
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Puc. 2. Cxema BUmpoOyBamHA Me:Ki MilfHOCTM Ha BUTHUH (a) Ta Ha cTuck (0):

1 — mnactuua; 2 — gedopMoBaHA IJIaCTUHA; 3 — 3pas3oK Micjid PYHWHYBaH-
Ha.?
I, BigH. of.

Flatten
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|
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Digital Instruments NanoScope
Scan size 20.00
Scan rate 0.6707 Uz
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Engage Y Pos 421513 um
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Puc. 3. (a) Penrrenorpama uYacTMHOK OKHCHeHOTro Trpadeny; (6) ACM-
300paskeHHA KOMIO3UTY 3 2 Mac.% OKMCHeHoro rpaderny.?

2.1. BninB BUTPUMKH Ta METOAY OAE€P:KaHHI KOMIIO3UTHUX MATEPisiIiB
Ha XeMiuHy CTiliKicTh i Ha0yXaHHA B arPeCUBHHUX PimmHaX

2.1.1. Habyxauua B 35% H,0,. Ilepekuc BOAHIO HaBiTh Y aOTEeUYHUX
KoumeuTpamiax (3%) € CHUILHUM OKHCHIOBAaYeM. ¥ BHCOKOKOHIIEHT-
POBaHOMY K BUIJIAMIL Ile AysKe arpecuBHE CepemoBUIIe, W HaBiTH eIo-
KCUIHUI TOoJIiMep AeCTPYKTye B HbOMY Iporarom 2—3 TmkHIiB. [Ipm
IIbOMY eIIOKCHAKA MYTHi€e um 0ijlie Ta IMOKPUBAETHCA CiTKOIO MiKpOT-
pituH.

3 puUCyHKY 5 BHIOHO, II[0 aKTHUBHICTHL HAOyXaHHA IIOMIiTHO 3POCTaE
micJasa HaIOBHEHHS rpadeHOKCHAOM HAaBiTh y Ay:Ke MaJill KOHIIeHT-
parii (0,1 mac.% ). HamoBHeHi 3pasku OeMOHCTPYIOTh IPUOJIUZHO Of-
HAKOBY IIIBUIKiCTL HabyxaHHs, BABiUi BHUINY, HiMK OJd HeHAIIOBHEHO-
ro moJimepa.



316 I. JI. CTAPOKAJIOMCHLKNMH, H. B. CITAPLOBA, C. B. IIIVJIbT'A Ta in.

TABJINIIA. Mexaniuni napamerpu cmoun.*

Kounenrparisa
HaIlOBHEHHSA Mesxka minmHocT Ha cTucK P, Kre P, xrc | P/Py, %
C, mac.%
0 350—-350-360-370-380—-380—400—-420 376,25 100
1 280—-290-340-380-390—400 346,6 92,1
2 350-370—-370—-370—-370—-380 365,7 97,1
5 340-370—-380—400—-400 378 100,4
C, mac.% | Anresis mo craii mpu BigpuBi @, Krc | Q®, Kre |Q/Q0, %
100-100-110-130-135-140-150—
0 150-155-165 1325 100
1 40-60-80-95-120 79 59,6
2 80-110-110-150-160 122 92
5 60-90-100-130-150-160-160—-230 135 101,8
C, mac.% | 3uoc W npu cTUpaHHi, MI W, xre |W/W0, %
0 10-10-11 10,3 100
1 9-10-11 10 97
2 10-10-10 10 97
5 4-8-8 6,7 65
4007
{1 e -
| \Y/"
E 3007
U-;T -
m 4
T 2004
I 2
) 1 ~ S
g 1004 .
b= 1 L
= ] 4
of T 2
0 1 2 30 4 5
C, %

Puc. 4. MexaHiuHi BJIaCTUBOCTiI CMOJIM, HATIOBHEHOI OKHCHEHUM rpadenom: I
— MeKa MiImHoCTH Ha cTHCK; 2 — afresis mo craJi mpu Bigpusi; 3 — 3HOC
W npu crupanHi; 4 — Me)Xa MIITHOCTH HA BUTHH.®

2.1.2. Aneron Ta erujarnerar y choiBBimHomienHi 1:1 € mocTaTHBO BHU-
KOPUCTOBYBAHUMU B AKOCTi POBUMHHUKIB i PiAUH A 3HATTA JIAKY
Ta € arpecuBHUMHU OO IIOJiemoKcupaiB. fIK BuaHO 3 puc. 6, HEHAIIOB-
HeHUU KOMIO3UT B IEPIi TOOAUHU JOCTIiI:KeHHS Ay:Ke Habyxae. B 1-i
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Puc. 5. Kpusi nabyxauusa (upu 8-12°C) spaskie 3 0,1, 1 i 5 mac.% rpade-
HOKcuZAy Ta 6e3 Hboro (3pasox H).°
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Puc. 6. Cryninp mHabyxaHHA B 3ajeskHOCTi Bix uacy Butpumiru (0,04-10
IHiB; IUB. JeTeHAy ricTorpaMu) y CyMiIlli alleToH:eTuJIaIeTaT KOMIIO3UTIB —
nenamoBHeHux (0% ) Ta 3 okmcHenum rpadenom (0,01, 1, 2, 5 mac.%) Bu-
rpumanux (I'0') ta cBixxosmimanux (I'0").”

IeHb BUTPUMKHU 3’SBJSIOTHCA BisyasbHi O3HAKU Po3KJamy (Iepexa-
TicTh, KpalioBi Bigkosu), ¥ emokcumoaimep Habyxae Ha 20%, a Ha 2-
i 1meHb, IIe TPOXM HAOYXHYBIIH, HMOBHICTIO AECTPYKTYye (camoposBa-
JI0EThCA Ha KiabKa uacTuu). Ilicaa BucyIIyBaHHSA POSUMHHHNK MAaiike
BeCch MOKHUAAE IIOJiMep, OTJHAK JeCTPYKIiA € HeoOOPOTHBLOIO.

Is BBegernnam 0,01 mac.% oxucuenoro rpadeny (I'O) crifikicTsb
KOMIIOSUTY IIOMITHO IIOTipINy€eThCs; HAIPUKJIAL, OJeCTPYKIisa BimOyBa-
erbea BaKe B 1 penn. Ilpu momaBauui 1 Ta 5 mac.% I'O edexT Toii ca-
MUM, OOHAK JHINe IJsd KOMIIO3UTIB 3 TPUBAJOI BUTPUMKOIO IIepen
orBepainaam. Illogo kommosutiB I'O” (me I'O BBoguBCA HpPAMO mIepen
IomaBaHHAM 3aTBepA:KyBaua), TO iXHS CTiMKicTh y cyMillmi € 3HaAYHO
BUINOI0, HiK y wHeHamoBHeHoro. CrifikicTe ixX 3pocrae B pany
0,01<1<2<5% TO. Taxk, gaa 0,01 mac.% dYac KUTTA y POSUNHHUKY
He mepeBuinye 1 mgusa (MeHIlle 3a HeHAIllOBHeHuii), mias 1 mac.% BixKe
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@, mac.%

-1 0 001D LD 14D 20 24D 30 sy

Puc. 7. Crymius mabyxaumHsa B 3ajieskHOCTi Bifg uacy sBurpumiru (0,06—11
IHiB; muB. jJereHAy ricrorpamu) y 25% HNO; KOMIO3UTIiB — HeHAIOBHEHUX
(0%) Ta 3 okucuenum rpadenom (0,01, 1, 2, 5 mac.% ) Burpumanux (I'O’') Ta
cBixkoamimannux (I'0").%

IepeBHINye, a 1isd 2 ta b mac.% csarae 10 guis (Ipu MbOoMY 3pa30K 3
5 mac.% BUINIALAE MEHII IOIIKOMKeHMM, HixK 3 2 mac.%). Crymeni
HabyxaHHa s HUX cAraoTh 50% i Buile, 1110 rOBOPUTH IPO MHiIBU-
IeHy CTPYKTYPHY €JaCTUUYHICTh TaKUX KOMIIO3UTIB.

3pasku Kommo3utiB I'O’ emoxkcug—I'0 He IMOKa3yIOTh TAKUX PE3YJib-

TaTiB, Xoua cepejs HUX BUALISIETHCA HMOPIBHAHO cTiiikmii 3 2 mac.% I'O
(puc. 6). Ile ropopuThs mpo pisHe (GOPMYBaHHA KOMIIOSUTIB B ITUX BHU-
nagkax. Kommosutu I'O”, oueBuOHO, (POPMYIOTH CTPYKTYPY 3 PO3TOP-
HyTuX HaHOIIACTHHOK I'O (omTuMaJbHUNA BAPiSHT OJA CTPYKTYPH).
Kommosutu I'O', HameBHO, MAaiOTh OOCTATHBO 3TOPHYTY 3 YacOM Ta
«3BAJIAHY B CTPYKKY» CTPYKTYpPYy HaHouacTuHoK 'O, mio He mae im
OPOSABUTHU cebe y CTPYKTypu3arrii.
2.1.3. Taki mpunyiieHHsa IiKaBO HepeBipuTH Ha CTidKicTh y iHMIIA
arpecuBHi# piguni, Hampmuriaan 25% asoruiii Kuciaori. Tyr Hemae
IIBUAKUX JEeCTPYKIIi#, aje XapaKTepHUM € IIOCTYIIOBe, 3a THUKIEHb
nabyxauuasa Ha 3—10% . Kommosutu 'O’ B niboMy BUIIAAKY, OUEBUIHO,
MaloTh OyTHM Tpoxu iHepTHimmMM 3a Kommosutu 1’0", ockimbku 3a-
KpyueHo-3ropayTa cTpyKTypa I'O B Kommosutrie I'O' Oyme wmeHII
CIPUNHATINBOIO 3a CJAHIEBY CTPYKTYpPY KoMmmoautiB I'O".

HificHo, AK BuAHO 3 puc. 7, HaOyxaHHA Kommo3uTiB I'O" BuaBumIoO-
¢ OLnbIl AKTUBHUM, HiXK KommosutiB I'O’; mpu 1mboMy B pany
0,01>1>2>5% «cBixkoyBemenoro» I'O HabyxXaHHS IOHMMKYETHCS
(To6To pesucreHTHicTH 3poctae). Ilomo xommosuTie I'O’, 3akomOMip-
HOCTEN He IPOTJIANAEThCA, KPiM (AK i B aleTOH—eTUJIAIleTaTi) BUCO-
Kol pesucTeHTHOCTH 3pa3ka 3 2 mac.% I'O (puc. 6). B mimomy, BBe-
meraaa I'O He cOpusie POCTYy CTIHKOCTH B KHUCJIOTI.

BHUCHOBRH

Bnaue I'O ma disuko-MexaHiuHi BJIACTHMBOCTi, — MIIlHiCTh Ha CTUCK
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(Momenioe 00’€MHiI BJIaCTHMBOCTI KOMIIAyHAY), airesiro mo craji mpu
BigpuBi (Momesb aAre3ifHMX BJIACTHUBOCTEeI) Ta CTiMKicTh 10 cTHpAaH-
Hs, — € HesHauHuM npu 1-2 mac.% TI'O. IIloxo 5 mac.% I'O, To mae
Miciie, AK IpPaBUJIO, MifcUJIeHHA NMOKas3HUKiB. Ile roBopuThs mpo mos-
BY IIEBHOI ONTHUMAJBHOI CTPYKTYPH JIHUIIE 34 MNOPIiBHAHO BEJIUKUX
KoHneHTparmiiz I'O.

Beemenna I'O (3a meBHMX YMOB IIPUTOTYBAaHHA KOMIIOSUTIB) MOKe
maTy 30iJbIIIEeHHSA CTiAKOCTHM B arpeCUBHUX PO3UMHHMKAX, IO IIOKAa-
3aHO Ha IpPUKJaAi ameroHy—eruianerary. Illogo criiikocTu B KucCJO-
My cepemoBuIi (Ha NPUKJIAAL a30THOI KucaoTu), To BiauB I'O He €
TOCUJIIOBAJILHIIM.

B minomy, HesHauui go6aBku 'O yMOMKINBIIOIOTE OAEPKYBATU BU-
COKONpPUCTANHI KOMIIO3UTH 3 MPUUHATHUMU ab0 IMOJIMIIeHNMHU IIOKa-
BHUKAMM MiITHOCTH Ta CTIiHKOCTH OO PimuH.
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! Fig. 1. Structural formula of oxidized graphene.

2 Fig. 2. Diagram of test for ultimate bending strength (a) and ultimate compression strength
(6): 1—plate; 2—deformed plate; 3—sample after destruction.

3 Fig. 8. X-ray diffraction pattern of the oxidized graphene particles (a); AFM image of oxi-
dized graphene (6).

4 TABLE. Mechanical parameters of the resin.

® Fig. 4. Mechanical properties of resin filled with oxidized graphene: I—ultimate compres-
sion strength; 2—adhesion to steel at tearing-off; 3—wear W at detrition; 4—ultimate bend-
ing strength.

5 Fig. 5. Swelling curves (at 8—12°C) for samples with 0.1, 1 and 5 wt.% of graphene oxide
and without it (sample H).

" Fig. 6. The degree of swelling, depending on the curing time (0.04-10 days; see the legend
of the histogram) in the mixture of acetone:ethyl acetate, for composites non-filled (0%),
with oxidized graphene (0.01, 1, 2, 5 wt.%) (GO’) and freshly mixed (GO™).

8 Fig. 7. The degree of swelling, depending on the curing time (0.06—11 days; see the legend
of the histogram) in 25% HNO,;, for composites non-filled (0%), with oxidized graphene
(0.01, 1, 2, 5 wt.%) (GO') and freshly mixed (GO").
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The role of the nascent d-shell of calcium in the formation of the anoma-
lous features of calcium apatite depending on the composition, synthesis
conditions, changes in dimensionality and topology of key elements is in-
vestigated. A detailed analysis of the electronic structure of calcium apa-
tite is performed with spectral and theoretical methods. The limitations of
the application of quantum-mechanical calculations using the methods of
the density functional theory to the description of the long-range compo-
nent of the interaction of calcium with the surroundings are established.
In turn, experimental data indicate that the stability of the structure of
apatite is determined largely by the two-valley effective potential of calci-
um d-electrons. In various calcium compounds, atomic effects play a sig-
nificant role in forming the shape of the L,-spectra of calcium, and, as a
result, the participation of d-states of calcium in bond formation is lev-
elled by their significant localization, apparently, in the inner valley of
the effective potential.

Hocaimxeno ponb d-obomouku Kanblito, 110 3apomKyeThed, y opMyBaHHI
aHOMAaJILHUX OCOOJIMBOCTEll amaTuUTy KaJjbIlilo B 3aJIe’KHOCTiI Bim ckJaxmy,
YMOB CHUHTE3UW, 3MiH BHUMiPHOCTM Ta TOIOJOrii KarouoBuX emeMeHTiB. Crek-
TPAJIbHUMHU Ta TEOPETUUYHUMM METOJaMU ITPOBENEHO AeTaJbHy aHallisy eJe-
KTPOHHOI OyZOBHU alaTUTIB KaJbI[il0 Ta BCTAHOBJEHO OOMEKEHICTh 3aCTOCY-
BaHHA KBAHTOBO-MEXaHIUYHMX PO3PaxXyHKIiB 3 BUKOPHUCTAHHAM METOJ Teopii
(GYHKI[IOHATY T'YCTHUHHU OO0 OIIMCY AAJNIEKOCSKHOI CKJagoBoi B3aemogmii Kain-
I[if0 3 OTOUEHHAM. ¥ CBOIO Uepry, eKCIepHMMeHTAJbHi JaHi BKasyiOTh Ha Te,
110 CTifiKiCTh CTPYKTYpPHU amaTUTy 0araTo B YOMY BU3HAYAETHCA IBOJOJIMH-
HUM e(peKTUBHUM HOTeHIIidANIoM d-edeKTpoHiB KambIlito. ¥ pisHMX cmoaykax
Kanbiito y ¢popmyBanHi popmu KpuBux L,-cexTpiB Kanbilito sHauHy poJb
BimirparooTs aTomMoBi edexTu, i, AK HacIigok, yuacTb d-craumiB Kaabllito B
YTBOPEHHI 3B’a3KiB HiBeJIbOBAaHO IX 3HAUHOIO JIOKAJi3alli€lo, IIBUAIIE 3a
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BCe, YV BHYTPIIIHIiN HOMIMHI e(eKTUBHOTO IMOTEHIiATY.

WccnemoBama poJib 3aposkmarorneiica d-000J0UKY KaJablud B (DOPMUPOBAHUU
AaHOMAJILHBIX OCOOEHHOCTEIH amaTuTa KaJbIsd B 3aBHCHMOCTH OT COCTAaBa,
YCJIOBUU CHUHTE3a, M3MEHEHHI pPasMEpPHOCTH M TOIIOJOTHMHM KJIIOUEBBIX dJie-
MeHTOB. CIEeKTpaJbHBIMU U TEOPETHUYECKMMM METONaMU IPOBEAEH IeTajb-
HBIA aHaJNN3 95JEKTPOHHOTO CTPOEHHUS AallaTHUTOB KaJbIUA W YyCTAHOBJIEHA
OTPaHUYEHHOCTh MIPUMEHEeHNSA KBAHTOBO-MEXAaHUUECKUX PACUETOB C MCIOJb-
30BaHUEM METOJOB Teopuu (PYHKIIMOHAJA MJIOTHOCTH K ONMHCAHUIO MAJIbHO-
IEeNCTBYIOIEN COCTABJIAIOIIEN B3aMMOJEUCTBUA KaJbIIUA C OKPYKeHUeM. B
CBOIO Ouepelb, 9KCIIepHMMEHTaJbHbIE JAaHHBLIE YKas3bIBAlOT Ha TO, YTO YCTOM-
YUBOCTh CTPYKTYPHI allaTHUTa BO MHOTOM OIIpefesseTcs ABYXIOJUHHBIM ad-
(GEeKTUBHBIM HOTEHIIMAJIOM d-3JIEKTPOHOB KaJbIUsd. B pasInuYHBIX coequHe-
HUAX Kaablusa B GopMHUPOBaHUU (GOPMBI KPUBBIX L, -CIEKTPOB KaJabIIUA
3HAUUTENBHYIO POJIb UT'PAIOT aToMHBIe 3(hGeKThl, WM, KaK CJIeICTBHEe, yUa-
cTre d-COCTOAHUYN KaJabliMsa B 00pas3soBaHUMU CBA3ell HUBEJIMPOBAHO WX 3HA-
YUTEJbHON JOKalIu3alueil, IO BCEHl BUINMOCTH, BO BHYTPEHHEH HIOJIMHE
9(h(PeKTUBHOTO IIOTEeHIIHhAaaa.

Key words: quantum mechanisms, calcium d-shell, apatite, electronic struc-
ture.
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1. INTRODUCTION

Life on Earth is inextricably connected with apatite structures.
Their wide distribution in the bio- and lithosphere determines their
direct influence on the processes of vital activity and various as-
pects of ecological, biological and technical applications. Minerals
and synthetic compounds with apatite type structure form a large
family: A,,(TO,)¢X, (A =Ca, Sr, Ba, Pb, Na, Mn, Cd, Fe, K, Li, rare
earth elements (REE); T =P, Si, Ge, As, Cr, N, V, S; X=F, Cl, OH,
0O, Br, I, CO;). Interest in these compounds is determined by several
reasons. First, calcium-containing apatites are close in chemical
composition to the inorganic component of bone. Secondly, the pos-
sibility of a wide range of iso- and heterovalent substitutions de-
termines the use of apatites as luminescent materials and radioac-
tive waste disposal matrices. The significance of materials based on
apatites is noted today in many areas, including biology, medicine,
electronics, surface science, etc.
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The space agency NASA has adopted the Advanced Life Support
program, within which comprehensive studies of apatite-like com-
pounds are carried out in order to use them as a source of soil
phosphorus and oxygen for long-term space missions and settle-
ments on the Moon and Mars. Today, it is safe to conclude that, in
modern materials science, a new direction has been formed—apatite
science.

The expansion of practical applications of apatites is mainly due
to the features of the atomic and electronic structure, in particular,
the anomalous stability of the structure of calcium apatite in a wide
range of non-stoichiometry (Ca/P varies from =1.34 to =1.72).
Therefore, understanding the nature of the mechanisms for the sta-
bility of the structure of apatite and the fundamental principles of
organization and management of the physicochemical properties of
apatite-like structures based on calcium, according to the authors,
is possible only if the role of the emerging d-shell of calcium in the
compounds is described, depending on the composition, synthesis
conditions, changes in the size and topology of key elements, as well
as a detailed analysis of the electronic structure of calcium apatites.

The information accumulated in subsequent years in the scientific
literature, as well as the personal experience of the authors [1], al-
lows us to systematize and understand the anomalous features of
the structure of apatite and various processes involving apatite in
living tissue of organisms.

2. STRUCTURE OF APATITE

Crystallographic data of calcium apatites are given in many works,
in particular [2-7]. For the most common calcium and phosphorus
compounds with X ions on the axis ¢ (X =0H, F, Cl), cell parame-
ters are equal, respectively, a=9.4302(5), 9.3475(3), 9.5902(6) A
and c¢=6.8911(2), 6.8646(1), 6.7666(2) A. There are two non-
equivalent crystallographic sites for Ca, namely, Ca; (Ca in the
column) at z=0 and 1/2 and Ca, (spiral axis of Ca) at z=1/4 and
3/4. Each Ca;, ion is surrounded by 9 oxygen atoms from 6PO,
groups—CaQ,, and the Cagy, ion by 7 oxygen atoms from 5PO,
groups and 1 from OH group—Ca0O,X. Consequently, the composi-
tion of apatite can also be expressed as [Ca)][Ca ) ]s(PO4)s(OH),.

The base of the structure of apatite consists of two types of Ca-
polyhedra. Some of them, seven-vertex, are located according to the
rule of the three-way screw along the axis 65, moreover, the same
three-way screw is formed by empty polyhedra separating them;
others, nine-vertex, represent trigonal prisms with centred faces,
the prisms merge with each other with their bases and form col-
umns, in the centre of which are triple axis. Prism columns bind to
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the seven-vertexes via common oxygen atoms from PO, tetrahedra.
Hydroxyl ions are located on axis 6.

In these compounds, the anion interacts most strongly with the

atoms M,, which is determined by their position in the triangular
fragment. In Ca,o(PO,)sX,, the F ion is located in the plane of the
triangle, while large OH™ and Cl -anions are located above and below
M, triangles.
Nonstoichiometry of composition. A unique characteristic of calci-
um hydroxyapatite (Ca,;,(PO,)s(OH),, Ca-HAP) is the nonstoichiome-
try of its composition. The Ca/P ratio is used as the nonstoichio-
metric index. For calcium apatite, this parameter can vary over a
wide range from 1.30 to 1.74. Most of the Ca-HAP powders synthe-
sized by the ‘wet’ method are nonstoichiometric. Currently, to de-
scribe nonstoichiometry, formula Ca,,.(HPO,).(PO,)s.(OH),_.nH,0O
(0O<x<1, n=0-2.5) is used, suggesting a Ca deficiency. In this
case, it is assumed that the local negative charge is compensated by
the introduction of H' ions, leading to the formation of H,O mole-
cules occupying the OH™ positions. There is reason to believe that,
in addition to the Ca?*, PO,> and OH ions, in the ‘wet’ synthesis
H,0", H,0, u HPO,* ions also participate in phase formation, re-
placing respectively Ca?" and PO,* in the Ca-HAP crystal lattice.

In recent years, many works have been devoted to the preparation
of Ca-HAP with different Ca/P ratios. Ca-HAP with a Ca/P molar
ratio of 1.74, obtained by heating the precipitates to 1200°C,
1300°C, 1350°C, turned out to be, according to X-ray diffraction
data, anhydrous monophase crystal structures. Crystal-chemical
simulation showed that excess Ca? and O?* or OH  ions can be local-
ized in the channels of the crystal structure.

The crystal structure of Ca-HAP remains stable over a wide range
of deviations from stoichiometric composition (Ca:P=1.66), and
OH™ ions are stable even at relatively high temperatures (up to
1350°C). Consequently, the change in the physicochemical proper-
ties of nonstoichiometric samples is largely determined by the elec-
tronic structure.

Due to the anomalous parameter of nonstoichiometry, high radia-
tion resistance of calcium apatite is observed. The accumulation of
a large number of various types of defects during irradiation leads
to the formation of polycrystals and, ultimately, to the nanostruc-
turing of the sample. It is known that for almost the entire life in
the native bone of mammals, calcium apatite is in a nanodispersed
state with a specific surface area of about 550 m?/g. Bone nanocrys-
tals act as a matrix for the accumulation of metal ions that are not
involved in metabolism and during the lifetime are converted into
massive crystals.

The anomalous stability of the structure of calcium apatite to the
number of defects and the wide limits of the nonstoichiometric pa-
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rameter, according to the authors of the article, are due to the
chemical nature of the atom of the element, namely, the emerging
3d-electron shell of calcium.

