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NMPABOBAAA N HOPMATUBHO-METOAUYECKASA BA3A OBECINEYEHUA
BbE3OINACHOCTU B COEPE HAHOUHAYCTPHUU

Ilocmynuna ¢ pedaxuyuio 02.09.2015

Paccmompeno cospemenroe cocmosnue 8 06aacmu npagoeoo U Memoouueckoeo obecneverus 6e30nacHocmu nPoyeccos U npo-
dykuyuu Hanoundycmpuu. Ocob6oe GHUMAHUe 00pPAUEHO HA NPUMUHBL BO3HUKHOBEHUS Y2P03, Onpedensemblx pa3eumuem Hanomex-
HOA02ULL U 0COOEHHOCMAMU UCNOAb308AHUS HaHOMamepuanos. [o0po6HO paccmompervl 60NPOCHL, C8A3AHHBIE C POPMUPOBAHUEM
Npasosoli U HOPMAMuUEHO-Memoodu4eckol b6asvl obecneuenus 6ezonachocmu 6 cgepe Hanoundycmpuu ¢ Poccutickou Pedepayuu u

3a pybedcom.

Karouesvie caosa: bezonachocmv HAHOUHOYCMpUU, HAHOOE30NACHOCMb, CMAHOAPMU3AYUUS HAHOUHOYCMPUU, HOPMAMUBHO-
npaesogas 6asza, medxucdynapoonvie cmandapmeol 1SO, T'OCT, Pocnano, Toccmandapm, Pochompebruadsop

Beenenne

B Hacrosiiee Bpemsi BO BCeM MUpPE BCe BO3pacTaro-
lle€ BHUMAaHUWE YHEISIETCS MEPCHEKTUBAM Pa3BUTHUS
HAHOTEXHOJIOTUIA, T. €. TEXHOJIOTUI HAIIPaBJIE€HHOIO
MOJIyYEHUS] U TIPUMEHEHMS BEIIECTB U MATEPUAJIOB C
XapaKTepUCTUKAMU, ONpPEAEIAEMBIMUA XapaKTEPUCTU-
YECKMMM pa3MepaMu 0a30BbIX SJIEMEHTOB B €TMHUIIbI -
JIECATKA HAHOMETPOB.

O0BeMbI TPOM3BOMICTBA U PHIHOK HAHOMATEPUAIOB
BO BCEM MHUpE CTpeMuTeIbHO pacTyT. MMeer MecTo
pa3BUTHE MPOU3BOICTBA HEKOTOPBIX BUIOB HAHOMATE-
puanoB u B Poccuiickoit depepannu. B xome momrHo-
ro IMKJa uX 000poTa, BKIOYAIOIIETO MTPOU3BOJCTBO,
MPUMEHEHUE W YTUIU3ALUIO, HAHOMATEePUAJbl, JaxXe
HE MPEeHA3HAYEHHbIE HEMMOCPEACTBEHHO TSI UCTIOb-
30BaHUS B MEAWIIMHE, MATAHUU U OBITY, OYyOyT C He-
M30€XKHOCTBIO TTOCTYNaTh B Cpeday OOWMTaHUS U Ioma-
JlaTb B OpraHM3M 4esioBeKa. BciencTBue BCEro 3Toro
CTETICHb BIVSHUS HA YEJIOBEKA Pa3INYHBIX HAHOMAaTe-
puajoB B Oiukaiiliiee Bpemsi OyleT HEUM30ExKHO yBe-
JmyuBatbed [1, 2].

OcHoBHbIE NPpUYHHbI BOSHUKHOBCHHSA YIpo3,
CBA3AHHBIX C PA3BUTHECM HAHOMHAYCTPHUH

B ocHOBe MpomyKIMyM HAHOMHAYCTPUU JIEXKUT UC-
MOJIb30BaHUE HOBBIX, paHee HEeU3BECTHBIX CBOICTB
1 (PYHKIIMOHATBHBIX BO3MOXHOCTEN MaTepraJbHBIX
CHUCTEM MPHU Mepexojie K HaHOMacllTabaM, onpeaessie-

MBIX OCOOCHHOCTSIMHU TIPOIIECCOB TIepeHOca U pacIpe-
JieJIeHUs] 3apsiioB, SHEPTrUM, Macchl U WHGOPMaIIUK
MpU HAHOCTPYKTYPUPOBAHUM.

Kak ormeuainocs B padote [3], Haubosee XxapakTep-
HBIMHY NPOSIBIICHUSIMUA "HaHOMMpaA", JaXe 10 CpaBHE-
HUIO C TPAAULIMOHHBIMM OOBEKTAMM C MUKPOCKOIIM-
YECKMMM XapaKTEPUCTUUECKMMU pa3MepaMu, ClIeayeT
TIPU3HATD:

— BBICOKYIO "TIOJIEBYIO" (3JIEKTPUYECKYIO, MATHUT-
HY10) aKTUBHOCTD U "KAaTaJIUTUYECKYIO" (XUMUYECKYIO)
U301paTeIbHOCTDb IIOBEPXHOCTU aHCcaMOJIeil Ha OCHOBE
HAHOYACTUIL;

— TIOSIBJIEHUE HETPaJAULIMOHHBIX BUIOB CUMMET-
pUM, OCOOBIX BMIOB COMPSIKEHMST TpaHULl pasiena u
KoHdopmalnii, B TOM 4YUCJe C AMHAMUYECKU Tepe-
CTPauBaE€MOU CTPYKTYpPOI;

— 0CcOoOBIif XapakTep MPOTEKaHMSI ITPOLIECCOB Iepe-
Jladyyd 9HEePTUHU, 3apsia 1 KOHDOPMALIMOHHBIX U3MEHe-
HUI, OTJIMYAIOIIMXCS HU3KUM SHEPronoTpedyieHueM,
BBICOKOI CKOPOCTBIO M HOCSIIIMX MPU3HAKK KOOoIepa-
TUBHOTO CMHEPreTUYeCKOro Ipolecca;

— JOMUHUMPOBAHME Hal MPOLECCAMU UCKYCCTBEH-
HOTO YIOPSIIOYEHUS SIBICHUI CaMOYIOPSIIOYEHHS U
caMOOpraHu3aluu, OTpaxalollux NposiBIeHue 3¢-
(¢eKTOB MaTpUYHOIO KOIMMPOBAHUSI U OCOOEHHOCTEM
CHUHTE3a B YCJIOBUSIX, NAJIEKUX OT PABHOBECHBIX.

Pa3BuTHe HAHOMHAYCTPUU WHULMUPYET ABa Ha-
MpaBJIeHUsI, CBI3aHHBIX C MOHSITHEM Oe30TaCHOCTU
Kak "COCTOSIHMSI 3alllMIIEHHOCTU XM3HEHHO Ba>KHBIX
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WHTEPECOB JIMUYHOCTH, OOIIECTBA M TOCydapcTBa OT

BHYTPEHHUMX M BHEILIHMUX yrpo3":

— aHaJu3 NMPUYUH BOZHUKHOBEHUSI HAHOYTPO3;

— MCNOJIb30BaHME HAHOMATEPUAJIOB M HAHOTEXHO-
JIOTUM 1711 CO3[aHMsI CUCTeM obecrieueHMs1 Ge3omac-
HOCTHU.

B kauecTBe BO3MOXHBIX MPUYMH BO3HUKHOBEHUS
HaHOYTpO3 clieayeT 0co00 BhIACINUTH [4] cliemylomiye:
e Majible TeOMeTpUUYECKUEe pa3Mepbl HAHOUYACTULL U,

Kak CJIeACTBUE, UX BBICOKAsl MPOHMKAIOIIASI CITO-

COOHOCTB, peaKIMOHHAS U aJCcOPOIMOHHAS AKTUB-

HOCTb MPU OTCYTCTBUM Yy UeIOBeKa, XKUBOTHBIX U

pacTeHU# 3BOJIIOLIMOHHO BbIpaOOTAaHHBIX 3allUT-

HBIX MEXaHU3MOB ITPOTHUBOICICTBUS;

e MHOT000pa3ue CTPYKTYpPhl U COCTaBa HAHOYACTULL U
HAHOKOMITO3UILIMI M, KaK CJIEICTBUE, CIIOXHOCTb
UX UACHTUMUKALIMM U KOJIUYECTBEHHOI XapakTe-
puzauuu;

e Pa3BUTHE MEXIUCLUUIIMHAPHBIX WCCICIOBAHUIA,
CTUMYJIUPYIOLIMX CO3JaHUE KOHBEPIeHTHBIX CUC-
TeM, OCHOBAHHBIX HA MUCKYCCTBEHHOI MHTErpaluun
00BEKTOB OpraHMYecKoi (B TOM UMCIE XMBOW) U
HEOpPTraHWYECKOM MPUPOALI, B OTCYTCTBUE HAIEXK-
HOI MH(pOpPMaLIMK O MEXaHU3MaX UX B3aUMOAECT-
BUSI M TTATOTEHHBIX MTPOSBIICHUIX, B TOM YUCTIE TIPU
JIJIATENIbHON aKKyMYJISILIAM;

e SKOHOMHUYECKU CTUMYJIHUPOBAHHOE PE3KOE MCKYC-
CTBEHHOE YCKOPEHHUE TEXHOJOTMYECKOI 3BOTIOLUN
B 00J1aCTH TMPOLIECCOB HAHOTEXHOJOTMU, HAHOMA-
TepHUAaJIOB U TIPOU3BOJICTBA MTPOAYKIIMM HA UX OCHO-
BE B OTCYTCTBME HEOOXOAMMOII HAHOTEXHOJIOTHUYE-
CKOM KyJbTYypbl Y pa3pabOTYMKOB, MPOU3BOAUTE-
JIeil, opraHoB cepTU(PUKALUY U CAHUTAPHO-3ITUAC-
MUOJOTUYECKOTO KOHTPOJIS;

e HOBHM3HA IIPOAYKLIMU HAHOMHAYCTPUU IIPU BO3-
MOXHOH BBICOKOH 3KOHOMUYECKOM 3(PPeKTUBHO-
CcTU (DMHAHCOBBIX BJIOXEHMI, YTO CO3JAET Y OIlpe-
JIeJICHHOM TpyIIibl, KaK MPaBUIIO, Y "MOJIOALIX" He-
OOJIBLLIMX KOMITaHUI, COOIa3H AOCTVKEHUST OBICTPO-
ro pe3ylibTaTa 0e3 OLIEHKH PUCKa W MOCeICTBUIA;

e MaJjible MaccorabapuTHbIE U HEPreTUUEeCKUE TMO-
KaszaTejau psaga HAaHOTEXHOJIOTUYECKUX ITPOIIECCOB
M BO3MOXHOCTh MX "CKPBITHOM" peajm3aliiy, 4To
CTUMYJUPYET BO3HMKHOBEHWE TEHIEHLMUN K UC-
MOJIb30BAHUIO HAHOTEXHOJOTMIA M HaHOMaTepua-
JIOB IIJI peaJu3aluu MpeIHaMepeHHBIX TeppopU-
CTUYECKUX IIPOSIBJICHUMA.

ITockobKy BeleCTBO B BUAE HAHOYACTULL U HAHO-
MaTepuaaoB o0JlagaeT CBOMCTBAMM, YaCTO PaguKallb-
HO OTJIMYHBIMM OT MX aHaJIOroB B ¢hopMe MaKpOCKO-
MUYECKUX TUCTIEPCUI MJIM CIUIOLIHBIX (a3, HAaHOMa-
TepUaibl MPEICTABISIIOT CO00i MPUHLUMNUAIBHO HO-
BbIi1 (haKTOp, BO3MEUCTBYIOIIUIA HA OPTaHU3M U Cpeay
€ro o0MTaHus. DTO CTABUT HA TTOBECTKY IHS pa3pabdboT-
Ky METOJ0B OLIEHKU pUCKa BO3MOXKHOTO HEraTUBHOIO
BO3/EeICTBMS HAHOMATEPUAJIOB Ha 3JJ0POBbE UeJIOBEKA
W OpraHM3alI0 KOHTPOJS 3a UX 00opoToM [3].
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MexaynapoaHas HOpMATHBHO-MeToAMYecKasa 6a3za
obecneyeHnss 0€30MACHOCTH B 00JIaCTH
HAHOTEXHOJIOTHH

TexHuyeckre KOMMTETHI IO CTaHAAPTU3ALMU B
CTpaHax ¢ aKTMBHO Pa3BUBAIOIIMMUCS HAHOTEXHOJIO-
TUIMU cTanm co3naBatbes B 2004—2005 rr.

B CIIA B HacTosIIee BpeMsI cTaHIapTH3alueil B
00JIaCT HAHOTEXHOJIOTUM 3aHMMAIOTCS TPU OPTaHU-
3alM: AMEpUKaHCKOE OOIIECTBO TECTUPOBAHUS U Ma-
tepuanoB (American Society for Testing and Materials,
ASTM), AMepUKaHCKUI HAIMOHAIbHBIA WHCTUTYT
craHpaptoB (American national standards institute,
ANSI) 1 UHCTUTYT MHXXEHEPOB MO 3JIEKTPOTEXHUKE U
anektpoHuke (Institute of FElectrical and Electronics
Engineers, IEEE).

Komurer E56 mo HaHOTEXHOJIOTUSIM CPOPMUPOBAH
ASTM B 2005 r. IlpoGaemMbl, paccMaTpuBaeMble KO-
MMTETOM, CBSI3aHbI CO CTAaHAAPTAMU U PYKOBOISILIUMU
MOKYMEHTaMH B 00J1aCTM HAHOTEXHOJIOTUI M HaHOMA-
TePUAJIOB, a TAKXE KOOPAMHALIMEN TEKYILEH AeATeb-
Hoctr ASTM 1o cTtaHmapTU3aliid B COOTBETCTBHU C
MOTPEOHOCTSIMU HAaHOTEXHOJIOrMil. I1oAKOMUTETHI KO-
muteta E56 BKITIOYaloT:

e komurer E56.01 — TepMHHOJIOTMS M HOMEHKIIA-

Typa;

e komurer E56.02 — onpenenenne GpU3NIECKNX, X1-

MMYECKHMX M TOKCUKOJIOTMYECKUX XapaKTEePUCTHUK;
e xomurer E56.03 — oxpaHa oKpyXalolieil cpenbl,

3MOPOBBSI M OE30ITACHOCTh TPYHA.

AMepUKaHCKUI HAITMOHAIBHBIM WHCTUTYT CTaHIAp-
ToB B 2004 1. chopmupoBan Komuccuio mo HaHOTEX-
HojlornyeckuM ctanmaptam ANSI B 1essx Koopau-
HallM1 BOIIPOCOB pa3paboTKM 10OPOBOILHBIX U pa3pa-
OOTaHHBIX COBMECTHBIMU YCHJIMSIMM CTaHAApPTOB IS
NpUMEHEHUS B 00JIACTM HAHOTEXHOJIOTHiA [6].

Oco0o0 cienyeT OTMETUTh co3gaHue TexHUYeCcKOoro
KoMHUTeTa MeXAyHapOmTHON OpraHM3aluyd IO CTaH-
naptuzanuu 1SO 229 "Hanorexnomorun". B cocras
aktuBHbIX wieHoB TK ISO 229 Bxoast 29 crtpaH,
BKitouast P@, 10 cTpaH saBis10oTCA HAOM0AaTeIIMU Ha
3acelaHUsIX TEXHUYECKOTO KOMUTETA MO CTaHIapTU3a-
mun. IlepBoouepennsie 3amaun TK ISO 229 cocTost B
CTaHJApTU3ALIMU 110 CJAEAYIOLIMM HampaBieHusIM [7]:
e TEPMUHBI U OIpEACIICHNS;

e METPOJIOTHS U METOAbI UCIBITAHUA Y U3MEPECHUIA;
e CTaHJApTHbIE OOpa3lbl COCTaBa U CBOMCTB;

e MOICIMPOBAHUE TIPOIIECCOB;

e MeEIUIIMHA U OE30MaCHOCTb;

e BOB3JEICTBME Ha OKPYXAIOIIYIO Cpedy.

B 2009 r. TK ISO 229 paspaboTayn Gu3Hec-ILIaH
CTaHIAPTU3AINA HaHOTEXHOJIOTWI, HATIpaBJICHHBIN B
TOM YHCJIe Ha TIOMIEPXKKY MPOIBMKEHHUS KauyecTsa,
0e30MacHOCTH, 3alUTHI MPUOOpeTaTesis U OKPYXKaro-
el Cpeabl, pallMoOHAIbHOE MCITOIb30BaHNE PECYPCOB
B MPWIOXKEHUU K HAHOTEXHOJIOTHUSIM.




TK ISO 229 BeInycTUIa TOKYMEHT, ONTUCHIBAIOLIAN
BO3/IECTBME HAHOTEXHOJOTUI Ha 310pOBbEe U 0€30-
nmacHocth ISO/TR 12885:2008, Nanotechnologies —
Health and safety practices in occupational settings rele-
vant to nanotechnologies (HaHotexHonoruu. MeTtoabl
3MPaBOOXPAHEHUST U OE30ITaCHOCTH B MpodecCruoHAaTb-
HOM OKPYXE€HHWHU B CBSI3W ¢ HAHOTEXHOJOTUSIMHK). OH
0000111aeT MUPOBOI OMNBIT U ACIAET €r0 JOCTYITHBIM
yXe ceifyac, Mmoka HallMOHAJIbHbIE CTaHAAPThI 0OJIb-
IIMHCTBA CTPaH IO HAHOTEXHOJIOTWSIM HAXOMSITCS B
craauu pa3pabotku. Ha cTpaHuliax nmpuBeneHbl COBe-
THI MCCJIEIOBATENISIM M TIPOM3BOJACTBEHHUKAM O 6€30-
MAacCHOCTH TlepcoHalla U MOTPEOUTENS NMPU MTPOU3BO/I -
CTBe, XpaHEHWH, VCITOTb30BAHNH M JIMKBUIALINH TIPO-
MBIIIJIEHHBIX HAaHOMaTepuanoB [8].

B HacTtosIiee BpeMsT IPUHST ellle psI CTaHIAPTOB
ISO, kacarommxcs odecriedeHUsI 6€30MacHOCTU HAHO-
TEXHOJIOTUII U HaHoMaTepuasnoB [9] (Tabm. 1).

CrpaHbl, Bxoasiune B EBpocoio3 u apyrue Mexmy-
HapoJHbIE COOOIIECTBA, MCIOJb3YIOT HalMOHAJIbHOE
3aKOHOAATEJIbCTBO, OCHOBaHHOEe Ha craHmaptax ISO
WUJIM TIOJIHOCTBIO MX TToBTOpstoniee [10].

Kpome Toro, BompocamMu HOPMATHMBHOTO DPETYJIH-
poBaHUsI B 00JIacTM 0€30MacHOCTU HAHOTEXHOJOTUA
3aHMMAIOTCS CIIEAYIOIIe MEXIyHAapOIHBIE W HAIlO-
HaJIbHbIE OpraHU3aluu:

e MexnyHapoaHas 3JeKTpOTeXHUYeCcKasi KOMUCCHUS,
MOBK (International Electrotechnical Commission,
1EC);

e MexnyHapoaHslii CoBeT ympaBieHUS pPUCKaMU
(International Risk Governance Council, IRGC);

e ATEeHTCTBO 3alIuThl OKpyxXatouieil cpeani CIIIA
(Environmental Protection Agency, EPA);

e ATEHTCTBO KOHTPOJISI M PEryJIMPOBAHUS MUILIEBBIX
npoayktoB u jaekapctB CIIA (Food and Drug
Administration, FDA);

e ATEHTCTBO MO KOHTPOJIIO 32 XUMUYECKOMN MPOAYK-
nueit (Registration, Evaluation, Authorisation and
Restriction of Chemical Substances (REACH);

e ATeHTCTBO Oe3omacHOCTH Tpyma ABctpanuu (Safe
Work Australia);

o EBponeiickoe areHTCTBO Mo 0e30MacHOCTU TIPO-
nyktoB niutanusl (European Food Safety Authority,
EFSA) u 1. 1.

Tabauua 1

Crangaptsl ISO B 00aacTi 0€30maCHOCTH HAHOTEXHOJIOTHIA

Ne

HazBanue Ha aHTJIMIICKOM

HasBaHue Ha pycckoM

ISO/TR 12885:2008

Nanotechnologies. Health and safety practices in
occupational settings relevant to nanotechnologies

HanortexHosnoruu. MeTobl 3ApaBoOXpaHeHUsT U 0€30ITaCHOCTH
B MPOGheCCUOHATTBHOM OKPYXEHUH B CBSI3W ¢ HAHOTEXHOJIOTHSIMU

ISO/TR 27628:2007

Workplace atmospheres. Ultrafine, nanoparticle
and nano-structured aerosols — Inhalation
exposure characterization and assessment

AtMocdepsl Ha pabodyeMm MecTe. OueHb MEJTIKIE a3pO30JIH,
adp030JIM C HAHOYACTULIAMU M HAHOCTPYKTYpoil. OnpeneneHue
XapaKTepUCTUK U OIIeHKA BO3NEWCTBUSI TIPU BIBIXaHUU

ISO 10808:2010

Nanotechnologies. Characterization of
nanoparticles inhalation exposure chambers for
inhalation toxicity testing

Hanorexnonoruu. Xapakrepu3sanus (OLIeHKa CBOICTB) HaHO-
YacTUIll B KaMepe JUIsl MHTISIIMOHHOTO 9KCIIOHUPOBAHUS B
LEJISIX TECTUPOBAHUSI MHTASIIMOHHON TOKCUYHOCTH

ISO 29701:2010

Nanotechnologies. Endotoxin test on
nanomaterial samples for in vitro systems —
Limulus amebocyte lysate (LAL) test

HanorexHonoruu. DHI0TOKCUKOJIOTUYECKHI TeCT Ha oOpasiuax
HaHOMAaTepHUaJIOB B YCJIOBMSIX in vitro — TecT Ha ju3aTe ameo
Limulus

ISO/TR 11360:2010

Nanotechnologies. Methodology for the
classification and categorization of nanomaterials

HanotexHonoruu. MeTtononorus s KJ'[aCCI/Id)I/IKaLII/II/I n CHUC-
TEMATU3allMM HAHOMATEpHaJIoB

ISO/TR 13121:2011

Nanotechnologies. Nanomaterial risk evaluation

HanotexHosnoruu. OlieHKa pUCKOB IPMMEHEHUsI HAaHOMaTe-
puanoB

ISO/TR 13014:2012

Nanotechnologies. Guidance on physico-
chemical characterization of engineered nanoscale
materials for toxicologic assessment

HanorexHonornu. PyKoBoICTBO 1O (PU3UKO-XUMHUYECKOMY
OMNKMCAHUIO MAaTEPUAJIOB C 3a[IaHHOM HAHOLUKAJIOM [l TOKCH-
KOJIOTUYECKOU OLEHKU

ISO/TR 13329:2012

Nanomaterials. Preparation of material safety data
sheet (MSDS)

Hanomatepuansl. [ToaroroBka ¢hopMbl UTsl 3aTTUCU TAHHBIX 110
0e30MacHOCTH MaTepuaia

ISO/TS 12901-1:2012

Nanotechnologies. Occupational risk management
applied to engineered nanomaterials —
Part 1: Principles and approaches

HanotexHonoruu. MeHeXXMeHT Mpo¢eCCUOHATBHBIX PUCKOB,
CBSI3aHHBIX C pa3pabOTaHHBIMU HaHOMaTepuaIaMu.
Yactp 1. [IpyHUIUOB ¥ TOIXOABI

ISO/TS 12901-2:2014

Nanotechnologies. Occupational risk management
applied to engineered nanomaterials —
Part 2: Use of the control banding approach

HanotexHosnoruu. MeHeXXMeHT Mpo¢eCCUOHATBHBIX PUCKOB,
CBSI3aHHBIX C pa3pabOTaHHBIMU HaHOMaTepuaIaMu.

Yactsp 2. Mcnonbp3oBaHue KOMITJIEKCHOTO TMOIX0/1a K KOHTPO-
JIIO 32 YPOBHEM BO3IEWCTBUS

ISO/TR 16197:2014

Nanotechnologies. Compilation and description
of toxicological screening methods for
manufactured nanomaterials

HanoTtexHonoruu. C60p " OIMUCAaHUEC TOKCUKOJOTHYCCKHX
METOOOB CKPMHUHTA I UCKYCCTBCHHBLIX HaAHOMATCpUajioB
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DTUMU OpraHU3alUsIMU, B CBOIO O4ependb, pas3pa-
0OoTaH psia TOKYMEHTOB B 001acTH obecrieyeHust 6e30-
MAaCHOCTU HAHOWHAYCTPUU U €€ MPOMYKIIVU:

e Recommendations for a global, coordinated approach
to the governance of potential risks (PexoMeHpaluu
Mo TJI00aJbHOMY, CKOOPAMHUPOBAHHOMY TMOIXOMY
K yOpaB/JI€HUIO ITOTeHLUATbHBIMU prucKamu) [11];

e Regulatory Aspects of nanomaterials (PerynupoBaHue
B 00J1aCTY MTPOU3BOJCTBA U MOTPEOIeHUsI HAHOMA-
Tepuanos) [12];

e Nanotechnology White Paper (benas xHura HaHoO-
TexHojoruit) [13];

e Nanotechnology Task Force Report (OTuer LiesieBOM
TPYNIITBl ATEHTCTBA KOHTPOJS W PETyJIMPOBAHUS
MUILEBBIX TPOAYKTOB U JIEKAPCTB 10 HAHOTEXHOJIO-
rusim) [14];

o FEngineered Nanomaterials: Investigating substitution
and modification options to reduce potential hazards
(Hanomarepuassl: MccienoBaHue CIIOCOOOB 3ame-
IIEHUS U MOAU(UKALINY I COKPAIIEHMS TTOTEH-
LIMaJIbHBIX onacHocTei) [15];

o Guidance on risk assessment concerning potential risks
arising from applications of nanoscience and nano-
technologies to food and feed (PykoBoaCTBO 110 OLIEH-
K€ pHUCKa B OTHOIICHUM IOTEHIIMATLHBIX PHCKOB,
CBSI3aHHBIX C MPWIOXKEHUSIMU HAHOHAYKU M HAHO-
TEXHOJIOTMH B IMUILEBBIX ITPOAYKTaX 1 KopMax [16])

U JApyTHE TOKYMEHTBI.

MexIIpaBUTeIbCTBEHHBIM opranoM CoapyxecTBa
HeszaBucuMbIx rocynapctB (CHI) o ¢gpopmupoBaHuio
1 TIPOBENCHUIO COIJTACOBAHHOM MOJUTMKM IO CTaH-
MapTHU3alii, METPOJIOTUN U CePTUMPUKAIIUU SBISET-
cs1 MexrocynapCTBeHHbI COBET MO CTaHAApPTU3ALINY,
MeTpoJoruu u ceptudpukauuu (MI'C) CHI'. B 2013 r.
B pamkax MI'C Ha 06a3ze TK 441 "HanotexHonoruu"
T'occrangapra ObUT co3maH MexXrocynapCTBEHHBIN TeX-
auveckuit komutet (MTK) 441 "HaHortexHonoruu".
B o6nacte gestenbHocty MTK 441 Bxoaut craHmap-
THU3aLMsI B 00J1aCTM HAHOTEXHOJIOT U, BKJTIOYas pa3pa-
0OTKy, M3rOTOBJIEHHE, 000POT, YTUIM3AL1IO, Oe30mac-
HOCTb HaHOMATEpUAJIOB, METpoJIOrnyeckoe obecreye-
HUE HAHOWHIYCTPUU, KJIACCUDUKALIMIO U ONpeneeHue
TePMHUHOB B c(pepe HaHOTeXHOJI0oruil. ITomHOnIpaBHbI-
mu wieHaMn MTK 441 asastores Poccniickas ®@ene-
pauusi, Pecnyonuka bemapych, Pecnybnuka Kazax-
cTaH M YKpauHa. B cocTaB TeXHMYECKOro KOMMTETa
pxonut nogkomuteT (I1K 3) "Be3omacHocTh HaHOTEX-
HOJIOTHIT 1 HaHompoxyKuu'" [17].

IIpaBoBO€e 1 HOPMATHBHO-METOINYECKOE PETyIUPOBAHAE
B 00JIACTH CTAaHIAPTH3AIMS U 0€30NACHOCTH
HaHoTexHoJsoruii B Poccuiickoii Menepanyun

Borpockr He06XOIMMOCTH CO3TaHMSI HOPMATHUBHOM
6a3bl B 00J1acTH 0€30MaCHOCTH HAHOMHIYCTPUU OTpa-
JKEHBI B psifie MPaBUTEIbCTBEHHBIX JOKYMEHTOB:

o UMaummatuBa [lpesupenta Poccuiickoit ®enepa-

muu "Crtparterust pa3Butus HaHouHayctpuun” [18];
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e DenepanbHblii 3aKOH OoT 27.12.2002 No 184-P3
"O TexHU4YecKoM peryaupoBaHuun” [19];

o @egnepanbHbiii 3akoH oT 19.07.2007 Ne 139-PD3
"O Poccuiickoii Koprnopaluyd HaHOTEXHOJIOTHIA"
[20];

o DenepanpHas 1eeBast IporpaMMa "Pa3Butne MH-
dpacTpykTypsl HaHOoMHOYCTpuKM B Poccuiickoit Me-
nepaiuu Ha 2008—2011 rogw” [21];

o Ilopyuenue IlpaBurenscTBa Poccmiickoit Penepa-
uuu "O6 obecrnedyeHUM pean3alldu MPOrpaMMbl
pa3BUTHUS HAaHOMHIYCTpUM B Poccuiickoit Denepa-
uuu go 2015 ropa” [22];

o [Ilopyuenue IIpaButenscTBa Poccuiickoit Denepa-
1wy O BBITTOJTHEHUHN TUTaHA MEPOTIPUATHI 110 pa3-
paboTKe HOPMATUBHO-IPABOBBIX aKTOB B 00JIACTH
HanomHmycTpun Ha 2009—2010 romsr” [23];

o KoHuenuus obecrieyeHus: eAUHCTBA U3MEPEHUM,
CTaHJApTU3allMU, OLIEHKU COOTBETCTBUSI U 0e30-
MMAaCHOCTHU MCIIOJIb30BaHMSI HAHOTEXHOJIOTUI W Ha-
HOMATEepUAJIOB M TPOAYKIIMU HAHOWHIYCTPUM B
P® 1o 2015 roma [24].

Jeameavnocmo OAO "Pocnano” 6 obaacmu
obecneuenusn GezonacHocmu 6 HAHOUHOYCMPUU

s BBIpaOOTKM M peajM3aliiid ToCyIapCTBEHHOM
MOJUTUKMU B 00JIaCTM HAHOTEXHOJIOTUIA, obecreyeHus
OpraHu3alMOHHON U (PMHAHCOBOW MOAAEPXKKU HAHO-
TEXHOJIOTMUECKOM AesITeTbHOCTH, 0TOOpa, KOOpIMHA-
1M1 1 (PUHAHCUPOBAHMUS TIEPCTIEKTUBHBIX ITPOEKTOB B
2007 r. B P® 6b11a co3nana ['ocynapcTBeHHAst KOPITO-
pamus "Poccuiickasi Kopropauusi HaHOTEXHOJIOTHiA"
(c 2011 1. OAO "PocHano").

JUist MUHUMUM3aUuu puckoB PocHaHO Iipenjiaraet
pa3BUTHE 11€JIOTO KOMILJIEKCa HalpaBJIeHUIA:

e BBEJIEHHE TILATEJbHOW 3KCIEPTU3bl MPOIYKIIUU,
KOTOpasl 3asiBisieTCsl HAa MHBECTMPOBAaHUE, €lle 10
ee MPOU3BOJICTBA;

e HOPMHMpPOBaHME TPeOOBAHUI KaK K HAHOTEXHOJO-
I'UsIM, TaK M K HAHONPOAYKIIMHU;

e BBelIEHUE CTaHIAPTOB JJIs BCEX XapaKTepUCTUK
HOBOTO MPOAYKTA, BKJIIOYask TEPMUHOJIOTUIO U T10-
HSITHS,

e METPOJIOTUYECKOE 00ecIeueHue;

e OLIEHKA CUCTEM MEHEIKMEHTa B OTPaCu;

e TIOATBEPXKIECHUE COOTBETCTBMSI KOHEUYHOMN MPOAYK-
LM CTaHAapTaMm u ap. [25].

Bonpocamu crangaptuzauuu B PocHaHo Benaet Ju-
peKLMsl CTaHAApTU3ALIMU, B YaCTHOCTU, OHa obecrie-
YHBaeT pa3pabOTKy HOPMATUBHBIX JOKYMEHTOB JJIs1 Ha-
HOMHAYCTPUM B COOTBETCTBUU C MPETOXKEHUSIMU TIPO-
U3BOJIUTEJIEN HAHOTEXHOJIOTMYECKOM npoayKuuu [26].

B yacTHOCTM, COBMECTHO C MPEANTPUITUIMA HAHO-
WHAYCTPUU HEOOXOAMMO BECTUM PabOThl MO Cleaylo-
1IIUM HarlpaBJIeHUSIM:

e aKTyaJM3alus MporpaMMbl CTAHIAPTU3ALUM B Ha-
HOMHAYCTPUHU;




Tabnuua 2

Crangaprei OAO "PocHaHo" B 00J1aCTH 0€30MACHOCTH HAHOTEXHOJIOTHIA

Ne

HazBanue

CTO POCHAHO 02.01-2011

CTO POCHAHO 02.02-2011
CTO POCHAHO 10.01-2011
CTO POCHAHO 10.02-2011

OlieHKa 1 obecreyeHre 6€30MacHOCTH MPOAYKIIMU 1 TeXHOJIOTHI MpoekToB ¢ yyacteM OAO "PocHaHo"
JUTSI 3I0POBbsI YeJIOBEKA U OKpYXalolei cpeabl. OpraHu3aius 1 MopsiaoK MpoBeaeHUs
Hanorexnonoruu. IIpaBuna npodeccnoHalbHOIl 6€30I1aCHOCTH

MeHeKMEHT prcKa B HaHOMHAYCTprK. OOIIMe TTPUHLIMITBL

MeHeIKMEeHT pucka B HaHOMHAycTpun. aeHTndukaums NCTOYHMKOB OMACHOCTU

e pa3paboTKa HalMOHAJbHBIX W TIPeABapUTEJIbHbIX
HallMOHAJIbHBIX CTAHIAPTOB, CBOAOB MPABMUJ, CTaH-
JIapTOB OpraHM3aliuy, B TOM YMCJIe Ha OCHOBE rap-
MOHM3AIINK C MEXIYHAPOIHBIMU U 3apyOesKHBIMU
CcTaHAapTaMUu;

e TEPEeCMOTP AEHCTBYIOIIUX HOPMATUBHBIX JOKYMEH-
toB (CHull, Caullun, T'OCT);

e BHECEHHUE MU3MEHEHUN B MepeuyHU CTaHAApPTOB, He-
00XOIVMBIX JUISI TIPUMEHEHUST U UCTIOTHEHUS TeX-
HUYECKUX PErIaMEeHTOB.

PaszpaboTaHo u BBeleHO B JelicTBUE 46 CTaHIAPTOB
PocHano (B ToM uucie 26 ¢ yueToM TpeOOBaHMII Me-
JKIYHApOAHBIX CTaHAAPTOB), PEKOMEHIOBAHHBIX LIS
MIPUMEHEHUS TIPEONPUITASIM HAaHOWHIYCTPUU, YaCTh
13 KOTOPBIX KacaeTcs O0e3omacHocTu (Tabi. 2).

B 2013 r. B pamkax peanuzanuu CoriaiieHus o
B3aMMOJEHCTBUM B cdepe cTaHIApTU3allMU MHHOBA-
moHHo# Tpoaykunu OAO "PocHano”, ®onna "CkoJ-
koBo" u l'occtanpmapra cosgaH "LleHTp cTaHmapTh3a-
IMM B MHHOBALIMOHHOM cepe” B 1eissx ¢GopMUpoBa-
HUSI HOPMATHMBHOI 0a3bl, 0OeCHeYMBarOlleil BBIXOI
WHHOBAIIMOHHOM MPOAYKIIMM U TEXHOJIOTM Ha pbl-
HOK. LIeHTp ocyllleCTBIsIET CBOIO AeATEIbHOCTh Ha 0a-
3¢ OI'YII "Bcepoccuiickuii HaydHO-UCCIEA0BATEb-
CKWI1 MHCTUTYT CTAHIAPTU3ALNU U CEPTUGUKAIINU B
MamnHoctpoeHun" (BHUMHMALIILL) u oka3sbiBaeT
COIEWCTBME B PEIIEHUU BOMPOCOB, OTHOCSIIMXCS K
HOPMATHUBHO-TEXHUUYECKOMY OOeCIeUeHI0 pa3padboT-
KM W MPOU3BOACTBA MHHOBALIMOHHON MPOAYKIIMU, B
TOM YUCIIM U B obJiacTu Oe3omacHocTu [27].

Cucmema cepmugpurxayuu npooyxuyuu
nanoundycmpuu "Hanocepmugpuxa”

B mae 2008 r. no uHULMATUBE U TIPU MOIAACPXKKE
OAOQ "PocHaHo" Hauaa paboty niepBast B P®D cucrtema
cepTudUKALIMU TPOAYKLMU HaHOUHAycTpuu "HaHo-
ceptuduka” [28].

OpHoit u3 3agay ueHTpa "HaHocepTuduka" siisi-
€TCsI MPMMEHEeHNWE CTAaHIAPTOB B 00JIACTU HAHOTEX-
HOJIOTHI, KOTOPBIE TO3BOJISAT YeTKO OTACIUTh HAHO-
MPOAYKLIMIO OT MOMIACIOK U 00SCIIeYUTh KAYeCTBO U
0€30ITaCHOCTb CO3[aBaCMBIX IIPOIYKTOB C HOBBIMU
CBOMCTBaMMU.

3agauamu 1eHTpa "HaHocepTrduka" aBisiorcs:

e OIICHKA W TIOATBEpKACHWE KadyecTBa IPOMYKIINU

HAaHOMHAYCTPUU, IPOU3BOAMMOII M pacIpocTpa-

Hsiemoii B PD;

e TIPELYIIPEXICHNE AEHCTBAN, BBOIAILIUX B 3a07TyXK-
JeHUE MOJIb30BaTeIeil HAHOMPOAYKIIMH;

e HEJOMyIIeHWE Ha PHIHOK MPOAYKIIMU, KOTOPAsk MO-
KET TIPUYUHUTD BPel MIOTPEONTEITIO MJTU CONEPKUAT
MOTEHIIMATIBLHYIO YTPO3y 3M0POBBIO MTOJIb30BATENsI U
OKpYXalollen cpere;

e Ppa3BUTHE PbIHKA KAY€CTBEHHOI HAaHOMPOAYKIIMH B
Poccun;

e COICHCTBHE TIPOM3BOACTBY M 3KCITOPTY OTEUYECT-
BEHHOI KOHKYPEHTOCIIOCOOHOU MPOAYKIIMHA HAHO-
WHAYCTPUN.

WcnbiTaTebHOl 0aszoit mist ueHTpa "HaHocepTu-
(uka" 9BNgI0TCS BeayllMe POCCUICKNE HayYHBIE LIeH-
Tpbl M JabopaTopuu, CIeLMATM3UPYIOLIMEcs] Ha uC-
CJICMOBAaHUSIX M OKCIEPUMEHTaX B 00JIACTM HAHOTEX-
HOJIOTMH M HaHOMAaTepUAaJIOB.

B HacTosiiumii MomeHT LeHTpoM "HaHocepTuduka"
pa3paboTaHbI:

e TICpeUeHb (HOMEHKIIATypa) MPOMYKLIMY HAHOWHIY-
CTpHUU, MOJUIeXallel cepTu(dUKaluu;

e TIEpeUYEeHb METOIOB MCITBITAHUIA;

e TIEpeUYeHb METOAMK HCCIEeNOBAaHUS HaHOMAaTepHa-
JIOB M HAHOCTPYKTYP.

Ceptuduxkauus, mpoBoauMas 1ieHTpoM "Hanocep-
TH¢UKa", BKIOYaeT B cebs cepTUPUKALINIO TTPOIYK-
1IMU, TEXHOJIOTMM, CUCTEMbl MEHEIKMEHTA KauyecTBa,
CHCTEMBI 3KOJOTMYECKOTO MEHEIKMEHTAa, CHCTEMBI
oxpaHhbl Tpyna [28].

Texnuueckuii komumem 441 "Hanomexnoaozuu'"
Poccmanoapma

DyHKIMN  TOCYIApPCTBEHHOM METpPOJOTHIECKOM
Cyk0bl Bo3JioxkeHbl B PO Ha DenepanbHOE areHTCT-
BO TI0 TEXHMYECKOMY PETYJIMPOBAHHUIO U METPOJIOTUU
(PoccTanmapt) ¥ NMoaBeJOMCTBEHHBIC €My OpraHM3a-
muu. JIJIs pelreHrs 3TUX 3a1a4 B 00J1aCTH HAHOTEXHO-
Jorun B Pocctanmapte co3gadH TexHUYeCcKrii KOMUTET
no crangaptusauuu TK 441 "HanortexHonoruun" (pa-
Hee TK 441 "Haykoemkue texHonoruun"). TK 441 co3-
JaH U ¢pyHKuroHupyeT Ha 6aze OAO "PocHaHO", KOTO-
poe OCYIIECTBIISIET (PMHAHCUPOBAHME, a TAKKE MaTepH-
aJlbHOE€ M OpraHM3alMOHHOE O0ecHeYeHue ero padoThl.
DyHKINM OpraHU3aTOPCKOM NIEeSITeIbHOCTH CeKpeTa-
puata BosnoxeHbnl Ha DI'YII "BHUMUHMAIL". Ha
TK 441 Bo310XeHB (PYHKIUU TTOCTOSTHHO IEMCTBYIO-
1Iero HalMoHaJabLHOTO pabouero oprana MCO/TK 229
"Hanorexnonorun" u MOK/TK 113 "Crangaptusa-
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LM HAHOTEXHOJIOTUM [T 3JEKTPOTEXHUYECKOM, 2IIeK-
TPOHHOM MPOAYKIIMHA U CUCTEM .

B coctaBe TK 441 6bl1 co3naH nogkomuret "be3o-
MaCHOCTb HAHOTEXHOJIOIMii U HaHompoaykuuu". Ha-
Py ¢ HUM pa3paboTKOIl HALlMOHAILHBIX CTAHAAPTOB
B 0o0siacTM 0€30MacHOCTM HAHOTEXHOJOTUI 3aHMUMa-
I0TCST Apyrue Tpo@UIIbHbIE TEXHUYECKUI KOMMTETHI
Poccranpmapra: B o61act 6€30MaCHOCTU MPOU3BOACT-
Ba HaHonpoaykuun — TK 184 "OOecrieuenue Ipo-
MbiuieHHoi unctoThl”, TK 457 "KauectBo Bo3myxa",
TK 320 "CpencTBa MHAUBUAYaJIbHOM 3allIUTHI; B 00-
nmacti MeHemxkMeHTa pucka — TK 10 "I[lepcriekTus-
HbIe MPOU3BOACTBEHHbIC TEXHOJOIMU, MEHEIKMEHT U
OlleHKa puckoB" [29].

Paspabomra cucmemot cmandapmoe 6ezonacrocmu
6 HaHoundycmpuu

C 2010 r. Ha 6a3e TK 441 peanuzyetcs "IIporpam-
Ma pa3pabOTKM CTAHIAPTOB [JisI HAHOMHIYCTPUM Ha
2010—2014 rompl", paspaboTaHHasl IO TOPYICHHIO
ITpaBUTEILCTBEHHON KOMMCCHUM IO BBICOKMM TEXHO-
JorusiM ¥ uHHoBauusiM [30]. Ilporpamma siBasiercst
OTKPBITON M €XeromHo akTyanusupyercs. CTpareru-
YECKOH 1IeJIbI0 Pa3paboTKU U peaiu3alliy MporpaMMbl
sBisieTCs (popMUpOBaHHE HOPMATHMBHOIO oOecIieue-
HUSI HaHOMHAYCTpUU. OCHOBHbIE MEPONPUSITUS TTPO-
IpaMMBI COCPEIOTOYCHBI HA TIPUOPUTETHOM TIPUMEHE -
HUM MEXAYHapOIHBIX CTaHIApPTOB B LIEJISIX MHTErpa-
LIMA OTEYECTBEHHO! HAHOWMHAYCTPUU B IJIOOATBbHYIO
SKOHOMMKY, YCTpaHEHHUS TEXHMUYECKUX OapbepoB B
TOProBje, 00ecrneyeHus: KOHKYPEHTOCITIOCOOHOCTH BbI-
IMyCKaeMoOi TIPOAYKIIMHA, SKOHOMHMU MaTepUaATbHBIX
pecypcoB.

CranaapThl 6€30IMaCHOCTY B HAHOMHIYCTPUU, pa3-
paboTaHHbBIE B paMKaxX MPorpaMmbl, odecrieyaT OCHOBY
IUUISI CHUKEHMST PUCKOB TSI Pa3paboTIYMKOB, ITPOU3BO-
nuTesieit, moTpeduTteneid HAaHOMPOAYKIIMU, OKPYKalo-
el cpeasl 1 HaceneHUs. C MCIOMb30BaHUEM pa3pa-
0OTaHHBIX CTAHIAPTOB OE30MACHOCTU C(HOPMUPOBAHbI
CUCTEMbI OLIEHKHW 0€30MacCHOCTA W TOJATBEPKACHUS
COOTBETCTBUSI TPOAYKIIMA HAHOMHAYCTPUHU YCTaHOB-
JICHHBIM TpeOOBaHUSIM.

ITproputreTHEIMM acnieKTamMu B paMkax "[Iporpam-
Mbl pa3pabOTKM CTaHAAPTOB IJIsI HAHOMHAYCTPUU Ha
2010—2014 ronp!" SIBISIOTCS:

e 0€30IT1aCHOCTh pa3pabOTKM, IIPOM3BOIACTBA U HC-

MOJIb30BaHUSI HAHOMPOAYKTOB;

e OXpaHa OKpYXKalolleil cpeabl;
e METOHOJIOTHS OIIEHKH pUCKa pa3pabOTKU U TIpUMe-

HEHUS MPOAYKIIMY HAHOMHIYCTPUH;

e YTUIM3ALUS MPOAYKLIMUA M OTXOAOB MPOU3BOACTBA

HAaHOWHIYCTPUM.

ITporpamma mpenycMaTpuBaeT pa3pabOTKy Ooliee
250 1poeKTOB OOILETEXHNYECKNUX W MPUKIAAHBIX CTaH-
nIapToB, U3 Hux Oosiee 40 1o HampasiieHusIM "be3o-
MMaCHOCTh HaHOTexHooruit" 1 "HaHoTexHonorum st
cucTeM O6e30macHOCTH".

B Ta6u1. 3 npeacraBieHbl pa3paboTaHHbBIE U BBEICH-
Hble PoccTaHgapTOM U MOABEIOMCTBEHHBIMU €MY Op-
raHM3alUsIMU TOCYIapCTBEHHbIC CTAHAAPTHI B 00JIACTU
0e30MacHOCT HAHOTEXHOJIOTUA.

Jleameavnocmo Pocnompebnadsopa ¢ obaacmu
obecnevenust 6e30nacHocmu HAHOMEXHOAOUL

DenepanbHas ciyxk0a o Ham3opy B cdepe 3aIInuTh
IpaB noTpeduTeneii u Gaaromnoayuus dyenoBeka (Poc-
MOTpeOHAA30pP) VICISIET cepbe3HOe BHUMAHNE BOIIPO-
Cy perjJaMeHTalu 6e30IMacHOCT HAHOTEXHOJIOTUN U
HaHoIpoaykToB B Poccun. MccnegoBanus nmo rmpoosie-
Me HaHOO0e30ITaCHOCTH TIPOBOISATCS IO WHUIIMATHBE
Pocniorpe6Hanzopa ¢ xonua 2006 r. B Poccun Heo6-
XOJMMOCTb Pa3BepThIBaHUSI pabOT 10 MpobaeMe OLeH-
K1 0€30IT1aCHOCTH HaHOMAaTepHajoB OOOCHOBBLIBACTCS
B IlocraHoBneHun I'1aBHOro rocynapCcTBEHHOIO cCa-
HuTapHoro Bpada Poccuiickoit ®@eneparum No 54 ot
23.07.2007 "O Hang3ope 3a NPOIYKIMEN, ITOJIYYEHHOMI
C WCTIOJIb30BAHMEM HAHOTEXHOJIOTUM M COAEpIKaIlei
HaHoMmatepuanbl” [31] 1 MHDOPMALIMOHHOM IHCHME
Pocniorpe6Hanzopa "O Hag3ope 3a MPOU3BOICTBOM U
000pOTOM MPOAYKILIMM, COAepxKallleli HaHoMaTepua-
sl [32].