3. NASCENT d-SHELL OF CALCIUM IN COMPOUNDS

Calcium in the table of elements of the periodic law has number 20
and refers to alkaline-earth elements. In an atomic state, calcium
has an electron configuration [Ar]+ 4s?’. However, in the metallic
state and in all compounds, calcium has a significant suboccupancy
of d-states, which is detected by spectral methods. Therefore, part
of the valence electron density is promoted to the d-band.

The lack of systematization of information about the phenomenon
of the collapse of the wave functions of electrons in atoms is one of
the reasons why it is still relatively little known and is not always
taken into account when studying the X-ray spectra of atoms. Alt-
hough this phenomenon occurs only in the case of certain elements,
when the atom configuration contains an excited electron with [ > 2
or for a relatively narrow interval of near-threshold energies, how-
ever, in these cases, it can lead to significant effects and affect var-
ious characteristics of atoms. It is known [8] that the collapse of an
electron occurs in the case of an element that in the periodic table
precedes an element that contains this electron in the normal con-
figuration of an atom. Calcium, preceding scandium, in which the
d-electron is in the normal configuration, is an element with a pos-
sible collapse of the d-electron in the crystal lattice.

For the d-electron of calcium (Fig. 1), there are two minima on
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Fig. 1. Collapse of the 3d-electron wave function [8]. The solid line—the
effective potential, the dashed line—the radial wave function.
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the effective potential curve.

During the collapse of the d-electron, the overlap of the 3d-radial
wave function with the 3p-electron function significantly increases.
This leads to an increase in the electrostatic interaction between
these shells. Consequently, the collapse of the d-electron in the
3p°3d isoelectronic series leads to an increase in the role of the elec-
trostatic interaction in comparison with the spin—orbit interaction.
In comparison with potassium, calcium has a significant drawdown
of the position of the maximum of the radial wave function of the
d-electron from =5.0 A to =0.7 A. Consequently, the presence of
two valleys on the effective potential curve of 3d-electrons of calci-
um may have a consequence in the anomalous stability of the apa-
tite structure to defects and explain the wide limits of the non-
stoichiometric parameter.

4. EXPERIMENTAL AND CALCULATED X-RAY EMISSION
BANDS OF CALCIUM APATITES

For many decades, researchers have been trying to determine the
nature of the behaviour of calcium d-electrons in various com-
pounds. The core character of the d-shell of calcium was the object
of research in a number of papers, in particular [8-9], and is ex-
plained by the balance between the centrifugal potential, the Cou-
lomb and spin—orbit interactions in the vicinity of the atomic
sphere of calcium. In the case of filling the 3d-shell of an electron,
it can be either localized in the inner part of the atom, or located in
the outer valley of the effective potential.

Atomic and solid effects in the absorption spectra of calcium for
metallic calcium and simple compounds were considered in [10].
Analysis of the literature data and our results allows suggesting
that the atomic effects in the studied substances play a significant
role in the formation of the form of calcium L,-spectra. This is con-
firmed by the spectra of the quantum yield of photoemission, which
show a significant similarity of the spectra for completely different
compounds—carbonate and fluoroapatite of calcium, as well as the
spectra given in publications [11-21].

Comparison of the obtained L,-spectra of calcium in compounds
(Fig. 2) and L, ;-spectra of the quantum yield of photoemission (Fig.
3), which showed their little change, allows to suggest that the 3d-
electron is localized in the inner valley of the effective potential.

In the works of V. V. Nemoshkalenko [22], it was conducted a
comparative analysis of X-ray, optical and X-ray-electronic data
with a theoretical calculation, which showed that the calculation in
general terms correctly describes the energy structure of calcium
fluoride.
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Fig. 2. Ca L,-bands in compounds.
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Fig. 3. CaL, ;-spectra of the quantum yield of photoemission.

At the same time, studies of the spectrum of the quantum yield
in the region of the L, L, absorption edges of Ca in CaF, revealed
the presence of narrow selective maxima, which are not explainable
within the framework of theoretical calculations. These maxima are
higher from the bottom of the conduction band for 5 and 3 eV, re-
spectively. Their width at half-maximum intensity is 0.1-0.2 eV.
Apparently, these maxima reflect transitions to vacant d-states lo-
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calized near calcium atoms.

We obtained the X-ray emission bands calculated by the density
functional theory (DFT). The analytical form of the X-ray emission
bands was determined as the product of the corresponding partial
densities of electron states that are involved in the transition from
the valence band to the core level and the probability functions of
the transition between levels. The last is determined by all zones
that fall into a given energy interval and the wave function of the
corresponding core level, which is also determined by calculation.
For this purpose, a full-electron full potential LAPW + lo method
and a generalized gradient approximation (Perdew—Burke—
Ernzerhof exchange—correlation potential) were used within the
framework of DFT.

When constructing theoretical X-ray emission bands of Ca atoms,
one must take into account the presence of two non-equivalent posi-
tions of Ca atoms—Ca;, and Ca,. Figures 4, 5 show the calculated
curves of K-bands of calcium of the first and second non-equivalent
position and theoretical X-ray emission K-band of calcium in the
compound Ca,,(PO,)s(OH), obtained by adding the first and second
curves and experimental K-band calcium. There is a good agreement
between the experiment and the calculation. The main differences

LS
ES
Pl
"~
=)
[ ]

Fig. 4. The contributions of the first (a) and second (b) non-equivalent cal-
cium atoms, and the theoretical K-band of calcium (¢) in the compound
Ca;o(PO,)(OH),.
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Fig. 6. Contributions of the first and second non-equivalent calcium atoms,
and theoretical L;,-band of calcium in the compound Ca,y(PO,)¢F,.

of the 4p-states of calcium atoms between the first and second non-
equivalent positions of the metal are observed in the region of about

2 eV relative to the level of the upper occupied level —HOMO.
L;; ;;-bands of Ca were obtained by adding the L;; and L;; bands.
The first is shifted relative to the second by the magnitude of the

spin—orbit splitting of the energy level of Ca 2p. Figure 6 shows the
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theoretically calculated contribution of the first non-equivalent po-
sition of the Ca atom to the Ca L,-band (Fig. 6, a), contribution of
the second non-equivalent position of the Ca atom to the Ca L;-band
(Fig. 6, b) and calculated Ca L;-spectrum of the compound
Ca,(PO,)¢F, (Fig. 6, c) obtained by averaging the analytical form of
the first and second graphs, taking into account the number of Ca
atoms corresponding to a given non-equivalent position.
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Fig. 7. Contributions of the first and second non-equivalent positions of
the calcium atom, and the theoretical L ;;-band of calcium in the com-
pound Ca,o(PO,)sF,.
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Fig. 8. Theoretical and experimental L;; ;;;-bands of calcium in the com-
pound Ca,(PO,)sFs.
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The theoretically calculated difference in the energy of Ca;,2p;),
and Ca(;)2p,,, levels is 3.69 eV and is within 0.1 eV deviations from
the experiment [2]. This value is the same for the first and second
non-equivalent positions of the calcium atom. By default, in the
WIEN code, the intensity ratio of the L;; and L;; bands is 2.0, since
the number of 2p;,-electrons is twice the number of electrons of Ca
2p,;;. However, in order to maximize the agreement between the
theoretical and experimental forms of the L ;;;-curves of calcium, a
factor of 1.44 was used.

Figure 7 shows the theoretically calculated contribution of the
first non-equivalent position of the Ca atom to the Ca L, ;;-band
(Fig. 7, a), contribution of the second non-equivalent position of the
Ca atom to the Ca L;; ;;;-band (Fig. 7, b) and theoretically calculated
Ca L, ;;;-spectrum of the compound Ca,((PO,)sF, (Fig. 7, ¢).

Figure 8 presents a comparison of the theoretical and experi-
mental L, ;,-bands of calcium in the compound Ca,|(PO,)sF,;. The
main differences in the shape of these curves are observed in the
energy range from 349.0 to 352.0 eV.

The calculated and experimental X-ray Kg-spectra of phosphorus
in the compound Ca,;o(PO,)s(OH), are shown in Fig. 9.

The curves of the Kg-bands consist of two peaks—the main max-
imum and the long-wave feature. The calculation significantly un-
derestimates the distance between them and therefore the long-wave
feature on the calculated curves is poorly pronounced. This is due
to the fact that the phosphorus atom is coordinated by 4 oxygen at-
oms with very short bonds (= 1.51 A). In this regard, the radius of
the MT sphere for the phosphorus atom should be chosen rather
small—about 0.76 A. However, the electron density of the phospho-
rus atom, especially the valence p-density, which participates in the
formation of the Kg-band of phosphorus, goes beyond the limits of

Experiment

e

Calculation

2130 2135 2140 s KB, eV

Fig. 9. K3-bands of phosphorus in the compound Ca,(PO,)s(OH),.
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the geometric PO,-tetrahedron. Therefore, the small radius of the
MT-sphere for the phosphorus atom, when calculating the X-ray
emission bands, does not allow a detailed description of the valence
band of phosphorus. The presence of the long-wavelength feature in
the experimental Kg-bands of phosphorus determines the long-range
interaction of the phosphate ion with the environment, in particu-
lar, with various types of calcium cations. This fact significantly
affects the stability of the crystal lattice of calcium apatite.

Figure 10 shows the theoretical and calculated X-ray emission
K, -bands of fluorine in the compound Ca,y(PO,)sF,. As in other the-
oretically calculated X-ray emission bands, in this case, the calcula-
tion underestimates the distance between the peaks on the curve of
the K,-band of fluorine. This fact indicates a significant underesti-
mation of the fluorine—calcium interaction in such calculation.

The presence of a short-wave feature on the experimental spec-
trum of the K,-band of fluorine, which corresponds in a single en-
ergy scale to the maximum of the 3d-states of calcium in the metal,
indicates a significant interaction of fluorine with calcium.

When constructing the theoretical X-ray emission bands of the
oxygen atom of the Ca,,(PO,)sF, compound, it is necessary to take
into account the contribution of three non-equivalent PO,-
tetrahedron O atoms. According to the results of the calculations,
the first non-equivalent oxygen atom has the lowest energy O 1s.

The positions of the core O 1s levels on the energy scale for the
second and third non-equivalent positions of the oxygen atom are
closer to the vacuum level in comparison with the first non-

Experiment

——

Calculation

I S e F,eV

Fig. 10. Experimental and theoretical K, -bands of fluorine in the com-
pound Ca,(PO,)sFs.
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Fig. 11. Contributions from three non-equivalent oxygen atoms and theo-
retical K -band of oxygen in the compound Ca,,(PO,)sF,.

equivalent position, but this difference is small, within 0.2 eV. Con-
tributions from three non-equivalent oxygen atoms with allowance
for the above-mentioned shifts (a, b, and c), as well as the resulting
calculated K,-band of oxygen in the compound Ca,,(PO,)F. (d) are
presented in Fig. 11.

Figure 12 compares the theoretical and experimental K,-band of
oxygen in the compound Ca,y(PO,);F,. There is a characteristic un-
derestimation of the distance between the peaks, especially in the
region of 520.0 eV. In general, as can be seen from the figures,
there is a satisfactory agreement between the experimental oxygen
spectra and the theoretically calculated ones. There is only one
short-wave feature in the experimental spectrum, which is not re-
flected by a theoretical approach. In a single energy scale, this fea-
ture corresponds to the position of the main maximum of the K-
band of calcium and reflects, respectively, 2p—3d, 4p interaction of
oxygen with calcium. As in the case of fluorine, the small radius of
the MT sphere does not allow to describe fully the long-range com-
ponent of the interaction of oxygen with calcium.

The presence of short-wave components in the spectra of oxygen
and fluorine may indirectly indicate an important feature of the
long-range interaction of calcium with the surrounding atoms.

A similar procedure of averaging over the contributions to the
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Fig. 12. Experimental and theoretical K,-bands of oxygen in the compound
Cao(PO,)6F,.

K,-bands of oxygen was carried out for the compound
Ca,((PO,)s(OH),. Here, in addition to the contribution from three
non-equivalent oxygen atoms of PO,-tetrahedra, oxygens of OH-
groups also contribute. The electron density of valence electrons on
any of the three non-equivalent oxygen atoms of the PO,-
tetrahedron is lower than that of the oxygen atom of the OH-group.
The contributions from the second and third non-equivalent oxygen
atom are shifted by 0.1 and 0.2 eV, respectively, and these results
(a, b, ¢, and d) are presented in Fig. 13. The resulting theoretically
calculated K,-band of the oxygen of the compound Ca,,(PO,)s(OH),
is shown in Fig. 13, e.

The experimental and theoretical K,-band of the oxygen of the
compound Ca,,(PO,)s(OH), is shown in Fig. 14. A comparison of the
K,-bands of oxygen for fluor- and hydroxyapatite (Figs. 11-14)
shows a significant similarity of the curves describing the electron-
ic states of the oxygen of both compounds. Given the fact that oxy-
gen in the structure of apatite is about = 50% of atoms and, there-
fore, determines the general patterns of formation of the valence
band, we can say with certainty that this is in some sense an oxy-
gen matrix [1].

5. QUANTUM-MECHANICAL CALCULATIONS OF THE ATOMIC
STRUCTURE OF APATITES Ca,(POy)sX,, WHERE X F, Cl, OH

To analyse the atomic structure of calcium apatites, we applied the
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Fig. 13. Contributions from four non-equivalent oxygen atoms of the PO,-
tetrahedra and OH-groups, and the theoretical K, -band of oxygen in the
compound Ca,,(PO,)s(OH),.

full potential LAPW + lo method within the framework of the gen-
eralized gradient approximation using the exchange—correlation po-
tential in the form of the Perdew—Burke—Ernzerhof approximation.
The results show that, for all calcium apatites studied by us, the
lengths of P—O bonds on the length scale are arranged in the same
order, namely, the length P-O, <length P-O, < length P-0O, (Ta-
ble). Such a general tendency for the bond lengths of all calcium
apatites studied by us indicates that the replacement of anions on
the sixth-order axes does not significantly change the spatial orien-
tation of PO,-tetrahedra.

When replacing anions located on the sixth order axes, for the
surroundings of the calcium atom, we obtained the following pat-
tern consisting in that the length of the Ca—O, increase in a se-
ries of compounds Ca,,(PO,)F;— Ca;(PO,)s(OH),— Ca,o(PO,):Cl,,
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Fig. 14. Experimental and theoretical K,-bands of oxygen in the compound
Ca,o(PO,)s(OH),.

and the reverse pattern was recorded for Ca;—O,, bonds.

The following factors affect the change in Ca;—0O bond lengths,
when replacing all anions located on axes of the sixth order.

Firstly, the calcium atoms of the second non-equivalent position
are coordinated by various X anions. Therefore, an increase in the
electronegativity of anions located on the sixth-order axes leads to
an increase in the outflow of electron charge from anions X to the
calcium atoms of the second non-equivalent position, which should
lead to a decrease in the electron charge outflow from Ca, atoms to
the nearest oxygen atoms. The last fact should lead to an increase
in the lengths of Ca—O bonds.

Secondly, an increase in electronegativity of anions located on
sixth-order axes is accompanied by a decrease in the volume of the
unit cell and, consequently, a decrease in all bond lengths, includ-
ing Cay—O lengths. As we can see, the above two factors compete
with each other; therefore, the length of the bond will be deter-
mined by which of the factors will be dominant. For short Cagy—0
bond lengths, namely, Ca;—O) and Cap—O, bonds, the first factor
is dominant. Therefore, there is a tendency to decrease Ca—0O3, and
Ca)—O, bond lengths as the electronegativity of anions located on
the sixth-order axes decreases. At the same time, for longer Cag—
Oy and Cap—0Oq, bonds, the second factor is dominant. Moreover,
an increase in the Ca(z) O, bond length with a decrease in the elec-
tronegativity of anions located on the sixth-order axes turns out to
be significant. Thus, for example, the replacement of all fluorine
atoms with chlorine atoms in the structure of calcium fluoroapatite
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TABLE. The bond lengths of apatites of the Ca,,(P0O,)¢X, form, where
X =F, Cl, OH, obtained because of the relaxation of atomic positions inside
the unit cells with fixed experimental lattice parameters.

Compound Bond | Ca,(PO)F, | Ca(PO)Cl, | Cay(PO,)(OH),
P-0,, A 1.551 1.549 1.557
P-0,), A 1.562 1.564 1.565
P-0, A 1.554 1.552 1.561

0.1~Op)» A 2.568 2.560 2.582
0.1~Op) A 2.563 2.586 2.571
0p~0)» A 2.519 2.482 2.519
0y ~0g)» A 2.502 2.522 2.527
Caqy—Opy, A 2.394 2.410 2.405
Ca)—Op), A 2.448 2.396 2.450
Cay)—Og)» A 2.806 2.771 3.938
Cap—Og), A 2.341 2.306 2.822
Cap—0p), A 2.356 2.250 2.422
Ca—Ogyps A 2.471 2.511 2.454
Cag—Ouy, A 2.722 2.984 2.388
Cap—X, A 2.306 2.589 2.633
0y~Opyer A 2.891 3.029 2.897
01y~Oger A 2.944 3.002 2.953
0i~Ozer A 2.932 2.915 2.931
0i5~Ozer A 3.049 2.884 2.978
Oi5~Oger A 3.076 3.178 3.039
Cay—P, A 3.096 3.065 3.025

li&s accompanied by an increase in the Cay—O, bond length by 0.26

For Cap—X bond lengths, the following trend is recorded. The
distance Cay—X decreases with increasing electronegativity of ani-
ons located on the sixth-order axes. The O—Oignbouring tetrahedron)
lengths determine the interaction of tetrahedra with each other.
There are only five such links: O4,—Ogye, O1)=O3).s O2=Oyer 02y~ O 2)e
and Og—Og.. Different apatites of the Ca,((PO,)sX, series, where
X =F, Cl, OH, are characterized by a different arrangement on the
length scale of the above bonds.

Born effective charges of phosphorus atoms increase in a series
of compounds Ca;y(PO,)sF; — Ca,o(PO,)s(OH), > Ca,,(PO,)sCl,,. The
tensors of the effective Born charges of oxygen atoms have a signif-
icant deviation from isotropy. The effective charge of oxygen atoms
ranged from —2.7 to —1.3 electron charge for different directions of
motion. For apatites of the Ca,,(PO,);X, form, where X =F, OH, Cl,
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the O, component turned out to be larger than O,,,, and the dif-
ference ranged from 0.65 to 0.85 electron charge, i.e. changed in-
significantly during the transition from one type of apatite to an-
other. A similar situation was observed for O, atoms, i.e. O,
turned out to be larger than O,,, and the difference also changed
insignificantly during the transition from one type of apatite to an-
other.

For the third non-equivalent oxygen atom, the opposite picture
was established. The components O, turned out to be significantly
less than O),,, for apatites of the Ca,((PO,)sX; form, where X = F,
OH, Cl. The tensors of the effective Born charges of the X atoms
located on the ¢ axes have significant deviations from isotropy.

The elastic constants of the compounds under study were ob-
tained. The phosphorus—oxygen interaction is very strong, because
the longitudinal component of force tensor varies in the range of
large values from 0.506 to 0.423 kN-m™'. The transverse compo-
nents for these interactions are significantly smaller than the longi-
tudinal components (five times), which means the directionality of
the force interaction along the P—O bond. The off-diagonal compo-
nents of the force tensor are very small compared to the diagonal
components, which also indicates the covalence of the phosphorus—
oxygen bond.

For the compound Ca,o(PO,)sF,, when fluorine is replaced by chlo-
rine or a hydroxyl group, the interaction of phosphorus with the
nearest oxygen environment changes only slightly. Thus, there is a
tendency to decrease the longitudinal component of force tensor of
interatomic interaction while decreasing electronegativity of anion
X, which is more pronounced for the first and second non-
equivalent oxygen atoms. It would seem that phosphorus is sur-
rounded by oxygen atoms on all sides that makes it difficult to in-
teract with calcium atoms. However, phosphorus—calcium interac-
tion was quite strong. Thus, the longitudinal component changed
from 0.064 to 0.058 kN-m', wherein decreased with decreasing
electronegativity of the anion located on the ¢ axis. The transverse
components of this force tensor were also significantly smaller than
the longitudinal components that indicates the covalent phospho-
rus—calcium bond type and the direction of interaction along the
bond line. It is interesting that the oxygen atom of the neighbour-
ing tetrahedron is slightly farther from the phosphorus atom than
the calcium atom (only 0.1-0.2 A), but the force constants for the
bond phosphorus—oxygen (neighbouring tetrahedron) are substan-
tially less than the corresponding force constants for the bond P-
Cay. Thus, the interaction of phosphorus—oxygen (neighbouring
tetrahedron) is weak. Consequently, these facts confirm the exist-
ence of a long-range interaction of calcium with surrounding atoms
due to the presence of a two-valley effective 3d-electrons potential
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with a localization of the second valley of about 3.0 A.

Oxygen atoms constitute the atomic environment of the Ca, at-
om, and for calcium fluor- and hydroxoapatite, the nearest to the
first non-equivalent position of the calcium atom is the O, atom,
while for calcium chloroapatite, the O, atom is the closest. A
change in the oxygen environment for calcium chlorapatite in com-
parison with fluor- and hydroxy-analogs leads to a significant
change in the nature of the oxygen—calcium bonds. The longitudinal
force constants of these bonds for calcium fluor- and hydroxyap-
atites were small and amounted to —0.022 and 0.016 kN-m™, respec-
tively. At the same time, the transverse components of force tensor
turned out to be not much less and equal to —0.012 and —0.012
kN-m™. Thus, for calcium fluor- and hydroxyapatites, the Ca;—Oy,
interaction is weak, and the connection is not clearly pronounced as
directional, i.e. ionic one.

The interaction of the calcium atom of the second non-equivalent
position with the anion located on the ¢ axis increases in the series
of compounds Ca,,(PO,)sF; > Ca;o(PO,)s(OH), — Ca,,(PO,)sCl,. In ad-
dition, for the calcium fluor- and hydroxyapatite, the transverse
component of the force constants is three times smaller than the
longitudinal, i.e. the bond is partially ionic and partially covalent.
When anion on the ¢ axis is replaced by chlorine, the transverse
component decreases sharply and the longitudinal component in-
creases that means an increase in the covalent component of the
Ca;—X bond.

6. CONCLUSIONS

The theoretically calculated X-ray emission bands of the O K,- and
Ca Kg-bands in the calcium apatite were in good agreement with the
experimental spectra. For the L, ;,-bands of calcium in the
Ca,(PO,)¢F, compound, the agreement between the theoretical and
experimental curves was a bit worse, which indicates the need to
take into account relativistic corrections that make it possible to
calculate the difference in the shape of the L;; and L;; bands. Some
discrepancy between the theoretical and experimental forms of the
P K bands in Ca,z(PO,)s(OH), is caused by the small radius of the
MT-sphere of phosphorus and, as a result, not taking into account
the electron density of phosphorus, which is outside the sphere. The
difference in the forms of the curves between the theoretical and
experimental F K bands in the compound Ca,,(PO,)sF; is due to a
significant underestimation by the calculation of the covalent com-
ponent of the Ca—F bond.

The presence of an ordered structure of oxygen tetrahedra in ap-
atite is a canonically decisive parameter in the formation of the
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form and the main features of the curve of the total density of elec-
tronic states of calcium apatites.

In various calcium compounds, atomic effects play a significant
role in shaping the shape of the L,-spectra of calcium and, as a re-
sult, the participation of d-states of calcium in bond formation is
levelled by their significant localization, apparently, in the inner
valley of effective potential.

Due to the peculiarities of the electronic structure of calcium and
a limited choice of MT-spheres, quantum-mechanical calculations
using the density functional theory methods cannot fully describe
the long-range component of calcium interaction with the surround-
ings, however, the presence of a number of experimental data indi-
cate that the stability of the apatite structure is largely determined
by the two-valley effective potential of calcium d-electrons.
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The substitution of lead with samarium in the Pbg_,)Na,Sm,(PO,)s0, , solid
solutions corresponding to the scheme 2Pb% + [ — 2Sm®* + 0% is examined
by X-ray diffractometer, IR-spectroscopy and scanning electron micros-
copy. The compositions with x=0, 0.20, 0.40, 0.60, 0.80, 1.0, 1.2, 1.4,
1.6, 1.8, and 2.0 are studied. All samples are synthesized by ceramic
methods. The cycle of operations is carried out until a constant phase
composition is accomplished. The total calcination time at a temperature
of 850°C is 60 hours. Rietveld method displays that samarium ion (Sm?3")
is located in positions of the Pb(2) type, and the distance in a polyhedron
of Pb(2), which has the structure of apatite, is decreased.