Ilo 3amanmio PocnorpeOHan3opa Oblna pa3pabo-
TaHa "KoHILeENus TOKCUKOJOTMYECKUX MCCIea0Ba-
HUWIA, METOJOJIOTHH OLICHKN PMCKa, METOIOB MACHTH -

Tabauua 3

TocynapcTBeHHbIE CTAHAAPTHI B 00JACTH 0€30MACHOCTH HAHOTEXHOJIOTHIA

Ne

HasBanue

T'OCT P 54597—2011

T'OCT P 54337—2011
T'OCT P 54336—2011
['OCT P 54617.1—2011
T'OCT P 54617.2—2011
T'OCT P 55723—2013
P 50.1.071-2010

Bo3ayx paGoueit 30HbI. YJIbTpaArCIIepPCHBIE a3P030JI1, a3PO30JU HAHOYACTUI U HAHOCTPYKTYPUPOBAHHBIX
yactuil. OnpeneieHre XapakTepUCTUK M OLEHKA BO3IEHUCTBUSI MPU BIbIXaHUU

CucTteMbl MEHEIKMEHTA OXpaHbI TPyIa B OPraHU3aLUsIX, BBIMTYCKAIOIINX HAHOMPOLYKLINO. TpeboBaHuUs
CucTeMbl 9KOJIOTMYECKOTO MEHEIKMEHTa B OpPraHM3allusIX, BBITYCKAIOLIINX HAHOMPOAYKLIUIo. TpeGoBaHMs
MeHeIKMEHT prucka B HaHOMHAycTpuu. OOLre TPUHLIUITBI

MeHemKMEHT puckKa B HAHOMHAYCTpUU. MaeHTuuKays onacHOCTel

HanotexHonoruu. PyKoBOACTBO MO OMpPeAEIeHUIO XapaKTePUCTUK MPOMBIIIIEHHBIX HAHOOOBEKTOB

HanotexHonoruu. an/IHL[I/Il'lbI, O0BEKTHI CTaHIAapTU3aluu U BUAbI TIOKYMEHTOB B objactu CTaHJapTU3aluu
HaHOTEXHOJIOTUMA, HaHOMATEpHUaJIOB U NIPOAYKIIMM HAHOMHIYCTPUN
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duUKaIMU ¥ KOJIMYECTBEHHOTO OIpeaesieHns] HaHO-
MaTepuajioB”, KoTopas Obli1a yTBepxaeHa [ToctaHoB-
JeHueM [71aBHOro rocyaapcTBEHHOIO CaHUTApPHOIO
Bpava Poccwuiickoit denepanmu ot 31 okTsiopst 2007 T.
B KoHuemnuuu orpaxeHa HE0OOXOIUMOCTb U3YYEHUS B
MMOJTHOM Mepe KaXXIoro MHINBUIAYATbHOTO HaHOMATE-
puanga B TOKCMKOJIOTUYECKOM acreKTe C ONpeaeIeH -
€M IOIYCTMMOM CYTOYHOM 03Bl WJIM YCJIOBHO Iepe-
HOCHMOTO HEeIeJbHOrO (MECSIYHOT0) MOCTYIJICHUS JI1sT
OLIEHKM pUCKa MpU MPOU3BOACTBE 51 pabOTaIOIIMX
JINI] ¥ TIPA MCTIOJBb30BaHMM HaHOMAaTepuasioB. boib-
110¢ BHUMaHUE YAeNsIeTCs] HEOOXOAMMOCTHU CO3MaHMS
MHOOPMAIIMOHHBIX PECYpPCOB II0 01M00€30MacHOCTH
HaHoMaTtepuasoB. JJaHbl onpeneiaeHus, Kiaccuduka-
LIMST M 00JIaCTh IPUMEHEHNST HaHOMaTepHaioB, HAHO-
YyacTUIl ¥ HaHOTexHosorui [1].

Taxxe OblIM pa3paboTaHbl MeToauueckue peko-
MeHgauuu "OueHKa 0e30IMacHOCTM HaHOMAaTepUajoB",
NpeaHa3HaYeHHbIE /I MCIIOb30BaHMS B OpraHax ca-
HUTAPHO-3MUAEMUOJIOTUYECKOI0 KOHTPOJIS /IS OIpe-
JieJieHusT 0e30MacHOCTM HaHOMAaTepUaloB U MPOIYK-
TOB HAHOTEXHOJIOTHI 111 300POBbs uesioBeka [33].

Cucmema HOpMamueHo-memoou4ecKux 00Kymenmoe
obecneuenus 6e3onacnocmu 6 obaacmu
Hanomexmoao2uu

B pamkax @enepaibHoli lieJeBOM IMPOrpaMMbI
"PasBuTtie MHGPACTPYKTyphel HAHOMHAYCTpHHU B Poc-
cuiickoii Mepepaunm Ha 2008—2011 roxpl" 1o 3aga-
Huio PocnorpebHan3opa Obl1o paspaborano 50 Hop-
MaTUBHO-METOANYECKUX JOKYMEHTOB IO obecreye-
HUIO 6€30MaCHOCTM HAaHOMAaTepUaJloOB U HAHOTEXHO-
normit. Co3maHHasi CMCTeMa JOKYMEHTOB BKITIOUYACT B
ce0s1 HeCKOJIbKO (YHKIMOHAIbHBIX OJIOKOB, OXBAaThI-
BafOIINX BCE aCMEKThl KOHTPOJISI HAHOTEXHOJIOTUI U
HaHoMaTepuaioB [34]:

e OIpefesIeHre TIPUOPUTETOB B CAHNTAPHO-TUTUCHH -
YeCKOM HOPMMPOBAHMM, KOHTPOJIE M Haa3ope 3a
HaHomaTtepuaiamu (Tadia. 4);

e KOJMYECTBEHHBIN aHaIW3 U HOPMUPOBAHME HAHO-
MaTepuaJioB B TIPOAYKIIMU U OOBEKTaX OKPYKalo-
et cpenpl (Tabdi. 5);

e 0TOOp TIPO6 (TabiI. 6);

e OlleHKa 06€30MacHOCTH Ha OMOJOTMYECKUX MOJESIX
(tabmn. 7);

Tabmuua 4

MeroanyecKne peKOMEHAANMHA, PErIAMEHTHPYIONINE NPHOPUTETHI B CAHUTAPHO-THTHEHNYECKOM HOPMHPOBAHHHA, KOHTPOJIE U HAJ30pe
32 HAHOMATEePHAJIAMH

Ne

HasBaHue

MP 1.2.2522-09
310POBbs1 YeI0BeKa
MP 1.2.0016-10
HOCTHU

MeTtonnueckue PEKOMCHOAIIMU I10 BBISABJICHUIO HAHOMATCPUAJIOB, MIPCACTABIAIOIINX ITOTCHIUAJIbHYIO OITACHOCTD JJIA

MeTtoauka kiaccudULMPOBAHUS MPOAYKLIMU U TEXHOJOTMil HAHOMHAYCTPUM TIO CTENEHM MX MOTEHUMATbHOM Orac-

Tabnuua 5

MetoanyecKue peKOMEHIAUMHN W YKa3aHUSA, PerJIaMeHTHPYIOMMe KOIMYeCTBEHHbIH AHAIN3 H HOPMHPOBaHHE HAHOMATEPHAIOB

B NPOAYKIMA M 00BHEKTAX OKPYKAIONIEH Cpeabl

No

Ha3zsaHue

MY 1.2.2873-11
MY 1.2.2874-11
MY 1.2.2875-11
MY 1.2.2876-11
MY 1.2.2877-11
MP 1.2.2639-10
MP 1.2.2640-10
MP 1.2.2641-10
MP 1.2.0018-10
MP 1.2.0044-11
MP 1.2.0045-11
MP 1.2.0046-11

MP 1.2.0047-11

TMopsinox BEISIBIEHUS] ¥ UACHTU(MHUKALIMYM HAHOMATepUaoB B BOMHBIX 0€CITO3BOHOYHBIX

INopsinox BeIsiBAEHUS U UACHTUDUKALIMKM HAHOMATepUaaoB B J1aOOPATOPHBIX XKUBOTHBIX

TMopsinox BEISIBIIEHUS] ¥ UACHTU(DUKAIIMM HAHOMATepUaioB B BOIOEMax

INopsinox BbIsIBIEHUS U UACHTU(MUKALIMM HAHOMATepUaaoB B PACTEHMSIX

[Mopsinok BeIsIBNEHUS] ¥ UACHTU(DUKAIIMM HAHOMATepUaoB B phlOax

Hcnonb3oBaHue METOIOB KOJMYECTBEHHOTO OMPEAEIEHUS HAHOMATEPUAIOB Ha MPEeNNpUITUSIX HAHOMHAYCTPUU U B
KOHTPOJIMPYIOIINX OpPTaHU3aIUsIX

Mertonpl oT60pa MpoO, BHISIBICHUS] U OIpeIeeHUs] COAepKaHUsI HAHOYACTULL U HAHOMATEePUaJIOB B COCTaBE CEIbCKOXO-
3STCTBEHHOM, TTUIIEBOM MPOMYKIIMM U YITAKOBOYHBIX MAaTEPUAIOB

OrnpeneneHne NPUOPUTETHBIX BUAOB HAHOMATEPUAIOB B O0OBEKTaX OKPYXKAIOLIEH Cpenbl, XXUBbIX OpPraHM3Max U MULe-
BBIX TIPOAYKTaX

ITopsimok oTOOpa Mpod U METOABI ONPeAeIeHHsT COAepKaHUs HAHOYACTUII B COCTaBe MPOAYKIIUM OBITOBOM XUMWU, HE3-
MHOEKIMOHHBIX U TTaphIOMEepHO-KOCMETUYECKUX CPEICTB

[Mopsimox BeIsiBIEHUST M MAeHTH(DUKaMK arperatoB ¢ysepeHoB C60 B cpe3ax TKaHeil XKUBOTHBIX M PaCTEHUI MeToma-
MU aHAJIUTUYECKOUN 3JIEKTPOHHOU MUKPOCKOIUU

[Nopsinox BEISIBIEHUS] ¥ UACHTU(MOWKAIIMA MHOTOCTEHHBIX YIJIEPOAHBIX HAHOTPYOOK B Cpe3ax TKaHEW XWBOTHBIX M pac-
TEHU METOJAMM AHAIMTUYECKOMN BJEKTPOHHOU MUKPOCKOIUU

[MpumeHeHre MeToIa SHEPTOANCIIEPCMOHHON MUKPOCTIEKTPOCKOITAY JIJTsS aHAIM3a HAHOYACTUIL cepebpa, OKCUIOB IIUH-
Ka, AIIOMUHUS U UEPUsl B TKAHSX KUBOTHBIX M PACTEHUIT

BrIsiBIeHMEe MeTOmaMU 3JIEKTPOHHON MMKPOCKOITMY CTPYKTYPHBIX U3MEHEHWI, BbI3BIBAEMBIX MCKYCCTBEHHBIMU HAaHO-
YaCTULIAMU B KJIETKAX XVUBOTHBIX M PACTCHUIA
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e TIOPSIIOK KOHTPOJSI U Han3opa (Tadi. 8);
e OlICHKA PUCKOB U yIIpaBJIIeHUE pucKamu (Tabir. 9).
HeobOxonuMocTh orpeneneHus IIpuopruTeToB B 00-
JIaCTU HAHOWHIYCTPUM TUKTYETCS IIMPOKHUM acCOPTH-
MEHTOM BBIITyCKAeMbIX HAHOMATEPHAJIOB, ICTABHBIC
TOKCUKOJIOTO-TUTMEHUYECKUE U 3KOTOKCUKOJOIMYe-
CKME XapaKTepUCTUKU KOTOPBIX JOJKHBI MOTPEeOOBaATh
HenpreMeMo OOJIbIIMX 3aTpaT Tpyada 1 BpeMeHu. Pa3-
paboTaHHbIC B LIEJISIX MPeaBapUTEIbHON OLIEHKHU I10-
TEHIIMAJbHOM OIMMACHOCTU HOBBIX BUIIOB HAHOTEXHOJIO-
IMii 1 HAHOMAaTepUaIoB METOJMYECKUE PEKOMEHIALMU
(MP 1.2.2522-09) npeaycMaTpuBaiOT ONpeaesieHUe
CTeNeHM MOTEeHLIMaJbHON OMACHOCTU HaHOMaTepua-
JIOB Ha OCHOBE MaccuBa HayuyHoi MH(bopmauuu [335].
B ocHoOBy anropuTMa BbISIBJIEHMSI HaHOMAaTepHUAJOB,
MNPEACTABSIIOIIMX OMACHOCTD ISl OPraHMU3Ma YeJI0Be-
Ka, TIOJIOXKEeHAa oIlepallMoHHast Monelb "['eHepaabHbIX
onpenemutenbHbIXx Ta0bmui" (I'OT). TOT yuuTsiBaroT
BCE M3BECTHBIC HA HACTOSIIIEE BPeMsI CBOMCTBA, BIIUSIO-
1IM€ Ha MOTEHILIMAaJbHYI0 OMAaCHOCTh HaHOMAaTepua-
JIOB, TaKMe KaK TeOMETPUIECKIE XapaKTepUCTUKU, (hU-
3UKO-XMMHUYECKHE CBOMCTBA, B3aMMONEHCTBUE C O1O-
MaKpOMOJIeKYyJaMU, BO3IEeHCTBUE Ha KJIETKU, Opra-
HU3M, DKOJIOTMYECKUE XapaKTepucTuku [36].
Metoauke KiaccUbUUMUPOBAHUS MPOAYKIIMM Ha-
HOWHIYCTPUU TIO0 CTETIEHU MOTEHIUAIbHONW OIacHO-

CTU JIS1 3I0POBbSI HACEJICHUS U Cpelbl OOMTAaHUS T10-
cBameHsl MP 1.2.0016-10, B COOTBETCTBUA C KOTOPHI-
MU HaHOMAaTepHaJIbl TTOAPA3ACISIOT HA HU3KO, CpeIHE
M BBICOKO omacHbie [37].

BrisiBneHue, naeHTUGUKALNUS U KOJUYECTBEHHBIN
aHaJIN3 HAaHOMAaTepHAaJIOB B MUIIEBBIX MPOAYKTaX W B
00BbEeKTaX OKpYyXalollleil cpeabl OCYLIECTBISIIOT C MC-
MOJIb30BAaHMEM KOMILJIEKCAa COBPEMEHHBIX, CTaHIap-
TU30BaHHBIX, YHU(PUIIMPOBAHHKIX METONOB, TAKMX KaK
MpocBeUYrBalolas 3JeKTPOHHAsI MUKPOCKOITHSI, Macc-
CIEKTPOMETPHS, aTOMHO-CHJIOBAsE MUKPOCKOITHSI, U -
HaMHUYeCcKoe JIa3epHOe CBeTopaccesiHUe, paauoun30-
TOITHBIE METOIBI M BEICOKO3(M(PEKTUBHAS KUIKOCTHAS
xpomaTorpadusi, TOPsSI0K MPUMEHEHUSI KOTOPBIX yC-
TaHOBJIEH PSIIOM JTOKYMEHTOB (CM. Tabi. 5).

Oco0Oble cBOMCTBAa HAHOMATEPUAJIOB, SIBJISIOLIUXCS
00BbEeKTaMU HCCJIeA0BaHMUsI, OOYCJIOBIMBAIOT CIICLIM-
(¢UKy TIpUMEHSIEMBIX METOIOB O0TOOpa MPOO, KOTOPEIE
MU3JIOKEHBI B METOAMYECKNX PEKOMEHIALIUAX U yKa3a-
HUSX, TIPEICTABIIEHHEBIX B Tab. 6.

KirfoueBBIM MOMEHTOM B OIpeAeIeHUN KPUTEPUEB
6e30MaCHOCT HAHOMATEPUAJIOB SIBJISICTCS BhISIBICHUE
OTJIMYMI UX OMonorudyeckux 3¢ ¢GeKToB OT aHAJIOTUY-
HBIX TTI0 XMMUYECKOMY COCTaBY BELIECTB B MaKpPOJIMC-
nepcHoit popme. K 3ToMy 0JI0KY OTHOCSITCS METOAU-
YecKre JOKYMEHTHI, YCTaHABIMBAIOIINE METOIBI TOK-

Tabauia 6

MeroanyecKne peKOMEHIANMA M YKa3aHUSA, PerJAMEHTHPYIOIAE MOPSIOK 0TOOPA MPod Ui KOHTPOJIS 32 HAHOMATEPHAIAMHA

No

HazBanue

MP 1.2.0022-11

TTO3BOHOYHBIX

[Mopsinox ordopa npod ik KOHTPOJIsE 32 HAHOMaTepualaMu
MY 1.2.2740-10 | [Topsimox oT6opa Mpo6 A BBISIBICHUS, MACHTU(UKAIIMM U XapaKTepUCTUKU IEWCTBUS HAaHOMATepHaaoB B BOTHBIX Oec-

MY 1.2.2741-10 | I[Topsimox oTOOpa mpoO I BBISIBJICHUS U MACHTU(MUKALIUY HAHOMATePHAJIOB B JJA0OPAaTOPHBIX XUBOTHBIX

MY 1.2.2742-10 | INopsinok oT6opa mpoO IS BBISIBICHUS U MACHTU(MUKALIMM HAHOMATepUaIoB B PACTEHMSIX

MY 1.2.2743-10 | TTopsimok oT60pa Tpo6 ISl BRISIBIICHUST M MISHTU(DUKAIIMA HAHOMATEePUAJIOB B BOIHBIX OOBEKTAX

MY 1.2.2744-10 | [Topsimok otGopa mpob st BBISIBIICHUsI, UIEHTU(DUKAIIMKA U XapaKTePUCTUKU NEWCTBUSI HAHOMATepUaJioB B pbIOax
MY 1.2.2745-10 | IMopsimoxk oTOopa mpoO I XapaKTePUCTUKM OSHCTBUS HAHOMATEpHUAJIOB Ha JJa00OPaTOPHBIX XKUBOTHBIX

Tabauua 7

MetoanyecKue peKOMEHIAMH U YKa3aHUs, PErJIAMEHTHPYIOUIHE OLEHKY 0e30nacHOCTH HAHOMATEPUAJIOB HA OMOJOTHYECKHX MOIEIX

Ne

Ha3Banue

MY 1.2.2520-09
MP 1.2.2566-09
MY 1.2.2634-10
MUKpPOOHMOLIEHO3a
MYV 1.2.2635-10
MY 1.2.2869-11
MY 1.2.2967-11

Tokcukonoro-rurueHuYecKasi oleHKa 6e30MacHOCTY HaHOMATEePUAJIOB
O1ieHKa 6€301acCHOCTY HAaHOMATEePHUAJIOB in Vitro ¥ B MOIEIBHBIX CUCTEMaX in vivo
Mukpobuonornueckast 1 MOJIEKYJISIPHO-TEeHETUYECKas OIleHKa BO3MECHCTBUSI HAHOMATepUAaJioB Ha MPEICTaBUTENICH

Menuko-06uonoruyeckas olleHKa 6e30MacHOCTY HaHOMAaTepUasIoB
Tlopsiiok OLIEHKM TOKCUYECKOro NeiiCTBUSI HAHOMATEePUaIOB Ha J1abOPaTOPHBIX KMBOTHBIX
[Mopsinox oLeHKM AECTBUSI HAHOMATEPUAIOB Ha PbIO 10 MOPGOJOTMUECKUM U TeHETUYECKUM MPU3HAKaM

MYV 1.2.2968-11
MY 1.2.2965-11

MP 1.2.0048-11

MP 1.2.0052-11
MP 1.2.0053-11

MP 1.2.0054-11

IMopsinok 6MoIOorMYecKoil OLIEHKM HAaHOMATEePUaJIOB Ha pacTeHUs MO0 MOP(OJOTUISCKUM MPU3HAKAM

[Mopsimok MearMKo-01MOJIOrMYeCKOi OLIEHKM IeHCTBUSI HAHOMATEPUAJIOB Ha JabOPAaTOPHBIX KUBOTHBIX MO MOpdosioru-
YEeCKUM MPU3HAKaM U MeTaboJIMYeCKUM MapameTpam

IMopsimok 1 MeTonmbl OTpeneeH!sI OPTaHOTPOTTHOCTH U TOKCUKOKMHETUYECKUX TTapaMeTPOB MCKYCCTBEHHBIX HAHOMa-
TEpUAJIOB B TeCTaxX Ha JaOOPAaTOPHBIX XXMBOTHBIX

OlieHKa BO3ICHCTBUSI HAHOMATEPUAIOB Ha (DYHKIIMIO MMMYHHUTETA

OlLieHKa BO3/IEHMCTBUSI HAHOMATePUAIOB Ha TIPOTEOMHBIN TPOGUIb U GUOCUHTETHUYECKHE TPOLIECCHl B TeCTax Ha J1abo-
PATOPHBIX KUBOTHBIX

[MopsimoK 1 MEeTOIBI OLIEHKW BO3IEUCTBUS MCKYCCTBEHHBIX HAHOYACTHUII 1 HAHOMATepHAIOB Ha TOKCUYECKOe JeCTBUE
XMMHMUYECKUX BELIECTB
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Tabauua 8

MeTtoauyeckue PEKOMEHJAIUA U YKA3aHHUA, PErJIAMCHTHPYIOIIHE MOPAAOK KOHTPOJIA B HAA30pa HAHOMATEPHAJIOB

MP 1.2.0036-11
MP 1.2.0037-11
MP 1.2.0039-11
MP 1.2.0040-11
MP 1.2.0042-11
MP 1.2.0043-11
MY 1.2.2636-10

KoHTpoab HaHOMaTEepUaIoB B BO3IyXe

JIOTUI U HAHOMAaTEepUAJIOB
MYV 1.2.2637-10
MY 1.2.2638-10
0JIb30BAHUEM HAHOTEXHOJIOTUI

No HasBanue
MP 1.2.0023-11 | KoHTpoib HAHOMATEpUATIOB B MULIEBON MPOLYKIIMU
MP 1.2.0024-11 | KoHTpoab HaHOMAaTepUAaIOB, MPUMEHSIEMbIX B XUMUYECKOU TMPOMBIIIIEHHOCTH

KOHTpO.TII) HaHOMaTEpUaJoB B AE3CPECACTBAX U MPOAYKIIMU OBITOBOI XUMHU

KoHTposb HaHOMaTepuaaoB B yIIaKOBOUHbBIX MaTepuaiax

Kontponbs HaHOMaTepuanaoB B naphoMepHO-KOCMETUUECKON MPOMBIILIEHHOCTH

KoHTpoab HaHOMaTepuaaoB, IPUMEHSIEMbIX B CEJIbCKOM XO351CTBE

KoHTposib HaHOMaTepHanoB B 0OBEKTAaX OKPYXKAIOLIEH Cpenbl

IIpoBeneHue caHUTapHO-3MUAEMUOJIOTUUECKON SKCIEPTU3bI POAYKIMH, TOTYYEHHOH C MCIOIb30BAHUEM HAHOTEXHO-

HODHI[OK 1 METOABI MMPOBECIACHUS KOHTPOJISI MUTI'PALIMM HAHOYACTULL U3 YITAKOBOYHBIX MAaTEpUAIOB
OneHka 6e30IMacHOCTA KOHTaKTUPYIOIIMX C MUIICBbIMU MPOAYKTAMHU YIIAKOBOUYHBIX MAaTCPUAIOB, IMOJTYYCHHBIX C UC-

CHUKOJIOTO-TUTUEHUYECKON U MEeIMKO-OMOJIOTUYECKOM
OLIEHKM 0€30MacHOCTU HaHOMAaTepHUaIoB C UCIOJIb30-
BaHMEM MHOTOYPOBHEBOU MPOrpaMMbl TECTUPOBAHUS:
e Ha MOJEJSIX KYJbTYP MUKPOOPTaHNU3MOB;

e Ha MOJEJbHBIX CMCTEeMax in vivo;

e Ha Ja00pPaTOPHBIX XXUBOTHBIX;

e TIPOBEICHME CIELMATbHBIX MCCAEIOBAHUI Ha Ha-

JIMYKME OTHAJIEHHBIX HeOJaronpusiTHbIX 3¢h(EKTOB.