3amimenna Pb ma Sm y TBepaux posumHax Pbg ,Na,Sm (PO,)0,,,, Bigmo-
BimHO cxemi 2Pb%* + [ — 2Sm?*'+0?", mociimsxyeTbcsa 3a JOIOMOTOIO DeHTIe-
HiBcbKOro mmudparTomerpa, IY-cmeKTpocKormii Ta CKaHyBaJbHOI €JIeKTPOH-
HOI MiKpockomii. BuBueno kommoosurnii 3 x = 0, 0,20, 0,40, 0,60, 0,80, 1,0,
1,2, 1,4, 1,6, 1,8, 2,0. Bci 3pasku 0yJ0 CHHTE30BAHO KepPaMiUHMUMU METO-
mamu. Ilukya omepariiii BUKOHYETHCA OO TUX Iip, MOKUW He Oyae JOCATHYTUH
mocTifiHuit ¢pasoBuUil CKJaaj. 3araJbHUM Yac IPOKapOBAaHHS 3a TEMIIEPATypU
y 850°C cramoButh 60 rogmu. PiTBesnbmoBa MeTona IoOKasye, 1o iiom Cama-
piro (Sm?*") smaxozmTeca B monomenHax Tunmy Pb(2), a Bigmame y 6araror-
pauuuky Pb(2), 1110 Mae CTPYyKTypPy amaTUTy, SMEHIIYETbCH.

3aMellleHre CBUHIA caMapueM B TBEPABIX pacTBopax Pbg_,Na,Sm (PO,):0, s,
cooTBeTcTByOIEee cxeMme 2PbZ + 1 — 2Sm* +0%, mcciexyercs ¢ mOMOIIBIO
peuTreHoBcKoro audpaxromerpa, MK-CIeKTPOCKOIMM U CKAHUPYIOIIEH
9JIEKTPOHHOM MuKpockomnuu. WM3yuensl Kommosuinuu ¢ x = 0, 0,20, 0,40,
0,60, 0,80, 1,0, 1,2, 1,4, 1,6, 1,8, 2,0. Bce 00pasibl CUHTE3UPOBAHLI Ke-
paMuuyecKuMu Metomamu. IIMKJ omepaiuili BHIIOJIHSETCSA OO TeX I0pP, IMoKa
He OyJeT MOCTUTHYT IIOCTOAHHBIN (pas3oBbIiii cocTaB. OOIee BpeMs IIPOKAJIU-
Bauua mpu Temmeparype 850°C cocraBiaser 60 uacoB. Metong PurBenbaa
[IOKa3bIBaeT, uTo MOoH camapusa (Sm®") HaxozmTca B IONOKEHMAX THIA
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Pb(2), a paccrossuue B MmHororpanuuke Pb(2), mmerwIeM CTPYKTYpPy allaTu-
T, YMEHBIIAETCA.

Key words: lead, apatite, samarium, substitutional solid solution.
Karouosi cirosa: Cunens, anarur, Camapiii, TBepaAnii po3unH 3aMillleHHd.

KaroueBsle caoBa: CBUHEI, allaTUT, CaMapuil, TBEPABIA PAaCTBOP 3aMerle-
HUSA.

(Received 13 December 2018 )

1. INTRODUCTION

Compounds with apatite structure have the composition M;y(E£0,)¢(Z),,
where M is a cation with single, double, and trivalent charges (Na“, K',
Ca?', Sr?*, Ba*", Pb?", Cd®", Eu®', La®', lanthanide ions, and so on), E is a
cation with four, five, and hexavalent charges, which look like Si*', P*",
VvV, As®t, 8%, Cr®, etc.), Z is an anion of OH, F, CI", Br, I, O* or va-
cancies. Apatite structure is described by the occurrence of two struc-
turally non-equivalent positions in the cation sublattice predictably des-
ignated as M(1) and M(2). Position (1) has an environment of nine oxy-
gen atoms (each of which is a part of the tetrahedra PO,), forming a co-
ordination polyhedron nine-vertex. The coordination environment of
the M (2) position is the six oxygen atoms of the PO, tetrahedra and F~
(Cl', OH, 0%, and so on) ions that form the coordination polyhedron
seven-vertex. Equilateral triangles M(2) in the structure of apatite form
achannel, in which F~ (Cl", OH ", 0%, and others) ions are located [1].
Lately, the attention of researchers in the compounds with such a
structure has not weakened, at least, for two reasons. First, they
have a complex of practically important properties and can be used,
for example, as solid stable forms for the application of radioactive
waste, sorbents [2, 3], solid electrolytes [4], catalysts [6], lumines-
cent substances, laser materials [6], and in many other cases. Sec-
ondly, they have a wide range of isomorphous substitutions, which
allow them to regulate their properties by introducing isomorphic
components. In particular, luminescent and laser materials are ob-
tained by partially replacing ions of divalent elements in the struc-
ture of apatite with rare-earth ions and other elements [7—8].
Therefore, the study of heterovalent substitutions according to
the M*"+ Z"—Ln* +0* scheme in M, Ln(EO,)Z; 0, systems,
where M?" ions of divalent elements and Ln®" ions of rare-earth
elements, is topical. Thus, substitutions of alkaline earths for most
rare-earth elements have been studied [9—-11]. However, in spite of
the fact that the ionic radius of lead is close in size to the radii of
the ions of alkaline earth elements, there is no information in the
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literature on the substitution of lead for rare-earth elements in the
systems Pby ,,Ln,(PO,);OH; ,,O,. Advantage of systems with lead
apatites is a significantly lower synthesis temperature (850°C) [12]
in comparison with apatite of alkaline-earth elements (1200-
1450°C) [9], which simplifies the synthesis procedure and promotes
the production of finely dispersed grains.

Thus, it is of interest to examine substitutions according to the
scheme  2Pb* + (1 - 2Sm?* + O*  described for the systems
Pb_,Na,Sm (PO,):0,» (Ln =Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er).
However, these systems were studied only for compounds with x =0.25
[13]. In this paper, the substitution by samarium for lead in the struc-
ture PbgNa,(PO,)s in a wide range of compositions is studied.

2. EXPERIMENTAL

To synthesize the samples of the Pbg_,,Sm Nay(PO,)s0, (0 < x < 2) sys-
tem, PbO (chemically pure), Sm,05(99.99% ), Na,CO; (chemically pure)
and (NH,),HPO, (analytical grade) were used as initial reagents, which
are provided by Sinbias (Ukraine). The compositions with x =0, 0.20,
0.40, 0.60,0.80,1.0,1.2,1.4, 1.6, 1.8, and 2.0 were studied.

All samples were synthesized by ceramic methods. The starting
materials weighed in stoichiometric proportions were mixed in an
agate mortar for 20 minutes and calcinated in alumina crucibles at
a temperature of 300°C for 3 hours, after that the temperature was
elevated to 850°C, at which calcination was carried out for 5 hours.
After calcination, the samples were homogenized and investigated
by X-ray phase analysis (XRD) to determine the phase composition.
After that, the samples were again calcinated at a temperature of
850°C. This cycle of operations was carried out until a constant
phase composition was accomplished. As a result, the total calcina-
tion time at a temperature of 850°C was 60 hours.

X-ray phase analysis was performed on a modernized diffractometer
DRON-3 (CuK, radiation, Ni-filter) with electron-controlled and re-
sults-based processing. The speed of the counter during determining
the phase composition of the samples was 2°/min. To refine the crystal
structure by the Rietveld method, we used an array of data obtained
from a powder X-ray diffraction pattern taken in the angular interval
from 15 to 140° (20). The scanning step and the exposure time at each
point were 0.05 and 3 seconds, respectively. The refinement was car-
ried out using the program FULLPROF.2k (version 3.40) [14] with the
graphical interface WinPLOTR [15].

IR spectra were measured by potassium bromide (KBr) method
using a Fourier transform infrared spectrometer FT-IR TENSOR 27
(Bruker Optics) in the wave-number range 4000—400 cm™. Samples
calcinated to 600°C to remove adsorbed water and then compressed



346 Mohammed A. B. ABDUL JABAR

on a pellet were prepared by crushing 1 mg samples with 600 mg
KBr under a pressure of 900 MPa.

Grain-sizes and semi-quantitative elemental analyses were per-
formed on a scanning electron microscope JSM-6490LV (JEOL, Japan)

e— SmPO,
»— Pb,(PO,,

x=2.0 ® |]e

x =18
x=1.6
x=1.4
x=1.2
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Fig. 1. The X-ray diffraction patterns of Pbyg_,,Sm, Nay(PO,).0, .

TABLE 1. Phase composition of samples of the Pbg_,)Na,Sm (PO,):0, , system.

The relative intensity (I/1,,.,)*x100 [% ]
x of the maximum phase lines with the structure
PbgNay(PO,)s | SmPO, | Pby(PO,),
0.00 100 — —
0.20 100 — —
0.40 100 — —
0.60 100 — 5
0.80 100 — 4
1.00 100 — 5
1.20 100 8 —
1.40 100 11 —
1.60 100 14 —
1.80 100 18 —

2.00 100 20 —
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using an X-ray energy dispersive spectrometer INCA Penta FETx3
(OXFORD Instruments, England).

The difference in the experimental and theoretical contents of the
elements did not exceed 2% that is acceptable for this method of an
analysis in such systems [16].

3. RESULTS AND DISCUSSION

X-ray diffraction samples of this system show that the constancy of
the phase composition of the solid solutions was obtained after 60
hours of calcination. The results of phase analysis of samples of
this system are presented in Table 1 and Fig. 1.

As can be seen from the data above, the apatite phase is formed in
the entire investigated region of the compositions, and the relative in-
tensity of the peaks of this phase is of 100% . In the composition range
up to x =0-0.4, only the peaks of the phase with apatite structure are
present in the X-ray patterns, and no peaks of other phases are present.
In X-ray diffraction patterns of the composition x =0.6-1.0, in addi-
tion to the peaks of the apatite structure, additional peaks, which are
not related to the PbgNa,(PO,); phase, are also present. These peaks be-
long to the phase of lead phosphate Pb,;(PO,),, but they were not identi-
fied with sufficient reliability [17]. In the X-ray pattern of samples of
composition x = 1.2-2.0, in addition to the apatite peaks, there are also
peaks of samarium phosphate SmPO,, where the intensity increases
with increasing x in the range of 8-20%.

Substitution by samarium for lead in the Pbg_,Na,Sm (PO,)s0, , sys-
tem is accompanied by a change in the parameters of the unit cell that is
shown below (Fig. 2). From Figure 2, with increasing x (x = 0.0-1.2), pa-
rameters a and c are decreasing that is because the ionic radius of Sm?*"
(1.098 A) is smaller than the ionic radius of Pb®" (1.83 A). Thus, changes
in the parameters of the unit cells of the samples of the
Pbg_ Na,Sm, (PO,):0,/» system indicate that the substitution limit is
x=1.13.

Confirming the substitution limit by Sm for Pb in the apatite
structure was carried out by the ‘disappearing phase’ method. In
this method, the dependence of the absolute intensity of the peak of
the (120) phase of samarium phosphate SmPO, on the composition
was plotted and is shown in Fig. 3. Extrapolation of the resulting
straight line to the abscissa axis gives a value of substitution limit
at x=1.16, in a good agreement with the value obtained by the
unit-cell parameters’ method, as shown above (Fig. 2).

The results of refinement of the crystal structure for some sam-
ples of this system by the Rietveld method are presented in Tables 2
and 3 and in Fig. 4.

A refinement of the crystal structure was carried out for a composi-
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Fig. 2. Dependence of the lattice parameters a and ¢ on the degree of sub-
stitution in Pbg_,,Sm,Na,(PO,).0, .
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Fig. 3. Plot of the intensity of the phosphate samarium SmPO, (120) re-
flection vs. degree of substitution, x.

tion x = 1.0 with 863 reflections and 33 parameters. Factors of reliabil-
ity were as follow: 5.55 (R,); 8.03 (R,); 8.17 (R,); 1.69 ().

Since the effective charge of Pb*" ions is smaller than the effec-
tive charge of Sm®" ions, when substitution occurs in the apatite
structure, Pb*" ions are localized predominantly in the Pb(2) posi-
tions of the apatite structure, as shown in Table 2.

As a result of the refinement of the crystal structure, intera-
tomic distances were calculated, some of which are given in Table 2.
As can be seen from the Table, there is a decrease in the distances
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TABLE 2. Occupancy for the Pb(l1) and Pb(2) positions in the system
Pb-Na,Sm (PO,)0, /5.

The positions of atoms | x=0 | x=1.0
Pb(1) (4f-position) 2.059 1.651
Na(1) (4f-position) 1.979 1.998
Sm(1) (4f-position) — 0.354
Pb(2) (6h-position) 5.941 5.348
Sm(2) (6h-position) — 0.647
Na(2) (6A-position) 0.021 0

TABLE 3. Selected mean interatomic distances (A) in the system
Pb-Na,;Sm (PO,)60, /5.

Mean interatomic distances x=0 | x=1.0
Pb(1)-0(1,2,3) 2.628(6) 2.676(7)
Pb(2)-0(1,2,3) 2.509(9) 2.435(8)
Pb(2)—-(0H),0(4) — 2.497(7)
Pb(2)-Pb(2) 4.344(6) 4.331(9)
Pb(2)-0(2) 2.25(3) 1.955(8)

Pb(2)-0(1, 2, 3) and an increase in Pb(1)-0(1, 2, 3).

All bands are shown in the IR absorption spectra (Fig. 5). The IR
spectra of studied samples (x =0.0, x=0.2, x=0.4, x=0.6) were de-
tected in the region of the internal vibrations of phosphate anions,
which are assigned according to the data for PbgNa,(PO,)s [18]. Thus,
when v, (445 cm™), v, (987, 1051), and v, (539, 580) enter into the vi-
brational structure of Sm atoms, the frequencies increase by 2—-6 cm™.

Vibrations in molecules of adsorbed water cause wide bands in
the 1600 and 2500 cm™ regions. In addition, there is a band at 631
cm', the intensity of which grows with increasing x. Perhaps, it
refers to the vibrations caused by the bond of REE (rare earth ele-
ments)—oxygen or liberation vibrations to the OH™ group, which are
not part of the water.

The chemical compositions (wt.%) of samples (x=0.0, 0.4, 0.6)
for the Pbg ,Na,Sm (PO,):0,,, system were determined by SEM
(scanning electron microscopy) of Pb, P, Sm, Na and O, and the re-
sults are presented in the data below (Table 4 and Fig. 6). As seen
from data, there is a good agreement between the founded and cal-
culated contents of the elements.

Figure 6 shows the elements (Pb, P, Sm, Na and O), which are
virtually and uniformly distributed over the surface of the particle
and manifest the homogeneity of the sample where the substitution
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Fig. 4. The experimental and calculated X-ray diffraction patterns and
their difference for the sample composition Pb,SmNa,(PO,)O, 5.
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Fig. 5. IR absorption spectra of samples in the Pbg ,,Sm Na,(PO,);0,,, sys-
tem.

processes occur. Some inhomogeneity can also be noticed on the sur-
face and can be associated with the surface relief of particle [19].

4. CONCLUSION

Substitution by Sm for Pb in lead sodium apatite structure
Pb-,,Sm,Na,(PO,)s0,,, was carried out at 850°C. Annealing takes a long
time (60 hours) in order to obtain an equilibrium and stable phase com-
position. Samarium ions substitute for Pb?*" ones mainly at Pb(2) loca-
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TABLE 4. Results of the SEM of Pbg ,,Na,Sm (PO,);O,, for x=0.0, x=0.4
and x=0.6 (wt.% ), which were synthesized by solid-state reaction at 850°C.

x P Pb Sm Na 0]
Calced |found Calcd | found | Caled | found | Caled | found | Caled | found
0.0 8.18 8.66 72.80 74.50 — — 2.02 1.63 16.9015.21
0.4 8.25 8.50 69.87 69.30 2.66 2.58 2.04 1.43 17.1818.19
0.6 8.28 8.58 68.33 68.21 4.02 4.23 2.05 1.91 17.3217.07

Fig. 6. Microphotography and distribution of elements over the surface for
the sample composition Pb, ;Sm, ,Na,(PO,)sO, -

tions with increasing of anions O* in imperfect hexagonal structural
tunnels depending on the schema 2Pb*" + [J — 2Sm®" + 0*". The substitu-
tion process gives two reverse effects (decrease and increase) on the unit
cell parameters (parameters a and c¢) and interatomic distances; a de-
crease is given because of the location-dependent accommodation of
smaller samarium ion in Pb*" locations, and an increase is given because
of the filling of the empty channels with oxygen ions (O*). The interac-
tion of these factors results in a much smaller change of parameters a
and c as well as practical constancy of interatomic Pb2—Pb2 and Pb2-04
distances with increasing limit of substitution. In this subject, samar-
ium ion substitution in the apatite acts quite differently from what has
been observed in largely studied alkaline-earth hydroxyapatites and
fluorapatites with filled hexagonal channels.

Hence, substitution by samarium ion Sm*" for lead ion Pb*" in the apa-
tite system PbgNa,(PO,), is controlled not only by the location-dependent
and charge accommodation of Sm ion but also by the attainability of the
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stereochemically active electron pair 6s? on Pb?*". Depending on the re-
sults attained above, it is necessary to enlarge further studies for new
functional materials with apatite structure.
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The structure, surface morphology, and features of deposition of thin
Y,0;: Eu films with radio-frequency ion-plasma sputtering are studied.
The presence of the optimal working-gas pressure, at which the deposition
rate of films is maximum, is revealed. Its value is determined by the gas
composition and geometrical parameters. The working-gas composition
influence on the deposition rate of Y,05:Eu films is investigated.

HocaimsxeHo CTPYKTYpPYy, MopdoJioTito moBepxHi I 0co0JMBOCTI HaHEeCEHHSA
TOHKUX ILIiBOK Y,0;:Eu mpy BHCOKOYACTOTHOMY HOHHO-IIJIa3MOBOMY POS3IIO-
poiiiesHi. BeTaHOB/IEHO HAaABHICTH OITHMAJBHOTO THCKY pPOO0OUOTro rasy, Be-
JUYMHA STKOTO BMBHAUYAETHCA CKJIAJIOM Tasy i TeOMEeTPUUYHHMU IapaMeTpaMu
Ta 3a SAKOTO INIBUAKICTHh HaHECEeHH$ ILIIBOK € MaKcuMaJibHOIO. IlociimsxkeHOo
BILIUB CKJIaJy poO0OUYOro rasy Ha IIBUAKICTh HaHeCeHHS MIiBOK Y,0,:Eu.

HccrenoBasbl CTPYKTypa, MOPGOJIOrHA IIOBEPXHOCTH U OCOOEHHOCTH HaHe-
ceHUsI TOHKUX ILIEHOK Y,0;:Eu mpy BBICOKOYACTOTHOM HMOHHO-IIJIA3MEHHOM
pacublIeHUN. ¥YCTAHOBJIEHO HaJWUYWe ONTUMAJIbHOTO [aBJIeHHs pabouero
rasa, BeJIMYMHA KOTOPOTO OIIpefessdeTcd COCTAaBOM rasza U reoMeTPUUYeCKUMH
ImapamMeTpaMy M IIPU KOTOPOM CKODOCTh HaHECEeHUA ILJIEHOK ABJAETCA MaK-
cumasnbHOU. McciejoBaHO BJIMAHMNE COCTaBa pabouero rasa Ha CKOPOCTh Ha-
HeceHUd IJIEHOK Y,0;:Eu.

Key words: yttrium oxide, thin films, crystallites.
Karouosi ciroBa: okcum iTpito, TOHKI MIiBKU, KPpUCTATITH.

Karouessie caoBa: OKCHUJ UTTPUA, TOHKNE ILIEHKN, KPUCTAJINTEI.

353



354 O. M. BORDUN, I. 0. BORDUN, I. I. KUKHARSKYTI et al.

(Received 7 March 2019)

1. INTRODUCTION

Recently, the metal oxide materials are attracting much attention
through wide possibilities of their use in modern optoelectronics
and instrument engineering. The large band gap as well as the high
values of dielectric permeability make them promising in the devel-
opment of full-colour screens, scintillators, reflective coatings, and
UV detectors. The cubic yttrium oxide is one of widespread crystal-
line matrixes of phosphors, which are activated by rare earth ions
[1-3]. Among them, the most investigated phosphor of micron dis-
persion is the Y,05:Eu phosphor with red colour of emission. The
disadvantage of this material is the unsatisfactory morphology of
the particles that does not provide the smooth and uniform coating
of screens and high resolution. This situation leads to the active
study of various nanostructured objects based on Y,0;: Eu [4-T7].
The combination of small sizes of crvstalline particles and the pres-
ence of a Eu®" ion dopant as the luminescent centre ensures uniform
screen coverage during the deposition of Y,05:Eu thin films, which
consist of nanocrystalline grains, improves the efficiency and stabil-
ity of the luminescence and promotes the expansion of potential ap-
plication ranges. Thus, the investigation of the structure and condi-
tions of fabrication of Y,0;:Eu thin films, which are formed from
nanocrystalline grains, is important for their further application in
various fields of science and technology. In this work, such studies
are carried out for Y,0,;:Eu thin films obtained by radio-frequency
ion-plasma sputtering; the use of this method leads to the deposi-
tion of the most homogeneous semiconductor and dielectric films [8].

2. MATERIALS AND METHODS

Y,0;:Eu thin films obtained by radio-frequency ion-plasma sputter-
ing in an atmosphere of a mixture of argon and oxygen from 100%
atmosphere of oxygen to 100% atmosphere of argon in the system
using the external magnetic-field solenoids for compression and for
additional ionization of the plasma column on fused quartz v-SiO,
substrates. The thickness of films is ranged between 0.2 pym and 1.0
um. The initial components were of Y,0; grade ‘UTtO-N’ and Eu,04
with grade ‘oc.u’. The activator concentration was 2.5 ml.% . After
deposition of films, the heat treatment in air at 950—-1050°C was held.
The study of the structure of the obtained films was carried out
on a DRON-3 X-ray diffractometer and an HZG-4A automated dif-
fractometer for the investigation of polycrystalline substances. The
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surface morphology of films was investigated using an atomic force
microscope (AFM) ‘Solver P47 PRO’. The processing of experimen-
tal data and calculations of the parameters of the surface morphol-
ogy was carried out using the software package ‘Image Analysis 2’.

3. RESULTS AND DISCUSSION

A detailed study of the diffraction patterns of Y,05;:Eu thin films
deposited by RF sputtering on substrates without heating (without
additional annealing in air atmosphere) reveals a relatively wide
band in the 20 ~ 28-31° region (Fig. 1, a), which is due to the re-
flection from 222 plane. For the ordered structure of Y,0;, the
value is 20 ~ 29.18°. At the same time, we found that, with an in-
crease in the oxygen content in the composition of the sputtering
atmosphere (Fig. 1, curves 1-5), the reflection maximum is shifted
towards larger values of the 20 angle, and its asymmetry increases.
The reason for this shift may be a partial decrease in the interpla-
nar spacing in Y,0;:Eu. Using RF sputtering, the structure of the
obtained films depends on such factors as the substrate tempera-
ture, the energy and composition of the bombarding ions, and the
composition of the sputtering target. In the presence of oxygen in
the spray atmosphere, determining for the formation of films, there
is a creation of defects, which include excess oxygen, because of the
interaction of oxygen contained in the plasma with the created of
Y,0;5:Eu film. In particular, our studies have shown that, under the
same conditions of sputtering of the target, the temperature of the

10r (222)

(440)

28 29 30 31’47 48 49 27 28 29 30 48 49
20, degree 20, degree
a b

Fig. 1. X-ray diffraction patterns of (a) Y,05:Eu thin films obtained by RF
sputtering (without annealing) and deposition in an atmospheres of 100%
Ar (1), 75% Ar+25% 0, (2), 50% Ar+50% 0O, (3) 26% Ar+ 75% O, (4),
100% O, (5) and (b) the film of annealed at 1000°C in air atmosphere and
obtained in argon atmosphere.
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Y,0;:Eu films are approximately 1.5 times higher at sputtering in
an oxygen atmosphere than at sputtering in an argon atmosphere.
Most likely, the observed increase in temperature is caused by an
increase in the intensity of the bombardment by O ions of the cre-
ated film [9].

Another reason the high sensitivity of the structure of Y,0;:Eu
films to the content of oxygen in the sputtering atmosphere can be
a change in the properties of the target itself at reactive deposition.
As shown in [10], the material of target is sputtered because of di-
rect impulse transfer from the bumping ion and the obtaining en-
ergy by a surface atom, and due to the process of energy release in
the surface zone of the target, when elastic collisions of internal
atoms are sufficient to knock out surface particles [11]. Most ex-
perimental studies, especially under sputtering of dielectrics and
refractory materials, demonstrate the benefit of the mechanism of
the first type. However, in the reactive environment, the second
mechanism can also have a significant influence on the process of
sputter [12]. At the increasing the partial pressure of oxygen in the
sputtering atmosphere, the darkening of the surface of the yttrium
oxide target was observed. This indicates a change in the composi-
tion and structure of the target surface due to the release of energy
in the surface zone of the target because of the occurrence of physi-
cal-chemical processes involving oxygen.