B HacTosiiiee BpeMsi MUMEHHO B COOTBETCTBUU C
JTAHHOW MPOTPAMMON B AKKPEOUTOBAHHBIX HAYYHO-
HCCIIeNOBAaTENbCKUX OpTaHU3aMIX TPOBOAUTCS TOK-
CUKOJIOTO-TUTUEHMYECKass U MeAMKO-OMoIorndecKas
OlLIEHKA OIMaCHOCTH HaHoMmaTtepuasioB [34, 36]. T1opsmok
MPOBEACHUsI HCCAeNOBaHUI perlaMeHTUPYETCs PSIAOM
HOPMAaTUBHO-METOAUYECKMX JOKYMEHTOB (CM. Tabj1. 7).

[aHHble MeTOAMYEeCKHE TOKYMEHThl YCTaHABJIMBA-
0T METOMAbl OLIEHKM OIMAaCHOCTM HaHOMAaTepHuasoB C
HCTIOJIb30BAHMEM MHOTOYPOBHEBOM IPOrpaMMBbI TeC-
TUPOBAHUS: HA MOJAEJSX KYJbTYp MUKPOOPTaHU3MOB
(MyTareHHOe JIeiiCTBUE, CIIOCOOHOCTh BIMSITh Ha POCT
U rubenb KIETOK, W3MEHEHUE YJIbTPACTPYKTYpbl WU
T. 1.); Ha MOAEIBHBIX CUCTeMaXx in vivo (ceMeHa BBIC-
LIMX pacTeHUH U TUAPOOMOHTHI); HA JIAOOPATOPHBIX
>KMBOTHBIX (OmpeaesieHre OCTpOil, MOmOCTpoii, CyO-
XPOHUYECKON M XpOHUYECKOU TOKCUYHOCTHU); MPOBE-
JIeHre CHelMaIbHbIX MCCAeAOBAaHUM Ha HaJIMuue OT-
JIaJIEHHBIX HEOJIaronpusTHHIX 3(PdEKTOB (TepaToreH-
HOCTb, KaHIIEPOT€HHOCTb, MyTareHHOCTh U T. 1.) [36].

ITopsimok M mpouenypsl 3KCIEPTU3bl NMPOAYKLIMA
HAHOWHIYCTPUY, KOHTPOJISI HAHOYACTUIL M HAHOMA-
TepUaAJIOB B COCTaBe OCHOBHBIX BUIOB MUILIEBOI MpPO-
JIYKIWU, TTPOMBILLIJIEHHOTO U CEJIbCKOX03IMCTBEHHOTO
MPOMBILLIEHHOTO ChIPbs, B MPOU3BOACTBEHHBIX MPO-
leccax u o0beKTax OKpyXKarwlleil cpeabl yCTaHaBIM-
BaeT psii HOPMATUBHO-METOIMYECKUX TOKYMEHTOB
(cM. Tabm. 8).

OTU HOPMATUBHO-METOANYECKNE JOKYMEHTHI Ha-
LIUIM oTpaxkeHue B TexHMYECKUX perjameHTax Ta-
moxeHHoro Coroza TP TC 009/2011 "O 6e3omnacHo-
¢t nap@romMepHO-KocMeTnYecKou npoaykuun” u TP
TC 0021/2011 "O 6Ge3omacHOCTU TMHILIEBON MPOAYK-

ouu"' B Y9acTH 0O0sI3aTeIbHOUM PEruCTPallid TPOAYK-
1IMY, TTPOU3BENCHHOM C UCMOJb30BAHUEM HAHOTEXHO-
Jloruii u HaHoMmaTepuaioB [38, 39].

B 2010 r. BrepBble OBLIM YTBEPXKIACHBI TUTUEHUYE -
CKH€ HOPMAaTHBBI NMPUOPUTETHBIX HAHOMATEPUAIOB B
oo0bekTax okpyxatomei cpeasl (I'H 1.2.2633-10). Yc-
TaHOBJICHbBl OPUEHTUPOBOUYHBIC O€30IacHbIE YPOBHU
BozaericTBus (OBYB) B Bo3ayxe paboueit 30HbI (cpe-
HeCcMeHHasl) IJIs1 HaHOYacTUl[ TMTaHa IMOKCHUIA —
0,1 mr/ M> U OIHOCTEHHBIX YIJIEPOIHBIX HAHOTPYOOK —
0,01 BosokHo B 1 oM IpY IJIMHE BOJOKHA >5 MKM.
OpUEHTUPOBOUHBIN JOMYyCTUMBIN ypoBeHb (O1Y) mis
HaHOYaCTHII cepedpa B MUTHEBOM BOIE M BOAE BOIO-
eMoB cocTabjseT 0,05 Mr/z[M3 [40].

OlLleHKe W YIIPaBJICHWIO PUCKOM HAHOYACTHIL U
HaHoMaTtepuajaoB mocBsieHsl MP 1.2.0038-11 (cwm.
TabJ. 9), ompenensionIye MEeTOABl OLIEHKUA pHCKa B
YCJIOBUSIX PEIbHOTO BO3IEMCTBUSI HAHOYACTHUII 1 Ha-
HoMaTepuajoB Ha HacejieHue, 1 MP 1.2.0041-11, yc-
TaHABJIMBAIOIINE TTOPSIIOK TPUHSITUS PEIIeHU B 1ie-
JIIX MUHMMU3ALMU HEOJaronpusiTHOro BO3NEHCTBUS
HaHOYaCTUI MU HaHoMaTepuasosn [41, 42].

Kpome co3zmaHuss HOpMaTUBHO-METOAMYECKOI Oa-
3bI, TIPOBOJIUTCST paboOTa MO PETUCTPALIMU W KJIACCH-
¢dukanmu HaHomnpoaykuuu. s storo Ha 6aze @PI'BY
HUWUW muranuns PAH 0wt co3gaH mH@pOpMallMOHHO-
QHAIMTUYECKUI LEHTP Mo Mpodsieme 0e30MmacHOCTU
HaHOTexHoJoruil 1 HaHomatepuaioB (I1puka3 Pocrot-
pe6Hanzopa ot 30.11.2007 Ne 340) u pazpaboraHa enu-

Tabauia 9
MeTtoauyeckne peKOMEHIAMH N0 OIEHKEe W YNpPaBJIeHHI0 PUCKAMH

Ne HaszBanue

MP 1.2.0038-11 | OueHka pucka BO3IeiCTBISI HAHOMATepUAJIOB
¥ HaHOYACTHI[ Ha OPTaHMU3M YeJIoBeKa
CucrtemMa IPUHATUS PELICHU TI0 KOHTPOJIIO
HaHOOE30MacHOCTH Ha 0a3e OLIEHKU PUCKOB
MPOM3BOACTBA, UCIIOJIB30BAHMUS U YTHIM3ALUKI
HaHOMaTepuaJoB Ha OCHOBE MOHMTOPUHTA
JMAHHBIX IIPOLIECCOB Ha MPEAIPUSATUIX HAHO-
WHIYCTPUU

MP 1.2.0041-11
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Hasi KOMIIbIOTepHasl 6a3a JaHHBIX 110 HAHOMaTepuaiaM
M HAaHOTEXHOJIOTMSIM, MCIOJb3yeMbIM B Poccmiickoi
®enepanum [43].

3akimouyeHue

B nacrostiiee Bpemst B Poccuiickoit @eaepanuu
pPSIIOM BEIOMCTB UM OpraHu3alvii peanu3yercsl Ipo-
rpaMma pa3paboTKy CTaHAApPTOB IJisI HAHOWHIYCT-
puu, HampaBjleHHAas Ha MPUMEHEHUM MEXAYHapo.-
HBIX CTAHIAPTOB B 00JIACTM HAHOTEXHOJOTU, a TAaKXKe
aKTyaJu3aluy JeUCTBYIOLIMX HAIMOHAIBHBIX U MEX-
rocyIapCTBEHHBIX CTaHAAPTOB. B pamkax coznaHust co-
BEPILUECHCTBOBAHUS 3aKOHOIATEIbHON, HOPMATUBHOM
U METOIMYECKOI 0a3bl B chepe HAHOMHIYCTPUU OCO-
00oe BHUMaHUe yaeisieTcsl HarpasiieHusM "be3orac-
HOCTh HaHoTexHojioruit" u "HaHoTexHonoruu misi
cucTeM Oe3ornacHocTH".

ITo 3amanmio PocmorpedHan3opa pa3paboTaHa eqn-
Hasl CUCTeMa HOPMATUBHO-METOJUUYECKUX TOKYMEH-
TOB, peNIAMEHTUPYIOLIUX MPOLEAypbl OLEHKU 0e30-
MACHOCTH M KOHTPOJISI HAHOTEXHOJIOIM M HaHOMAaTe-
pUaIOB Ha BCEX YPOBHSIX U HAa BCEX CTAAUSIX XKU3HEH-
HOTO LIMKJIa HaHoMaTepuasioB. Hauana paboTty nepBas
B P® cucrtema ceprudukany npoayKuuu HAaHOUHIY-
crpun "HaHoceptuduka".

PaspaboranHast mpaBoBasi U HOPMaTUBHO-METOAM -
yeckast 0a3a HAXOIUTCS B paMKaX MEeXIYHAPOIHO MPH-
3HAHHBIX TTOAXOAOB B JAHHON 00JacTU, YTO CO3AAET
oIpeaeeHHbIEC TTePCIIEKTUBEI TapMOHM3AlIMKA POCCHIA-
CKHMX TOKYMEHTOB B 00J1aCTM HAHOOE30IMaCHOCTH C CO-
OTBETCTBYIOIIMMU MEXIYHAapOTHBIMA HOPMaMMU.
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Legal, Regulatory and Methodological Standards of Safety in Nanoindustry

The article presents a review of the current state in the field of legal and methodical safety standards for the nanotechnology proc-
esses and products. Special attention is paid to the challenges determined by the development of nanotechnologies and characteristics
of nanomaterials. The review also embraces the questions related to the legal and regulatory basis of safety in the field of nanote-
chnologies in the Russian Federation and abroad.

Currently, in the Russian Federation a program is being implemented for development of the standards in the nanotechnology
industry, focused on application of the international standards in the field of nanotechnologies, as well as updating of the existing
national and interstate standards. Concerning improvement of the legal, regulatory and methodological framework in the field of
nanotechnologies the focus is made on the areas of safety. Rospotrebnadzor develops a uniform system of the regulatory and pro-
cedural documents governing the procedures for assessing safety and monitoring of nanotechnologies and nanomaterials at all the
levels and at all the stages of their life cycle. Nanocertifica, the first in Russia system for certification of products of the nanote-
chnology industry, initiated its activity.

A legal and normative-methodical base is being developed within the internationally recognized approaches in this area, which
creates prospects for harmonization of certain Russian nanosafety documents with the relevant international standards.

Keywords: safety in nanoindustry, nanosafety, standardization in nanotechnology, legal framework, international standards of

ISO, GOST, Rosnano, Rosstandart, Rospotrebnadzor

Introduction

The prospects of the development of nanotechnol-
ogy is in rising attention in the world, i.e. the technol-
ogies of directional production and application of sub-
stances and materials with the characteristics deter-
mined by the sizes of the basic elements in units and
tens of nanometers.

The volumes of production and the market of na-
nomaterials in the world are growing rapidly. In the
Russian Federation, there is also development of pro-
duction of the certain types of nanomaterials. In the
course of a full cycle of their turnover, including pro-
duction, use and recycling, the nanomaterials, not even
specifically designed for use in medicine, nutrition and

life, inevitably come into the environment and after in-
to a human organism. Consequently, the degree of their
impact on man will inevitably increase [1, 2].

Main sources of threats related
to the nanoindustry developmental

At the heart of nanotechnology products lays the use
of novel, previously unknown properties and function-
alities of material systems during transition to the na-
noscale, defined by the features of transport and distri-
bution of the charges, energy, mass and information in
nanostructurization.

As noted in [3], the most characteristic manifesta-
tions of the "nanoworld" in comparison with the tradi-
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tional objects with microscopic characteristic dimen-

sions must be recognized:

¢ high "field" (electrical, magnetic) activity and "cat-
alytic" (chemical) selectivity of the surface of the na-
noparticle ensembles;

e ecmergence of non-traditional forms of symmetry,
specific types of interfaces and conformations, in-
cluding with a dynamically reconfigurable structure;

e special character of the energy transfer, charge and
conformational changes, distinguished by low power
consumption, high speed and bearing signs of a syn-
ergistic process;

e dominating of self-ordering and self-organization
over artificial ordering, displaying the manifestation
of matrix coping and features of the synthesis under
conditions far from equilibrium.

Development of the nanotechnology industry initi-
ates two areas related to the concept of security as "state
of protection of the vital interests of identity, society
and state from internal and external threats":

o analysis of the nanothreats causes of occurrence;

o use of nanomaterials and nanotechnologies for cre-
ation of the security systems. As possible reasons for
nanothreats should highlight as follows [4]:

o small geometric dimensions of nanoparticles and
their high penetrating power, reaction and adsorp-
tion activity in the absence of human, animal and
plant developed protective mechanisms;

e diversity of structure and composition of the nano-
particles and nanocomposites, and the complexity
of their identification and quantitative characteri-
zation;

¢ development of interdisciplinary research, stimulat-
ing creation of the converged systems based on the
artificial integration of objects of organic and inor-
ganic nature, the lack of reliable information on the
mechanisms of their interaction and pathogenic
forms, including in the long-term accumulation;

o economically stimulated dramatic artificially accel-
eration of technological evolution in the field of na-
notechnology, nanomaterials and products based on
them in the absence of the necessary nanotechnol-
ogy culture of developers, manufacturers, certifica-
tion bodies and sanitary-epidemiological control;

e novelty of nanotechnology products with possible
high economic efficiency of investments, which cre-
ates the temptation to a certain group, as a rule,
"young" small companies to achieve rapid results
without the risk and impact assessment;

o small weight and size and power indicators of the
nanotechnological processes and the possibility of
their "secretive” realization that stimulates the use of
nanotechnologies and nanomaterials for the imple-
mentation of terrorist acts.

Since the nanoparticles and nanomaterials possess
the properties that are often radically different from
their analogs in the form of macroscopic dispersions or
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solid phase, they represent a new factor that affects the
body and the environment. It puts on the agenda the
development of the methods to assess the risk of the
negative impact of nanomaterials on human health and
monitoring of their turnover [5].

International legal and methodological framework
for safety provision in nanotechnology

The technical committees on standardization in
countries with nanotechnologies active development
were created in 2004—2005.

In the USA, in standardization of the nanotechnol-
ogies are engaged: American Society for Testing and
Materials, ASTM, American national standards insti-
tute, ANSI and Institute of Electrical and Electronics
Engineers, IEEE.

Committee E56 on nanotechnologies was formed in
ASTM in 2005. The considered issues are associated
with the standards and the governing documents in na-
notechnologies and nanomaterials, as well as witty the
cooordination of the current activities qf ASTM in
(Standardization in accordance with the requirements
of nanotechnologies. The subcommittees of the Com-
mittee E56 include:

e E56.01 — terminology and nomenclature;

e E56.02 — determination of physical, chemical and
toxicological characteristics;

e E56.03 — environmental protection, health and la-
bor safety.

American National Standards Institute in 2004
formed the Commission on nanotechnology standards
ANSI with for coordination of the development of vol-
untary and co-developed standards for use in the field
of nanotechnology [6].

Of particular note is the creation of the Technical
Committee of the International Organization for
Standardization ISO 229 "Nanotechnologies". The
structure of the active members of the ISO TC 229
comprises 29 countries, including the Russian Feder-
ation. 10 countries are observers at meetings of the
Technical Committee for Standardization. The priori-
ties of the ISO TC 229 consist in the standardization of
the following lines [7]:

e terms and definitions;

e metrology, testing and measurement methods;

o standard specimens of composition and properties;
e modeling;

e healthcare and safety;

e cnvironmental impact.

In 2009, the ISO TC 229 has developed a business
plan for standardization of the nanotechnologies, aimed
on support of the quality, safety, protection of the pur-
chaser and the environment, rational use of resources in
application to the nanotechnologies.

ISO TC 229 has released a document describing
the impact of nanotechnologies on health and safety




ISO/TR 12885:2008, Nanotechnologies — Health and
safety practices in occupational settings relevant to na-
notechnologies. It summarizes the world experience
and makes it available now, while the majority of na-
tional standards on nanotechnologies are under devel-
opment. The document gives the tips to researchers and
production workers on the safety of personnel and con-
sumers in production, storage, use and liquidation of
the industrial nanomaterials [8].

Currently, a number of ISO standards was adopted,
concerning the safety provision in nanotechnology
industry and in circulation of the nanomaterials [9]
(table 1).

Countries of the European Union and other inter-
national communities, use the national legislation based
or completely repeating ISO standards [10].

In addition, the following organizations are in charge
of safety regulation in the field of nanotechnologies:

e International Electrotechnical Commission, IEC;

¢ International Risk Governance Council, IRGC;

e USA Environmental Protection Agency, EPA;

e USA Food and Drug Administration, FDA;

e Registration, Evaluation, Authorization and Re-
striction of Chemical Substances (REACH);

e Safe Work Australia;

e FEuropean Food Safety Authority, EFSA, etc.
These organizations, in turn, developed a number of

documents in the field of security provision in nanote-

chnology industry and for its products:

e Recommendations for a global & coordinated ap-
proach to the governance of potential risks [11];

o Regulatory Aspects of nanomaterials [12];

e Nanotechnology White Paper [13];

e Nanotechnology Task Force Report [14];

e Engineered Nanomaterials: Investigating substitu-
tion and modification options to reduce potential
hazards [15];

e Guidance on risk assessment concerning potential
risks arising from applications of nanoscience and

nanotechnologies to food and feed [16] and other

documents.

An intergovernmental body of the Commonwealth
of Independent States (CIS) on formation of the coor-
dinated policy on standardization, metrology and cer-
tification is the Interstate Council for Standardization,
Metrology and Certification (EASC) of the CIS. In
2013, the Interstate Technical Committee (ITC) 441
"Nanotechnologies" was created in the framework of
the EASC on the base of TC 441 "Nanotechnologies”
of the Federal Agency on Technical Regulating and
Metrology. The activity of the ITC 441 includes stand-
ardization in the field of nanotechnology, including the
development, production, circulation, utilization, safe-
ty of nanomaterials, metrological provision of the na-
notechnology industry, classification and definition of
terms in the field of nanotechnology. The full members
of ITC 441 are the Russian Federation, Belarus, Kaza-
khstan and Ukraine. The composition of the technical
committee includes a subcommittee (SC 3) "Safety of
nanotechnologies and nanoproducts” [17].

Legal, regulatory and methodological regulation
in standardization in safety provision
of nanotechnologies in Russia

The need to create a regulatory framework in the
field of nanoindustry safety provision is reflected in a
number of government documents:

o The initiative of the President of the Russian Fed-
eration "Development Strategy of the nanotechno-
logical industry” [18];

o Federal Law 0f 27.12.2002 Ne 184-FZ "On technical
regulation” [19];

o Federal Law of 19.07.2007 Ne 139-FZ "On the Rus-
sian Corporation of Nanotechnologies" [20];

o Federal Target Program (FTP) "Development of in-
frastructure of the nanotechnology industry in the
Russian Federation for 2008—2011" [21];

Table 1

IS0 standards in the field of safety of the nanotechnology industry

N

Title

ISO/TR 12885:2008

ISO/TR 27628:2007
characterization and assessment

ISO 10808:2010
ISO 29701:2010
ISO/TR 11360:2010
ISO/TR 13121:2011

ISO/TR 13014:2012
toxicological assessment

ISO/TR 13329:2012

approaches

control banding approach
ISO/TR 16197:2014

Nanotechnologies. Health and safety practices in occupational settings relevant to nanotechnologies
Workplace atmospheres. Ultrafine, nanoparticle and nanostructured aerosols — Inhalation exposure

Nanotechnologies. Characterization of nanoparticles inhalation exposure chambers for inhalation toxicity testing
Nanotechnologies. Endotoxin test on nanomaterial samples for in vitro systems — Limulus amebocyte lysate (LAL) test
Nanotechnologies. Methodology for classification and categorization of the nanomaterials

Nanotechnologies. Nanomaterial risk evaluation

Nanotechnologies. Guidance on physical-chemical characterization of engineered nanoscale materials for

Nanomaterials. Preparation of material safety data sheet (MSDS)
ISO/TS 12901-1:2012 | Nanotechnologies. Occupational risk management applied to engineered nanomaterials — Part 1: Principles and

ISO/TS 12901-2:2014 | Nanotechnologies. Occupational risk management applied to engineered nanomaterials — Part 2: Use of the

Nanotechnologies. Compilation and description of toxicological screening methods for manufactured nanomaterials
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e The order of the Government of the Russian Fed-
eration "On ensuring of implementation of the pro-
gram for development of the nanotechnology indus-
try in the Russian Federation up to 2015" [22];

e The order of the Government of the Russian Feder-
ation "On implementation of the action plan for de-
velopment of the normative-legal acts in the field of
nanotechnology industry in 2009—2010 years" [23];

e The concept of unity guarantee in measurement,
standardization, conformity and safe assessment of
use of nanotechnologies and nanomaterials and na-
notechnology products in the Russian Federation up
to 2015 [24].

RUSNANO activity in safety provision
of the nanotechnology industry

In 2007, the State Corporation "Russian Corporation
of Nanotechnologies" (from 2011 — JSC "RUSNANQO")
was founded in the Russian Federation for development
and implementation of the state policy in the field of
nanotechnologies, providing of the organizational and
financial support of nanotechnology activities, selec-
tion, coordination and financing of promising projects.

To minimize the risks, RUSNANO offers a range of
directions:

e introduction of examination of the products,
claimed to investments, even before its production;

o standardization of requirements for nanotechnolo-
gies and nanoproducts;

o introduction of standards for all characteristics of a
new product, including the terminology and con-
cepts;

e metrological support;

o evaluation of management system in the industry;

e confirmation of compliance of the final product to
the standards and others [25].

The Direction of standardization is responsible for
standardization in RUSNANO, in particular, it ensures
development of the regulations for the nanotechnolog-
ical industry in accordance with the proposals of pro-
ducers of nanotechnological products [26].

The following areas should be engaged in activities
of the companies of nanotechnology industry:

e actualization of the programs of standardization in
the nanotechnology industry;

e development of the national and preliminary na-
tional standards, codes of practices and standards of

organizations, including through harmonization

with international and foreign standards;

e reconsideration of the existing regulations (con-
struction rules and regulations, sanitary norms and
regulations, state standards);

e introduction of changes in the lists of the standards
required for application and implementation of the
technical regulations.

46 RUSNANO standards are developed and put into
operation (including 26 in accordance with the interna-
tional requirements), recommended to nanoindustry en-
terprises for use, some of which concern safety (table 2).

The "Center of standardization in the field of inno-
vations" was established in 2013 under the Agreement
on cooperation in the sphere of standardization of in-
novative products of RUSNANO, Skolkovo Founda-
tion and Federal Agency on Technical Regulating and
Metrology, in order to create a regulatory framework
that ensures access of innovative products and technol-
ogies to market. The Center operates on the basis of
the Federal State Unitary Enterprise "All-Russian Re-
search Institute of Standardization and Certification in
Engineering" (VNIINMASH) and assists in solution of
issues relating to the legal and technical support of de-
velopment and production of the innovative products,
including the safety issues [27].

Nanocertifica: the certification system for products
of nanotechnology industry

In May 2008, at the initiative and with the support
of RUSNANO, the first in the Russian Federation cer-
tification system of nanotechnology industry products
Nanocertifica was established [28].

One of the tasks of the Nanocertifica Center is ap-
plication of the standards in the field of nanotechnology
that will protect nanoproducts against falsification and
will ensure the quality and safety of products with new
properties.

The tasks of the Center:

e assessment and assurance of quality of the nanote-
chnology products produced and distributed in the
Russian Federation;

e prevention of misleading commercial practices for
users of nanotechnology products;

e prevention of products to market, which may harm
a consumer or contain a potential threats to the
health of a user and environment;

Table 2

RUSNANO standards in the field of safety provision of nanotechnologies

N

Title

RUSNANO OST 02.01-2011

RUSNANO OST 02.02-2011
RUSNANO OST 10.01-2011
RUSNANO OST 10.02-2011

Evaluation and safety provision of products and technologies projects with RUSNANO participation to
human health and environment. Organization and procedures

Nanotechnologies. The rules for occupational safety

Risk management in the nanotechnology industry. General principles

Risk management in the nanotechnology industry. Identification of hazards
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e development of market of the high-quality nanote-
chnology products in Russia;

e promotion of production and export of Russian
competitive nanotechnology products.

The testing facilities for the Center are the leading
Russian research centers and laboratories specializing
in the research and experiments in the field of nanote-
chnologies and nanomaterials.