Thus, the sputtering of an yttrium oxide target occurs as a result
of knocking out the surface atoms due to the direct transfer of
momentum from the bombarding ion, and in the case of relatively
high concentrations of oxygen in the sputtering atmosphere, as a
result of the emission of surface atoms [13] due to the release of
energy in the surface zone of the target. As a result, the appearance
of a change in the sputtering mechanism and the intensive bom-
bardment of film surface with negative oxygen ions leads to a
change in the structure of Y,0;:Eu films, the creation of a larger
number of defects, which include excess oxygen, and it manifests
itself in X-ray diffraction patterns (Fig. 1, a). After high-
temperature annealing, the intensity of the diffraction maxima in-
creases sharply, and their width significantly decreases (Fig. 1, b).
The obtained results indicate that, at annealing in the temperature
range of 950-1050°C, the ordering structure of the cubic modifica-
tion of Y,0; occurs.

As known, the width of the diffraction maxima depends on the
size of the coherent scattering regions (the size of the crystallites).
In this case, the crystallite sizes d are determined from the well-
known Debve—Scherrer equation [14] by the expansion of X-ray dif-
fraction bands: d=0.94A/(Bcos®), where A =0.15418 nm is wave-
length of CuK,-radiation, B is the width of the diffraction band at
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Fig. 2. The image of the surface morphology of annealed Y,0;:Eu thin
films obtained by the method of radio-frequency ion-plasma sputtering in
argon atmosphere at the activator concentration of 2.5 mol.% (a, b). Im-
age (a) is two-dimensional, and image (b) is three-dimensional.

half height, and ® is diffraction angle. Based on the obtained re-
sults, the sizes of crystallites, from which Y,0;:Eu thin films are
formed, depending on the preparation conditions, are estimated. In
particular, as found, at RF sputtering in argon atmosphere, the
crystallite size is d=5.5-6.0 nm, and at sputtering in oxygen,
d =6.5—-7.0 nm. The use of annealing leads to increase in the size of
crystallites due to their growth and sintering. For example, at an-
nealing temperature of 1000°C, the crystallite sizes reach d = 28.0—
32.0 nm.

Micrographs of the surface of annealed Y,O;:Eu films obtained
using AFM are shown in Fig. 2. The diameters of grains on the film
surface are on average of 43.0 nm (Fig. 2, a), the average square
roughness of surface is about 17.5 nm. The obtained values of grain
sizes, which form the surface of film, are rather close to the values
obtained by the Debye—Scherrer equation for the expansion of X-ray
diffraction bands.

Our studies show a significant effect of the pressure and compo-
sition of the gas, in which thin films are deposited, on the deposi-
tion rate of Y,O4:Eu thin films.

The dependence of the deposition rate of Y,0;:Eu thin films on
the pressure of the working gas of Ar is shown in Fig. 3. As seen in
Fig. 3, this dependence has the maximum value of the deposition
rate at a certain value of the pressure of the working gas. The de-
crease in the sputtering coefficient, which is estimated by the depo-
sition rate of the substance on the quartz substrate, at increasing
pressure, can be explained by reverse diffusion and backscattering.
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At reverse diffusion, there is a diffusion return of sputtered atoms
with an average kinetic energy E, approximately equal to the aver-
age kinetic energy of inert gas on the target, E, (E,=E,). In the
case of backscattering, a return of sputtered atoms to the target is
observed as a result of their scattering by the atoms of the working
gas.

A strong decrease in the sputtering coefficient for target in the
region of 10 Pa can be associated with an increase in the flux den-
sity of bombarding ions, which increase the local temperature of the
target.
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Fig. 3. Dependence of the deposition rate of Y,0;:Eu thin films at RF sput-
tering on the pressure of the working gas (Ar, 100%).
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Fig. 4. Dependence of the deposition rate of Y,0;:Eu thin films at RF sput-
tering on the partial content of oxygen in the working atmosphere of
Ar + O,.
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According to the experimental dependence (Fig. 3), the optimal
pressure of the working gas of argon was equal to 0.89 Pa at sput-
tering of Y,05:Eu thin films. Note that this value will change with
a change of the geometrical parameters of the sputtering system
and with a change in the composition of the working gas.

The dependence of the deposition rate of Y,05;:Eu thin films on
quartz substrates at RF sputtering in the atmosphere of a mixture
of Ar + 0O, gases with different composition by percentage is shown
in Fig. 4.

According to the obtained results, an increase in the partial com-
position of oxygen in the mixture of the sputtering atmosphere of
Ar + 0O, leads to a decrease in the deposition rate. This dependence
can be explained by a decrease in the total kinetic energy of the
ions bombarding the target, since m,, > m,,. In the region of 0-10%
0, in the Ar + O, mixture, the deposition rate weakly changes at the
change in the partial composition of oxygen, and such atmosphere
can be used for the fastest deposition of Y,0;:Eu thin films.

4. CONCLUSIONS

The carried out studies show that, at the RF ion-plasma sputtering
in an atmosphere of a mixture of argon and oxygen of different
composition by percentage, the Y,0;:Eu thin films with crystallite
sizes of 5.5—7.0 nm are obtained. Annealing in air leads to both the
ordering of the cubic structure of films and the increasing of the
crystallite size to 28.0—32.0 nm. The presence of an optimal pres-
sure of the working gas at the deposition of films, which is deter-
mined by both the gas composition and the geometrical parameters
of the sputtering system, is established. As shown, an increase in
the partial pressure of oxygen in the mixture of the working
Ar + 0O, gas leads to a decrease in the deposition rate of Y,O;:Eu
thin films.
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Researches on manganese—zinc ferrite Mn,¢Zn, ,Fe,O, got popular due to
its good magnetic properties as a soft magnetic material. Studies on
Mn, ¢Zn, ,Fe,0, magnetic properties, especially before and after the sinter-
ing process, are required to see its magnetic material characterisation.
Therefore, this research focused on manganese—zinc ferrite Mn, ¢Zn, ,Fe,O,
characterisations using co-precipitation method with sintering time varia-
tions of 3, 4, and 5 hours at 1100°C. Base materials used in this research
were manganese oxide (MnO), zinc oxide (ZnO), and iron oxide (Fe,Os).
XRD, SEM-EDX, and VSM tests were used to characterise phase, mor-
phology, and magnetic properties. Mn,¢Zn, ,Fe, 0, with 3, 4, and 5 hours
holding time sintering process resulted in crystallite size changed into
70.4194 nm, 52.91546 nm, and 26.45 nm. During the holding time of sin-
tering process, the single Mn, 4Zn, ,Fe,0, phase was formed, the materials
were in one lattice, and it has cubic shape structures. Sintering process
affects particle bulk size; a higher sintering temperature increases parti-
cle bulk size. Materials with holding time sintered that formed a single
Mn, gZn, ,Fe, O, phase had higher magnetic retentivity compared to mate-
rials before sintering. This is evident by magnetic saturation (M,) and
magnetic remanence (M,) values that are higher than for materials with-
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out sintering. In 3 hours holding time sintering, the sample has a mag-
netic saturation (M,) of 54.05 emu/g and a magnetic remanence (M,)
14.38 emu/g, higher than other variants.

HocrmimxenHsA MaHTaH-NIUMHKOBOro Gepury Mng g Zn,.Fe,0, cranu nomynsap-
HUMHU B3aBAAKM HOTO TAapHMM MAarHeTHUM BJACTUBOCTAM Yy SKOCTI MarHe-
TOM’ SIKOr0 MaTepisny. BuBueHHA MarHeTHuX BiaacTuBocTeil MnggZn,,Fe,Oy,
0COOJIMBO 10 Ta IIiCJA MIPOoIecy CIiKaHHA, HeoOXiAHi AMA BU3HAUEHHS Xapa-
KTEepPUCTUK ¥MOro marHeTHoro marepisay. Tomy mame mociimsxeHHs OyJo 30-
cepe/’KeHO Ha XapaKTepPHCTHKAaX MaHI'aH-IUHKOBOIo ¢epury Mn,Zn, Fe,0,
3 BUKOPHUCTAHHSAM METOJM CIIiBOCAJ:KeHHs 3 BapidlisaMu yacy COiKaHHS y 3,
4 ta 5 rogur mpu 1100°C. OcHOBHMMU MAaTepifjiaMu, BUKOPHUCTAHUMHU B
miM mociimskenHi, o0yau oxkcun maurany (MnO), okcun muHKY (Zn0) i okcun
saiisa (Fe,0;). PenTreniBcbka audpakriiis, ckaHyBaJbHa €JEeKTPOHHA MiK-
POCKOIIisI pa3oM 3 eHeproAuCIIepCiiHOI0 PEHTI'€HiBChKOIO CIIEKTPOCKOIIIEI0 Ta
TECTH Ha MarHeToMeTpi 3 BiOpyoumM 3paskoM OyJiuM BUKOPHUCTAHI IJA Xa-
paxkTepuctuxku  ¢asu, mopdosorii  Ta  MArHeTHHUX  BJIACTHBOCTEI.
Mn, gZn, ,Fe,0, i3 npomecom cuikaHHA nporaroMm 3, 4 i 5 roguH MaB fAK pe-
3yJIbTAT PO3Mip KpucTaxitiB, smimenuit mo 70,4194 mum, 52,91546 um i
26,45 um. 3a yac BUTPUMKM IIpPOIlecy CIiKaHHSA yTBopuJaacsa emaumHa dasa
Mn, gZn, ,Fe,0,, MaTepianu mepebyBanu B OLHiMl I'paTHUIIL Ta MalHu CTPYK-
Typu KyOiuHoi ¢dopmu. Ilpomec cmikaHHA BImBae Ha 00’€M YaCTHUHOK;
OiJBIII BHCOKA TeMIlepaTypa CIIiKaHHaA 30iJbIlye po3Mip dacTmHOK. Matepi-
AJMM 3 BUTPUMAHUM dYacoM CII€UeHi, aAKi yTBopooBanm e€guHy Gasy
Mn, gZn, ,Fe,0,, Manu 6inblI BUCOKY 3aJIMIIKOBY HaMarHeTOBAaHICThL y IODi-
BHAHHI 3 MaTepidAsaMu mepe] cuikaHHAM. Ile BUAHO 3a 3HaUEHHAMU MarHe-
THOTO Hacuty (M,) i 3anumkoBoi marmerHol imgykmii (M,), aki Bue, HiX
IS MaTepisaniB 0e3 cHiKaHHs. 3a Yac BUTPUMYBAHHS IIPOTATOM 3 TOAUH
3pa30K Mae MarHeTHui Hacut (M,) y 54,05 e.M.0./T i 3aJIUIIKOBY MarHETHY
imgykiioo (M,) v 14,38 e.m.0./T, 1110 BuUIlle, Hi’K B iHIIIUX BapidHTax.

HccnemoBanusa Maprasen-HuHKOBOro (eppura MnggZn,,Fe,O, cranu momy-
JSAPHBIMU GJarofaps ero XOPOIITMM MArHWTHBIM CBOMCTBAM B KadecTBe MAar-
HUTOMATKOTO MaTepuasna. VsyueHusa MarHuTHBIX cBoiicTB MnggZn,,Fe,O,,
0CO0EHHO MO M TOCJe IIpoliecca CIeKaHWsa, HeOOXOAMMBI AJIA OIpeeJeHua
XapaKkTepUCTUK €ro MarHuTHOTO MaTrepuaja. IlosTomMy mamHOE MCCJeJOBa-
HUe OBLIO COCPEeNOTOYEHO Ha XapaKTepPUCTUKAX MapraHIieBO-IIMHKOBOTO
teppura Mn, gZn, ,Fe,O, c ncnonszoBanreM MeTO[a COOCAKJEHHUA C Bapua-
MUAMHU BpeMeHU cnexkaHus 3, 4 u 5 yaco mpu 1100°C. OcHOBHBEIMHU MaTe-
puajiaMu, UCHOJH30BAHHLIMU B 3TOM MCCJIEIOBAHUU, OBLIN OKCHUJA MapraHiia
(MnO), okcmp nmukKa (Zn0O) u oxcupn xenesa (Fe,0;). Penrrenosckasa mu-
dpakmusa, CKAaHUPYOIIAA 3JIEKTPOHHAS MUKPOCKOIIMS COBMECTHO C 9HEPIo-
OUCIIEPCUOHHON PEHTTeHOBCKOM CIIEKTPOCKOIIMEN M TeCThl B MAarHUTOMETPE C
BUOPHUPYIOMINM 00pPas3oM OBLIM MCIIOJb30BAHBI IJIs XapaKTepHUCTUKU (asbl,
Mopdoornu U MarHUTHBIX cBoiicTB. Mn,sZn, ,Fe,0, ¢ mpomeccom cnexkaHus
B TeueHune 3, 4 u 5 4acoB mMeJ Pe3yJabTATOM pas3Mep KPHUCTAJIINTOB, M3Me-
HéHHBIN n0 70,4194 um, 52,91546 um um 26,45 mmM. 3a BpeMs BBIAEPIKKU
Impoliecca clieKaHuA obpasoBasiach eguHad dasa Mn,gZn, Fe,0,, MaTepuans
HaXOQWJIVCh B OJHOM PEIIETKe W MMENU CTPYKTYPhl KyOMduecKoir (pOpMBI.
IIpomecc crnekaHus BAUsSET Ha 00bEM yacTuIll; 6oJjiee BhICOKAs TeMIlepaTypa



TIME DEPENDENCE ON MAGNETIC PROPERTIES OF NANOMATERIAL Mn, .Zn, ,Fe,0, 363

CIIEKaHUs yBeJIUYUBaeT pasMep uvacTui. Marepuanbl ¢ BbIAEDKAHHBIM Bpe-
MeHeM CIeYéHHBIe, KOTOpble OOpas3oBHIBAJIM  eAUHCTBEHHYIO  (dasy
Mn, gZn, ,Fe,0,, umenu 0Gojiee BBHICOKYIO OCTATOYHYIO HAMArHMYEHHOCTBL IIO
CPaBHEHHWIO C MaTepuajaMH Iepel] ClleKaHWeM. JTO BUAHO II0 3HAYEHUAM
MarsHuTHOTO HachkimeHua (M,) m ocraTouHON MarHuUTHOM uHAyKIuu (M,),
KOTOpBIEe BBIIIE, UeM [AJIs MaTepUaJoB 0e3 CIeKaHUs. 3a BPeMs BBIIEPIKU-
BaHUA B TeueHUe 3 4acOB oOpasell mMeeT MarHUTHoe Hachiienue (M,) 54,05
3.M.e./T W OCTATOYHYI0O MArHUTHYyI0 wHAyKmuioo (M,) 14,38 s.m.e./r, UTO
BBIIIIE, YEM y JPYTUX BapUAHTOB.

Key words: magnetic properties, manganese—zinc ferrite, co-precipitation,
holding time.

KarouoBi cioBa: MarHeTHi BJIACTHMBOCTI, MaHTr'aH-IIMHKOBUIM (pepuT, ciiBoca-
IKeHHS, YaC BUTPUMKMH.

KaroueBbie cjoBa: MAarHMTHBIE CBOMCTBA, MapraHeIll-IIMHKOBBIN (DEepPUT, CO-
ocarKkJeH1e, BpeMs BBITEPIKKHU.

(Received 12 April 2019)

1. INTRODUCTION

The rapid development in nanotechnology gained a lot of attention
from researchers and scientists. Generally, nanotechnology defined
as science and engineering in the creation of material, functional
structure, as well as devices on a scale of 1-100 nanometers [1, 2].
The positive impact of the rapid development in nanotechnology
helps to provide conveniences to humankind. Research results in
nanotechnology can be applied to the various field of life, e.g., bio-
technology, biomedicine, electronics, industries, and optics [3—9].

One type of magnetic nanoparticles that widely researched is
manganese—zinc (Mn—Zn) ferrite nanoparticle. Mn—Zn ferrite has
spinel crystal structures with MFe,O, formula where M is divalent
cation of 3d transition elements such as Zn?*", Co?*, Fe?*", Ni*", Cu*
or Mn*. MFe,O, nanoparticle study is interesting due to not only
its unique magnetic and electrical properties, but also its stability
towards temperature and chemical substances [10]. Between spinel
ferrites such as NiFe,0,, CoFe,O,, MnFe,0,, ZnFe,O,, and other,
MnFe,O, and ZnFe,0, have their advantages. The ZnFe,O, nanopar-
ticle has advantages, e.g., high sensitivity in temperature, and su-
perparamagnetic properties at temperatures of 20—-80°C in 5-10 nm
sizes [11]. The advantages of manganese ferrites (MnFe,O,) are hav-
ing an inverse spinel structure and superparamagnetic properties in
9 nm crystal size at room temperature [12].

Manganese—zinc ferrite (MnZnFe,O,) is a zinc-ferrite-based
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nanoparticle with formula (M,Zn)Fe,O, with M = Mn. A combination
between Fe,0, and MnFe,O, containing 0.8 mol Mn?*" and 0.2 mol
Zn*" compositions formed Mn, Zn, Fe,0,. Mn,sZn, ,Fe,0, has a
mixed spinel structure. Mn—Zn-ferrite nanoparticle is a part of soft
magnetic and low losses material with high permeability. Mn—Zn
ferrite is known because of its low Curie temperature, low anisot-
ropy crystalline magnetic constant value, and low remaining mag-
netisation [13, 14]. MnZn ferrite has spinel structures with Fe ion
in tetrahedral position (position A) and octahedral position (position
B), while Mn and Zn ions are on tetrahedral positions (position A)
[15]. Based on the above advantages, Mn, ;Zn, ;Fe,O, has a high po-
tential for high-frequency applications (inductor and transformer),
data saving, and magnetic amplifier [16]. These were the base on
choosing Mn, ;Zn, ;Fe,O, with the purpose of finding more optimised
magnetic properties.

Mn—Zn ferrite nanoparticle can be synthesized by several means,
e.g., co-precipitation, thermal decomposition, hydrothermal, sol—gel,
milling, etc. [9, 17, 18]. Each synthesis method has advantages and
disadvantages. This research used the co-precipitation method,
which is widely chosen because of its simplicity in the process and
the lower cost usage compared to other methods. Co-precipitation
method is also widely used to create magnetic nanoparticle to in-
crease homogeneity, purity, and reactivity [19, 20].

In the co-precipitation method, synthesis parameters such as pH,
temperature, and sintering-process holding time have crucial roles
in controlling the particle size [17], [20]. Mn,Zn,Fe,O, particle
size increases along with the increase in sintering temperature that
resulted in the rise of magnetisation. The correlation shows that
magnetic properties depended on particle size [21].

Sintering with holding time variations also play a role in manga-
nese—zinc ferrite with material. Therefore, the particle size is one
of the important parameters to determine ferrite alloy magnetic
properties.

2. RESEARCH METHOD

This research is experimental laboratory-type research carried out
in the form of description. To obtain descriptive results on phase
characterisation, morphology, and gauging manganese—zinc ferrite
(MnZnFe,0,) powder magnetic properties; this research used co-
precipitation method with molar ratio Mn,¢Zn,,Fe,O,. The compo-
nent materials were manganese oxide (MnO), zinc oxide (ZnQO), and
iron oxide (Fe,0;). All materials were mixed and added ethylene
glycol as a solvent, then added 5 M concentration of sodium hy-
droxide at pH 12. The independent variables were the sintering
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process with holding time of 3, 4, and 5 hours variations at tem-
perature of 1100°C. Characterisation tests used XRD (X-Ray Dif-
fraction) to determine formed phase, SEM—EDX (Scanning Electron
Microscopy) to determine the material bulk size, and VSM (Vibrat-
ing Sample Magnetometer) to determine magnetic retentivity.

3. RESULTS AND DISCUSSION

In Figure 1, there is an increase in the highest peak between man-
ganese—zinc ferrite (Mn,g¢Zn,,Fe,0,) according to the XRD results.
Unsintering process in manganese—zinc ferrite (Mn,¢Zn, ,Fe,O,) ma-
terial did not form single MnZnFe,O, phase and not in one lattice
because crystal phase was not formed due to hematite (Fe,O;) phase
domination in the peaks. In 3, 4, and 5 hours holding time sintered
at 1100°C, hematite (Fe,0;) phase was declining, shown by the de-
creasing peaks and single MnZnFe,O, phase in the peak. In sintering
3, 4, and 5 hours holding-time variations at temperature of 1100°C,
materials formed a single MnZnFe,O, phase that meant material was
in one lattice with cubic shape crystal. Manganese—zinc ferrite ma-
terial at 1000°C only showed MnZnFe,O, phase [18]. Unsintering
process did not form single MnZnFe,O, phase nanoparticle, how-
ever, holding-time variations in 3, 4, and 5 hours formed single
MnZnFe,O, phase nanoparticle as an effect of the sintering tem-
perature that made hematite (Fe,O;) phase decreased.

From Table 1 can be observed that unsintering manganese—zinc
ferrite (Mng 3Zn, ,Fe,0,) crystal has 70.1496 nm in size that formed
hematite (Fe,O;) phase at the peaks, while sintered 3, 4, and 5
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Fig. 1. XRD results of unsintered and sintered 3, 4, and 5 hours holding
time.
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hours holding-time variations have crystal size of 52.91546 nm,
26.45 nm, and 26.45014 nm, respectively, that formed single
MnZnFe,0, phase at the peaks. In other words, the smallest particle
size is found in sintered 4 hours holding time with crystal size of
26.45 nm. At temperature of 1100°C, crystallite size results became
smaller until sintered 4 hours holding time.

Scanning electron microscopy (SEM) test aimed to analyse and
compare the morphology and particle size of manganese—zinc ferrite

TABLE 1. Position value, FWHM, D-spacing, and crystallite size on man-
ganese—zinc ferrite (Mn,¢Zn, ,Fe,0,).

Variations Pos. [°2Th] Height [cts] FWHM Crystallite size, nm

unsintering 32.9617 45.55 0.1181 70.1496
3 jam 34.9596 47.26 0.1574 52.91546
4 jam 34.9689 31.02 0.3149 26.45
5 jam 34.9708 29.75 0.3149 26.45014

Fig. 2. Morphology of manganese—zinc ferrite (Mn,¢Zn,  Fe,0,) unsintered
and 3, 4, and 5 hours holding time sintered in x20 000 magnifications.
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(Mng gZn, ,Fe,0,) material. In Figure 2, identification results from
manganese—zinc ferrite (Mny3Zn,,Fe,0,) are that unsintering proc-
ess has a particle size below 150 nm, while sintering process with 3,
4, and 5 hours holding time has an average particle size above 250
nm that homogenous with intergranular fracture and particle ag-
glomeration. Result from 5 hours holding time sintered with stan-
dard deviation value 125.4187 nm shows that this variation has
better homogeneity level than other sintered holding time varia-
tions. Sintering temperature affects the particle size of the material
because sintering causes the particles to react and bind. A rise in
sintering temperature is resulting in the increasing size of the par-
ticle in manganese—zinc ferrite material [22, 23], whereas stated in
[16], the manganese—zinc ferrite material with annealing treatment
at 400°C, 600°C and 1200°C shows bigger particle size along with
higher sintering temperature.

VSM test for manganese—zinc ferrite (Mn,g¢Zn,,Fe,0,) with sin-
tering holding-time variations can be found in Fig. 3. During
unsintering process, the magnetic saturation (M,) of 3.4 emu/g,
magnetic remanence (M,) of 0.87 emu/g, and coercive-field strength
(H,) of 0.0323 T were found. Magnetic properties in unsintered ma-
terials are quite low as evident by a low or almost flat curve. In 3
hours holding time sintered, magnetic saturation (M,) of 54.05
emu/g, magnetic remanence (M,) of 14.83 emu/g, and coercive field
(H,) of 0.0199 T were found. This variation shows better magnetic
properties than unsintered material, and the curve shows a rise in
M, value. In 4 hours holding time sintered, magnetic saturation
(M,) of 51.7 emu/g, magnetic remanence (M,) of 12.95 emu/g, and
coercive field (H,) of 0.0191 T were found. This variation shows a
decline in magnetic properties compared to 3 hours variation as
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= = ——sintering 4 jar
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Fig. 3. VSM test results on manganese—zinc ferrite (Mn, ¢Zn, ,Fe,0,) unsin-
tered and 3, 4, and 5 hours holding time sintered graphic.
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Table 2. Values of M,, M,, and H, for the manganese—zinc ferrite
(Mn, ¢Zn, ,Fe,0,) material.

Variations M,, emu/g M,, emu/g H,T Crystallite size, nm

Unsintering 3.4 0.87 0.0323 70.1496
3 Jam 54.05 14.83 0.0199 52.91546
4 Jam 51.7 12.95 0.0191 26.45
5 Jam 47.11 12.7 0.0195 26.45014

evident in the M, curve drop. In 5 hours holding time sintered,
magnetic saturation (M,) of 47.11 emu/g, magnetic remanence (M,)
of 12.7 emu/g, and coercive field (H,) of 0.0195 T were found. This
variation shows a decline in magnetic properties compared to 4
hours variation as seen in the drop in M, curve.