Currently, the center has developed:
¢ list (nomenclature) of the nanotechnology products,

subject to certification;

e list of test methods;
o list of methods for study of the nanomaterials and
nanostructures.

Certification, conducted by the Center includes cer-
tification of products, technologies, quality manage-
ment systems, environmental management systems,
occupational safety systems [28].

Technical Committee 441 "Nanotechnologies"
of the Federal Agency on Technical Regulating
and Metrology of the Russian Federation

The functions of the state metrological service in
the Russian Federation were assigned on the Federal
Agency on Technical Regulation and Metrology
(ROSSTANDART) and its subordinate organizations.
To address these challenges in nanotechnology, the
Technical Committee for Standardization TC 441 "Na-
notechnologies” (formerly TC 441 "High Tech") was
created. TC 441 operates on the basis of RUSNANO,
which provides financing, as well as material and or-
ganizational support for its work. The functions of or-
ganizational activity of the secretariat are assigned to
the FSUE VNIINMASH. TC 441 is entrusted with
the functions of a permanent national working body
of ISO/TC 229 "Nanotechnologies" and IEC/TC 113
"Standardization of nanotechnologies for electrotech-
nical branch, electronic products and systems".

The subcommittee "Safety of nanotechnologies and
nanoproducts” is established in TC 441. Along with it,
a number of other specialized technical committees of
ROS STANDART are engaged in development of the
national standards for safety of nanotechnologies: safety
of nanoproducts production — TC 184 "Industrial pu-
rity", TC 457 "Air quality”, TC 320 "Personal protective

equipment"; in the risk management — TC 10 "Prom-
ising production technologies, risks management and
assessment” [29].

Development of safety standards system
in the nanotechnology industry

Since 2010, the "Program for development of stand-
ards for nanotechnology industry for 2010—2014" is
implemented on the basis of TC 441, which is devel-
oped on the instructions of the Government Commis-
sion on High Technologies and Innovations [30]. The
program is opened and updated annually. The strategic
objective of the program is the standard maintenance of
the nanotechnology industry. The main activities of the
program focused on the prior application of the inter-
national standards for integration of the national nan-
otechnology industry in the global economy, elimina-
tion of technical barriers to trade, ensure the compet-
itiveness of products, saving of material resources.

The safety standards in the nanotechnology industry
developed under the program will provide a framework
for reducing of the risk for developers, producers, con-
sumers of nanoproducts, the environment and popula-
tion. The systems for safety assessment and conformity
assessment of products of nanotechnology industry to the
requirements were formed using the safety standards.

The priority aspects in the framework of the "Pro-
gram for development of standards for nanotechnology
industry for 2010—2014" are:

o safety of development, production and use of nan-
oproducts;

e environmental protection;

o methodology of risk assessment in development and
application of nanotechnology products;

o recycling of products and wastes of nanotechnology
industry.

The program includes development of more than
250 projects of general technical and application stand-
ards, including more than 40 on directions of the safety
provision in nanotechnologies and the nanotechnolo-
gies for security systems.

Table 3 shows the state safety standards for nanote-
chnology industry, developed by ROSSTANDART and
its subordinate organizations.

Table 3

State standards in the field of safety provision in nanotechnologies

N

Title

GOST R 54597-2011
assessment of its affection by inhalation
GOST R 54337-2011
GOST R 54336-2011
GOST R 54617.1-2011
GOST R 54617.2-2011
GOST R 55723-2013

Workplace air. Ultradisperse aerosols, aerosols of nanoparticles and nanostructured particles. Characterization and

Occupational safety managements systems in organizations that produce nanoproducts. Requirements
Environmental management systems in organizations that produce nanoproducts. Requirements

Risk management in the nanotechnology industry. General principles

Risk management in the nanotechnology industry. Hazards identification

Nanotechnologies. Guidance on characterization of industrial nanoobjects

GOST R 50.1.071-2010 | Nanotechnologies. The principles, standardization objects and types of documents in the field of standardization
of nanotechnologies, nanomaterials and nanotechnology products
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Activities of the Federal Service for Surveillance
on Consumer Rights Protection and Human Wellbeing
on safety provision in nanotechnology industry

The Federal Service for Surveillance on Consumer
Rights Protection and Human Wellbeing (ROSPOT-
REBNADZOR) places special emphasis to the issue of
regulation of the safety of nanotechnologies and nano-
products in Russia. Research on the issues of nanosafe-
ty are held on its initiative from the end of 2006. In
Russia the need to work on the issue on assessing of the
safety of nanomaterials is justified in the Resolution of
the Chief State Sanitary Doctor of the Russian Feder-
ation Ne 54 of 23.07.2007 "On the supervision on the
products produced using nanotechnologies and con-
taining nanomaterials" [31] and informational letter 1a
ROSPOTREBNADZOR "On supervision on produc-
tion and distribution of the products containing nano-
materials" [32].

"The concept of toxicological studies, risk assess-
ment methodology, methods of identification and
quantitative determination of nanomaterials" devel-
oped by the order of ROSPOTREBNADZOR, which
approved by the decision of the Chief state sanitary
doctor of the Russian Federation of October 31, 2007.
The Concept reflects the need to examine each indi-
vidual nanomaterial for toxicological aspects with def-
inition of the allowable daily dose or the provisional
tolerable weekly (monthly) intake for risk assessment in
production for employed persons and nanomaterials
users. The great attention is paid to the need for crea-
tion of information resources on nanomaterials biosafe-
ty. The definitions, classification and application areas
of the nanomaterials, nanoparticles and nanotechnol-
ogies are given [1].

The methodological recommendations "Nanomate-
rials safety assessment” for use in the bodies of sanitary
and epidemiological control to determine the safety of
nanomaterials and nanotechnology products for human
health are also developed [33].

The system of regulatory and procedural documents
for safety provision in the field of nanotechnology

Within the framework of the Federal target program
"Development of infrastructure of the nanotechnology
industry in Russia in 2008—2011", 50 regulatory and
procedural documents to ensure the safety of nanoma-
terials and nanotechnology industry are developed by
the instructions of ROSPOTREBNADZOR. The doc-
umentation system includes several functional units,
covering all aspects of the control over nanotechnolo-
gies and nanomaterials [34]:

o definition of priorities in the hygiene regulation,
supervision and surveillance over nanomaterials
(table 4);

e quantitative analysis and regulation of the nanomate-
rials in products and environmental objects (table 5);
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e sampling (table 6);

o safety assessment on biological models (table 7);
e control and supervision procedures (table 8);

o risk assessment and management (table 9).

The need to determine priorities for the nanotech-
nology industry is dictated by a wide range of manu-
factured nanomaterials, detailed specification of which
toxicological-hygienic and ecotoxicological character-
istics should require much labor and time. The method-
ical recommendations (MR 1.2.2522-09) for a prelim-
inary assessment of the potential dangers of new nanote-
chnologies and nanomaterials provide for determina-
tion of the degree of potential danger of nanomaterials
[35] were developed on the array of scientific informa-
tion. The algorithm for identification of nanomaterials
hazardous for human body is based on the operating
model the "General keys". It take into account all the
known properties, influencing on a potential hazardous
features of nanomaterials: geometric characteristics,
physical-chemical properties, interaction with biomac-
romolecules, affection on cells, organism, environmen-
tal characteristics [36].

The classification method of nanotechnology prod-
ucts on the extent of the potential danger to human
health and environment is given in MR 1.2.0016-10,
according to which, the nanomaterials are divided into
low, medium and highly dangerous [37].

Detection, identification and quantitative analysis
of the nanomaterials in food and environmental sam-
ples are performed using a complex of standardized and
unified techniques such as transmission electron micro-
scopy, mass spectrometry, atomic force microscopy, dy-
namic laser scattering, radioisotope techniques and high-
performance liquid chromatography, which application
procedure is set in a number of documents (table 5).

The special properties of nanomaterials that are the
objects of study, cause the specifics of sampling, which
are described in the methodological recommendations
and instructions presented in the table 6.

The key criterion in determining of the safety crite-
ria of nanomaterials is to identify the differences in
their biological effects from the substances same on the
composition in the macrodisperse form. This block in-
cludes the methodological documents establishing meth-
ods for toxicological-hygienic and medical-biomedical

Table 4
Methodological recommendations governing priorities
in the sanitary-hygienic regulation, supervision
and surveillance over nanomaterials

N Title

MR 1.2.2522-09| Methodological recommendations for detection
of nanomaterials pose a potential danger to
human health

MR 1.2.0016-10| Classification of products and technologies of
the nanotechnology industry in terms of their
potential danger




Table 5

Methodological recommendations and instructions governing the quantitative analysis and regulation of nanomaterials

in products and environmental samples

N Title
MU 1.2.2873-11 | Detection and identification of nanomaterials in aquatic invertebrates
MU 1.2.2874-11 | Detection and identification of nanomaterials in laboratory animals
MU 1.2.2875-11 | Detection and identification of nanomaterials in the aquatic environments

MU 1.2.2876-11
MU 1.2.2877-11
MR 1.2.2639-10
MR 1.2.2640-10

MR 1.2.2641-10
MR 1.2.0018-10

MR 1.2.0044-11

MR 1.2.0045-11

MR 1.2.0046-11

MR 1.2.0047-11

Detection and identification of nanomaterials in plants

Detection and identification of nanomaterials in fishes

Use of quantities methods for nanomaterials at nanoindustry enterprises and in supervisory organizations

Methods of sampling, detection and determination of content of the nanoparticles and nanomaterials in the composition
of agricultural, food products and packaging materials

Identification of priority types of nanomaterials in the environment, living organisms and foods

Procedure for sampling and determination methods of the nanoparticles content in the composition of household
cleaning products, disinfectants, perfume and cosmetics

Detection and identification of aggregates of C60 fullerenes in tissue sections of plants and animals by methods of
analytical electron microscopy

Detection and identification of multi-walled carbon nanotubes in the tissue sections of animals and plants by methods of
analytical electron microscopy

Application of energy dispersive microspectroscopy for analysis of silver nanoparticles, oxides of zinc, aluminum and
cerium in the tissues of animals and plants

Revealing of the structural changes caused by artificial nanoparticles in the cells of animals and plants by methods of
electron microscopy

Table 6
Methodological recommendations and instructions governing the sampling for the control over nanomaterials
N Title
MR 1.2.0022-11 | Sampling for control over nanomaterials
MU 1.2.2740-10 | Sampling to detect, identify and characterize the action of nanomaterials in aquatic invertebrates
MU 1.2.2741-10 | Sampling for detection and identification of nanomaterials in laboratory animals
MU 1.2.2742-10 | Sampling for detection and identification of nanomaterials in plants
MU 1.2.2743-10 | Sampling for the detection and identification of nanomaterials in water objects
MU 1.2.2744-10 | Sampling to detect, identify and characterize the action of nanomaterials in fishes
MU 1.2.2745-10 | Sampling to characterize the actions of nanomaterials in laboratory animals
Table 7

Methodological recommendations and instructions governing the safety assessment of nanomaterials on biological models

N

Title

MU 1.2.2520-09
MR 1.2.2566-09
MU 1.2.2634-10

MU 1.2.2635-10
MU 1.2.2869-11
MU 1.2.2967-11
MU 1.2.2968-11
MU 1.2.2965-11

MR 1.2.0048-11

MR 1.2.0052-11
MR 1.2.0053-11

MR 1.2.0054-11

Toxicological and hygienic safety assessment of nanomaterials safety

Safety assessment of nanomaterials in vitro and in in vivo model systems

Microbiological and molecular-genetic evaluation of the impact of nanomaterials on the representatives of
microbiocenosis

Biomedical safety assessment of nanomaterials

Procedure for evaluating of the toxic affection of nanomaterials on laboratory animals

Procedure for assessing of affection of nanomaterials on the fishes by morphological and genetic features

Procedure for biological evaluation of affection of nanomaterials on plants by morphological features

Procedure for medical and biological evaluation of the affection of nanomaterials on laboratory animals by
morphological and metabolic parameters

Procedure and methods for determining of organotropy and toxicokinetic parameters of engineered nanomaterials in tests
on laboratory animals

Assessing of the impact of nanomaterials on the immune function

Assessing of the impact of nanomaterials on the proteomic profile and biosynthetic processes in tests on laboratory
animals

Procedures and methods for evaluating of the impact of engineered nanoparticles and nanomaterials on the toxic effect
of chemicals
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assessment of nanomaterials safety with multi-level test-

ing program:

e on models of microbial cultures;

e on model systems in vivo;

e on laboratory animals;

e special studies on the availability of remote adverse
effects.

In accordance with this program, the accredited
research organizations conduct toxicological-hygienic
and medical-biological risk assessment of nanomateri-
als [34, 36]. The procedure of research is governed by
a number regulations and methodological recommen-
dations (table 7).

The documents establish the methods of risk assess-
ment of nanomaterials with the use of the multi-level
testing program: on the models of microbial cultures
(mutagenic effects, ability to influence on cell’s growth
and death, change of ultrastructure); on model systems
in vivo (the seeds of higher plants and aquatic organ-
isms); on laboratory animals (definition of acute, sub-
acute, subchronic and chronic toxicity); special studies
on presence of the adverse effects (teratogenicity, car-
cinogenicity, mutagenicity) [36].

Table 8

Methodological recommendations and instructions governing
the control and surveillance over nanomaterials

N Title

MR 1.2.0023-11
MR 1.2.0024-11
MR 1.2.0036-11

Nanomaterials in food production industry
Nanomaterials in the chemical industry

Nanomaterials in disinfectants and household
cleaning products

Nanomaterials in the air
Nanomaterials in packaging materials

Nanomaterials in perfumery and cosmetics
industry

Nanomaterials in agriculture
Nanomaterials in the environment objects
Conduction of the sanitary-epidemiological
expertise of products produced using
nanotechnology and nanomaterials
Procedures and methods of control of
nanoparticle migration from packaging
materials

Safety assessment of packaging materials
contacting with food, produced using
nanotechnologies

MR 1.2.0037-11
MR 1.2.0039-11
MR 1.2.0040-11

MR 1.2.0042-11
MR 1.2.0043-11
MU 1.2.2636-10

MU 1.2.2637-10

MU 1.2.2638-10

Table 9

Methodological recommendations and instructions
for risk assessment and management

N Title

MR 1.2.0038-11| Risk of impact assessment from nanoparticles
and nanomaterials on the human body

MR 1.2.0041-11| Decision-making system on control of nano-
safety on the basis of a risk assessment of pro-
duction, use and disposal of nanomaterials
based on the monitoring processes in
enterprises of nanoindustry
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The forms and procedures of the examination of na-
notechnology products, control of nanoparticles and
nanomaterials in the composition of the main types of
food products, industrial and agricultural raw materials,
in production processes and environmental objects es-
tablishes a number of regulatory and procedural docu-
ments (table 8).

These documents are reflected in the technical reg-
ulations of the Customs Union TR CU 009/2011 "On
the safety of perfumery and cosmetic products” and TR
TC 0021/2011 "On food safety" regarding the manda-
tory registration of products manufactured using nan-
otechnologies and nanomaterials [38, 39].

In 2010, the hygienic standards of the priority
nanomaterials in the environment were approved
(GN 1.2.2633-10). The occupational exposure limits
(OEL) for working zone air (average per shift) for con-
centrations of nanoparticles of titanium dioxide —
0,1 mg/m3 and single-walled nanotubes — 0,01 fiber
per 1 cm’ at a length of >5 pm were established. The
safe reference level of impact for the silver nanopar-
ticles in potable water and outside water storages is
0,05 mg/dm? [40].

In addition to creating of the methodological-regu-
latory base, the work is conducted on the registration and
classification of nanoproducts. The information-analyti-
cal center on the safety of nanotechnologies and nano-
materials was set up on the basis of FGBU Institute of
Nutrition of the Russian Academy of Sciences (order of
ROSPOTREBNADZOR of 30.11.2007, Ne 340) and the
united computer database of nanomaterials and nan-
otechnologies in Russia was developed [43].

Conclusion

In Russia, a number of agencies and organizations
implement a program of standards development for na-
notechnology industry, focused on the application of
international standards in the field of nanotechnolo-
gies, actualization of the existing national and interstate
standards. To improve the legal, regulatory and meth-
odological framework in the field of nanotechnology,
they pay closer attention to the areas of "nanotechnol-
ogy safety” and "nanotechnologies for security".

A uniform system of regulatory and procedural doc-
uments governing procedures for assessing the safety
and monitoring of the nanotechnologies and nanoma-
terials at all levels and at all stages of the life cycle of
nanomaterials is developed by an order of ROSPOT-
REBNADZOR. The first Russian certification system
of products of nanotechnology industry "Nanocertifica"
have started its work.

The developed legals and normative-methodical
base is within the internationally recognized approach-
es that creates the prospects for harmonization of Rus-
sian documents in nanosafety with the relevant inter-
national standards.
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HA TTYTU K AEABbTA-AETUPOBAHHOMY TNMOAYINPOBOAHUKOBOMY AAMA3Y

Ilocmynuna é pedaxyuro 25.08.2015

Buinoanen yuxa pabom no cozoanuro npubOpHo-opueHMUpPOBaAHHbIX c10ee noaynposooHukoeoeo CVD-aimaza™ ¢ memaniuue-
CKUMU KOHMAKMAMU U KOMNACKCHOMY UCCAC008AHUIO UX ONMUMECKUX U d1eKmpopusuteckux xapakmepucmuk. Ha o6pa3yax snu-
MakKkcuaibHulx croes (daisee — 3nUCI0e8) AAMA3A C PA3NUMHBIMU YPOBHAMU Ae2uposanus 6opom uzmepsiuce memooamu FTIR-**
U AOMUMMAHCHOU CHeKMPOCKONUY MOAWUHA, KOHUEHMPAYUs NpumMecu, KOHUeHMPAyUs OCHOBHbIX HOCUumenel 3apaoa 6 cAosax u
SHepeusi AaKmueayuy npumecHoeo yenmpa 6opa. Ipu cuisbHOM Aecuposanuy 3apecucmpupo8ano yMeHbUleHUue dHepeuu aKmueayuu
00pa u ceuenus 3axeama, cONPOBOICOArOUEECs CHUNCEHUEM NOO0BUNCHOCMU Hocumenel 3apsaoda. Tlokazano, umo KOMnpomuccom
A6156mcs 0eabma-1e2uposanue, 06ecneuusaruiee 8biCOKYH0 KOHUSHMpAyuio NPUMeCl 8 Y3Kot 004acmu U 8biCOKYI0 CPeOHION no0-

BUIICHOCNb ()blpOlC 6 SNUMAaKCudaibHOM ciaoe.

Karoueevie caoea: noaynposoonukoswsii aimas (aimaz), CVD-mexnonsoeus, deavma-ieeupoganue, CReKmpoCKONUs aoMum-
manca, ungparxpacnas Pypve-cnexmpockonus (FTIR), npviicikosas nposooumocmo, konmakmut IHllommicu, snepeus akmusayuu,

KOHUeHmpauusd npumecu, ceyenue saxeama

BBenenue

PazButrie CBY »1eKTpoHMKU OOYCIOBIMBAET He-
00XOAMMOCTh HUCCJIEOBAHUSI U TIPUMEHEHUST HOBBIX
MOJIyITPOBOAHUKOBBIX MaTe€pUaIOB JUISI JTOCTUXKEHUS
9KCTpeMaJbHBIX TJIOTHOCTE ToKa, paboyux 4yacToT U
MPOOUBHBIX HaNpsikKeHU. C 3TO TOUKU 3peHUs] BECh-
Ma MEPCHEKTUBEH TMOJYITPOBOAHUKOBBINA anMas, Mo-
CKOJIBKY OH UM€eET 0YeHb OOJIbIIYIO 3alpeleHHYIO 30-
Hy (5,45 5B) u peKOpAHYIO MOJBUXKHOCTh 3JIEKTPOHOB
u apipok — 4500 u 3800 CM2/(B * C) COOTBETCTBEHHO.
OaHako M3BECTHO, YTO C YBEJIMYEHUEM ILIUPUHbBI 3a-
MpelIeHHON 30HbI TTOJIYIPOBOJHMKA YBEIUUUBACTCS U
SHEPrusl aKTUBALlUU MPUMEHSIEMBIX JIJisI €ro JIeTUpo-
BaHUs npuMeceil. Tak, eciau B Y3KO30HHBIX MaTepua-

* CVD (chemical vapour deposition) — XUMHUYECKOE OCaXKIECHHE
13 ra3oBoii ¢asbl. [lajiee B TeKCTE HAPSIAY C MOJHBIM TEPMUHOM "TO-
JynpoBonHUKOBBI CVD-anmas" OyaeT UCrob30BaThCst COKpALCH-
HBII TepMUH "ajMa3s".

** FTIR (Fourier transform infrared spectroscopy) — uHdpa-
KpacHast Pypbe-CIeKTPOCKOIMSI.

22 HAHO- I MUKPOCUCTEMHAS TEXHUKA, Ne 12, 2015

nax (Ge, Si) aHepreTuyecKre ypOBHM OCHOBHBIX ITpH-
Meceil 0OHapyXKMBAIOTCSI O4YeHb OJIM3KO K TpaHUIIaM
pa3peleHHBIX 30H (€AMHMIIBI — IECSITKU MUJIUDJICK-
TPOHBOJIBT) W TaKHWE MPUMECH MOTYT CUMTATHCSI BO-
JIOPOIOITOAOOHBIMH, TO B TTOTYITPOBOTHUKOBOM ajiMa-
3e, KaK U B IPYTMX IIMPOKO30HHBIX MaTepuanax (SiC,
GaN, AIN), sHeprus aKTUBallMi MPUMECHbBIX LIECHTPOB
OKa3bIBaeTCs CYIIECTBEHHON (COTHU MUJIMAJIEKTPOH-
BOJIBT).

BrmiieckazanHoe — JIWING OHA YacTh MPOOIEMBI
JIETUPOBAHUS IIIMPOKO30HHOTO TMOIYIPOBOIHUKA. JIpy-
rast 4yacTb CBSI3aHa C INIyOOKUM 3aJIeTaHUEM MPUMECH U
OOJIBIIION 3HEPrueil akTUBAIUK, CIACACTBUEM YEro SIB-
JISeTCsl HeBbICOKAsl CTENMEeHb MOHU3ALMU TaKOW Mpu-
Mecu. Tak, 6op — camas ynoOHasl IIpUMeCh IJIsT IIPU-
OOpHOro MPUMEHEHUs ajJiMa3a — MUMeEET ONTUYECKYIO
SHEPTUIO MOHM3AIMU TIPY YMEPEHHOM JIETUPOBAHUHU
0,372 3B [1] u nOHU30BaHA MPU KOMHATHOI TeMIepa-
Type Bcero Ha 0,1 %. TakuM oGpa3oM, pabouynM aua-
MMa30HOM TIprOOpa Ha TMOJIYIIPOBOIHUKOBOM ajiMase
SIBJISIETCSI YYACTOK BIMOPAKMBAHUS TPUMECH, B OTJIH -




Y€ OT IIPUOOPOB Ha OOBIYHO MCIIOJIb3YEMbIX MaTepUa-
nax (Si, GaAs), paboTaplIMX Ha y4acTKe IOJHOM HO-
HU3ALMHU.

Poanb nenbra-jiernpoBaHus B TEXHOJOTHH
TIOJIYTIPOBOJJHUKOBOTO aJIMa3a

ToT (pakT, YTO KOHLIEHTpAlMs OCHOBHBIX HOCUTE-
Jieil 3apsiia B TTOJIYIIPOBOIHMKOBOM aJiMa3e COCTaBIISIeT
JIOJIM TIPOLIEHTa OT KOHLEHTpaLUUu MPUMECU, ITPUBO-
JUT K HEOOXOIMMOCTU OY€Hb CUJIBHOTO JIETMPOBAHUS
3TOr0 IIMPOKO30HHOTO Matepuaia (BIUIOTh 0 BbIPO-
KIAEHUS), YTO OINSITh € HECBOMCTBEHHO OOBIYHO MC-
MOJIb3yeMbIM B 3JIEKTPOHUKE MaTepuaiaM.

M3BecTHBI 4yeThipe crnocoba BBEACHUSI PUMECHU:
TepMmuueckast 1M dy3usi, MOHHAs UMIUIAHTALMS, HEH -
TPOHHAasl TpaHCMYTallMsl W JIETUPOBaHME B Mpoliecce
pocrta. ITepBbie Tpu criocoba IMPOKO UCTOJIb3YIOTCS B
MTOJTYTIPOBOMHMKOBOM TEXHOJIOTUU i (popMHUpoBa-
HUS JIETUPOBAaHHBIX OOJacTeil W p—n-TIEPEeXOonoB, a
TakXke U1 CO3MaHMsT HEOOXOAMMOTO THUITA TTPOBOIM-
MoCTU. VX mpUHIUIIMATIbHOW 0COOEHHOCTBIO SIBJISICT-
cs CWIbHOE pa3MBITHE TIPUMECHOTO pacIipenecHMS
10 IIyOMHE CTPYKTYphl (MUKPOMETPHI M OoJiee), YTO
HEempuemaeMo IJis1 coBpeMeHHbIX IpuoopoB CBY u
HAHOBJIEKTPOHUKHU, B KOTOPHIX HEOOXOAUMBI CYOMUK-
POMETPOBBIE 00JIaCTH C Pe3KO (Ha MOPSAKU) U3Me-
HSIOLIENCA KOHLIEHTPALUMEH JETUPYIOLIEH TIPUMECH.
B cBs13u ¢ 5TUM B mocjeaHKe robl aKTUBHO pa3pada-
TBIBAaeTCs JIETUPOBAHME TTPUMECHIO 10 MaKCUMabHOM
KOHILIEHTpALWKU B MpeaesbHO Y3Koit odnactu (1...2 Mo-
HOATOMHBIX CJI0SI) — TaK Ha3blBaeMoOe Je/IbTa-JIerupo-
BaHMe [2—4]. XapakTepHasl IIUPUHA pacIipeAcacHUs
MPUMECH TPU 3TOM OKa3bIBAETCSI MEHbIIIE 1e0POitIeB-
CKOI JIJTMHBI BOJIHBI 3JIEKTPOHA, UTO YK€ TpeOyeT KBaH-
TOBO-MEXaHUYECKUX TMOMPABOK MPU aHaIU3€ TaKUX
cTpyKTYp. DOPMUPYIOTCS eTbTa-JIETMPOBaHHBIC CIIOU
(manee B TeKCcTe — JeJIbTa-CJIOM) B MPOLIECCE UX BbI-
pallMBaHMSI METOAOM HU3KoTemIepaTypHoir MIID*
una MeronoM MOCVD**,

[TpeuMyl111eCTBOM 3JIEKTPOHHBIX TMTPUOOPOB C N1eJIb-
Ta-JIETUPOBAHUEM SIBJISIETCS] BbICOKAasl MOBEPXHOCT-
Hasl IUIOTHOCTb HOCUTEJIEl 3apsiaa (1012... 1013 CM_2) B
npejesax OYeHb OrpaHUYEHHON objactu. DTO mpe-
HMYILECTBO C YCIIEXOM UCIIOJIb3yeTCsl, HAapUMeDp, s
MOJIy4eHUsI BBICOKOI MPOBOAMMOCTU B KaHaje ToJjie-
BOro TpaHsucrtopa [3, 5, 6].

CeroHsl TEXHOJOTU YBEPEHHO 00€CIEUMBaIOT Mpe-
LIM3MOHHOE YIIpaBJIeHUE JeJIbTa-JeTMPOBaHUEM B ap-
CEeHMJIE Trajulusl U MeHee MPELU3UOHHOe — B HUTPU-
ne rajuus. Jleapra-jiernpoBaHue aaMasa HaXoIUTCs B
CTaluu CTaHOBJIEHUS (YCTIEXM OTMEYEHbI JIUIIb y He-
CKOJIbKMX HayuyHbIX Tpynn [7, 8]). B maHHo# pabGote

* MIID — MoseKyIsipHO-TTYYKOBSI SIUTAKCUSI.
** MOCVD (metalorganic chemical vapour deposition) — oca-
KIEHUE METAIOPTAHUIECKHUX COCIMHEHUI U3 Ta30BOil (asbl.

OoTpabaThIBaIach TEXHOJIOTHUS JIETUPOBAHUS aKIIEIITOP-
HO TpuMechio (0OpOM) U METOIbI KOHTPOJISI KOHLIEH -
TpaIny 3TOM MPUMECH M OCHOBHBIX HOCHUTEIICH 3apsiia
B CVD-anma3e, B TOM 4uclie — MPU BHICOKUX YPOBHSIX
JIETUPOBAHMSI.

Onucanue o0pa3nos

l'oMoamuTakcuaabHBIE CIIOM ajiMasza pa3MepoM
3 X3 MM, JleTMpOBaHHbIE OOPOM, BbIPAILIMBAJIUCH B 111 -
JuHapuyeckom MPACVD-peaktope*, paboTawliem
Ha yactore 2,45 I'T [9], n cMechlo paboumx ra3os
H, + CH,4. B KauecTBe MOATOXEK MCIIOIb30BAIUChH
(100)-kpucTamnbl aaMasa, BbIpallleHHbIe MPU BBICO-
KOM JaBJieHUM U BbICOKOI Temmeparype (HPHT-an-
ma3bl). HeckoabKO JerupoBaHHBIX OOpoM 00paslioB
anMasa (B7...B12) ¢ TonmumHamu anucioes 2...2,7 MKM
W Pa3sTUYHBIMHA YPOBHSAMU JICTUPYIOIIEH MPUMECH
ObLIM BhIpallleHbl TPY MOIIIHOCTU MOTOKa 2 KBT, naB-
nenun rasza 150 Topp, comepkaHuu MeTaHa 5 % u
TemIieparype noaioxku ~950 °C. JIns nojsydyeHus Jie-
TUPOBAHHBIX CJIOEB C PA3IMYHON KOHLEHTpaluei 60-
pa HUCIMOJb30BAINCH PACTBOPHI C Pa3IMYHBIMU KOH-
LIEHTpALUUSIMA TpUMeTHsIoopara B ataHoie (2...16 %),
a TIOTOK Ta3a-HOCHUTENs] BapbHUPOBAJICS B IMAla3oHe
4... 16 cM>/MUH.

OnpeneleHHOEe HA OCHOBE 3aKoHa Payis oTHoile-
Hue Oopa K yriepoay B razoBoii ¢asze (B/C) Haxonau-
snock B pmanazoHe 500...20 000 ppm™**. [lns oueHku
HCTIOTH30BAINCH KPUBBIE TABJICHUS Tapa IjIsT 3TaHoJIa
u TpumeTtuiioopara [10].

HN3mepenus o0pa3noB 0€3 KOHTAKTOB

DrUTaKCHABHBIC CJION ajiMa3a Iepea HaHeCEHUEeM
METAUIMYECKUX KOHTAKTOB MCCIEAOBAINCH METOIOM
FTIR-cnektpockonuu (Fourier Transform Infrared
Spectroscopy), KOTOpbIii MO3BOJISIET KOHTPOJIUPOBATh
MPUMECHBII COCTaB MaTepuasia U U3MEPSITh TOJIIIUHY
anuciod. CrekTpajibHble 3aBUCUMOCTU KO3 hUILIUEH-
TOB IIPOIYCKAHUS U OTpaxkeHUsI B 00J1aCTU OJIMKHEro
u cpeagdero MK muanazonos (700...4000 CM_I) omy-
yeHbl Ha npubope "Nikolet-6700". B cnekrpax orpa-
JKEHUSsI, ONPEACIEHHbIX Ha MaJbIX Y4acTKaxX, OTYETIU-
BO MposiBWIAach UHTepdepeHius. B crnekrpax, momiy-
YEeHHBIX ¢ OOJIBLINX TUIONIAIOK, UHTep(hEePEeHIIMOHHAS
KpHUBas He XapaKTepu30Bajgach YeTKOW MEPUOIUYHO-
CThlO, OTHAKO COOTHOIIEHUE "CUTHAT — IIyM" OBLIO
JIyylIIe.

Ha puc. 1 npuBeneH 3KCIepUMEHTAJIbHBIA CIIEKTpP
MK otpaxeHus smnuciios anMasa B8, monyyeHHbINA Ha
CIIEKTPOMETPE C MCITOJIH30BaHMEM MUKpOCKoma. Tam

* MPACVD (Microwave Plasma-Assisted Chemical Vapor
Deposition) — xuMHYecKoOe OCaKIeHWE U3 Ta30BOM (a3bl, aKTUBU-
POBaHHOE MUKPOBOJHOBOW TLIa3MONA.

** JlTaTMHCKOE HalMCaHKe eAMHMIIBI U3MepeHus "ppm"” 03HavaeT
"yacTeil Ha MWIIMOH".
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Puc. 1. CnekTp oTpaxenus cTpyKkrypsl B8
Fig. 1. Reflexion spectrum of B8 structure

Ke MoKa3aH Nepuoj uHtepdepeHunu ¢; — ¢,. Pacuer
TOJIIIIAHBI CJIOST TIPOBOAWIICS TIO BBIPAXKEHUIO

g=1._1
n 2le;-c
rme 7 = 2,4 — nokasaTeNlb MPeJIOMJICHUST ajiMasa.

Cnektpbl Henponyckanusi 1 — T (T — mpomycka-
HUE CTPYKTYPbI), MOJYyYEHHbIC C OOJBIIMX TIOLIAASH
anMasHbix ctpyktyp B8, B9, Bll, B12 ¢ snucioem,
MpeacTaBieHbl Ha pUC. 2 (CM. TPEThIO CTOPOHY 00-
JIOXXKH).

B ciektpe 6mkHero u cpenHero MK morioineHus
Habsoga0TCs 00J1aCTH, 00YCIOBIEHHbBIE HETTOCPEICT-
BEHHBIM B3auMoeiicTBeM (DOTOHOB C KpuUCTaJinye-
CKOI peleTkoil ajimaza — 00JacTM OOHO-, ABYX- U
TpexchoHOHHOTO TornoleHus1. [IpumecHas auHus 60-
pa JoKajau3oBaHa Ha yacToTe ~2800 cm LB CHEKTpax
Bcex oOpa3noB, kpoMe B11, Ha 310l yacToTe HaOMIO-
Jaetcsl xapakTepHbiii MakcumMyMm. I[Ipumech 6opa B an-
Mase BJseTcsl LeHTpoM, noriolaomum UK uiny-
yeHue. B cBSI3M ¢ 3TUM MO MHTEHCUBHOCTU JAaHHOU
JIMHUM TIOTJIOIIEHUST MOXHO OLIEHUTh KOHIIEHTPALUIO

6opa B anmaze. s 3TOM OLIEHKM MCIOJb30Bajlach
CYIIECTBYIOIIAsl 3KCMEePUMEHTabHAsl KaJluOPOBOY-
Hasl 3aBUCUMOCTb, CBSI3bIBaIOI[asi UHTEHCUBHOCTbD IMH -
Ka 0opa B CIEKTpe TMOIJIOLIEHMS Aa. ¢ €ro KOHIEHTpa-
nueit [B]:

[B] = 0,035+ Aa* 1,77 10'7 [em3]. (1)

HMHTeHCMBHOCTD TTMKa Hemponyckanust 1 — 7, uz-
MEPEHHYIO 3KCIEPUMEHTAIBHO, MOXHO KOHBEPTUPO-
BaTh B MHTEHCUBHOCTb IHMKa MOLJIOIICHUS Ac IO U3-
BECTHOM (hopMyjie IS IUIOCKO-IIapayijieIbHON ILia-

CTUHKMU:
_ 1 Ty
Ao = =In| = 2
o dn(TJ’ 2)

rae 77 u Ty — COOTBETCTBEHHO IPOINYCKAHUE B MaK-
CUMyMe ISl TaHHOM JIJIMHBI BOJHBI U B €r0 OCHOBA-
HUM; d — TOJIIMHA UCClleayeMoro obpasia.

B cBsI3M ¢ TeM UTO CHEKTP HEMPOITyCKaHUs Ipo-
MOJYJIMPOBaH WHTEP(EPEHIIMOHHON 3aBHCUMOCTHIO,
MHTEHCUBHOCTh MHUKa HEMPOINYCKaHMS, BBI3BAHHOTO
MOMIOLIEHUEM MPUMECKIO OOpa, ompeaesiiach Nocie
MpeaBapuTEILHOTO BEIPABHMBAHMS YPOBHS B 00JIaCTH
JJaHHOTO THKA.

Ha ocHoBe skcniepuMeHTalbHbIX JAaHHBIX (puc. 2),
a TakKe BhIpaxKeHus (2) 1 KaTMOPOBOUYHOM 3aBUCUMO-
ctv (1) moaydyeHbl 3HAYEHUST KOHLIEHTPAllUU MPpUMe-
cu Oopa M TOJIMHBI cJioeB B cTpykTypax BS, B9, B12
(cM. Tabnuuy). [IpuBeneHHbIe B TaOIUIIE XapaKTepH-
CTUKU TPEeOYIOT CAEAYIOIIMX KOMMEHTApUEeB: TOJIIMHA
snucios (d) uamMepeHa 1o uHTepepeHIu CIIeKTPOB
oTpaxeHusl, KoHLeHTpalusl 6opa [B] usmepeHa me-
tonoM FTIR, koHlLeHTpauus OBIPOK (p) ompenesieHa
MPUOJIU3UTEBHO MO U3MEPEHUSIM BOJIbT-(hapagHbIX
XapaKTepPUCTHK, DHEPTIUs aKTUBALIMU TIpUMecH Oopa
(E,) v ceyeHMe 3axBaTa HOCUTENIEN 3apsia NpUMeEC-
HBbIM LIEHTPOM Oopa (csp) U3MEPEHBI METOJIOM TEMIIE-
paTypHOIi CIIEKTPOCKONUHU aJIMUTTaHCA.

XapakTepucTHKH 00pa3noB aamaza B7-B12
Characteristics of samples of B7-B12 diamonds

Howmep obpazua

XapakTepucTruKa Samples
Characteristics
BI12 B10 B8 B7 B9 B11

CoortHomenue B/C B razosoit ¢aze, ppm ®oHOBBII YPOBEHD 600 2300 2400 9200 18 000
B/C correlation in the gas phase, ppm Background level
Tonmna anuciost (d), MKM 2,71 2,29 2,06 1,96 2,11 2,30
Thickness of the epilayer (d), micrometers
Konuentpauust 6opa [B], M 2,3-10'8 4-10'8 2,9-10'8
Concentration of boron [B], em™3
KoHueHTpauust bpok (p), M2 4-10'8 3-108 6,2-10'8 5-10'8 6,5-10'8 4-10"
Concentration of holes (p), em™3
Oueprus aktusauuu (k,), Mm3B 312+ 3 314 £ 2 25019 24116 219+5 10142
Energy of activation (E,), meV
Ceuenue 3axpara (c,), cM? 3-1071 8-1071 | 6-107" | 4-107 | 1-107% | 2-1077
Capture cross-section (c,), cm?
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Hanecenne MeTauIn4eCKMX KOHTAKTOB

M3rotoBieHne MeTANIMYECKUX KOHTAKTOB (BbI-
MIPSIMITSTIONIAX T OMUYECKIX) SIBJISIETCST KITFOUEBOM OTe-
paiueil, HeoOXOAMMO KakK JJ1s1 KOPPEKTHBIX JEKTPU-
YeCKWX WCTBITAHWIA TMOJNYIIPOBOTHUKOBBIX CTPYKTYD,
TaK W IS HaJeXXHOI pabOThHl KOHEYHOIo Mpubopa Ha
X ocHOBe. B rccnemyembIx oOpasiiax 3M1cjioeB aama-
3a BBIIPSIMIISIOIINE M OMUYECKUE 3JEKTPOIbI ObLIU
BBIMOJIHEHBI U3 TIaTUHBI (puc. 3). [olank BEIIPSIM-
JIFIOLIEr0 KOHTAKTA cocTasisa 5+ 107> cm2.

ITo BonbT-amnepHoii xapaktepuctuke (BAX) (puc. 4)
MOXHO 3aKJIIUUTb, YTO BCE CTPYKTYphl 00JiagaloT
YIOBJICTBOPUTEILHBIMU BHIMPSIMIISIIOLIUMU CBOMCTBA-
MM, TaK KakK IpU 3HAYCHUSIX 0OpATHOTO HATIPSIKCHMS
6onee 10 B HaGmoganuch TOKM yTEUKU HA YPOBHE Je-
CITKOB MuUKpoammep. JIjisi Bcex oOpa3loB Hampsike-
HHE OTKPBITUSI COCTaBIsUIO 2...2,1 B, a nuHaMu4yeckoe
COIMPOTUBJIEHNE HAa OMUYECKOM y4yacTKe MpSIMOil BeT-
B BAX ObU10 OOJBIINM — OECATKU—COTHHU KUJIOOM.

ITo BAX ouenuBanach Bbicota Oapbepa LlloTTku,
00pa3soBaHHOTO KOHTAaKTOM 'TuiaTuHa—anmas". BeI-
coTa MOTEeHIUATbHOro Gapbepa oInpenaessseTcsl Bblpa-
XKeHUEeM

o = kTgIn(AT*Jy), (3)

rae k — nocrosiHHast bonbiMana; T — TeMmeparypa;
g — 3apsia 3JeKTpoHa; A — 1ocTtosiHHas PuuapacoHa;
J ¢ — MJIOTHOCTH TOKA HackleHus. /s ee onpenene-
HUSI CTpOMJIACh 3aBMCHUMOCTb TUIOTHOCTM TOKa 4epes
KOHTAKT OT MPUJIOXKEHHOTO HampsXkeHUs B MOJYJI0-
rapudmuyeckoM MaciuTade. IloayyeHHOe 3HaAUeHUE
BBICOTHI OTEHLIMAJILHOTO Oapbepa coctaBmwio 1,5 3B.
OnHako Ha TOYHOCTU OIPEAEICHUs 3HAYCHUS @ g CKa-
3bIBaJIaCh MOIPELIHOCTD OmnpeaeneHus J.

M3BecTHO Takxke, 4yTo BhicoTa Oapbepa IlloTTKu
npu KoHTakTe MeTauioB ¢ GaP, SiC u anma3oM cujib-
HO 3aBUCUT OT COCTOSTHUSI TTIOBEPXHOCTHU TTOJIYTIPOBO/I -
HUKOBOI'O CJI0s W IJIEHKU MeTa/ula Ha Heil. Hanpumep,
B pabote [11] BbicoTa MOTEHUMATLHOTO Oapbepa He-
3HAYUTEIbHO U3MEHSIACh 32 CUET BapbUPOBAHUS TOJI-

Puc. 3. Baemmmii Bun oopasua B8 ¢ konrakramu. Cetiibie o0nacTu —
anaMa3, TeMHbie — Pt-KOHTAaKTBI

Fig. 3. View of B8 sample with contacts. Light areas are diamond,
dark — Pt-contacts
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Puc. 4. BAX o6pasua B8
Fig. 4. Volt-ampere characteristic of B8 sample

IOWHEBI CI0ST MeTaymia. MI3MeHSITh COCTOSSHUE WHTEep-
(eiica "MeTaI—MOOMYITPOBOIHUK" MOXHO OTKHMIOM.
B pa6Gotax [11, 12] moka3aHO, KaK OTXKUT CTPYKTYpPhI
MpU Pa3IUYHBIX TEMIIEpaTypax BIMUSICT HA 3HAUCHME
MOTEHLIMAJILHOTO 6apbepa "MeTaui—anMas”. B yacTHo-
CTH, UI KOHTaKTa "TIlaTWHAa—aiaMa3" OTXUT yMEeHb-
1IWI 3HaYeHUe JaHHoro Oapbepa Ha 0,24 5B [11].

,Z[narﬂocwn(a XApPaKTECPUCTHK NPUMECHOIO YPOBHs
0opa mo crnekTpaM NpOBOAMMOCTH

Ha smucnosx aiMasa ¢ HaHeCEHHBIMUA KOHTaKTaMK
HCCIIeA0BAIOCH ITOBEACHNE TprMecH (6opa) MeTogaMu
BOJIBT-(hapaHbIX XapaKTEePUCTUK M CIIEKTPOCKOIUHU
agMuTTaHca [13, 14]. Manblii KOHTaKT B U3MEPEHUSIX
urpaji pojib 6apbepa IHloTTku. M3mMepeHus1 CIeKTpoOB
MPOBOAUMOCTH MTPOBOIMIIUA C TTOMOILIBIO aBTOMATU3M-
pPOBaHHOM CHCTeMBI Ha 0a3e KPUOTEHHOMW 30HIOBOM
cranumu "Janis" pu Temneparypax 20...450 K u gac-
ToTax TectoBoro curHana 1 kI'u...2 MI'u (puc. 5, cMm.
TPEThIO CTOPOHY 000K ). C pOCTOM YaCTOTHI U3MeE-
PUTEJIBHOIO CUTHaja CIEeKTPbl TPOBOAUMOCTU CIBU-
rajuch B o0JlacTb 0ojiee BBICOKMX TeMIlepaTyp, UTo
XapakTepHO s TepMuueckoi amuccuu. CKOpoCThb
SMUCCHUM HOCHUTEJIEH 3apsda MPU 3TOM OIIPEACISIeTCS
BeIpaxXeHueM [13]

e = AT?exp(—E,/kT), “4)

rIe TIPeadKCITIOHEHIIMATBHBIN MHOXHUTETb A He 3aBU-
CUT OT TEMIIEPATYPhl U MPOMIOPLIMOHAJIEH CEYEHMIO 3a-
XBaTa HOCUTEJISI TJTyOOKMM YPOBHEM (csp).

ITo TemnepatypaM MakKCUMyMOB IHUKOB MPOBO-
IUMOCTH, WCTOJB3YS CTAHAAPTHYIO METOAMKY IIO-
cTpoeHus rpaduka AppeHuyca, JorapudMupoBaHu-
eM (4) MOXHO ONpeAeaUTb SHEPIUI0 aKTUBALIMM HO-
cuTeneit 3apsiga ¢ mpuMecHoro ypoBHs [13]. I'paduku
AppeHuyca JJisl yMepPEeHHO JIeTUPOBAaHHBIX 00pa3lioB
(1 10'8..4-10!8 CM_3) UMEJU JTUHEWHBIN XapakTep, C
MOBBIIIIEHWEM KOHIIEHTpAalMh 0opa SHeprusi aKTHBa-
uuu E, cHuxkanack ¢ 312 1o 219 m3B (puc. 6). B Ta6-
JIM1Ie TPUBEJACHbBI 3HAUEHUSI SHEPIUil aKTUBALIMIA U ce-
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Puc. 6. I'paduxu Appennyca niis oopasuos B8 u B11, nocrpoennbie
1O IKCMEPUMEHTAJIBHBIM CHEKTPaM NMPOBOIUMOCTH

Fig. 6. Arrhenius plots for B8 and Bl samples by the experimental
spectra of conductivity
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Puc. 7. 3aBHCHMOCTb HEPrHM aKTHBAIMHM OT KOHUEHTpauuu Oopa
[15], nonyyennas mo myOJMKanMsAM pa3MIHBIX ABTOPOB

Fig. 7. Dependence of the activation energy on the concentration of boron
[15] according to various publications

YeHMI 3axBaTa BCceX McciienyeMbIXx oopa3uoB. OOHa-
PYyXEHHOE 3aMETHOE CHIDKEHHE SHEePTMU aKTUBAIIUH
Oopa Mpu yBEJIUYEHUM CTENEHU JIETUPOBAHUSI KOppe-
JUPYET C DKCHEPUMEHTAJIbHBIMU pe3yJibTaTaMUu Ipy-
IMX aBTOPOB (pucC. 7) W SBISIETCS OTIMYMTEIbHBIM
cBoiicTBOM anma3za. CTOMT OTMETUTD, YTO BCE TIPUBE-
NIEHHbIE Ha pUC. 7 BKCIEPUMEHTAIbHbIE TOUKU MOJTY-
YeHBI MeTOIOM XOJUTa M TTyTeM U3MEPEeHUs YIeTbHOTO
COIPOTHUBJICHMSI, HO HE CITEKTPOCKOITUEI aIMUTTaHCA.