Table 2 shows that manganese—zinc ferrite (Mn,3Zn,,Fe,0,) ma-
terials unsintered and sintered have superparamagnetic properties.
Variation with 3 hours holding time had a more optimised magnetic
properties than unsintered and 4 and 5 hours sintered variations. It
has magnetic saturation (M,) of 54.05 emu/g and magnetic rema-
nence (M,) of 14.83 emu/g with crystallite size of 52.91546 nm due
to the higher M, and M,. It has cubic crystal structures. The crystal
size becomes smaller along with the additional sintering duration.
Duration also affects the M, and M, values because the smaller
crystallite induces a lower electromagnetic field to alter the spin
direction of an electron in the sample orbital magnetic moment, as
long as there was a single MnZnFe,O, phase in the peak phase as an
indication of the material crystallisation and one lattice. Magnetic
saturation (M, is also affected by the amount of Mn in
Mngy,Zny,Fe, 0O, and Mn,¢Zn,.Fe,0, [22]. Magnetic saturation (M,)
and magnetic remanence (M,) increased along with sintering tem-
perature [24]. Materials at 1100°C and 2 hours holding time sin-
tered showed the highest magnetic saturation (M,) of 73.64 emu/g
and magnetic remanence (M,) of 2.20 emu/g compared to other sin-
tering temperatures (800°C, 900°C, 1000°C). In conclusion, addi-
tional holding time in the sintering process results in the smaller
crystallite size that made magnetic saturation (M,) and magnetic
remanence (M,) dropped.

4. CONCLUSION

Manganese—zinc ferrite (Mngg¢Zn,,Fe,0,) material using co-
precipitation method with sintering holding-time variations has cu-
bic crystal structures. Its hematite (Fe,O;) phase drops as seen in
the declination peaks and shows single MnZnFe,O, phase in the peak
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phase. Sintering with 4 hours holding time, material has the small-
est crystallite size of 26.45 nm compared to 52.915 nm from 3
hours holding time sintered and 26.45014 nm from 5 hours holding
time sintered.

Morphology results of unsintering manganese—zinc ferrite
(Mn, ¢Zn, ,Fe,0,) have a particle size below 150 nm, whereas the sin-
tering with 3, 4, and 5 hours holding time gives an average size of
above 350 nm and homogenous with intergranular fracture and par-
ticles’ agglomeration. In 5 hours holding time sintered, it is stan-
dard deviation of 125.4187 nm indicating a better homogeneity
level than other sintered variations. The increase in sintering tem-
perature affects the material-particle size, and the increase in sin-
tering temperature results in the greater manganese—zinc ferrite
particle [22].

Manganese—zinc ferrite (Mn,gZn,,Fe,0,) with 8 hours holding
time has an optimised magnetic properties compared to unsintered
and 4 and 5 hours holding time sintered variations. Its magnetic
saturation (M,) is of 54.05 emu/g, the magnetic remanence (M,) is
of 14.83 emu/g, and the crystallite size is of 52.91546 nm. The re-
sulting manganese—zinc ferrite (Mn,¢Zn,,Fe,0,) material has cubic
crystal structures. Crystallite size becomes smaller along with
longer sintering process that affects its magnetic saturation (M)
and magnetic remanence (M,). The smaller crystallite in sintering
holding time variations requires the low electromagnetic field to
alter the spin direction of an electron in the orbital magnetic mo-
ment. It is important to note that single MnZnFe,O, phase was
formed as peak phase, indicating crystallised material and one lattice.

REFERENCES

1. M. Abdullah, Pengantar Nanosains (Bandung: Penerbit ITB: 2009).

2. G. Schmid, Nanotechnology: Principles and Fundamentals (Weinheim:
Wiley-VCH Verlag GmbH& o KGaA: 2008), vol. 1.

3. M. Gurumoorthy, K. Parasuraman, M. Anbarasu, and K. Balamurugan,

Nanoparticles by Chemical Co-Precipitation Method, 5, No. 4: 63 (2015).

4. M. Tadic, S. Kralj, M. Jagodic, D. Hanzel, and D. Makovec, Appl. Surf. Sci.,
322: 255 (2014).

5. B. Ramaswamy et al., Nanomedicine Nanotechnology, Biol. Med., 11, No. 7:
1821 (2015).

6. A. H. Lu, E. L. Salabas, and F. Schiith, Angew. Chemie—Int. Ed., 46, No. 8:
1222 (2007).

7. L. He, M. S. Wang, J. P. Ge, and Y. D. Yin, Acc. Chem. Res., 45, No. 9:
1431 (2012).

8. B. Gleich and J. Weizenecker, Nature, 435, No. 7046: 1214 (2005).

9. A. Dehghanghadikolaei, J. Ansary, and R. Ghoreishi, Proc. Nat. Res. Soc., 2,
No. 6: 02008 (2018).



370 Djoko KUSTONO, Poppy PUSPITASARI, WAHONO et al.

10. M. Javad et al., J. Magn. Magn. Mater., 321: 152 (2009).

11. R. R. Shahraki, M. Ebrahimi, S. A. S. Ebrahimi, and S. M. Masoudpanah,
J. Magn. Magn. Mater., 324, No. 22: 3762 (2012).

12. R. R. Muslim, Magnetic Properties of Manganese Ferrite Nanoparticles:
Thesis (India: Thapar University: 2012).

13. I. Sharifi, H. Shokrollahi, and S. Amiri, J. Magn. Magn. Mater., 324, No. 6:
903 (2012).

14. H. Shokrollahi, J. Magn. Magn. Mater., 320, Nos. 3—4: 463 (2008).

15. A. Zapata and G. Herrera, Ceram. Int., 1: 2013.

16. P. Hu et al., J. Magn. Magn. Mater., 322, No. 1: 173 (2010).

17. R. Desai, V. Davariya, and K. Parekh, Pramana, 73, No. 4: 765 (2009).

18. W. H. Lee, C. S. Hong, and S. Y. Chang, Archives of Metallurgy
and Materials, 60: Iss. 2: 9 (2015).

19. C. Venkataraju and R. Paulsingh, Journal of Nanoscience, 2014: 5 (2014).

20. P. Puspitasari, A. Muhammad, H. Suryanto, and A. Andoko, High Temp.
Mater. Process. An Int. Q. High-Technology Plasma Process. (2018), vol. 22,
p- 239.

21. P. Mathur, A. Thakur, and M. Singh, J. Magn. Magn. Mater., 320, No. 7:
1364 (2008).

22. P. Puspitasari et al., Materials Science Forum, 857: 146 (2016).

23. N. Yahya and P. Puspitasari, J. Nano Res., 21: 131 (2012).

24. M. M. Rashad and M. I. Nasr, Nanopowders Synthesized by Co-Precipitation
Method, 8, No. 3: 325 (2012).


https://link.springer.com/journal/12043
https://www.researchgate.net/journal/1733-3490_Archives_of_Metallurgy_and_Materials
https://www.researchgate.net/journal/1733-3490_Archives_of_Metallurgy_and_Materials

Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2019 IM® (IactutyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainun)
2019, 1. 17, Ne 2, cc. 371-380 HaznpykoBaHo B YKpaiHi.
doroKonioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsil

PACSnumbers: 61.43.Gt, 81.05.Rm, 81.05.U-, 81.07.Wx, 81.20.Wk, 83.50.Uv, 83.80.Fg
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Hauuonanvholil mexnuiweckuil ynueepcumen

«Kuesckuili norumexuuueckuil uncmumym umenu Hzopsa Cukopckozo»,
npocn. ITo6edvt, 37,

03056 Kues, Ykpauna

ITonyuennl 00pas3Iibl AKTUBUPOBAHHBIX YIJIell M3 IOPOIIKO00pPasHOro Kodeii-
HOro mnmaMa. V3ydeHbl XapaKTEPUCTUKHU IMMOPHUCTOH CTPYKTYPBI HAHOIIOPH-
croro marepuana (ymenbHas moBepxHocTh mo BT — 835 m%/r, ymenpHas
moBepxHOCTh Mesonop — 230—-300 m?/r, cymMapHBIH 06BéM mop — 0,5-0,6
cm®/r), JaHa OIeHKa COPOIIMOHHBEIX CBOMCTB II0 BeIleCTBAM-MapKepaM, WC-
cJIeJoBaHA CEeJEeKTMBHOCTH OOPA3I[OB II0 OTHOIIEHWIO K MOHAM TSMKEIBIX Me-
TaJIJIOB, UTO HOKAa3bIBaeT I[eJ1eCO00PasHOCTh MCIIOJB30BAHUS STOTO MaTepua-
Jla AJ OYUCTKY IPOMBIIIJIEHHBIX CTOKOB.

Opnep:kaHO 3pa3KM AaKTHBOBAHOTO BYTiJIIA i3 MOPOMIKOMOAIOHOT0 KO(QeHHOTO
miaMy. BUBUEHO XapaKTEPHUCTHUKU IIOPYBATOI CTPYKTYPH HAHOIOPYBATOT'O
Marepisimy (mmroma moBepxHA 3a BET — 835 m?/r, mmToma IIOBEpXHS Me-
somop — 230-300 m?/r, cymapHuii 06’em mop — 0,5—0,6 cm®/1), mamo omi-
HKY COpPOIifiHMX BJIACTHUBOCTEH II0 peuoBHMHAX-MapKepax, MOCIiIKeHO ceJe-
KTUBHICTH 3pas3KiB IO BiZHOINIEHHIO A0 HOHIB BaKKHX MeTaJiB, IO IJOBO-
OUTh OOIiJbHICTh BUKOPHCTAHHS I[HOTO MATEPisANy OJA OUMCTKU IIPOMMCJIIO-
BUX CTOKIiB.

Samples of activated carbon are fabricated from powdered coffee sludge.
The characteristics of porous structure of nanoporous material (with BET
specific surface area of 835 m?/g, mesopores’ specific surface area of
230-300 m?/g, total pore volume of 0.5—0.6 cm?®/g) are studied. Sorption
properties of marker-substances are evaluated. The selectivity of samples
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with respect to heavy-metal ions is investigated that proves the expedi-
ency of use of such a material for the treatment of industrial effluents.

KaroueBbie cioBa: KodelHBIN mImaM, (puamuecKoe aKTHBUPOBaHUE, IIOPHC-
Tadg CTPYKTypa, yAeJbHasd IOBEPXHOCTDb, COPOIMA TAMKEIBIX METAJJIOB.

Karouosi caoBa: xodeiiuuil maamM, pisruuHe akKTUBYBAHHSA, IIOPYBaTa CTPYK-
Typa, MIUTOMAa IIOBEPXHA, COPOIisa BAXKKMX METaJiB.

Key words: coffee sludge, physical activation, porous structure, surface
area, sorption of heavy metals.

(ITonyueno 6 mapma 2019 2.)

1. BBEAEHUE

Cpenu MHOKECTBa CBHIPHEBBLIX MCTOUYHHKOB, IIPUTOMHLIX OJA IIOJIyUe-
HUS aKTHBUPOBAHHBIX YIJIeH, IMPOAYKTHI PACTUTEIBHOTO IIPOUCXOK-
IeHUsl 3aHMMAaIOT 3HAYUTEJbHYIO mojio [1-4]. B Hacrosmiee Bpems
JOCTATOYHO XOPOINO M3yUYeHbl TEXHOJIOTUHU IIOJYUYEeHUS COPOIUMOHHBIX
MaTepruajJoB M3 CKOPJYIIBI KOKOCOBEIX OPEeX0B, aOPMKOCOBOM U mep-
CUKOBOU KocTouek [5—8].

OpuuM U3 00BEKTOB, IPUBJIEKAIOIINX BHUMAaHME B KauecTBe IC-
XOIHOr'O CBHIPbA AJIA IepepaboTKM U IOJYyYeHHuS aacopOeHTOB, SIBJS-
erca Kogeinprii muam [9-13]. Kode aBasercsa omguum ma3 HamboJiee
IIIXPOKO YIIOTPe6IAeMbIX IPOAYKTOB, KOTOPBIN HCIIOJb3yeTCS B IIH-
11eBOil mpoMEINIIeHHOCTU. IIpu mepepaboTKe 9TOro MPOAYKTa B OBITY
WJIX TIPOUW3BOJACTBE PACTBOPUMOI0 Kode B OONMBITNX KOJIWUECTBAX 00-
pasyioTcsa OTXOABI, KOTOPBIE MOTYT OBLITH YCIEITHO YTUJIN3UPOBAHEI
IyTeM uX IIpeBpaleHusa B copbrmoHHbie MmaTepuanas [10, 11].

HemanoBakubIM (paKTOPOM, IIPUHMMAaeMbIM BO BHUMAaHUE IIPU Pas-
paboTKe HOBBIX COPOIIMOHHBIX MAaTEPHUAJIOB, ABJISAETCS 30JbHOCTH HC-
XOOHOTO ChbIpbA. C 3TOI TOUKU 3peHUss KO(PeHHBIN OCTAaTOK YIOBJe-
TBOPSAET MPeAbABIAEMBbIM TPeOOBaHUAM. 30JbHOCTH KO(MEHHEBIX OTXO-
noB cocrasiusger 1,0-1,5%.

IIpuBiaexaTe bHBIM SABJISETCA TaK:Ke TO, UTO IIPU paboTe ¢ Koderi-
HBIM IIIJIAMOM MKCKJIIOUAIOTCA TPYIOEMKME TEeXHOJIOTHYecKHue omepa-
IIUX, TPASUIITMOHHO BBIMOJHSIEMbIe IIPU MOJYUYeHUN COPOIIMOHHBIX Ma-
TepuajJoB, — u3MeJbueHme U pacceB. Pasmep uacTuil KogeHrHoro
maama cocrtasasgerT 0,5—2,0 MM, 4TO SBJIAETCA ONTUMAJJBHBIM IJIS
paspaboTKu yriei.

IHesnbio paboThl OLIIO YCTAHOBJEHME ONTUMAJIBHOTO TEeMIIEPATYPHO-
ro pekKmMa IIOJYUYEHUs BBICOKOIIOPUCTBIX aiacOpPOEHTOB M3 OTXOIOB
IIPOM3BOJCTBA PACTBOPUMOro Kode, U3ydeHHe UX IIOPUCTOH CTPYKTY-
PEBI, OlleHKAa COPOI[MOHHLIX CBOMCTB U 3(h(EeKTUBHOCTU B IIPOIecce IIo-
TJIOIIEHUS MOHOB TSMKENBIX METaJLIOB.
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2. OKCIIEPUMEHTAJBHASA YACTD

B Tabaune 1 npuBenéH sJeMeHTHBIN aHAIN3 KO(eHHOro IjIaMa, B3sd-
toro us CII «Tamka» Ltd. (JIeBoBcKas 06i.). 3 TabIuIlbl BUAHO, YTO
Ko(eHO-IIIIaMOBLIHT OCTATOK WHMEeT OTHOCHUTEJILHO HEBLICOKOE CO-
Iep:KaHMe yriaepoja.

Biok-cxemMa IPUTOTOBJIEHUA aAcOPOEHTOB M3 KO(EeHHOro InIaMa
mpencTaBieHa Ha puc. 1. Haauume sKUPHBIX KHCJIOT, COMEPIKAIIUXCS
B Ko(eMHBIX 3€pHAaX, O0OYCJIOBIMBAET HEOOXOAMMOCTH IIPEIBAPUTEb-
HOI 00pabOTKM IIJIaMa PACTBOPUTENAMU. B JaHHBIX HCCJIEJOBAHUIX
IJIA BTOM IleJ W HCIOJb30Baju rekcaH. IIpoMBITBHII pacTBOpUTEIEM U
BBICYIIIEHHBIZI TPOAYKT KapOOHM30BaJlX B TOKE aproHa C MOCTEeIeH-
HBIM HOABEMOM TemiepaTypbl g0 650°C. IlomyueHHBINT KapOOHM3aT
aKTUBUPOBaJU BOAAHBIM IIapOM IIDH (I)I/IRCI/IpOBaHHBIX TeMIiepaTrypax

(750, 800, 850°C).

TABJINIIA 1. DieMeHTHBIH aHATU3 KodeiiHoro maama.!

dJleMeHTHBIN aHanus, %
c | H S |o+N
8,6 1,56 43,60 5,68 0,005 49,42

Biara, Bec.% | 3oabHOCTB, Bec.%

Kodeitabrit numam

ITpombIBRA
pacTBoOpHTENEM

Kapborausanus

h 4

AKTHBHpOBaHIe

Y

AKTHBUPOBAHHBIH
Yol

Puc. 1. Biok-cxema IMOJIyueHUs aKTUBUPOBAHHOTO YIVIs M3 KO(QEeNHOro muia-
2
Mma.
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Nudopmarinio o IMOPUCTOH CTPYKTYpe IOJYyUYAEeMbIX COPOITMOHHBIX
MATepPHUaJIOB IIOJYyYaJd I[IEePBOHAUYAIBLHO IIYyTEM H3MepPeHus ob0bEMa
COPOIIMOHHBIX TOpP IO 0EH30JIy, a 3aTeM IpPH IIOMOINU (U3UUECKOMH
azcopbru asora mpu temneparype (7 K, ncmoabsysa texauxy NOVA
2200 (Quantachrome, USA). Ilepen mpoBefeHreM u3MepeHuii obpas-
bl BBIEP:KUBAIM Iox BakyymoM 1-10* Topp mpm Temmeparype
180°C B Teuenme 4 U. YAeIbHYI0 HOBEPXHOCTH PACCUUTHIBAIU ITPU
momoru ypaBHenus BIT (Sggr). t-Plot-meronm wmcmoabsoBamu s
OlleHKU 00BhEMa mepexonHbix m Mukpomop (V,;), a TakiKe IIOBEpPXHO-
ctu Mukpotnop (S,,;). Pacupenenernne mop mo pasmepam (PSD) paccuu-
TeIBaJ IIpu momolinu BJH-meTona, MCIONB3yA M30TEPMY IeCOPOIUN.
CyMMapHBI# O0BEM IIOP OIleHWBaJU, Opeobpasysa MaKCHUMAaJbHBIN
00B6M IOTJIONEHHOTO IPH OTHOCHUTEILHOM fAaBieHuu p/p’= 0,99 azo-
Ta B 00BEM KHUAKOrO azora. OOBEM MEPEXONHBIX IIODP PACCUUTHIBAJIU
KaK PasHUIly MEKAy CYMMAapPHBLIM O0BEMOM IIOPp M O0BEMOM MUKPO-
Iop.

CopOIIMOHHYIO CIIOCOOHOCTh IO METUJIEHOBOMY TOJIyOOMY oOIpeze-
aanau 1o craugapraoit Mmetoguke mo 'OCT 4453-74 . 4.4. Benuuuny
azcopOIy PACCUUTHIBAIN 110 (hopMy.Ie:

A=(Cy-C)V/m, (1)

rome A — copOiusa MeTuJIeHoBoro roayb6oro (mr/r), C, — HauaabHas
KoHIeHTpanusa (mr/r), C, — paBHOBecHas KoHIeHTpanua MI' (mr/m),
V — o00Bwém pactBopa (1), m — macca agcopbenTa (T).

IIna mpoBemeHuss COPOITMOHHBIX MCCJEIOBAHUIN WCIIOJIb30BAJIU MO-
IeJbLHBIN PacTBOP, COAEP KAIUH MOHBI TIKEILIX MeTasnoB (TM), Ko-
TOPBIN TOTOBMJIM U3 KoMMepuecKux xjopumHbix cojeit Ni(II), Co(Il),
Mn(II). Ina axcopbiuuu moHoB TM u3 TPEXKOMIIOHEHTHOM CHCTEMBEI
KCIIOJB30BAIY PACTBOP, comepskariuit mo 50 MTI/jq KaKIoro u3 KOM-
IIOHEHTOB. AICOPOIMI0 HOHOB TSMKEJBIX METAJJIOB M3 MOAEJIbHBIX
PacTBOPOB IIPOBOAMJIN B CTAHZAPTHBIX YCJIOBHUSIX METOJOM B3ATHUS OT-
IeNbHBIX HaBECOK ¢ OAWHAKOBBEIM cooTHolmenmeM T:¢K =1:100 mpu
20°C. Copbmuio 13 MOAEJLHOTO pacTBOpa IIPOBOAUJIM B TeueHme 6 ua-
COB IIpM IIOCTOSIHHOM BCTPAXUBaHMUU. Ilocie yCTaHOBJIEHUS COPOIH-
OHHOTO PaBHOBECHUS CMeCh OTPUILTPOBBIBaIU. [[Jid ompeneseHus Co-
Jep:KaHmus MeTajJIOB B (PUIbTpPATE MCIIOJIb30BAJIHU CIEKTPO(GOTOMETD
UV-2450 (Shimadzu, Japan). Cratuctudueckas oIirOKa ONBITOB He
mpeBbImana 5% .

3. PESYJIBTATHI U UX OBCYXKIAEHUE

PasBuBaemas B mpoliecce KapOOHMU3AIMU YU MOCJEIVIOIel aKTUBAIUN
IIOPUCTOCTh, BBIPAYKEHHASI OO0BEMOM COPOIMOHHBIX IIOP II0 OGEH30JYy
(Vs), u BeIxOn mpoaykTa (Y) mpenacraBienbl B Tabu. 2. Kak BugHO, Ha
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TABJINIIA 2. PasBurtue 00BbéMa COPOIIMOHHBIX IOP MO OEH30JYy M BBIXOJ
IPOAYKTA B Ipoliecce KapbOHMBAINK U aKTHBUPOBaHUA Kodeitnoro mama.?

Craguu mpoiiecca T, °C ., CcM?/T | Y, %
Kap6ouusamnus 650 0,006 38,0
750 0,46 59,3

AxtuBupoBanue H,0 800 0,53 57,2
850 0,59 54,7

Hpumeuanue: BpeMsa aKTUBUPOBAaHUA — 1 uac.

V, em3/r

3501 o 3

(1]
50 ; ; . ‘ ‘.D/p
0,2 0,4 0.6 0,8 1,0

Puc. 2. U3orepmbl copbriuu—paecopbruu asora (77 K) aKTUBUPOBAHHBIM YT-
JéM m3 KodeiiHoro maama (BpeMs aKTHBUPOBaHUA — 1 uyac, TemMmeparypa
akTuBupoBanusa: I — 750°C, 2 — 800°C, 3 — 850°C).*

cTaguy KapOoHHM3allMy YyrjepomgHas MAaTPHUIlA IPaKTHUYeCKH He o6Jia-
maeT ImopucToCThbio. IIpollecc aKTHBUPOBAHUSA COIIPOBOKIAETCS 3HA-
YUTEJIbHBIM POCTOM 00bEMa COPOIIMOHHLIX IIOP, B Pes3yJbTaTe KOTOPO-
0 yZaeTcAd YBEJIWYUTHb O00BEM COPOIIMOHHBIX IIOP 0 BenmdyuH Vg, pas-
meIx 0,46-0,59 cm®/r.

W3 msorepm copbrmm—aecopbrum asora (puc. 2) BUAHO, YTO yTIJie-
pomHBIIT azcopOeHT M3 KOo(eHHOro ImjIaMa SBJIAETCS COPOIMMOHHBLIM
MaTepuajOoM C JTOCTATOUYHO PAa3BUTOH IIOPUCTON CTPYKTYPOIl, MMEIO-
M BBICOKME IIOKasaTeln yAeJdbHOU moBepxHocTu mo BAT, moctu-
rarommieii 835 m?/r, u cymmapHOro o6béma mop go 0,63 cm®/r, pasBu-
TBEIMHU CYIIEPMUKPO- U Me3omopamu (Tabis. 3). IlosyuyeHHBbIEe M30TEPMEI
MOTYT OBITH OTHecCeHBI KO Il Tuiry m3oTepM B COOTBETCTBUU C KJACCHU-
duranueit UIPAC [15]. XapaKkTepHOil 0COOEHHOCTBIO 3TOTO THUIIA M30-
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TABJINIIA 3. XapakTepucTUKa IIOPUCTON CTPYKTYPHI aKTUBUPOBAHHBIX YT-
JIeii Ha OCHOBe KO(eiHOTOo IIIama.’

T, °C | Sgars M%/T | Speses M*/T| Sps M/1 | Vs v®/r | V,, ed/r [V,0/ Ve %

750 680 234,3 445,3 0,30 0,51 58,8
800 768 269,5 498,6 0,27 0,58 46,6
850 835 309,4 525,6 0,25 0.63 39,7

dV(logr)

2,01

1,51

1,0

0,51

1000

Paguye, A

Puc. 3. Pacupeznesenne mop mo pasmMepaMm AJs aKTUBUPOBAHHOTO YIJIA U3
Ko(eiliHoro mnraMa (BpemMsa aKTUBUpPOBaHUA — 1 uvac, TeMilepaTypa akTUBHU-
posamma: 1 — 750°C, 2 — 800°C, 3 — 850°C).°

TEepM SBJIAETCA HAJNUYMe METJH THUCTepes3ruca B MHTepBajie 3HAUeHU
OoTHOCHTeJbHOro Aasienus p/p’=0,45-0,95. Kak Bugum, XoJ KpH-
BBIX CYIIIECTBEHHO 3aBHCUT OT TEMIIEPATYPhI aKTUBAIlUU. ¥ BeJIMUYCHNE
TEeMIIEPATYPLI CIIOCOOCTBYeT YCHJIEHHIO O0pasoBaHMSA HOBBIX IIOD,
IIPUBOASA K yBeJIWUYeHHIO moBepxHocTu o BIT m o0BpéMa MUKpPO- U
Me30II0p IIPU yBeJimueHuu Temnepatypsl oT 750 go 850°C.