B cunbHoneruposanHoM obpasue B11 (4 - 10" CM_3)
HaKJIOH Tpaduka AppeHuyca B 00JIaCTM BBICOKHUX
temnepatyp (>150 K) paBan sHepruio akTUBaLIUKU
E, = 101 m3B. Ilpn Huskux remneparypax (<120 K)
JIMHEWHAs 3aBUCUMOCTbh AppeHuryca UMesa Ipyroi Ha-
KIoH ¢ £, =20 mM3B (cm. puc. 6). MonenmuposaHue
SKCMEPUMEHTABHBIX CIIEKTPOB TIPU O3THUX YacTOTax
MTOKa3aJIo, YTO HAbOp SHEPreTUIECKNX YPOBHEHN Mpu-
MecHu 6opa MOTYMHSIETCS TayCCOBOMY paclipeiesIeHUIO
CO CpeHEKBAIPATUUHBIM OTKJIOHEHUEM 3, ~ 4 M3B.
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BricokoTeMIepaTypHbIii y4acTOK OOYCIIOBJIEH Tep-
MUYECKON MOHU3ALMEN ABIPOK C MPUMECHOTO YPOBHS
0opa B cBOOOIHYIO (BaJIEHTHYIO) 30HY, & HU3KOTEMIIe-
paTypHBI CBSI3aH C MPBDKKOBOM IMPOBOIUMOCTBIO JbI-
POK I10 MPUMECHO 30He 60pa, BO3HUKAIOLIEH BCeI-
CTBUE BBICOKOW KOHLEHTpauuu npumecu. IIpbIKKO-
BBIIA ME€XaHM3M IIpeodiagaeT Hald TEPMUUECKOM NOHU-
3alMeil HocuTesel 3apsiia B CBOOOMHYIO 30HY MpHU
temrieparypax Huxe 150 K. Kpome Toro, npoBeneH-
Hbl€ M3MEPEHMS TOKAa3bIBAIOT, YTO MPU HACTYIJIEHUU
MPBEKKOBOTO MEXaHM3Ma MPOBOAMMOCTHY CeUeHHUe 3a-
XBaTa yMmeHbllaeTcsd Ha 3—4 mnopsiaka. Eciau yuyecTs,
YTO B JIETMPOBAHHOM OOpPOM ajIMa3e perucTpupyeMbie
napamMeTphl IJTyOOKOIo LIEHTPa OTHOCSITCS K OCHOBHOM
JIETUPYIOLLEU MpUMecHu, TO TaKOe YMEHbIIIEHUE ceue-
HUS 3axBaTa CBUIETEILCTBYET O CYLIECTBEHHOM CHU-
>KEHUM MOABUXKHOCTHU ABIPOK B MOJYTTPOBOAHUKE B YC-
JIOBUSIX IpbLKKOBOM mpoBoauMoctu (7' < 150 K).

Takum o00pa3oM, IPOBEIEHHBIE 3KCIIEPUMEHTHI
CBUJETEbCTBYIOT, YTO MPU JOCTHXKEHUU HEOOXOmu-
MO JJis JIETUpOBaHUs ajiMa3a BBICOKOW KOHILIEHTpa-
U npuMecu (6opa) BO3HMKAIOT ABa 3¢ deKTa: mo-
JIOXKUTEJbHBIA (YMEHBILLIEHUE 3HEPTUU aKTUBALMU) U
OTpULIATENIbHBIN (KapAWHaJbHOE CHUXKEHMWE MOIBUXK-
HOCTU HOcuTedel 3apsga). PellleHueM maHHOU Ipo-
OsiemMbl sBJIsIeTCS (POPMUPOBAHUE CUILHO JIETUPOBaH-
HOro 00poM JenbTa-cjosl.

HUccaenoBanue n MOJICIHPOBAHUE
AeJIbTa-JCrHPOBAHHBIX CJIOECB

YTOOBI MOCTUYDL JTOCTATOYHON KOHIIEHTPALIMU OC-
HOBHBIX HOCHUTEJIEH 3apsifa B ajiMasze, KOHIICHTpaIWs
0opa I0JIKHA TpeBbILIATh 100 em3 [16]. ITpu aTOM IS
obecrtedeHsT BEICOKOM MOABMXKHOCTHU IBIPOK PE3KOCTh
npoduIst IeabTa-caosi JoJKHA ObITb MEHBIIE, YeM Jie-
OaeBcKas UIMHA 3KpaHuposaHus Lp = (ng/q2N A)]/ 2,
rae N, — MakcuMallbHasg KOHLEHTPaUus NPUMECHU B
aenbra-cinoe [8]. Ilpu N, = 1020 cm ™3 3Hauenue Ly

cocTaBuT Bcero jauiib 0,3 HM.

B cBs3u ¢ aTUM mpobiiemMa uccienoBaHUs XapaKTe-
PUCTUK JAeNbTa-CcJIos He MeHee BaKHa, YeM IpodyiemMa
ero cozgaHusi. CerogHsi MOXXHO OTMETUTb BCEro He-
CKOJIBKO METOIOB TIOJIyYeHHUS KOHIIEHTPAIIMOHHOTO
npoduis ¢ paspelieHUeM Ha YpPOBHE €IWHUII HAHO-
meTpoB. Cpean Hux Haubojiee 3(PEHEKTUBHBI METOM
BTOPUUYHOI MOHHO# Macc-cniekTpomeTrpuun (BUMC) u
METON 3JEKTPOXMMUYECKOTO BOJbT-(hapalHOro IMpo-
(unupoBaHus (B IUTEpaType ero oo603HavamT abope-
Buarypoil ECV — electrochemical capacitance-voltage
profiling). OauH M3 HeJaBHUX Pe3yJIbTaTOB Mo ¢op-
MHPOBaHUIO JeIbTa-CJIOSI B ajiMa3se IpuBeaeH B [17].
HN3mepenus npoduiaeii KOHLUEHTpALUU JIETUPYIOIIE
npuMecu BbimonHeHbl MeTonoM BUMC (puc. 8, cwm.
TPeThblO CTOPOHY 0010k KK). Kak BUAHO, IUPUHA Ha
noayBeicoTe npoduist BUMC cocraBisier ~100 HM
IU1st 06omx obpasioB. CTporo ropopsi, Takoe pacrpe-
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Puc. 9. IIpoduan KoHIEHTpaMH HOCHTEJIEH 3apsAaa B aiMa3e C Jejb-
Ta-cjoemM oopa, nsmepennsiii ECV [8]

Fig. 9. Profile of the concentration of the charge carriers in a diamond
with a delta-layer of boron, measured by ECV [§]

JIieJIeHUEe HeJlb3sl Ha3bIBaTh AeJIbTa-cjioeM (aBTOpPHI [17]
Ha3bIBaIOT ero "so-called delta layer"). Bripouem, nme-
1oTcs myoaukauuu [18, 19], B KOTOpbIX MOKa3aHo, YTO
W3MEpeHHe TONIIUHBI AebTa-cioeB MeTonoMm BUMC
MOXET JaBaTh 3aBbIIIICHHbIC 3HAUCHUS M3-32 Pa3Mbl-
TUs UHTEepdeiica.

Crenyomasi paborta, IOCBSIIEHHAs IeJIbTa-JIETH-
pOBaHUIO ajMa3a, BbIMOJHEHA B yHMBepcuteTe Ulm
[8]. PesynbraThl M3MepeHUST KOHLICHTPALIMM HOCHUTE-
JIeli 3apsiaa B IenbTa-clioe TIprBeaeHbl Ha puc. 9. Cie-
JIyeT OTMETUTb OUCHb BBICOKOE KAYeCTBO JAeIbTa-JIer-
pOBaHMs1, XapaKTepru3yeMoe IIIMPUHOK Ha MOJYyBbICOTE
MMKa MeHee 1 HM, IpUYeM KOHLICHTpAaLUs B MaKCH-
MYMe MpaKTU4YeCKH COBIajaaja ¢ pe3yjabTaTaMu pado-
1ol [17]. OTMeTUM, 4TO IIpUBEIEHHBII HA puc. 9 TIpo-
¢unb Hocuteneit 3apsiaa nonyyeH He BMUMC-meto-
noM, a ECV-metronom Ha ycranoBke "ECV Pro Nano-
metrics".

3akiouyeHune

beum BeIpalieHbl 00pA3Lbl MOJYIPOBOAHUKOBOTO
CVD-anMasa ¢ pa3TuuyHbIMU YPOBHSIMU JIETUPOBAHMS
(p=4- 10'8..4- 1019). Ha nosepxHocTu 00pa3LioB Ha-
HOCHUJIUCH TJIaTMHOBBIE KOHTakThl. Metomamu FTIR-
U agIMUTTAHCHOM CIIEKTPOCKONUU WM3MEPSUINCh TOJI-
LIUHBI CJI0EB, KOHLIEHTpALMs pUuMecy 60pa, KOHLIEH-
Tpalusl OCHOBHBIX HOCUTENIEH 3apsiiga U SHEPTHHU aK-
TUBALUU IIPUMECHOTO LIeHTpa 6opa. 3aperucTprupoBa-
HO CHIDKEHUE SHEPTUM aKTUBAIUM Oopa B CIOSIX TIPU
CWJIBHOM JIETUPOBAHUU. DTOT MOJOXUTENbHBINA 3(]-
¢deKT cornpoBoXaaeTcs OTpullaTebHbIM 3(h(HEKTOM
CHMIXEHUS TOABUXHOCTU HocuTenel 3apsaa. Kom-
MMPOMUCCOM SIBJISIETCS AebTa-JIeTMpOBaHMUE, obecre-
YUBAOIIee BHICOKYIO KOHIICHTPAIIUIO OCHOBHBIX HO-
cuTesieil 3apsiia B Y3KOH 00JJaCTU M BBICOKYIO CpPell-

HIOIO MOABUXKHOCTh IBIPOK B SIUTAKCUAIBHOM CIIOE.
[IpuBeneHbl MOCIEeAHUE JIUTEpPaTypHbIC DaHHBIC 110
CO3[aHUIO JeJIbTa-JIeTMPOBAaHHBIX CJIOEB B ajMase, a
TaKXe IMEPEYMCICHBI TUATrHOCTUYECKHUE METOMIbI, IT0-
3BOJISIIONINE MPELIM3MOHHO KOHTPOJIUPOBATh 3TO pac-
NpeaecHue.

Paboma evinonnena na kagedpe MUKpo- U HaHoINEK-
mpouuxu CIH6TATY "JIDTU" npu gpunancosoti noddepaic-
xe epauma I[lpasumenvcmea PD (I[locmanoesenue 220,
docosop No 14. B25.31.0021 c eedyweii opeanusauueti
HUIID PAH).
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On the Way to Semiconductor Diamond Delta-Doping

A complex of works was carried out devoted to development of the semiconductor diamond layers with metallic contacts and in-
vestigation of their optical and electronic characteristics. CVD diamond samples with various boron concentrations were examined
by means of FTIR and admittance spectroscopy. The following parameters were obtained: layer thicknesses, impurity concentrations,
major charge carrier concentrations and activation energies of the boron level. In case of a heavily doped sample, a decrease of the
boron activation energy was observed. This effect was accompanied by reduction of the charge carriers’ mobility. It was demonstrated
that this problem can be solved by delta-doping, which ensures a high concentration in a narrow area and high average mobility

of the holes in the epitaxial layer.

Keywords: semiconductor diamond, chemical vapor deposition, delta-doping, admittance spectroscopy, infrared Fourier spec-
troscopy, hopping conduction, Schottky contact, activation energy, impurity concentration, capture cross section

Introduction

Development of the microwave frequency electron-
ics demands application of new materials intended for
extreme current densities, working frequencies and dis-
charge voltage. From this point of view a semi-conduc-
tor diamond is very promising, it has very big forbidden
zone (5,45 eV) and a record mobility of electrons and
holes — 4500 and 3800 cmz/ (V +s) accordingly. How-
ever, it is known, that with an increase of the width of the
forbidden zone of a semiconductor the energy of activa-
tion applied for its doping is also increased. So, if in the
narrow-band materials (Ge, Si) the energy levels of the
basic impurities are found very close to the borders of the
permitted bands (units — tens of meV) and such impurity
can be considered hydrogen-like, then in the semi-con-
ductor diamonds, just like in other wide-band materials
(SiC, GaN, AIN), the energy of activation of the impu-
rity centers appears essential (hundreds of meV).

The aforesaid is only a part of the problem of doping
of a wide-band semiconductor. Another part is con-
nected with a deep bedding of the impurity and big en-
ergy of activation, a consequence of which is a low de-
gree of ionization of such an impurity. Thus, boron is
the most convenient impurity for the instrument appli-
cation of diamonds — it has optical energy of ionization
at a moderated level of doping of 0,372 ¢V [1] and it is
ionized at a room temperature only by 0,1 %. So, the
working range of the device on a semi-conductor dia-
mond is the site of freezing of the impurity, unlike in
the devices, which usually use the materials (Si, GaAs)
working in the site of a full ionization.

Role of delta-doping in the semi-conductor
diamond technology

The fact, that the concentration of the basic charge
carriers in a semi-conductor diamond is only a small
part of a percent of the concentration of an impurity,
demands a very heavy doping of this wide-band mate-
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rial (up to degeneration), which again is not typical for
the materials usually applied in electronics.

The methods of introduction of an impurity are
known: thermal diffusion, ion implantation, neutron
transmutation and doping in the course of growth. The
first three methods are widely used in the semi-con-
ductor technology for formation of the alloyed areas
and p-n junctions, and also for creation of the necessary
type of conductivity. Their basic feature is strong blur-
ring of the impurity distribution by the depth of the
structure (micrometers and over), which is unaccepta-
ble for the modern microwave frequency and nanoe-
lectronics devices, in which submi-crometer areas are
necessary with sharply (by orders) changing concentra-
tion of the doping impurity. In this connection active
work is going on for development of doping by an im-
purity up to the maximal concentration in an extremely
narrow band (1...2 monoatomic layers) — the so-called
delta-doping [2—4]. At that, the characteristic width of
distribution of an impurity appears less than de Broglie
wavelength of an electron, which already demands the
quantum-mechanical corrections for an analysis of such
structures. Delta-doped layers (hereinafter — "delta-
layers") are formed in the course of their cultivation by
a low-temperature MBE* or MOCVD**,

An advantage of the electronic devices with delta-
doping is a high surface density of the charge carriers
(1012...1013 cm_2) within a very limited area. Among
other things, this advantage is used successfully for ob-
taining of high conductivity in the channel of a field
transistor [3, 5, 6].

Technologists ensure confidently a precision control
of delta-doping in gallium arsenide and control with
less precision — in gallium nitride. The diamond delta-
doping is still in its formation stage (only several scien-

* MIT® — molekuljarno-puchkovja snurakcus.
** MOCVD (metalorganicchemical vapour deposition) —
sedimentation MeTayutopraHnyeckux connections from a gas phase.




tific groups achieved success [7, 8]. The subject of the
work was the technology of doping by an acceptor im-
purity (boron) and measures of control of its concen-
tration and basic charge carriers in CVD diamonds, in-
cluding cases of high levels of doping.

Description of samples

Homoepitaxial diamond layers with size of 3 X3 mm
doped by boron were grown in a cylindrical MPACVD
reactor* working on frequency of 2,45 GHz [9] and a
mix of the working gases of H, + CHy. As substrates
(100)-crystals of diamonds were used, which had been
grown at high pressure and temperature (HPHT dia-
monds). Several samples alloyed by boron (B7—B12)
with thickness of the epilayers of 2...2,7 micrometers
and various layers of the doping impurity were grown at
the rate of flow of 2 kW, gas pressure of 150 Torr, con-
tent of methane of 5 % and substrate temperature of
~950 °C. For obtaining of the layers with various con-
centrations of boron, the solutions were used with var-
ious concentrations of trimethyl borate in ethanol
(2...16 %), while the gas-carrier flow varied within the
range of 4...16 cm3/min.

The relation of boron to carbon in the gas phase
(B/C), determined on the basis of Raoult law, was
within the range of 500...20 000 ppm™**. For estimation
the curves of the vapor pressure for ethanol and trime-
thyl borate [10] were used.

Measurements of samples without contacts

Before the deposition of metal contacts, the epitax-
ial diamond layers were investigated by FTIR spectros-
copy (Fourier Transform Infrared Spectroscopy),
which allowed us to control the impurity composition
of a material and measure the thickness of an epilayer.
The spectral dependences of the light-transmission fac-
tor and the reflection factor in the bands of near and
medium IR ranges (700...4000 cm_l) were received on
Nikolet-6700 device. In the reflexion spectra in the
small sites the interference was seen distinctly. In the
spectra from big platforms the interference curve was
not characterized by an accurate periodicity, however
the signal — noise relation was better.

Fig. 1 presents the experimental spectrum of IR re-
flexion of the epilayer of B8 diamond, received on a
spectrometer with the use of a microscope. It also
shows the interference period of ¢; — ¢,. Calculation of
the thickness of the layer was done in accordance with
the expression

I
2|cl—c2

b

d:l.
n

where n =~ 2,4 is the diamond’s refractive index.

* MPACVD (Microwave Plasma-Assisted Chemical Vapor Dep-
osition) — chemical sedimentationfrom the gas, activated by micro-
wave plasma.

** JlaTMHCKOE HanMcaHue eUHULIBI u3MepeHus "ppm" o3HavaeT
"yacTeil Ha MWUINOH".

The non-transmission spectra 1 — T (T — structure
transmission) from the big areas of B8, B9, B11, B12
diamond structures with epilayers are presented in fig. 2
(see the 3-rd side of cover).

In the spectrum of near and medium IR absorption
there are areas determined by a direct interaction of the
photons with a diamond crystal lattice — one-, two-
and three-phonon absorption. The boron impurity line
is localized in the frequency of ~2800 cm” L. In the
spectra of the samples, except B11, in this frequency
the characteristic maximum is observed. The boron im-
purity in a diamond is the centre, absorbing IR radia-
tion. By the intensity of the given line it is possible to
estimate the concentration of boron in a diamond. For
the estimation an experimental calibration depend-
ence was used, connecting the intensity of the peak of
boron in the absorbing spectrum Aca with its concen-
tration [B]:

[B] = 0,035+ Aa+ 1,77 10'7 [em73]. (1)

The experimental intensity of the non-transmission
peak 1 — T can be converted into the intensity of the
absorption peak Ao by the formula for a plane-parallel

plate:
_1.[T
Aa, dln( TJ’ 2)

where T and T, of transmission in the maximum for
the given wavelength and in its basis; d — thickness of
the investigated sample.

Because the non-transmission spectrum was modu-
lated by the interference dependency, the intensity of
the non-transmission peak, caused by absorption by bo-
ron impurity, was determined after preliminary leveling
in the area of the given peak.

On the basis of the experimental data (fig. 2) and al-
so expressions (2) and calibration dependences (1),
the concentration of the boron impurity and thickness
of the layers in B8, B9, B12 structures were received
(see table). The presented characteristics demand com-
ments: the thickness of the epilayer (d) was measured
by the interference of the reflexion spectra, the con-
centration of boron [B] was measured by FTIR meth-
od, the concentration of holes (p) was determined ap-
proximately by measurements of the capacity-voltage
characteristics, the energy of activation of the boron
impurity (£,) and capture cross-section of the charge
carriers by the impurity boron centre (Gp) were meas-
ured by the method of temperature admittance spec-
troscopy.

Deposition of metal contacts

Manufacture of metal contacts (straightening and
ohmic ones) is a key operation for correct electric tests
of the semi-conductor structures and reliable operation
of the final devices on their basis. In the investigated
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samples of the diamond epilayers the straightening and
ohmic electrodes were made from platinum (fig. 3).
The area of the straightening contact was 5 - 1072 cm?.
By voltampere characteristic (fig. 4) one could draw a
conclusion, that the structures had satisfactory straight-
ening properties, because at the return voltage over 10 V
the leak currents at the level of tens of microamperes
were observed. For all the samples the opening voltage
was 2...2,1 V, while the dynamic resistance in the ohm-
ic site of the direct branch of the voltampere charac-
teristic was high — tens-hundreds of kohm.

By voltampere characteristic the height of Schottky
barrier formed by platinum-diamond contact was esti-
mated. The height of the potential barrier was deter-
mined by expression

o = kTqIn(AT*Jy), (3)

where k£ — Boltzmann constant; T — temperature; g —
charge of an electron; 4 — Richardson constant; Jg¢ —
density of the saturation current. For its determination
the dependence was built of the current density through
the contact from the applied voltage in the semiloga-
rithmic scale. The obtained value of the height of the
potential barrier was 1,5 eV. However, the accuracy of
determination of the value of ¢ 5 was influenced by the
error of determination of Jg.

It is also known that the height of Schottky barrier
at the contact of metals with GaP, SiC and diamond
strongly depends on the state of the surface of the semi-
conductor layer and the metal film on it. For example,
in [11] the height of the potential barrier changed in-
significantly due to variation of the thickness of the
metal layer. The metal-semiconductor state of the in-
terface can be changed by annealing. In [11, 12] it was
demonstrated, how annealing of a structure at various
temperatures influences the value of the potential met-
al-diamond barrier. In particular, for the platinum-dia-
mond contact annealing reduced the value of the bar-
rier by 0,24 eV [11].

Diagnostics of the characteristics of the boron
impurity level by the conductivity spectra

On the diamond epilayers with the deposited con-
tacts the behavior of the impurity (of boron) was inves-
tigated by the methods of capacity-voltage characteris-
tics and spectroscopy of admittance [13, 14]. The small
contact in the measurements played the role of Schottky
barrier. Measurements of the spectra of conductivity
were done by means of an automated system on the ba-
sis of Janis cryogenic probe station at 20...450 K and the
test signal frequencies of 1 kHz...2 MHz (fig. 5, see the
3-rd side of cover). With the growth of the frequency of
the measuring signal the conductivity spectra moved to
the area of higher temperatures, which is characteristic
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for a thermal emission. The speed of emission of the
charge carriers is determined by expression [13]

e = AT?exp(—E,/kT), 4)

where prior-to-exponential multiplier A does not de-
pend on the temperature and is proportional to the cap-
ture cross-section of the carrier by a deep level (cp).

By the temperatures of the maxima of the conductiv-
ity peaks, using the standard technique of construction of
Arrhenius plot, by taking the logarithm (4) it is possible
to determine the energy of activation of the charge car-
riers from the impurity level [13]. These plots for the
moderately alloyed samples (1 - 10'8..4-10'8 cm_3)
had a linear character, while with an increased concen-
tration of boron the energy of activation E, decreased
from 312 down to 219 meV (fig. 6). The table presents
the energy of activation and capture cross-section of the
investigated samples. The discovered appreciable de-
crease of the activation energy of boron at an increase
of the degree of doping correlates with the experimental
results of the other authors (fig. 7) and is a distinctive
property of diamond. It is necessary to note, that all the
experimental points were obtained by Hall method and
measurement of the specific resistance, but not by the
spectroscopy of admittance. In the heavily doped sam-
ple of B11 (4 10" cm_3) the inclination of Arrhenius
plot in the range of high temperatures (> 150 K) gave
the energy of activation £, = 101 meV. At low temper-
atures (<120 K) the linear dependence of Arrhenius
had another inclination with E, =20 meV (fig. 6).
Modeling of the experimental spectra at those frequen-
cies demonstrated, that the set of the energy levels of
the boron impurity was submitted to Gaussian distri-
bution with root-mean-square deviation 3£, ~ 4 meV.

The high-temperature site is determined by the ther-
mal ionization of the holes from the impurity level of
boron into the free (valent) band, and the low-temper-
ature site is connected with the hopping conduction of
the holes in the impurity band of boron arising due to
a high concentration of the impurity. The hopping
mechanism prevails over the thermal ionization of the
charge carriers in the free band below 150 K. Besides,
the measurements demonstrate, that at the hopping
mechanism of conductivity the capture section decreas-
es by 3—4 orders. If we take into account that in the
diamond alloyed by boron the registered parameters of
the deep centre belong to the basic alloying impurity,
then a reduction of the capture cross-section testifies to
an essential decrease of the holes’ mobility in a semi-
conductor in the conditions of the hopping conduction
(T < 150 K).

Thus, the experiments testify, that in case of
achievement of the necessary for doping of diamond
high concentration of the impurity (boron), two effects
appear: a positive one (reduction of the activation en-
ergy) and a negative one (cardinal decrease in mobility
of the charge carriers). The solution to the problem is
formation of the delta-layer strongly alloyed by boron.




Research and modeling of the delta-doped layers

In order to reach the sufficient concentration of the
basic charge carriers in a diamond, the concentration of
boron should exceed 102 ¢cm™3 [16]. At that, in order
to ensure high mobility of the holes, the sharpness of
the delta-layer profile should be less than the Debye
length of screening L = (skT/q2NA) 1/2, where Ny —is
the maximal concentration of impurity in the delta-lay-
er [8]. At Ny= 1020 ¢m™3 Lp will be only 0,3 nm.