HMHTEepecHO OTMETHUTh, YTO YroJl HAKJIOHA KPHUBBIX B MHTEPBAJE OT-
HOCUTeJbHOTo gaBieHus p/p°’=0,4-0,9 Taxxe BospacraeT. JTO IO-
3BOJISIET CHEJATHh BBHIBOJ OO0 YBEJIUYEHUN ME30II0OPHCTOCTHU MOJIYUYAEMO-
ro aKkTUBUPOBAaHHOTO yrisa. Kak ciaemyer u3 xapaKTepUCTHUK HOPUCTOI
CTPYKTYpPBI, IIOJYYEHHBIX W3 H30TEPM COPOIHH—IecopOruu asora
(puc. 2) u pacupeneiaenusa o6bEMOB HOp II0 pasmepam (puc. 3), OHHU
COM3MEPHMBI C IIOKa3aTeJaAM! IIPOMBINLIEHHBIX yriaein Tuma KAY,
CKH [3]. 9To cBUAETEJIBCTBYET O KOHKYPEHTOCIIOCOOHOCTH IIOJIyUYEH-
HOT'O COPOIIMOHHOI'0 MATEePHAJa C JYUIINMU IPOMBIILICHHBIMI 00pas-
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IaMu.

Anmanus3 COpOIMOHHBIX CBOMCTB C MCIIOJL30BAHMEM BeIeCTB-
MapKepoB MOKAa3aJl AOCTATOUYHO BBLICOKYIO AKTHBHOCTH II0 METUJIEHO-
Bomy roayoomy (MI'). Benrmuuna copbriuu MI' Bospactaer ¢ yBeanue-
HUeM TeMIIepaTyphbl aKTuBupoBaHuA. CopOmmonHas coocodHocTs AY,
MOJMYyUYeHHBIX B O00JIACTH OITHMAJBHBIX PEKUMOB aKTHUBUPOBAHUSI
(850°C), mo meTusIeHOBOMY roJtyoomy cocraBiser 225 mr/r. Cop0Oiiu-
OHHAA aKTUBHOCTL IO HMoxy mocruraer 65% .

Heorpemiiemoii yacThi0 MCCJIEIOBAHUM, HAIIPaBJIEHHBIX Ha OIEHKY
COPOIIMOHHBIX CBOMCTB, SABJSAETCSA IIPOBEIEHUE TeCT-UCILITAHUNA IIO
OIpeeJIeHNI0 IOTJIOTUTEeIbHOI CIIOCOOHOCTH aacOpOeHTOB II0 OTHO-
NIEHUI0 K MOHAM THAMKENBIX MeTaJssioB. V3BECTHO, UTO TAMKEJbIE Me-
TaJJIbl, KOTOPbIe B OOJBIMUX O0BEMAX MCIIOJL3YIOTCSA B IPOW3BOJCT-
BEHHOM OeATEeJbHOCTH MeTaJLTyPrudYecKUX, TFOPHOPYIHBIX IIPEeIIIpH-
aruii, TOLl, mpemcTaBaAOT OOJBIIYIO YIpo3y OKpYy:KaloIleil cpene,
HAKaIJIUBasCh B CTOYHBIX BOJaX, a 3aTeM U B I'PyHTaX.

Takum o00pasoM, H3yUeHME CEJIEeKTHBHOCTH pa3padaTbIBaeMbIX
COPOIIMOHHBIX MAaTEpPUAJIOB MO OTHOIIEHWIO K MOHAM TSKEJIBbIX MeTaJl-
JIOB TaéT BO3MOYKHOCTDL OIEHHUTH 3((EKTUBHOCTL IIPUMEHEHUS MOJy-
YaeMbIX aJCcOpPOEHTOB B COPOIIMOHHLIX TEeXHOJIOTHUSAX. B KauecTBe uc-
TOYHUKA MOHOB TSKEJIBIX METAJIJIOB HCIIOJb30BaJXd HPUTOTOBJIEHHBIH
pactBOp, comepskariuii ommoBpemenHo umoHbI Ni, Co, Mn, umutu-
PYIOIIIUI IO COCTABY IIPOMBIIIJIEHHELIE CTOKU. IloyueHHbIe M30TePMEI
copOImu mpeacTaBieHbl Ha puc. 4. M3 pucyHka BUIHO, UTO MAaKCU-
MaJILHYI0O COPOIIMOHHYIO CIOCOOHOCTHL YIOJb IIPOSBJIAET IIO OTHOIIIe-

A, mr/T

Mn

0 T T T " T 1
5 10 15 20 25 30

C,, mr/a

Puc. 4. Cop6buiua mouoB Ni, Co, Mn M3 MOAeJBLHOrO PacTBOPa, UMUTUPYIO-
IT[ETO IPOMBIILIEHHEIE CTOKH."
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TABJINIIA 4. Ilapamerpsl m30TepM JIeHrMiOpa, pacCUYMTaHHBIE IJA HOHOB
MeTaunos.®

KonucrauTer usorepm Jlenrmiopa

HNonbr meraiios

@y, MT'/T | K R?
Ni 9,3 0,2523 0,972
Co 8,4 0,1675 0,987
Mn 6,1 0,1517 0,969

Huio K moHam Ni. Ilpu sToM MaKcuMaJbHAS BeJIMUYNHA COPOIMU CO-
craBiaser 8,9 mr/r. B meHbIeil cremenu copbupyrorcss noHbsl Mn (6
mr/r).

IlonyuenHnble M30TepPMBI aACOPOIMHM ObLIM PACCUMTAHLI II0 yYpaBHE-
"Huio Jleurmiopa:

KCpaBH
a=aq ———o , (2)
1+ KCpaBH

rae C,,,, — PaBHOBeCHas KOHIEHTPalWA, MI'/J; 4, — BeJIMYHHA MaK-
cuMaJbHOI amcopbmuu, Mr/T; K — KoHcTamTa.

B rabauiie 4 mpeAcTaBJeHbLI BeJIWUYMHLI IpPeAeJbHOH amcoporum,
KOHCTAHT ypaBHeHU: JIleHrMoOpa 1 K0o3(PUIIMEHTOB KOPPEJIAINH.

KoshdpuiimeaTsl KOPPEeIANUN JOCTATOYHO BLICOKHU IJIA BCeX MCCJe-
OYEeMBLIX HMOHOB, UTO CBHJETEJILCTBYET O COOTBETCTBUM Mozenu JleH-
rMIOpa SKCIEPUMEHTAJbHLIM JaHHBIM. Kak BMUIHO, BeJIWYMHBI MakK-
CUMAaJIbHOII afcopOIini, PacCUNTAHHLIE C IIOMOIILIO 3TOTO YPaBHEHUS,
TaKKe XOPOIII0 COTJIACYIOTCA C 9KCIEPUMEHTAJIbHBIMU TaHHBIMU.

4. BBIBOAbI

Taxkum 06pa3oM, B peayabTaTe MCCJIEJOBAHUIN MO0 M3YUEHUIO ITOPUCTOM
CTPYKTYPhI YCTAHOBJIEHO, UTO MOJYUYEHHBIN amcopGeHT u3 KodeiHOoro
IIaMa XapaKTepusyeTcs HaauyueM MHUKPO- M Me30Iop ¢ d(pdeKTus-
HBIM paguycoM 2 HM. BeanunHa yOeIbHO! IIOBEPXHOCTU IJOCTUIAET
835 m?/r.

CopbronHasa cmocodHoCcTh AY, MOTYyYeHHBIX B 00JIaCTH OIITH-
MaJbHBIX PEKUMOB akTuBupoBaHu:A (850°C), mo MeTHUIEHOBOMY TOJIY-
oomy cocraBiaser 225 mr/r. CopOrnuoHHAs aAKTHUBHOCTB II0 HOAy mdOC-
Turaet 65%.

ITonyuenHble COPOIMOHHBIE MATEPUAJBI MPOABISIOT COPOIMOHHYIO
aKTUBHOCTH 110 OTHOIIIEHUIO K MOHAM TSKEJBIX MeTaJIoB. Biaromaps
BBICOKMM 3HAUYEHUAM IIapaMETPOB IIOPHCTOM CTPYKTYPBI aaCOPOEHTHI
MOT'yT OBITH IIIHPOKO MCIIOJBb30BAHBI B IIPOIIECCAX BOIOIIOATOTOBKMH.
9hPHeKTUBHOCTh WCIIOJB30BAHUSA TaKUX alcoOpPOeHTOB 00yCJIOBJIeHA
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O0OJBINIMM KOJHUYECTBOM MHUKPO- M ME30II0OpP, KOTOPHIE CIIOCOOCTBYIOT
mupdysun 3arpasHUTEEH.
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2 Fig. 1. A block diagram of fabrication of activated carbon from coffee sludge.

3 TABLE 2. The development of sorption pores’ volume on benzene, and the product yield in
the process of carbonization and activation of coffee sludge.

4 Fig. 2. Isotherms (77 K) of nitrogen sorption—desorption by active carbon from coffee
sludge (activation time is of 1 hour; activation temperature: 1—750°C, 2—800°C, 3—850°C).
> TABLE 3. Characteristics of the porous structure of activated carbons based on coffee
sludge.

5 Fig. 3. Pore-size distribution for activated carbon from coffee sludge (activation time is of 1
hour; activation temperature: 1—750°C, 2—800°C, 3—850°C).

" Fig. 4. Sorption of the Ni, Co, Mn ions from a model solution simulating industrial efflu-
ents.

8 TABLE 4. Langmuir isotherm parameters calculated for metal ions.
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Effective Atomic Charges on Carbon Atoms in C—H Bonds
are Reliable Predictors of Reactivity of Alcohols in Hydrogen-
Abstraction Reactions

Viktoriia Yu. Tsuber, Yuliya B. Nikoziat, Larysa M. Kopantseva,
Lyubov K. Ishcheykina, and Olena D. Ivashchenko

Ukrainian Medical Stomatological Academy,
23, Shevchenko Str.,
UA-36011 Poltava, Ukraine

Effective atomic charges on H-bearing carbon atoms are suggested as ro-
bust predictors of hydrogen-abstraction reactivity of alcohols. Mulliken
partial charges and HOMO energy values are calculated at the RHF 6-
31G(d,p) level for 17 monofunctional alcohols and for 13 difunctional al-
cohols, for which kinetic data are known. As found, the Mulliken charges
on carbon atoms are strongly associated with the liability of the C—H bond
to undergo hydrogen abstraction. An index of carbon positivity, C, = 107,
where x is the effective partial charge on the carbon atom, is proposed for
convenient evaluation of the effect of the partial charge of the carbon
atom on its reactivity in the hydrogen-abstraction reaction. The sum of all
positivity indices, Cp,,,, is strongly associated with the hydrogen-
abstraction rate constant of the alcohol and reflects a combined effect of
the reactivity of the dominant hydrogen-abstraction channel and the num-
ber of H-bearing carbon atoms in the molecule. Thus, C;,,, is a crucial
predictor of reactivity of alcohols in the hydrogen-abstraction reaction.

EdexTuBHi aToMoBi 3apsaau Ha 3B’as3anux 3 [igporenmom aromax KapOomy
3aIIPONIOHOBAHO AK HAAiNHI IpeAWKTOPUW peaKIifiHOl 37aTHOCTU CHUPTIB y
peakmiax abcrpakimii I'igporeny. MarikeHOBI YacTKOBi 3apAam Ta 3HAYEH-
Hsa eneprii HOMO o6uucneno #Ha piBai RHF 6-31G(d,p) nnsa 17 moHODYHK-
IMioHAJBHUX CHOUPTIB i aAna 13 AuYHKIIOHAIBHUX CIUPTIB, AJA AKUX Bi-
momi KimetmuHi maHi. Busasieno, mo MajaikeHoBi sapagu Ha atromax Kap-
0oHy cuibHO mOB’sA3aHi 31 cxuabHicTio 3B A3Ky C—H mo abcrpaxmii Iigpore-
Hy. JJIA 3pyYHOTO OI[iHIOBAaHHA BIJIMBY YaCTKOBOTO 3apAny aroma Kap6Gomy
Ha HOTo peakKIiliHy 3maTHicTh y peakIilii abctpakiii I'izporeny sampomoHO-
BaHO iHZeKc mosuTuBHOCTH aToMiB Kap6omy C,=10%, me x — edeKTuBHUII
yacTKOBUM 3apsan Ha aromi Kap6omy. Cyma Bcix iHJEKCiB ITO3UTHBHOCTH
Cp totar CYTTEBO aCOIiIOETHCSA 3 KOHCTAHTOIO IIIBUAKOCTHM pPeakKIlifi abcTparirii
Tigporeny ajssa cuupTiB i BimoOpaskae KOMOiHOBaHMI BIIJIMB peakKIliiiHOI 37a-
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THOCTH JOMiHYBaJbHOTO KaHamxy abctpakmii Iigporeny Ta KimbKocTu
3B’A3aHuX 3 aromamu ligporemy aromiB Kapbomy B mosexymi. Takum um-
HOM, 3HaueHHA Cp,,, € BAKJIUBUM IPEJIUKTOPOM peaKIifiHOI 3JaTHOCTU
cnoupriB y peakiii abcrpaxkiii I'izporeny.

9ddexTrBHBIE aTOMHBIE 3apAAbl HA CBASAHHBIX C aTOMaMU BOAOPOIa aTo-
Max yrJjepoja MIpeAJoKeHbl B KauecTBe HANEKHBIX IIPEeIUKTOPOB peaKIiu-
OHHOM CIIOCOOHOCTM CHUPTOB B peaKIuAX abCTpakiuum Bogopona. Hactmu-
Hble 3apAabl MannukeHa un 3HaueHus sHepruun HOMO Obliu paccumTaHBI Ha
ypoBHe RHF 6-31G(d,p) nna 17 MoHOGYHKIIMOHAJBHBIX COUPTOB M Iyd 13
OM(MYHKIIMOHATIBHBIX CIUPTOB, AJA KOTOPBLIX M3BECTHHI KMHETHYECKUEe IaH-
Hble. OOHapy:KeHO, UTO 3apAabl MaJinKeHa Ha aToMax yrJjepoja TecHO
CBsIBAaHBI CO CKJIOHHOCTHIO cBaA3u C—H K abcrpaknum Bomopoza. MHaekc mo-
sutuBHOCTU yriuepoma Cp,= 10, rme x — 3GGEeKTUBHBIA YaCTUUYHBINA 3apsang
Ha aToMe yrjiepoja, IPeAJOKeH I yAOOHOM OIEeHKW BIUAHUA YaCTUIHOTO
3apsiza aToMa yrJjepojia Ha ero PeakIlMOHHYI0 CIOCOOHOCTh B peakiuu abeT-
paknuu Bogopozma. Cymma Bcex mMHAeKCcOB mosuTuBHOCTU Cp,,, TECHO CBd-
3aHa C KOHCTAHTOM CKOPOCTH peaKIuy abCTPaKIUM BONOPOAA AJS CIUPTOB
M OTpa’sKaeT COBOKYIHBLIN 3((eKT peaKIMOHHON CIIOCOOHOCTH AOMHHUPYIO-
mero KaHaja aOCTpaKIIMM BOAOPOJAa M UYMCJIA CBABAHHBIX C aTOMaMM BOZO-
pozxa aTomMoB yriepoaa B mosekyJse. Takum obpasom, Cp,,, ABIAETCA BaK-
HBIM TIPEIUKTOPOM DPEaKIIMOHHOM CIOCOOHOCTM CIMPTOB B peaKIuu abCT-
paKIum BOAOPOIA.

Key words: hydrogen abstraction, hydroxyl radical, Mulliken charges, re-
activity of alcohols.

KarouoBi caoBa: aberpaxiiis Iigporeny, rigpoxkcuabHuili pagukai, Masri-
KeHOBi 3apaAnm, peakIlifiHa 34aTHICTH CIIUPTIB.

KaroueBbie cioBa: abCTpakiiusa BOLOPOLA, THAPOKCUIBHBIN paguKaj, 3apd-
a6l ManauKeHa, peakIMOHHASA CIIOCOOHOCTH CIIMPTOB.
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1. INTRODUCTION

The hydroxyl radical is one of the strongest biochemical oxidizing
agents. Thus, understanding reactivity of the hydroxyl radical can
help illuminate mechanisms of oxidative damage to biomolecules.
The two types of reactions of the hydroxyl radical with organic
molecules are addition and hydrogen abstraction. In the addition
reactions, the strong electrophilic properties of the hydroxyl radical
promote its binding to the sites of increased electron density in un-
saturated or aromatic compounds, resulting in a free radical prod-
uct. In the hydrogen-abstraction reactions, a free radical and the
water molecule are produced. The rules governing the reactivity of
the hydroxyl radical in hydrogen abstraction are less obvious com-
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pared to those for the addition reactions. However, it can be as-
sumed that information of reactivity in the hydrogen-abstraction
reaction can be obtained from the electronic structure of the or-
ganic molecules that are oxidized by the hydroxyl radical.

In the hydrogen-abstraction reaction, a proton and an electron
are abstracted in homolytic bond fission to combine with the hy-
droxyl radical into the water molecule. The bond polarity undoubt-
edly effects the process. In a polar bond, the electron pair is closer
to the more electronegative atom thus making the electron less
likely to follow the proton. Therefore, it can be assumed that the
reaction is favoured from a non-polar bond rather than from a polar
one. While the actual mechanism of hydrogen abstraction can be
much more complicated and involve formation of hydrogen bonds
between the hydroxyl radical and the organic compound in pre-
reactive states [1], the simple mechanistic idea of the impact of
bond polarity on its hydrogen-abstraction reactivity might be help-
ful for assessment of propensity of atoms in the molecule to be
preferential targets in the reaction. Polarity of a chemical bond can
be seen as distribution of electron density over the participating at-
oms and expressed as partial atomic charges. Important molecular
properties such as dipole moments, polarizability, and, therefore,
molecular reactivity depend on effective atomic charges [2].

For the present study, we chose alcohols as the model molecules
for the hydrogen-abstraction reactions. We explored an association
of known data for reactivity of alcohols in the hydrogen abstraction
reaction with partial atomic charges and HOMO energy values cal-
culated from the electronic structures of the molecules.

The aim of the study is to develop a convenient method to evalu-
ate hydrogen-abstraction reactivity of alcohols based on effective
atomic charges in the molecule.

2. EXPERIMENTAL METHODS

The ab initio calculations were performed with the quantum chemi-
cal program GAMESS [3, 4]. The starting geometries were obtained
with a conformer search algorithm in the Avogadro 2.0.7.2 program
[6]. The conformers of the lowest total energy were used for geome-
try optimization with a molecular mechanics method in the
Avogadro. The obtained geometries were then ab initio optimized at
the RHF 6-31G(d,p) level. The vibrational frequencies were not cal-
culated; therefore, the resulting structures are local minima. The
computations were carried out in the gas phase. Figures were gen-
erated in McMolPlt [6]. Data on rate constants of alcohol reactivity
in the gas phase were taken from the review by Grosjean [8]. We
calculated electronic structures at optimized geometry for 17 mono-
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functional alcohols and for 13 difunctional alcohols including diols,
hydroxyethers and hydroxycarbonyls of total thirty-three alcohols
for which kinetic data are listed in the review by Grosjean [8]. We
did not calculate the electronic structure of allyl alcohol that is an
unsaturated alcohol, as its reaction with the hydroxyl radical is ad-
dition. Calculation results on 2-butanol are not included because
data on its experimental rate constant are missing in the review.
We also excluded CD;OH. Statistical analysis was performed with
the R software package. Statistical significance was set at p = 0.05.

3. RESULTS AND DISCUSSION

Partial atomic charges are essential for predicting various aspects
of molecular reactivity. For the present study, we employed the
Mulliken population analysis with the self-consistent field theory at
the Hartree—Fock level using 6-31G(d,p) Pople basis set. The basis
set is commonly used by many researchers to obtain reliable molecu-
lar geometry and energy in small and medium-size molecules. The
combination of the procedure for charge density partitioning, choice
of the Hamiltonian, and the choice of the basis set showed an
agreement of being 2% close to the measured dipole moment of wa-
ter and the respective charge on the oxygen atom [7].

Reactivity of Alcohols in Hydrogen-Abstraction Reactions. Alco-
hols preferentially undergo hydrogen abstraction from a C—H bond
and to a very small extent from the O—H bond [8]. The hydrogen
atom is more easily abstracted from tertiary C—H bonds than from
secondary C—H bonds, and it is more easily abstracted from secon-
dary C-H bonds than from primary C—H bonds. Therefore, t-
butanol that only contains primary bonds reacts with hydroxyl radi-
cal more slowly than butan-1-ol. We wanted to see whether the re-
activity properties could be related to the calculated molecular
characteristics of the tested alcohols.

HOMO Localization and Energy Values. We analyzed energies and
configurations of the highest occupied molecular orbitals (HOMO)
in the alcohol molecules. The HOMO is the site in the molecule
where the utmost frontier electron density is concentrated and is,
therefore, the site of greatest nucleophilicity. Characteristics of the
HOMO in the molecule are associated with its propensity to undergo
preferential hydrogen abstraction by the strongly electrophilic hy-
droxyl radical. We found that the localization of the HOMO in the
monohydric alcohols is similar for all alcohols under the study up to
heptan-1-ol. The HOMO is centred on the oxygen atom in the hy-
droxyl group and incorporates the hydrogen atoms with highest
electron density at the carbon atom bonded to the —OH group both
in primary alcohols (Fig. 1) and in secondary alcohols (Fig. 2).
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In ¢-butanol and other tertiary alcohols, the HOMO is associated
with the oxygen atom of the hydroxyl group and the C—C bonds of
the most positively charged carbon atom (Fig. 3). In this case, all
the C—H bonds in the molecule are primary, and the HOMO does not
involve the hydrogen atom with the highest electron density.

In octan-1-ol, the HOMO is spread along the carbon skeleton of
the molecule and does not incorporate the —OH group (Fig. 4).

0.106

Fig. 1. Mulliken charges and local- Fig. 2. Mulliken charges and localiza-
ization of the HOMO in primary al- tion of the HOMO in secondary alco-
cohols. Ethanol. hols. Propan-2-ol.

0.112

0.110

<0

Q70 3201 > - ) ' 0.105
Q@

Fig. 3. Mulliken charges and local- Fig. 4. Mulliken charges and localiza-
ization of the HOMO in tertiary al- tion of the HOMO in octan-1-ol.
cohols. ¢-butanol.
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The HOMO in diols is positioned on the both —OH groups and
both sets of hydrogen atoms with the highest electron density at the
most positively charged carbon atoms as is in ethane-1,2-diol (Fig.
5) and in 2-hydroxyethylether (Fig. 6).

In the other hydroxyethers, the HOMO is centred on the ether
oxygen atom and does not involve the —OH group, as is in 2-
ethoxyethanol (Fig. 7), and the charge of the oxygen atom in the —
OH group can be more negative than that of the ether oxygen.

In hydroxyacetaldehyde, the HOMO is associated with both the
carbonyl and hydroxyl oxygen atoms and incorporates the hydrogen
with the highest electron density bonded to the carbonyl carbon
atom (Fig. 8) that has a high positive charge. However, it does not

0.110

0.100

Fig. 5. Mulliken charges and lo- Fig. 6. Mulliken charges and localiza-
calization of the HOMO in ethane- tion of the HOMO in 2-
1,2-diol. hydroxyethylether.

<
O 0.105

0.340 0.164 0.141

Fig. 7. Mulliken charges and lo- Fig. 8. Mulliken charges and localiza-
calization of the HOMO in 2- tion of the HOMO in hydroxyacetalde-
ethoxyethanol. hyde.
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involve the hydrogen atoms in the secondary C—H bonds.

Similarly, such hydrogen atoms in the secondary C—H bonds are
not associated with the HOMO in hydroxyacetone.

However, the alcohols, which contain atoms other than carbon,
hydrogen and oxygen, have different patterns of the HOMO local-
ization. In 2-chloroethanol, the HOMO is centred on the chlorine
atom that is much more positive than the oxygen atom of the —-OH
group. The hydrogen atoms involved in the HOMO have much lower
electron density compared to the hydrogens in the CH, group, and
the carbon atom associated with the HOMO has a smaller positive
charge than that of the CH, group. However, hydrogen abstraction
in halogenated ethanols occurs predominantly from the CH, group
[9] that might be explained by the hydrogen bonding of the chlorine
and hydrogens at the terminal carbon or by the higher electron den-
sity of the hydrogen atoms and more positive charge of the carbon
atom in the CH, group. Similarly, in 2-(dimethylamino)ethanol, the
HOMO is centred on the nitrogen atom that harbours less electron
density than the oxygen atom in the hydroxyl group (Fig. 9).

Thus, we found that while, surprisingly, the HOMO is not always
centred on the most negatively charged oxygen atom, it is always
associated with the most positive carbon in the molecules of the al-
cohols, which only consist of carbon, hydrogen and oxygen atoms.
When the most positive carbon is bonded to hydrogen atoms, they
have higher electron density than the other hydrogens in the mole-
cule and are involved in the HOMO.

We did not find any association between the HOMO energy values
of the alcohols under the study and their hydrogen abstraction rate

Fig. 9. Mulliken charges and localization of the HOMO in 2-
(dimethylamino)ethanol.
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constants. The absence of the association can be explained by the
multifocal character of hydrogen abstraction as opposed to a spe-
cific localization of the HOMO in the alcohol molecule. Indeed, the
HOMO energy values seem to depend more on the positions of the
functional group than on the number of carbon atoms in the mole-
cule. Thus, the six straight-chain monohydric primary alcohols
from ethanol to heptan-1-ol under the study have very similar
HOMO energy values: —0.434 and -0.433 Hartree, while the three
straight-chain monohydric secondary alcohols from propan-2-ol to
hexan-2-ol have HOMO energy values of —0.429 and -0.428 (Table).

We found a strong association of the HOMO energy value and the
charge of the most positive C atom associated with the HOMO, with
the Pearson correlation coefficient r=0.743 (p <0.001). Interest-
ingly, the association was stronger than that for the charge of the
oxygen atom, upon which the HOMO is centred, where the Pearson
correlation coefficient is 0.494 (p=0.007). Therefore, the results
imply that, in the molecules of alcohols, which only consist of car-
bon, hydrogen and oxygen, the most positively charged carbon atom
has a prominent role in the localization and energy of the HOMO.
Partial Atomic Charges and Reactivity. The poor reactivity of the
O-H bond in the hydrogen-abstraction reaction may be related to
the polarity of the O-H bond. Along with being stronger and
shorter than the C—H bond, the O—H bond is much more polar com-
pared to it; the charge on the oxygen atom is markedly negative
and ranges from -0.634 in methanol to -0.669 in 4-hydroxy-4-
methylpentan-2-one, with most frequently found charges between
—0.649 and -0.652 (Table). The charges on hydrogen atoms in the
O-H bond are highly positive and range from 0.329 in ¢-butanol to
0.363 in 4-hydroxy-4-methylpentan-2-one (Table). The negativity of
the effective partial charge on the oxygen atom indicates that the
electron density is concentrated close to it, and the electron cannot
follow the proton in hydrogen abstraction easily.

For easier hydrogen atom transfer from a C—H bond, the electron
pair should be closer to the hydrogen atom, thus increasing its elec-
tron density. The carbon atom in the bond consequently should have
an increased positive charge. Therefore, among the carbon atoms in
C—H bonds in the alcohol molecules, we may regard the most posi-
tively charged carbon as the principal target for hydrogen abstrac-
tion, as indeed we see from the HOMO localization.

We found a remarkably strong relationship between the calcu-
lated Mulliken charge of the carbon atom in a C—H bond and its re-
activity. For ethanol, the Mulliken charge of 0.106 on C1 in a sec-
ondary C—H bond is much more positive than that on C2 in a pri-
mary C—H bond (Table), and it is the preferential place for hydro-
gen abstraction with 80 + 15% yield of acetaldehyde [10].
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In secondary alcohols, the increased positive charge on the carbon
atom in the tertiary C—H bond makes the hydrogen atom easier to
be abstracted. In propan-2-ol, the Mulliken charge on C, is 0.198
(tertiary C—H bond), and it is the favoured place for hydrogen ab-
straction, forming acetone as the major product of the reaction
[11]. Consistently, t-butanol that is a tertiary alcohol containing all
primary C—H bonds with markedly negative charges on the carbon
atoms (Table) has a rate constant of 1.07, comparable to the rate
constant of methanol and much smaller than that of butan-1-ol. For
hydroxyacetaldehyde, hydrogen abstraction proceeds mostly from
the carbonyl carbon [12], being responsible for 78% of its hydrogen
abstraction reactivity [13]. The charge on the carbonyl carbon is a
strongly positive 0.334. Both hydroxyacetaldehyde and ethanol con-
tain two carbon atoms but the hydrogen-abstraction rate constant
for hydroxyacetaldehyde is three times higher than that for ethanol
(Table) that is consistent with the significantly different charges on
respective C1 atoms. Similarly, ethane-1,2-diol contains two carbon
atoms, which are bonded to the hydroxyl groups and have markedly
positive charges of 0.100. The hydrogen abstraction is thus strongly
favoured at the both carbon atoms in ethane-1,2-diol, and the rate
constant of the reaction is about two times higher than that of the
ethanol (Table).

The charges on the carbon atoms in C—H bonds demonstrate great
variability, ranging from a very negative —0.415 in a primary C-H
bond of 4-hydroxy-4-methylpentan-2-one to a strongly positive
0.213 in the tertiary C—H bond in pentan-2-ol (Table).

For convenient evaluation of the effect of the partial charge of
the carbon atom on its reactivity in the hydrogen-abstraction reac-
tion, we introduce an index of carbon positivity, C,=10%, where x
is the effective partial charge on the carbon atom. Thus, for etha-
nol, we obtain carbon positivity indices of 1.28 and 0.46 for the
carbon atoms in the secondary and primary C-H bonds, respec-
tively. The C, for the most reactive C, in propan-2-ol is 1.58, while
the less reactive terminal carbons have C, of 0.45 and 0.47.

With an increase of the number of carbon atoms where hydrogen
abstraction is possible, the OH-reaction rate constants increase for
the homologous series from methanol to octan-1-ol [14, 15]. For the
multifocal hydrogen abstraction, the reactivity of the molecule de-
pends not only on the charge of the most positively charged atom,
but on the charges of all other carbon atoms in C—H bonds as well.
For the alcohols in the study, we calculated C;,,, values, which are
the sums of C, of all carbon atoms in the molecule (Table). While
for compounds with same number of carbon atoms the C;,,,,, reflects
the different positivity of carbon atoms, as is in butan-1-ol and t-
butanol or in ethanol and hydroxyacetaldehyde, with an increase of
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the carbon chain length, the C;,,, indicates the combined effect of
the positive charge of the carbon atom favoured in hydrogen ab-
straction and the increased number of atoms where the abstraction
can occur. Excluding the results for 2-chloroethanol and 2-
(dimethylamino)ethanol, which contain atoms other than carbon,
hydrogen and oxygen, we found a highly significant correlation of
the Cp ., and rate constants, with the Spearman’s correlation coef-
ficient of 0.939 (p <0.01). Figure 10 shows the strong association of
the Cp,,:,; and the rate constants for the tested alcohols.

The relationship is exceptionally good for the monohydric alco-
hols, diols, hydroxyacetaldehyde and hydroxyketones tested under
the study. Thus, the sum of all carbon positivity indices in the al-
cohol molecule that consists of carbon, hydrogen and oxygen exhib-
its a powerful association with its reactivity in hydrogen-
abstraction reactions.

It may be assumed that the most positively charged carbon atom
is bound to the hydrogen atom with the highest electron density,
and the charges of hydrogen atoms differ for primary, secondary or
tertiary bonds. Within the molecule, the hydrogen atom with the
smallest positive charge is indeed bound to the most positive car-
bon. However, across the tested molecules, the charges of hydrogens
in primary, secondary and tertiary C—H bonds show a significant
overlap. The charges on the hydrogen atoms in secondary C-H
bonds range from 0.086 in propan-1-ol to 0.164 in hydroxyacetalde-
hyde. Primary C—H bonds are least reactive in hydrogen abstraction
within the molecule, the charge range is, however, not very differ-
ent from that for the secondary bonds and spans from 0.093 in
methanol to 0.149 in hydroxyacetone. The charges on hydrogen at-
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Fig. 10. Association of the sums of all carbon positivity indices C; ..
(gray dots) and the rate constants (black dots) for the tested alcohols.
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oms in tertiary C—H bonds, which are most reactive in hydrogen
abstraction, range from 0.088 to 0.122. Thus, the charges of the
hydrogen atoms in the C—H bonds are less variable than those of
the carbon atoms are, and do not show significant differences be-
tween the types of bonds. We averaged the charges on the hydrogen
atoms bonded to the same carbon atom. For instance, the charges on
the hydrogen atoms of 0.127, 0.106 and 0.127 bonded to the termi-
nal carbon atom in ethanol (Fig. 1) have the average value of 0.120.
Then, we transformed the averaged charge as the index of hydrogen
negativity, Hy=1/x, where x is the averaged charge of all hydro-
gens bonded to the same carbon atom. In this way, the smallest
positive charge on the hydrogen atom in the molecule reflects the
greatest propensity of the atom to be abstracted by the hydroxyl
radical. We calculated the sums of the obtained values Hy ,,, for all
carbon-bonded hydrogen atoms in the alcohol molecules (Table). The
resulting indices show a strong relationship with the rate constants,
with the Spearman’s correlation coefficient of 0.693 (p < 0.01). The
relationship is nonetheless weaker than that for the C,,,, indices
for the carbon atoms in the molecules.

Linear Regression. We found that the C;,,, indices and the Hy ,,.
indices had a highly significant linear relationship with the rate
constants of the alcohols under the study. The coefficient of deter-
mination 2= 0.873; the correlation coefficient r=0.935. While the
present study is not aimed at the prediction of rate constants of al-
cohols in the hydrogen-abstraction reaction, it can be seen that the
Cp ot Of the hydrogen-bearing carbons and/or the Hy,,, of the car-
bon-bonded hydrogens in the alcohol molecule may be valuable easy
obtainable factors for prediction of rate constants using a QSAR
approach. The C;,,,, index is related to the sum of partial reactivi-
ties of each carbon in C—H bonds. Likewise, the group additivity
method for prediction of rate constants regards the overall rate
constant of a specific organic molecule as the sum of partial rate
constants of each of its reactive sites [16]. In a QSAR study by
Monod and Doussin, OH-oxidation rate constants of aliphatic or-
ganic compounds were estimated using the sum of the hydrogen-
abstraction kinetic rates of each H-bearing function [17]. In the
study, the partial rate constants were modulated with o- and [-
neighbouring functions to account for the effect of the neighbour-
ing atoms. In our study, the partial atomic charges on carbon atoms
intrinsically reflect the effect of neighbouring atoms and thus do
not need additional modulation. A QSAR study by Hatipoglu and
Cinar reported a linear relationship between the logarithms of the
rate constants of five straight-chain primary alcohols from metha-
nol to pentan-1-ol, the HOMO energies, and the sums of Mulliken
charges of the alpha carbon atom and the hydrogen atoms bonded to
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it [18]. While the study also found most positively charged carbon
atoms to be preferential sites for hydrogen abstraction, the ap-
proach does not account for the multifocal nature of the reaction
that cannot be explained by the reactivity of the single site at the
alpha carbon. Therefore, the C; ,,,, index is a potent predictor of the
overall reactivity of alcohols in hydrogen-abstraction reactions. It
accounts for the contribution of each H-bearing carbon atom to the
reactivity. It also reflects the effects of neighbouring groups for
each of the carbons and thus can be used for heterofunctional com-
pounds.

4. CONCLUSIONS

The principal conclusions of the present study are as follow.

1. A mechanistic interpretation of hydrogen abstraction as a ho-
molytic bond fission strongly effected by the polarity of the bond
can help understand reactivity of alcohols in the hydrogen abstrac-
tion reaction.

2. The HOMO localization and energy are more strongly associ-
ated with the charge of the most positively charged carbon atom
than with the charge of the oxygen atom, upon which the HOMO is
centred. The calculated Mulliken charges on carbon atoms are re-
lated to the bond polarity and strongly associate with the propen-
sity of the C—H bond to undergo hydrogen abstraction.

3. The positivity index C, reliably reflects hydrogen-abstraction
reactivity of the C—H bond in alcohols that do not contain atoms
other than carbon, hydrogen and oxygen. The largest C, in the
molecule indicates the dominant channel for hydrogen abstraction
in most cases.

4. The sum of all positivity indices C;,,, is strongly associated
with the rate constant of the alcohol in hydrogen-abstraction reac-
tions and reflects a combined effect of the reactivity of the domi-
nant hydrogen-abstraction channel and the number of the H-bearing
carbon atoms in the molecule, accounting for the multifocal charac-
ter of the reaction. C;,,,, is a potent predictor of reactivity of alco-
hols in the hydrogen-abstraction reaction.
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Junamika ckopoueHHA musculus soleus nypiB 3a XpoHiYHOL
AJIKOTO0JIi3allil Ta TepaneBTHYHOI il BOTOpo3YuHHUX Cg\-(pyLaepeHin
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HocaimkxeHo BmamB GiocyMicHUX Ta 0iOMOCTYHHUX HAHOCTPYKTYD, — Cgo-
dynnepeHiB, — Ha AUHAMIKy CKOpoueHHA musculus soleus B ajkorojisosa-
HUX IMypiB. 30KpeMa, y IMiAZOCHiZHMX TBAapUH IIOTipHIyeThCcAd e(PeKTHUBHICTH
YacTOTHOI cyMaillii TeTaHiYHMX CKOPOUYEHb M’s3a, IO IIPU3BOAUTEL M0 HOABU
GIOKTyallilHUX KOMIIOHEHT Ha TJIi YTPUMAaHHS CHUJIOI0 CBOTO MAaKCHUMAJb-
Horo piBHA. BogHouac, 3acTrocyBaHHS BOAOPO3UMHHUX Cgy-hyiiepeHiB AK
TIIOTYKHIX aHTHOKCUIAHTIB y 3arajbHiil mosi 5 Mr/Kr BuaBujocsa Haliedek-
THUBHIIINM y Teparmii TpeMopHUX GJIIOKTyalliii CUJIOBUX BiATIOBiAeil M’a3a.

The effect of the biocompatible and bioavailable nanostructures, Cg,
fullerenes, on the contraction dynamics of musculus soleus in alcoholised
rats is studied. In particular, in experimental animals, the efficiency of
frequency summation of tetanic contractions of muscle is deteriorated
that leads to the appearance of fluctuation components against the back-
ground of retaining of its maximum level by force. At the same time, the
usage of water-soluble Cg, fullerenes as the powerful antioxidants in a to-
tal dose of 5 mg/kg proves to be the most effective in the therapy of
tremor fluctuations of muscle force responses.

WccnemoBarno BIMAHNE OMOCOBMECTHMBIX M OMOJOCTYHHBIX HAHOCTPYKTYD,
— Cgp bynmepeHOB, — Ha AUHAMUKY COKpalleHus musculus soleus y amako-
T'OJIN3UPOBAHHBIX KPBIC. B YaCTHOCTU, Yy IIOAOIIBITHBIX MHUBOTHBIX YyXYyAIlla-
ercsa 3(pGEeKTUBHOCTh YaCTOTHON CyMMAaIlMd TETAHUYECKUX COKpaIleHun
MBIIIIITBI, YTO IIPUBOAUT K IIOABJICEHHIO (bﬂIORTyaHHOHHBIX KOMIIOHEHT Ha
(doHe yIep:KaHMUA CHUJIOM CBOETr0 MaKCHMAJILHOTO YPOBHA. B To ke Bpems,
IIprMeHeHHe BOZOPacTBOPUMEIX Cgo-DyIIepeHOB KaK MOIIHBIX AHTHOKCH-
IaHTOB B 00Ieil mose 5 MI'/KI oKasajgoch Hambosiee s(pPeKTUBHBIM B Tepa-
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MUY TPEMOPHBIX (GIIOKTyaIUil CUJIOBBIX OTBETOB MBIIIIHI.

Karouogri cimoBa: Cg-bynnepen, musculus soleus, CKOpoUeHHSA—PO3CIa0IAH-
HA M’d3a, aJIKOroJbHa Miomarid.

Key words: Cg, fullerene, musculus soleus, contraction—relaxation of mus-
cle, alcoholic myopathy.

Karouessie cioBa: Cyy-dymeper, musculus soleus, coxkparenune—paccaabde-
HUWe MBIIIIbI, aJIKOT'OJIbHAA MUOIIATUA.

(Ompumano 14 6epesns 2019 p.)

1. BCTYII

AJKoronbHa MiomaTifs PO3BHBAETHCA HE3AJEXKHO Bif IHIINX IPOSBiB
aJIKOTOJIbHOI XBOPOOM — 3aXBOPIOBAHHA, MHiJ Yac AKOTO TpuBaja aj-
KOroJIbHA iHTOKCUKAIlid NPU3BOAUTHL [0 IOSIBU XapaKTEePHUX CTPYK-
TYypHUX 3MiH B opraHax i cucremax oprauismy [1]. IlomkomxeHHs
M’sI30BMX BOJIOKOH CYIIPOBOIKYETBhCA pabmomiosisoMm MiomuTiB yipo-
IOBK OEKiMTbKOX OHIB, 3HAYHO HiIBUINYEThCA PiBeHb KpeaTuH(docHo-
KiHasu y miaasmi KpoBi, BUHMKAe HaOpAK M’ a3iB, Miorobimypis, roc-
TPpUH HeKpo3 i HaBiTh pylHyBaHHS M’ a3iB [2]. 3arambHa BTpaTa
M’s130B0oi Macu moike cranHoBuTu moHazm 30% [1]. BogHouac samycka-
IOThCA KOMIIEHCATOPHI MexaHisMmu pereHepailii IOIIMKOMMKEHNX BOJO-
KoH [2], aKi € Hab6inbin e()eKTUBHUMM ITiCJIA BiIMOBM Bil BXKUBaHHS
ayjkoroJoo. BriMm, Taki BimiHOBIeHHS Big0yBaioThCs BKpail IOBiJILHO.
AJKorToNbHYy MiomaTiio posrafmaioTh AK OaraToaKTOPHUIT CHH/I-
poMm, Imig uac AKOro 3aIyCKAaeThCSA MHOCTiLOBHICTH IATOJIOTIYHMUX pea-
KIift 1 mMexamisMiB, SKi BegyThb MO0 PO3BUTKY AJKOTOJLHUX MiOIMCT-
podiit pisHOro CcTymeHs TaKKOCTH. ETaHos 3maTHuil 6e3mocepemHbo
B3aEMOIATA 3 MEMOPaHHUMHU CTPYKTypamu miosutis [3] i mpusBoau-
TH OO HOPYLIeHHS (PYHKIIN (PepPMEHTHHX CHCTEM CApKOJEeMU, 30Kpe-
Ma 3HmKeHHs akTuBHOCTH Aas Na'/K'-AT®-asu [4] Ta migBuimeHHA
nna Ca*-ATd-asu [5]. IlopymleHHs ImiTzicHOCTH MeMOpaHHHUX CTPYK-
Typ mopAx 3 migBumenuam axktupHoctu Ca?-ATd-asu nmpusBOgUTH 1O
3MiHM TroMeocTasy KaJIbI[il0 Ta IOPYIIEeHHS CKOPOUYYBAJbHOI (PYHKIII
m’a3iB. ETanou i fioro moxigHi cOpuUsioTsL POSBUTKY OKMCHOTO CTpPeCY,
HACJIZKOM YO0 € MPOAYKIlisg akTuBHUX (opMm KucHio (APK) i moxa-
JbINIa PENyKIlid KJIITUMHHUX MeXaHisMmiB saxucty [6], smima cramy
mMeMOpaH y m’sa3ax [7] i momKom:KeHHs CcTPYKTypHuX Oinkis, JHK i
PHEK [8]. BupakeHna rinepupoAyKIlisa BiIbHMX paguKaliiB y MiKpoco-
MaJbHIN cumcTeMi opraHes BIIJIMBA€E Ha IIPOIEC OKMCHEHHA MXUPHUX
Kueaor i migBumiye mepexucHe okucHenudA Jinigie (IIOJI). Busasie-
HUH TiABUINEHWHN BMICT CHOJYK XoJecTepoay y musculus soleus mry-
pPiB € MapKepoM OKHCHOTO CTpecy IJs CKeJeTHUX M’ d3iB, IO CBiA-
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YUTH IPO IMOMIKOMKEHHSA cCapKoJIeMH Ta OB’ A3aHUX 3 Helo 0inkiB [9].
Omixe, aJIKOroJbHA MiomaTis — Ile JOBOJL CKJIAZHUIL 1 6araToKoM-
HOHEHTHUU MPOIlec, y HmaToreHesi SKOro KJIIOUYOBY POJIb Bimirpae mio-
TOKCUYHUN BILIUB aJKOTOJIIO, IO IOIIKOMMKYE M’ A3W HA PiSHUX YJIb-
TPAaCTPYKTYPHUX i CHCTeEMHUX PiBHAX IXHBOI opraHisarrii.

BamxjguBuM nmTaHHAM Hapasi 3aJHINAETHCA BiJCYTHICTH e(peKTus-
HOI Tepamii maToJIOTiYHMX CTaHiB opraHisamy 3a nii eranoJsay. TpuBae
NONTYK HOBUX areHTIB IJdA Mpo@iJakTUKU Ta Tepalrili XpoHidYHOro aJ-
KOroJIisMy, IO BHCTYIIa€ KOMILJIEKCHUM MATOJIOTIUHWM SBUINEM, Hac-
JiAKM SKOT0 3HAYHOIO0 MipOI0 CTOCYIOThCA ii M’sI30BOI CHCTEMI.

3aatHicTb Cgy-PyiLaepeHiB Ta ixX moxXigHUX eeKTUBHO iHaKTUBYBATH
ADK Buepire 6yso mpogemoucTpoBano Krusic ra in. [10]. BogoposuuH-
Huii Cyo-(pyiepeH IPoABIAE MOTYKHIITY Ii10, HidK IPUPOAHill aHTHUOK-
cumauT — BiTamiu E, ntogo monepes:xennsa po3sutky 110JI, samobirato-
UM YIIKOIYKEHHIO IiIicHoCcT MeMOpaH, i TaKMM YNHOM CIPUSIE IIiATPU-
MIi TpaHcMeMOpanHoro moreHmniany [11]. Bcecramosiaemo, 1m0 Cg,-
dyanepeHn 3AATHI BUABIATU M0303aJEKHUN 3axXUCHUI edeKT IPOTHU
OKVCHO-OIIOCEPEIKOBAHOI TpaBMU. Tak, 3axucHUM eeKT QyJLIEepeHOTy
Ceo(OH),, BuBuagu in vivo y gosdax 25, 50 i 100 mr/kr micia XxpoHiuHOI
ITOKCOPYOIIUH-IHAYKOBAHOI Kapio- Ta remaTOTOKCUYHOCTH Y HIypiB 3
KOJIOPEKTAJILHUM PAKOM HOPiBHAHO 3 ToOpe BiIoMHM aHTHOKCUIAHTOM
— piTamiznom C (100 mr/kr) [12]. 3a tomomoro 6ioxemiunux i ¢isioso-
riYHUX METOAWK IIOKAa3aHo, 10 (PyJLJIEPEHOJ BUABJIAE IPOTEKTOPHY aK-
TUBHICTH Y TKAHMHAX CEPILA Ta HeuiHKU. IIpu nboMy HU3BKi 103U BUAB-
JSI0Th 0i1bIN eeKTUBHUY 3aXUCHUH edeKT, 1110, HIMOBipHO, 3yMOBJIEHO
THUM, II[0 BICOKI J0O3H1 MOBiJIbHIIIIE BCMOKTYIOTHCA 3 KMIITEUHIKA.

Or:xe, 3acTocyBaHHA GiocymicHuUX Bogopo3umHHUX Cgy-ymepeHin
3 ypaxyBaHHAM BUPAKEHUX y HUX aHTUOKCUIAHTHUX BJIACTUBOCTEM i
BiZICYTHOCTU MaHUX NPO BUKJIUKAHI HUMU TOCTPi Ta XPOHiIUHI iHTOK-
cuKaIllii BiIKpmBae HOBI MOMKJIMBOCTI y Teparmii Ta mpodinakTuii a-
KOroJbHOI Miomarii.

2. METOOAUKA ERCIIEPUMEHTY

Hnsa omepskaHHA BomoposuumHHUX Cgo-(ysaepeHiB 0yJio 3acTOCOBAHO
MeTONy, fAKa I'PYHTYETbCA Ha MEpPeBeAeHHI ITUX MOJIEKYJ 3 TOJYOaY Y
BOAY 3 MOJAJBIIUM OOpPOOJIEHHAM yJbTPa3BYKoM. [id 1boro smimry-
Bamy HacuueHuil posumH uucToro Cgo-pyimepeHy B ToJyoJi (umcToTa
>99,5%), me 1ioro KOHIIEHTpAIlis BiAIIOBiZae MaKCHUMAJBLHIA PO3UYMH-
HoOcTi = 2,9 Mr/mJ, Ta OZHAKOBOTO 00’€MYy AUCTUIAT Y BiAKPUTOMY
crakaHi. IIBi yTBOopeHi BongHi ¢dasu mizmaBanu aii yasTpasByky. IIpo-
1eaypy BUKOHYBaJX A0 IIOBHOTO BUIIAPOBYBAHHSA TOJYOJIy Ta HaAOyTTs
BOAHOIO (asoio ;KoBTOTO 3abapBienHs [13, 14] (puc. 1).

Hna mociaimykeHHs OyJau BHUKOpHCTaHi miypu-camiii Jimii Wistar
macoio y 140-150 r. TBapunuu, BimibpaHi AJA eKCHepUMEHTy, OyJu
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Puc. 1. Boguunit xomoigauit posunn Cqy-dymaepexis (0,15 mr/mi).!

po3aijieHi Ha TPU eKCHepMMEHTAaJIbHI I'pynu: iHTaKTHI TBapuWHU, al-
KOTr0JIi30BaHi TBapMHHU 3a eHTeporacTpaJbHoro Beemenus 40% erwuiio-
Boro cuoupty y mo3i 2 mr Ha 100 r Baru TBapunu (OOMH pa3 Ha JIeHb
yuponoB:x 30 mHiB), aIKOT0Ji30BaHi TBApUMHU 3a €HTEPOTACTPAJIBHOTO
BBeeHHsS BOAOPO3UMHHOTO Cg4o-ysepeny y mosi 1 mr/kr (oguH pas
Ha JeHb YIPOAOBIK D OCTAHHIX THIB eKCHIepUMEHTY).

Jaia mocuaimxkeHHs OyB oOpaHuii kambamomomiouuii m’as3 (musculus
soleus) — moBinIbHUI M’a3 3 aepobHuM MeTaboaismom. IloBinbHiI Bo-
JIOKHA € OiJIBII 3aJIe;KHUMU BijJ OKMCHOTO (hocOpPUIIOBAaHHA, &, OTIKE,
€ UYyTJUBIMMIUMHU A0 PYHHIBHOI Ail BiMBPHUX paamKajiB, IPOAYKILiA
AKUX iHiNiI0€eThCS aJIKOTrOJIbHOIO MiomaTi€lo.

IIpm miaroToBII 40 eKCIepMMEHTY aHecTe3ilo 3MiHiCHIOBAaJIM BHYT-
pimHBOUEpeBHUM BBeZleHHAM HemOyTany (40 mr/kr). CrammaprHa mi-
ITOTOBKA TOPAJA 3 BUINE3a3HAUEHUMHU 3aX0J[aMU BKJIOUAJIa KaHIOJIIO-
BaHHA (a. carotis communis sinistra) Ajia BBelleHHA (hapMIIpelraparis
i MipAHHA TUCKY, TPAaxXeoTOMil0, JaMiHEKTOMil0 Ha PiBHi ITOIIEpPEKOBO-
ro Bigminy conumaHOTO MO3Ky. KambasomomiGHuii mM’A3 Iiypa 3BiIbHA-
JU Bifi OTOUYHOUUX TKAHWH, V AUCTAJNbHIN YacTWHi Iepepisanm HOro
CYXOXKUJIbHY YaCTUHY yIomepek. [Jigd miAroTOBKM 10 MOIYyJILOBAaHOI
crumyaAanii edepentiB y cermentax L7-S1 mepepisanu BeHTpasJbHIi
KOpiHIIi 6e3mocepeHbO Y MiCI[IX IXHBOTO BUXOAY 31 CIIMHHOTO MO3KY.

Cusy CKOpOUeHHA M’A3a BUMIipPIOBAJIMU 3a MOIOMOTOI0 CHCTEMH TEH-
30aTUYNKiB, JO MepPeIHbOl UACTUHU SKUX IPUETHYBABCA CYXOKUJIOK
mocaimkyBanoro m’sasa [15]. iaa ¢opMyBaHHSA CTUMYJIIOBAJILHUX CH-
I'HaJIiB BUKOPUCTOBYBAJIM IIPOTrpaMOBaHi r'eHepaToOpu CUTHAJIB CIIeIli-
anpHOi (hopmu. HochigykeHHA IUHAMiIKM M’S30BOTO CKOPOUYEHHS IIPO-
BOAWJIN 3a aKTHBAIlil M’d3a 3 BUKOPUCTAHHAM METOAN MOIYyJIhLOBAHOI
crumyaaiii epepentie. [I’aTe GinrameHnTiB nmepepisaHUxX BeHTPAJIBLHUX
KOPIiHIIIB 3aKpiIoBaln HAa CTUMYJIIOBAJLHUX €JEKTPOAaxX i 3a JOIIO-
MOTOIO0 CIIEI[iIJIbHOTO HPUCTPOI0 3MIiMCHIOBABCA IUKJIUHUHA PO3MOIia
MIOCJiTOBHOCTHU CTUMYJIB IO (pimameHTax. PosmomijieHa cTUMYJIAIiA
YMOKJIUBJIIOBAJIAa OJeP;KyBaT MOHOTOHHE I OJHOpifHE CKOPOYEHHSA
M’s3a HA HEBUCOKWX dYaCcTOTaxX CTUMYJAIII oKpeMux GijlaMeHTiB.
Crumyasario epepeHTiB y cermenTax L7-S1 spificHOBaAIM eJIeKTpUY-
HUMU iMOyJbCcaMU TPUBAJIICTIO ¥ 2 MC, c)OPMOBAHUMU 34 HOIIOMOTOIO
reHepaTopa imMmyJsbciB, KepoBaHoro AIIII, uepes mIaTUHOBI €JEKTPO-
Iu. XapaKTepUCTUKY CTUMYJIOBAJIbHOTO CUTHAJY 3aJaBajii IIPorpaM-
HO Ta nepegaBanu 3 Komimiekcy AITIT-ITATII ua reneparop. KoHTpoub
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30BHIIIHBOIO HABAaHTAMKEHHS Ha M’ A3 3IiMCHIOBAJIM 34 JIOIIOMOI'OIO
CHUCTEMU MEeXaHOCTUMYJIATOPiB. 30yYpPeHHS HaBaHTaKeHHS 3iMCHIOBA-
JU JiHIAHUM eJIEKTPOMAarHeTHUM JIBUTYHOM.

IaTerpoBaHy HOTYXKHiCTh M’si3a PO3PaxXxOBYBAIHM SAK 3arajbHY ILJIO-
mry, SIKy ONHCyBaJia CHJIOBa KPHMBAa, Ta IPEICTABJAJMN Y BilCOTKaX Bif
KOHTPOJBHUX 3HAUEHDb HEIOIIKOIKEeHOro M’ A3a, AKy opaau 3a 100%.
Ileit mapkep € IMOKa3HMKOM 3arajbHOI mpale3gaTHOCTH M’s3a 3a 3a-
CTOCOBAaHUX CTUMYJANIMHUX NIyJiB. Joro aHamisa yMOXKJIMBIIIOE OIIi-
HUTHU M’ A30BY aKTHBHICTL y CHCTeMi piBHOBarum «CHJa—30BHIIIIHE Ha-
BaHTAKeHHSI», IO € (pisiosoriuHmM aHaAJJOrOM HOpamnes3gaTHOCTU
M’S30BOI CHCTEMH 3arajioM, TOOTO BH3HAUAE€ POOOTY, AKY MOKEe BUKO-
HATH M’ A3 3a OAUWHUIIIO Yacy 3a YMOB eKcmepumMeHTty [16].

CratuctuuHe 00pOOJEHHS Pe3yabTATiB JOCHiIKeHb IIPOBOAMIN 3a
MeTOJaMM BapiAlifiHOI CTATHUCTUKU 3a JOIIOMOTOI0 IIPOTrPaMHOIO 3a-
6esmeuenna Origin 8.0.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Y mepmriii cepii exkcmepuMeHTiIB OyJI0O IIPOBEAEHO CTUMYJIAIIIO
musculus soleus NTypiB eIeKTPUYHUMU iMIOyJbCAMU TPUBAJIICTIO V 2,
3, 4 Ta 5 ¢ 30 mocaiZOBHMMHU TyJaMU CTUMYJAII] 3 IepiogoM peak-
camii y 3 xB. Cmig sayBasKuTu, I1I0 y HATUBHHUX M’fd3aX AOCTOBipHi
3MiHM M’A30BOT0 CKOPOUEHHSA He BimOyBaioThcA ympomoB:xk 1-2 rom. Y
BUNAAKY aJKOTOJIbHOI Miomarii cmocTepiranu sMeHINIeHHS MaKCHUMa-
JbHUX 3HaUeHb CUJN CKOPOUEHHA SK 3i 30iJLINIeHHSM TPUBAJIOCTHU
CTUMYJIAI[INHOTO CUTHANY, TaK 1 KIJIBKOCTH BUKJUKAHUX IIOCJiIOB-
HUX CKopoueHb (puc. 2). CuyioBa BiAIOBiAL IOIIKOIMKEHOTO M’A3a
VIIPOIOBIK YCHOTO €KCIIEPUMEHTY 3MeHImyBaJiacsa Ta micas 30 mompas-
HeHb cKJaazaiga 32, 29, 12 i 2% Big KOHTPOJILHUX 3HAUEHDL, BiAMOBi-
IHO, TIPU TOAPA3HEHHAX YHNPoAoBXK 2, 3, 4 i 5 ¢ (puc. 2, a). Bapro
0CO0JIMBO 3ayBaKUTH 3 IMIPUBOAY HPUCYTHOCTH TPEMOPHUX CKJIAJOBUX
Ha (asi yTpUMaHHS CHJIOI0 CBOTO MaKCHMAaJbHOTO piBHA. Il1aBHe ma-
OiHHSA CUJIM 3a CTUMYJAII] iMOyiabcaMu y 2 ¢ IEePexXOAUTh Y XaoTh4-
HY QUIIOKTyalifiHy 3MiHy M’d30BOi BIiATIOBiZi 3a CTHUMYJAIi# ympo-
IoB:K 4 i 5 c. ¥ bOMy BUIIQAKY HIPAKTHUUYHO HEMOKJINBO PO3TiIUTH
cTal[ioHapHy Ta AUHAMiIuHY (ha3u CKOPOUYEHHS BHACIiJOK BMCOKOAMII-
JiTynHUX (QUoKTyarii cuam ckopoueHHs. Ilicaa 30 xB. cTumysiAIii
TpuBasicTio y 6 ¢ M’A3 mepexoauTh y Qisiosoriumy purigHicTh, He
BifiTTOBimar0uM 3MiHOIO CMJIOBOI BiAIOBiZi HA CTUMYJAIIMHUYN CUTHAJ.

3a BukxopuctaHHsa Cg-QyrmepeHoBoi Teparrii MOKA3HUKM CHUJIOBOIL
BigmoBimi m’sas3a ckaamu 59, 53, 47 ta 31% Big KOHTPOJILHUX 3HA-
UyeHb, BiAIIOBigHO, IIPM IMOAPA3HEHHAX YIPomoB:xK 2, 3, 4 Ta b ¢ (puc.
2, 0). BaxxauBo HigKpecJUTH 3HAUHE 3MEHIIEHHS TPEeMOPHUX (PIIIOK-
TyalifHNX KOMIIOHEHT M’S30BOI'0 CKOPOUEHHS Ha BCiX 3aCTOCOBaHUX
CTUMYJAIIAHNX TyJgaX, a TAKOXK BiJCYTHICTH 3pocTaHHS iX 3i 36ijb-
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Puc. 2. 3mina cuau cKopoueHHs musculus soleus aaKoOTroJi3oBaHUX ITYPiB
(a) i sa Tepamii BogHUM KosoigauM pos3umHOM Cgo-(hyinepeHis (6) mpu sacto-
CYBaHHI MOAYJIbOBAHOI €JeKTPOCTUMYJAIIl ynpomos:x 2, 3, 4 i b ¢ (uac pe-
nakcamii — 8 xB.); control — KOHTDOJIBHI 3HAUYEHHA CUJIN CKOPOUYEHHA.>

IIEHHAM Yacy CTUMYJAIii. 3a CTUMYJIANil MaKCHUMAaJbHUMU YACOBU-
mu mysnamu (6 ¢) M’s3 ITPOJOB/KYBAB I'€eHEPYBATH CUJIY, HE IEePEeXOmsi-
YK y CTAH PUTITHOCTH YIPOAOBXK YCHOT'O €KCIIEPUMEHTY.

BHacnaimox mpHCYTHOCTH TPEMOPHUX KOMIOHEHT HPU CKOPOUEHHi
HOIIKOMKeHUX M’ dA3iB 3MiHa MaKCUMaJIbHINX NOKA3HUKIB CHJIOBOI Bi-
OIOBiZi He MOMKe BHUCTyHaTu e(PEKTUBHUM KPHUTEPieM OI[iHIOBaHHS
3MiHu cuaoBoi BigmoBigi m’asiB. Tomy aaa aHamisu cuioBoi BigmoBimi
M’A3iB aJKOTOJi30BAHMX IIIypPiB PO3paxyBajJM IiHTEI'POBAHY HIOTYK-
HicTs M’a3a (puc. 3). BugHo, 110 Mae Miciie mBUAKe HmagiHHS iHTer-
poBaHOI MOTYKHOCTM M’sI3a Ta BuUXinm ii Ha cramioHapuuii piBeusn (25,
20 i 17% Big HopMu) B:Ke Ha 15-Ty XB. €KCIEPUMEHTY 34 CTUMYJIA-
IiAHOTO ToApa3HeHHA TpuBaJicTio y 2, 3 i 4 ¢ (puc. 3, a), a TaKOXK
MOBiJIbHE CIaJaHHSA CUJIU, IO HAOJIMIKAETHCA A0 HYJA IIPU CTUMYJIS-
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Puc. 3. 3mina interpoBanoi mortyskHOCTH musculus soleus aaKoOrosi3oBaHOTO
mypa (a) Ta 3a Tepanii BogauM KomoinauM posunHOM Cgo-dyiiepeHiB (0) 3aie-
°KHO Bim uyacy crumyasdmnii: 1, 2, 3, 4 — tpuBaJicts iMnyabscy y 2, 3, 4 Ta 5 ¢ Bi-
IIIOBiMHO; control — KOHTPOJILHI 3HAUEHHA iHTEI'POBAHOI HOTYKHOCTH M’ d3a.°

mii BrpomoB:K 5 c. Bomaouac Cgy-(yimepeHoBa Teparmia 306ijgbiryBasia
CHJIOBY BiAIIOBigp M’sA3a Ta BeJIWUYMHY HOr0 iHTEI'DPOBAHOI IIOTYXKHOCTH
(puc. 3, 6). 3MeHIIIeHHs 1HTer'POBAHOI IIOTYYKHOCTH M’s3a CKJiajao 23,
31, 391i 45%, BigmoBigHO, IpU CcTUMYJIAIil BOpomoBxk 2, 3, 41 5 c.

BaxkimnBo 3a3HauMTH BiAMiHHICTL Yy YACOBOMY PO3BUTKY IIPOIIECY
3MEHIIIeHHSA CHJIOBOI BiAIIOBimi: cTpiMKe HOHM:KEHHS iHTerpoBaHoi
HOTY:KHOCTH B:Ke y IIEPIIil IIOJIOBUHI eKCIEePUMEHTY OO0 CBOIX MiHi-
MaJIbHUX 3HAUYeHb i moBinbHe 3meHIneHHs g0 50% piBHA Big KoHTpO-
ato 3a Cgy-ymepeHoBoi Teparrii.

OmgHMM 3 HACJHIAKIiB XPOHIUHOTO BXKMBAHHA AJKOTOJIO0 € HUCHYHK-
misgs mitoxoHApPi#d [17], BHACHIZOK YOTO IPOAYKYETHCS Ie OijbIre Bi-
JAbHUX paamkaiiB [18]. OkpiMm TOro, ajJkKorosb Ta aleTaabIeris € mo-
Ty:KHiMU inribiTopaMu cuHTE3u M’ sI30BOTO OijaKa.

3MeHIIIeHHsI CHJIOBOI BiAmoBimi Mo:Ke OyTu IIoB’sizaHe 31 3MeEHIIIEH-
HAM KIJIBbKOCTH IOIEPeYHNX aKTHUH-MiO3MHOBUX MIiCTKiB, 3aIyueHUX
IO CKOPOYEHHs, a00 3MEHIIeHHAM CHUJIN iXHBOro 3B A3Ky. KilbKicTb
MicTKiB, HacamIepez, 3yMOBJIEHO KOHIIeHTpallieio moHiB Kaimbiio y
MiomasMi i eHepreTUYHUM 3a0e3meueHHAM cKopoueHHs [19]. T'omos-
HuM geno Ca?’ y CKeJleTHHX M’f3aX € CAapKOILIABMATHYHUH DETHKY-
aym (CP). Came Bim sabesmeuye Buxim Kambllito y 1iuTo30ab micias
HaIXOMKeHHA HOTeHIIiAay Aii, 1o 3abesmeuye B3a€MOMiI0 MiO3WUHY U
aktuny [20]. Ik 3asHavasocsa BuIlle, 3a MOPYIIIEHb MiOIIUTIB, iHIAYKO-
BaHUX AaJIKOTOJBbHOIO MioIlaTielo, 3pocTae KiJbKIiCTh ITMTO30JHHOTO
Ca?". Bracrximok mporo migBumyersca mnporukHicts CP s fionis
Ca® Ta omHOYACHO 3MEHIIYETHCA IIBUAKICTH ix arkymysaamii. MosxHA
OPUITYCTUTH, 1o Hagaumok Ca®’’ mpus3BOAUTEL 0 MOPYIIeHHS MeXaHi-
smiB Ca®'-omocepemkoBamoi (yHKIioOHaNpHOI curHamizamii, a came,
npurHiuenHsa sgaTHocTu Ca®' 3B’ssyBarmcsa 3 TpomorimoM-C, Bix uworo
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i 3aJIeKUTh IMBUAKICTh MOJIEKYJIAPHOI B3aEMOAIl aKTHHY Ta MiO3UHY
[21]. KomuBarHA piBHiB BimpHOro Ca®’ y miommrax € KIOYOBUM UMH-
HUKOM CKOPOUEeHHA—po3caabaauua M as3a [22] Ta s3arajoM BIJIHBaE
Ha KiHeTHKY PO3BUTKY cuam. BomgHouac, IJsA HPOIlecy BUBiLJIbHEHHS
itoris Ca’" iz CP Mae 3HaueHHA BUCHAa)KeHHS 3aIlaciB TUIIKOTreHy y
cKeJeTHUX M’a3ax [23], BHACIIZOK YOTO IOPYIIYIOTBCSA MeXaHisMu’
pecuntesu AT®P. Hecraua ATP, axa moxke OyTu cupumuuHeHa nedi-
muToM KpeaTmHGOCHOKIHABHOrO IMIIAXY a00 HAKOMUUYEHHAM HEeTOOKU-
CHEeHUX MOPOAYKTIB IiJ yac IJIiKoJIidu, IPU3BOAUTL OO 3MIIIeHHS PiB-
Ha pH capkomnasmu y 0iK 3aKHCHEHHs, II[0, B CBOIO 4epry, rajJbMye
AKTUBHICTH TUIIKOJNITUYHMX (PEepMeHTiB i CIPUUYMHIOE IIBUIKUNA PO3-
BUTOK M’f30BOi BTOMMU IIii Yac excuepuMeHTy. lHarktmBaimia Cgy-
dynnepeHaMU OCHOBHUX UMHHUKIB IILOTO MATOJOTIYHOIO IIPOIECY, —
ADK, — crnpuse 3MeHIIeHHIO TUCHYHKIII auHamMiuHol M’ A30BOi Bin-
noBimi. Bimomo [24], 110 xapaxTep PO3BUTKY OMMUCAHUX IIATOJIOTIUHUX
MIPOIleciB y MIBUAKUX 1 MOBiIbHUX M’a3ax imeuTwmunuii. OT:Ke, BUAB-
JeHi KiHeTnuHi eeKTU HaA MOBiIBbHMX musculus soleus maroTh MOMIN-
proBaTHcA i Ha MIBUAKI M’A30Bi BOJOKHA, AJMA AKUX ePEeKTH TOUHOTO
MMO3UI[IOHYBAHHA MAalOTh Ba)KJINBE IMMPAaKTUUHE 3HAYCHHS.

3a tepaneBTuuHOI Aii Cgy-dyiiepeniB (omHopasoBa mo3a 1 Mr/kr)
cIIocTepiraeThcsA 3MEHINeHHA Yacy, IMOTPiOHOTO AJIA JOCATHEHHS MAakK-
cUMaJbHOI cuyu cKopouenHs Ha 10-12% (puc. 2, 6), 110 y BUIAIKy
aJIKOT0JIi30BaHMX M’A3iB copusae AKicHiNIi#l peasisarii MoTOHENpO-
HaMM IIyJIiB aKTUBHOCTU, SAKi KOAYIOTH I[iJIECTIPAMOBAHUYN PyX KiHITi-
BOK. Ha mamy nymry, moserkyau Cgy, B IepIINy uepry, B3a€cMOTiIOTh 3
BIILHUME pagumKajJaMu, AKI HaKOONUUYYIOThCA y OesmocepenHiii 0J1m3b-
KOCTi MO0 KJIITMHHMX MeMOpaH i COPpUUMHAIOTH iX mopyIlineHHA. Bimo-
MO, IO JKUPOPO3UMHHI Ta BomoposumHHI moximHi Cgy-Gysiepeny Bu-
ABJAIOTH MOTYKHIiN 3axucHuM edexT Ha mporecu ITOJ [11], a, oTxke,
CIPUAIOTh 30eperKeHHIO IIIiCHOCTH MeMOpaHu, IO € BaKJIUBUM YKH-
HUKOM [Jis CKOPOTJIMBOI aKTHMBHOCTU KJITUH CKeJeTHUX M A3iB. 3
iHmmoro OOKy, 3aBOAKM Maiiyke chepuuHiii dopmi, HaHOpO3Mipy Ta
rizpododuumM BaacTUBOCTAM Cg-PyIIepeHrn MOKYTh HPOHUKATH Ue-
pe3 membOpany BcepeaumHy KiaituH [25, 26]. Kpim Toro, BoHM 3maTHi
OesmocepeqHbO HAOXOAUTH B OpraHesu, e BigOyBaeThcA HaIMipHe
YTBOPEHHA BiJIbHUX PaAMKaJiB, 30KpeMa y MiToxoHApii [27]. MoxHa
TaK0K HPUIYCTUTHU, IO IPOTeKTOPHUi BIIUB Cgy-QyiLaepeHiB 3yMo-
BJIEHUH IXHBOIO 3JaTHICTIO BIIJIMBATH HA mHepebir 3amaJbHOTO IIPOIECY
yepe3 mMakpodaranbHy JaHkKy [28]. Ile omocepeAxoBaHO HiATBEPAKY-
€ThCA IIle I THUM, IO 3a BHYTPIITHLOBEHHOTO BBEIEHHS BOJOPO3UMH-
HOoro Cg-yLIepeHy CIOCTEpPiraeTbes OGiNBINT BUPAMKEHUH IIPOTEKTOP-
HUI BIJIWMB, Hi’K Y BUIAAKY BHYTpilmHbOM sizoBoro [29].

Ot:ke, 3 OTVIALY Ha OAep:KaHi pe3yJbTaTH, MOKHA 3POOUTU TaKUi
BUCHOBOK: aJIKOTOJbHA MioIlaTisg IPU3BOAUTH OO0 3HAUHUX (PYHKILiO-
HAJTbHUX 3MiH M’d3a, OIPUUYUHOI0 AKUX € BHCHAMKEHHA KJIITHMHHUX
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eHepreTUYHMNX CcyOcTaHIliii, oco0amnBo posnans AT®, Ta 3MiHA KOHIIEH-
rparii Kasabilito y mioniaswmi, 1110 BeZe 0 Pi3KOTo HOPYIIEHHS T'OMEO-
cTas3y Ta BTPaTH MOHHOIO I'PajJicHTa uepes KJIITMHHI MeMOpaHM, a Ta-
KOX 3MEHINYyE KiJbKiCTh IIOIIepeYHUX AaKTUH-MiO3MHOBHX MiCTKIiB,
AKi1 yTBOPIOIOTHCA IIiJ 4ac cKopoueHHs. IlaTosoriuni smiHm omocepe-
IKOBYIOThCA mieio ADPK, AKi HOMIKOAMKYIOTH KJIITHHHI KOMIIOHEHTH,
30KpeMa CapKoJieMy Ta MiTOXOHApii, Ha TJi ODPUTHIYeHHA aHTHUOKCHU-
TaHTHUX CHCTeM opraHiamy. BupaskeHuit mpoTeKTopHUH BOIUB Cg,-
dyLIepeHiB HA IMHAMIKY CKOPOUEHHSA M’s3a aJKOroJi30BaHUX IIyPiB
MOYKHA MOSACHUTU MeMOPAaHOTPOIIHMMU Ta IIOTYKHIMKU aHTHOKCHUIAHT-
HUMU BJiaacTuBoCcTAMH mux wmoyeKya [30]. Omepskami maHi MOMXKYTD
OyTH KOPHMCHUMMU IIPU HOCJIIMKEeHHI IMOHMKEeHHA CKOPOTINBOI PYHKILII
M’A3iB, a TaKOK IMOMIYKY e(eKTUBHUX TEPAIEeBTUUYHUX 3aC00iB IIPOTH
MIOPYIIIeHb POOOTU OIIOPHO-PYXOBOTO amapary, IIOB’sA3aHUX 3 MiOTHY-
HUMU IIOINKOMIKEHHAMU Ha TJIi aJKOTOJIbHOI iHTOKCHKAIlil oprauismy.
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