In this connection, research of the characteristics of
the delta-layer is not less important, than the problem
of its creation. It is possible to point out several meth-
ods for obtaining of a concentration profile with the
resolution at the level of units of nanometers. The most
efficient are the method of the secondary ion mass-
spectroscopy (SIMS) and the method of electrochem-
ical capacitance-voltage profiling (ECV). One of the
recent results of formation of the delta-layer in a dia-
mond is presented in [17]. Measurements of the profiles
of concentration of the doping impurity were done by
SIMS method (fig. 8, see the 3-rd side of cover). As is
visible, the width at the semiheight of SIMS profile is
~100 nm for both samples. Strictly speaking, such a dis-
tribution cannot be called a delta-layer (authors [17]
dub it "the so-called delta layer"). In [18, 19] it is dem-
onstrated, that measurement of the thickness the delta-
layers by SIMS method can give overestimated values
due to blurring of the interface. The work devoted to
delta-doping of diamonds was done in Ulm University
[8]. Measurement of the concentration of the charge
carriers in the delta-layer is presented in [17]. It is nec-
essary to note a very high quality of delta-doping char-
acterized by the width at the semiheight of the peak of
less than 1 nm, while the concentration in the maxi-
mum practically coincided with the results [17]. We
should point out, that the profile of the charge carrier
presented in 9 was obtained not by SIMS, but by ECV
method on "ECV Pro Nanometrics installation”.

Conclusion

Samples of semi-conductor CVD-diamond with
various levels of doping (p ~ 4 10'8...4- 10]9) were
grown. Platinum contacts were deposited on the sur-
faces of the samples. By the methods of FTIR and ad-
mittance spectroscopy measurements were done of the
thickness of the layers, concentration of the boron im-
purity and the basic charge carriers, and activation en-
ergy of the impurity center of boron. Decrease of the
energy of activation of boron in the layers was recorded
in case of strong doping. This positive effect was ac-
companied by a negative effect of a decrease of mobility
of the charge carriers. A compromise was the delta-
doping, ensuring a high concentration of the basic
charge carriers in a narrow band and high average mo-
bility of the holes in the epitaxial layer. Literary data on
creation of the delta-alloyed layers in diamonds are
presented, and the diagnostic methods allowing a pre-
cision control of this distribution are also listed.

The work was done at the Chair of Micro- and Na-
noelectronics of SPbGETU LETI with financial support of
the grant of the Government of the Russian Federation
(Decision 220, contract Ne 14.B25.31.0021 with the lead-
ing IPF RAS organization).
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I Cankr-TTetep6yprekuii TocyIapcTBeHHBIN SIeKTpOTeXHIYecKMi yHuBepeuTeT, CaHkT-ITetepOypr
2 WHcTuTyT BhicoKOoMoeKynspHbiX coennHenuit PAH, Cankr-ITetepoypr

NMOAYYHEHUE BbICOKOINPOBOAALWNX U ONMTHUYHECKU MNMPO3PAYHHbIX
HAHOPA3MEPHbIX CAOEB YTAEPOAA HA OCHOBE INAEHOK

AEHTMIOPA—BAOAXETT NOAMNMUAA

Ilocmynuna é pedaxyuro 25.08.2015

IIpusedensl xapakmepucmuku yenepooHbiX NAEHOK, HOAYHEHHbIX Memo0om KapboHusayuu nieHok Jlenemropa— baooxwcemm no-
AUUMUOQ, NOKA3BIBAIOULUE B0ZMONCHOCb UCNOAb308AHUS UX 8 KAUeCmee NPo3pa1HblX IAeKmpo00s 6 ONMo31eKmpOHHbIX NPUOOPAX.
Ilnenku yenepooa obnadanu MakcumanbHol yoeavHou npogooumocmovto ~410 Cm/cm. Uzmepenus kos3puyuenma nponyckanus
NOKa3aau, Ymo OHU SA8ALIOMCA NPo3paunbimu 6 eudumoi u UK obnacmsx cnexkmpa. B unmepeane oaun éoan 400...1000 Hm Ko-
apppuyuenm nponyckanus nocmenenHo yeeauuueancs om 58 do 70 %, a npu daunax 6oan om 2,5 0o 7,5 mkm cocmaensin 75...78 %.

Karoueevie caosa: nienku Jlenemropa— baodxcemm, noauumuo, KapooHuzauus, yenepooHsie nposoosujue NAeHKU, NPO3PaA4HbLU

21€eKMpPo0, ONMOINEKMPOHHBIe NPUOODbI

Beenenune

B Hacrosiee BpeMs YIbTPAaTOHKHME YIJIEPOIHBIC
IUIEHKM, Hapsay ¢ rpacdeHOM, paccCMaTpUBAIOTCS KakK
anprepHaTuBa ITO (indium tin oxide)-snextpony. He-
obxoauMocTh 3aMeHbl ITO-anekTpona o0ycaoBIeHa B
MIepBYIO OUYepenb OTPaHUUYEHHBIMA 3allacaMy WHANWS B
3eMHOI1 Kope. B ommuume or crnasa Iny,O;—Sn0O,, us
Kotoporo usrotaBnuBaioT 1TO-31eKTpoabl, yriepom-
Hble MaTepuajbl 0ojiee MOCTYIMHbI U 00JIaJaloT BHICO-
KO XMMUYECKON U TEPMUUYECKON CTOMKOCTHIO.

Cpenu yriiepomHBIX MaTepyuajoB KaHAWAATOM HO-
Mep OJMH JUISl UCIOJb30BaHMSI B KayecTBe Mpo3pay-
Horo aJiekTpoaa sBiasietcs rpadeH [1]. Koadphuum-
eHT MPOMYCKaHMsSI OMHOIO cjosl rpacdeHa BUIAUMOM
obnactu coctasiuset 97,7 %, a TeopeTUUECKOe 3HaYe-
HUE MOBEPXHOCTHOro compotupieHus — 30 Om. On-
HaKO 3TUMM XapaKTepUCTUKAMU OO0JIamaroT YeIITYHKH
rpadeHa, TUIOLIAab KOTOPBIX, KaK MpaBUJIO, He TIpe-
BBbILLIAET JECATKOB MUKpoMeTpoB. [lonyyeHue mieHoK
rpageHa, MOKpHIBAIOIIMX IOAI0XKN C OOJIbIION ILIO-
1AAbl0 M COXPaHSIOIIMUX MPU 3TOM CBOM CBOMCTBA,
SIBJISIETCSl HEeIpocToi 3agauveit. Hampumep, nmosepx-
HOCTHOE COMPOTHBIIEHUE TUIEHOK rpacdeHa, odpasyio-
LIUXCSI MPU OCAXKAEHUUM U3 BOAHOUN CYCIIEH3MU, CO-
crapisiet 2000...7000 Om. Haubomnee nepcrneKTUBHBIM
CMoCcOoOOM TOJIydeHUsI cJioeB IpadeHa Ha OOJIbLIMX MO
TUTOIIAAM TIOMJIOXKAX SBIsieTcs (hOopMUpPOBaHUE Tpa-
(heHa Ha MOBEPXHOCTU MEIHOM UM HUKEJIEBOU (HOb-
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I METOAOM ocaxnmeHus u3 raszoBoil daszel (CVD) ¢
MOCJIEeIYIOLINM TIePeHOCOM €ro Ha APYrue TUIIbI MOJI-
JIOKEK ¢ IOMOIIbIO moarMMepHou 1wieHku [1, 2]. Ox-
HaKo B 3TOM cJlyyae CBOMCTBa TrpadeHa B OOJBIION
CTENEeHU 3aBUCST OT CTPYKTYPhI TOBEPXHOCTU METajlia
U CITOCOOOB HaHECEHMUSI, OTIEICHUS W OCAXKAEHUS T10-
JIMMEPHON TIeHKHU. Tak, Ha MeTKO3¢PHUCTOM TTOBEPX-
HOCTU HUKEJNS TTOBEPXHOCTHOE COMPOTUBJIEHUE rpade-
Ha coctabisizzo 3000... 5000 OMm, a ¢ yBeIu4eHNEM pa3-
Mepa 3epeH yMeHbiajgoch 10 500...1000 Om [3]. Kpo-
M€ TOro, OBbLIO YCTAHOBJIEHO, YTO HA ITOBEPXHOCTHOE
COIPOTUBJICHKE TpadeHa BIUSICT ITPOBOANMOCTD IO~
Joxku. [TneHku rpacdeHa Ha MOBEPXHOCTU MPOBOASI-
1iero noaumMepa obnananu comnpotrupiaeHuem 100 Om
[4], a Ha moBepxHOCTH SiO, C HAHOHUTAMMU cepedpa —
30 OmM [5].

Hecmotps Ha mepcrneKTUBBI UCMOJIB30BAHUST Ipa-
(beHa B KauecTBe IIPO3PAUYHOrO 3JIEKTPOAA, BEAYTCS
paboTHI MO TIOMCKY 00Jice MPOCTHIX U IEIIEBBIX CITO-
CcO0OB IMOJyYeHUs TPO3PAYHBIX 3JIEKTPOJOB Ha OCHOBE
yIIepoaHbIX MaTepuanos [6]. Ciaenyer OTMETUTD, YTO
TpeOOBaHUSI, TIPEIABABISIEMbIC K TTPO3PAYHBIM 3JICKTPO-
JlaM, 3aBUCST OT 00JIaCTU UX TpuMeHeHus. Hampumep,
IUTST TIPOBEACHUS CITEKTPOSJIEKTPOXMMHUICCKUX WC-
clieloBaHUII MOTYT OBbITh MCIOJb30BaHbl YIJIEPOAHbIC
IUICHKY TOJIILMHON ~13 HM, o0Jjagaoliue MOBepXHO-
CTHBIM conpoTtuBieHueM B auanazoHe 1000...2000 Om
¥ TIpoIrycKaHnueM Hike 55 %. OgHako 11t 3G dekTrB-




HOIi pabOThI COBPEMEHHBIX ONTO3JIEKTPOHHBIX IIPUOO-
POB HEOOXOAMMBI JIEKTPOJbI C 60JIee BBICOKMM YPOB-
HEM Ipo3pavyHocTU. B paGote [6] ObLI IIPeAIoKeH CII0-
€00 TOJy4YeHUsI BBICOKOIPOBOISIIUX U MPO3PaYyHbIX
VIJIEPOAHBIX TUIEHOK KapOOHM3aLMeH TMCKOTHYECKIX
BelllecTB. Bbulo Moka3aHo, YTO YIJepodHble TUICHKH,
oOpasyrommecst B pe3yJbTaTe OTKUTA TIEHOK TUCKO-
TUYeCKMX BeulecTB Ipu Temmeparype 950...1100 °C,
00JTafaIoT yIeabHOM MPOBOAUMOCTEIO 68...170 CMm/cM,
a MX [PO3pavyHOCTb M3MeHsieTcsa oT 61 10 92 % npu
YMEHbIIEHUU TOJIIUHBI TIeHKU oT 30 10 4 HM. ITneH-
KW TUCKOTMYECKUX BEIECTB HAHOCWUJIN Ha TTOIJIOXKKY
METOAOM LieHTpu(yrupoBaHus. TojllHa IVIEHKU pe-
TyJIMpoBalach M3MEHEHNEM KOHIIEHTPAIIUA PacTBO-
pa. OnHako 0oJjiee BEICOKYIO YIEIbHYIO IIPOBOIMMOCTD
(520 Cm/cM) UMenu TIGHKU, TTOTYYEHHBIE OCaXKICHM -
€M 13 BOTHOTO pacTBOpa YellyeK OKcHaa Tpadura c
MOCIEeAYIOIIUM OTXUroM Tipu Ttemieparype 1100 °C,
WX TIPO3PAYHOCTD cocTaBiswia 71 % mpu TONMIWHE TUIeH-
ku 10 uM. [epoxoBaTocTs (R,) YrIEPOAHBIX TUIEHOK
coctasisna 0,4...0,7 um. ITo MHEHMIO aBTOPOB MaTeH-
ta [6], ypOBEeHb YIEIbHOI MPOBOAMMOCTH, IIPO3pay-
HOCTU U 1LI€POXOBATOCTH IMOJYYEHHBIX IJICHOK YIOB-
JIETBOPSIET TPEOOBAHUSIM, TIPEIBSIBISICMBIM K IIPO3pad-
HBIM 2JIEKTPOJaM B OITOR3JEKTPOHHBIX YCTPOMCTBAX,
TaKMUX KaK COJTHEYHBIE DJIEMEHTBI, (POTOTPAaH3UCTOPHI,
(hOTOYyMHOXUTENM, 2JIEMEHTBI MHTETPAJIbHBIX ONITHYE-
CKHUX cXeM, (POTOpPE3NCTOPHI, MHXEKIIMOHHBIE JIa3ep-
HbI€ M CBETOM3IIYYAIOIINE TUOIBI.

M3BecTHO, YTO OOHMM U3 CIIOCOOOB IIOJy4YEHUS
rpaUTONOJOOHBIX MaTepHUaJioB SIBJISIETCS KapOOHM-
3alMs apoMaTuuyeckux TmnoaumepoB. I[lpoBenaeHHbIE
paHee MccaeAoBaHUS MOKa3ajau, YTO Haubosee mep-
CNEKTUBHBIMU TIPEKypcopaMu JUIsl MOJIydeHust rpadu-
TOITOAOOHBIX MaTePUANIOB SIBJSIOTCS KECTKOLEITHBIC
MoJIUTeTepoapuieHbl, Cpeard KOTOPBbIX HauOOJbIIUI

Tabauua 1
CrpykTypHbie (hOPMYJIBI PA3HBIX THIOB MOJIMAMHAIOB
Table 1
Structural formulas of various types of polyimides
CrpykTypHasi (hopMyia [Momuumu
Structural formula Polyimide
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MHTEepeC TMPEACTABISIOT MOJIMMEPhl Klacca apoMaTH-
YeCcKMX MoauuMuaos [7]. OmHako rccieloBaHUE TIpO-
1ecca KapOOHM3alUKU MOJIMUMUIIOB B OCHOBHOM IIPO-
BOJMTCSI Ha BOJIOKHAX M IIJIEHKAX TOJIIIUHON 6oJee of-
HOI'0 MMKPOMETpPA, HECMOTPSI Ha MOCTOSIHHO PacTyLIUiA
HHTepec K (POPMUPOBAHUIO U TPUMEHEHNIO HAHOCJIO-
eB yriepona. MckimoueHneM BIsSioTcst padotsl [8—11],
B KOTOPbIX HAHOpPa3MepHbIe CJIOM YIjepoja Ha KBap-
LIEBOW MOJJIOXKKE TOJyJyaiu KapOoHM3alMel TIeHOK
Jleurmopa—baomxert (JIB) ruOKouenmHBIX IOJIU-
nmugoB [IM-JAADD [8, 9] u ADP-JAADD [10, 11]
(tabn. 1). B pabote [8] mpuBeneH XapaKTepHbIU s
yriiepoaa crekTp norioiieHus B Y®P obnactu. Iomy-
YeHHBIE YIJIEPOAHbIC MUIEHKN UMEJIU YACIbHYIO TPo-
BogumocTh 300 Cm/cm [8, 9] m 100 Cm/cm [10, 11].

Ilenpio Halleir pabOTHI OBLIO IIOJyYeHUE YIIEPOMd-
HBIX TIEHOK KapOoHu3auuen mieHok JIb xectkouemn-
Horo mojpunmuna Jd-oT]l (tabn. 1), mccaemoBaHue
ux MOp}OI0ruu, 371eKTPOGPUINIECKUIX U ONTUYECKUX
CBOWCTB.

MeToauka 3KcnepumMeHTa

B Hameii paboTe mpernoauMepoM I IOJydeHUs
MOJUMMUIA CIYXUJIa ATKWIAMMOHMIHAST COJb MOJIH-
amumokucioTel (ITAK) A®-oTH (puc. 1). YcinoBus
cuHte3a [TAK u ycinoBus nonaydeHus mieHok JIb mpe-
nojavMepa M MOJMMMUIA TIpUBEAeHB B padorax [12].
Hust monyuenus tieHok JIB mcnonb3oBanm ycTaHOB-
Ky, uzroronieHHyto B CII6GI'OTY [13]. [1nenku HaHO-
CUJIM Ha MOJUIOKKM M3 KBapLIEBOTO CTeKJIa 1 cardupa.
[MoBepXHOCTDh TOIOXEK TIPEABAPUTEIHLHO THUAPOPO-
OM30BalM B Mapax AUMeTwiauxjiopcuiaHa. Kpaesoii
yroJ cMayuMBaHUSI BOJOK Tocjie TuapogoOu3aluu co-
crapisan 90...95°. TToBepXHOCTHOE IaBJI€HUE B MOHO-
cioe conu ITAK mpu mepeHoce ero Ha MOMIOXKY CO-
crapnsiiio 35 MH/M. Ha nonnoxky HaHocuiau 50 mo-
HocimoeB comu ITAK. JIns moiaydyeHus HOMMMMUAA
mwieHKy JIb comu ITAK HarpeBaiu mo TeMIiepaTyphl
400 °C. KapboHu3auuio MOJUMMUAIHON ITJICHKH IIPO-
BOOMIM B nBa 3Tama. CHavaja ee HarpeBav IO TeM-
nepatypsl 1000 °C B Bakyyme (10_5 MM PT. CT) CO CKO-
poctbio 10 °C/MUH M BbIAEPXKUBAJIU MPU 3TOU TeM-
repaType OIMH Yac, 3aTeM HarpeB MPOBOIMIM Ha yC-
TaHOBKE OBICTPOIO TEPMUUYECKOTO OTXKHUTa (BaKyyM —
1073 mm pT. cT.). Bpems narpeBa go 800 °C cocrtaB-
nstmo 30 muH; ot 800 mo 1100 °C — 5 muH. I1pu tem-
nepatype 1100 °C obpa3sel BelAEpKUBaJIU B TeUCHUE
3 muH. Ha puc. 1 npuBeneHa cxema, WITIOCTPUPYIO-
11asi mpoliiecc oopa3oBaHus yriiepoaa.

Tonmuuny mieHok JIb conun IMAK u nonuumuga
OIpeaeIssIu C TTIOMOILbIO METOJa OTpaXaTeJIbHOM 3J1-
JUIIcoMeTpuu Ha syuncomeTpe JIDM-101. Pacuetsl
MPOBOAWIN B paMKaX OAHOCJIOMHON MOJEIU METOIOM
Xoamca. U3o00paxeHre MOBEPXHOCTH TIJIEHOK ToJyJa-
JIX Ha CKaHUPYIOILeM 30HIO0BOM MHKpPOCKOIle Veeco,
Dimension 3100. [ToBepXHOCTHOE CONTPOTUBJICHUE TIJIE-
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Fig. 2. The transmission spectrum of the carbon film in the UV and visible
regions of the spectrum
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HOK M3MEPSIIN C TIOMOIIBIO YETHIPEX30HIOBOTO METO-
na. CriekTpbl MPOIYCKaHUS MOJyyaaid Ha YyCTaHOBKE
Ava Spec-2048 1 Ha UK ®Dypoe-criekTpoMeTpe MapKu
Nicolet 6700 B komIiekTe ¢ MUKpockornoMm Continium
(c mpuctaBku HITBO).

Pe3yabTaTel u 00cyxknenne

PesynbTaThl MI3MEpEeHUs TOJILIMHBI MeHoK JIb co-
g TTAK u nonuumuaa npuBedaeHbl B Tada. 2. Pac-
yeTHasl TOJIIMHA OJHOTO CJIOSl MOJUMMUAA B TOJY-
YeHHBIX IUIeHKax cocTtaBwia 0,5...0,6 HM, 4TO corya-
cyeTcsl ¢ IUTePaTypPHBIMU JAHHBIMU U MOJYyYeHHBIMU
HaMmu paHee pe3yiabTaramu [12]. Ha puc. 2 npuBeaeH
Y® chnekTp mpomnyckKaHUSI KapOOHM30BAHHONM IIpU
1000 °C 1reHKM moaMMMMIA, Ha KOTOPOM HaOJona-
eTCd XapaKTEPHBIN IJIs1 yIIepoJa MUHUMYM IIPOITyC-
KaHus 1ipu A = 290 HM. [ToCKOIbKY TOMIIMHY IUIEHKA
yIjepoja He yaajJoCh OIpPEaeTNTh METOIOM 3JIJIAIICO-
METPUU, TO €€ OLIEHUBAIM T10 BBICOTE "CTYIEHbKU' Me-
Ky TJIEHKOM U MOJIOXKKOM Ha M300pakeHUH ITOBEPX-

Tabauma 2

Tommuna mieHok Jlearmwopa—bBiomkerT com
NOJHAMHIOKHCIOTH H nojuuvuaa (50 cioes)

Table 2
Thickness of the Langmuir— Blodgett films
of polyamic acid salt and polyimide (50 layers)
TMomwnoxka TomuunHa TomuunHa
Sabsirate TUICHKH, HM _ OIHOTO CJIOSI, HM
Film thickness, nm | Single layer thickness, nm
CoJb TOJMAMUIOKHCIOTHI
Polyamic acid salt
KBapueBoe crekiio 162,0 3,2
Quartz glass
Cancup 134,0 2,7
Sapphire
[Monnummng,
Polyimide
KBapiieBoe crekiio 25,5 0,5
Quartz glass
Candup 27,5 0,6
Sapphire
Tabnuua 3
OnekTpodu3nyecKue CBOICTBA MIEHOK yriepona (Tommuaa 10 nm)
Table 3
Electrophisical properties of carbon films (thickness 10 nm)
py* 1073, G,
Tomura’ °C IMomnoxka Ps> Om OM * cM CM/ CcM
Tanniting, °C Sabstrate Py Q Py 1073, Gy
Q-cm S/cm
1000 KBapieBoe cTeKIIo 8400 8,4 120
Quartz glass
Cancup 7200 7,2 140
Sapphire
1100 KBapieBoe cTekiio 2600 2,6 380
Quartz glass
Candup 2500 2,5 410
Sapphire
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Fig. 4. Transmission spectra of carbon films in the visible and near —
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HOCTH, TIOJIyYEHHOM METOIOM aTOMHO-CUJIOBOI MUK-
pockonuu (ACM). Kak BugHO Ha puc. 3, BbicOTa "CTy-
neHbku" paBHa 10,4 HM.

PesynbTaThl MccienoBaHus 3JeKTPOMU3MIYECKUX
CBOWCTB (py — MOBEPXHOCTHOE CONPOTUBJIEHHUE, P, —
00BEMHOE CONPOTUBJIEHUE, G, — YIelbHasd MPOBO-
ITUMOCTB) YIJIEPOIHBIX IUIEHOK, IMOJIYIeHHBIX Kap0o-
Huzauumen rmiaeHok JIb XecTKoUuenHOro nmojuumuaa
JD-0T/l, npuBeneHsl B Tabi. 3. YaenbHas MpOBO-
ITUMOCTD TUICHOK, 00pa3yIolmrXxcsl Ipu TeMIiepaType
1000 °C, cocraBuna 120...140 Cm/cM, 4TO COOTBETCTBY-
€T YPOBHIO YAEIbHON MPOBOOIMMOCTH KapOOHM30BaH-
HBIX TUTEHOK TUCKOTUYECKHX BelecTs (68...170 Cm/cm).
IMocite MOTIOTHUTENTBHOTO OTXHWTa TIPW TeMIIepaType
1100 °C Habmoganoch pe3koe yBeJIuueHue yaeabHOI
npoBoauMocTu a0 380...410 CM/cM, 4TO, B CBOIO OUe-
pelb, COMOCTaBUMO C YAEIbHON IIPOBOAMMOCTHIO
TUIEHOK, TOJIYUEHHBIX M3 YellyeK oKcuaa rpadura
(520 Cm/cm). [ToBepXHOCTHOE COTIPOTUBJICHHE TTOJTY-
YEeHHBIX HaMM yTJIepoaHbIX TuieHoK (2500 Om) oka-
3ajach HUXKE COIPOTHUBJICHMSA TICHOK TpadeHa, 00-
pa30BaHHBIX U3 CYCIIEH3UHU YelllyeK rpacdeHa U METO-
moM CVD Ha MoBepXHOCTH MEIKO3EPHUCTOTO HUKES,
HO TIpeBbIIIaia CONMPOTUBICHUs TpadeHa Ha TTOBepX-
HOCTM KPYIMHO3EPHUCTOr0 HUKEISI M Ha NTOBEPXHOCTU
TIPOBOISIINX MOITOXEK.

Ha puc. 4, 5 npuBeneHsl CeKTPbl MPOMYCKaHUS
YIJIEPOIHBIX TUIEHOK B BunuMoit 1 MK obacTax criek-
Tpa. B auanazone niuH BoaH ot 400 1o 1000 HM Ko3d-
ummeHT porryckanus yBeauuuBaics ot 58 mo 70 %,
a B MHTepBaJje JIMH BOJIH 2,5...7,5 MKM MPaKTUYECKU
He M3MeHsICS U cocTaBistn 77 %. CyliecTBeHHBIM OT-
JIMYMEM MOYYEHHBIX YIJIEPOAHBIX IUIeHOK oT ITO-me-
HOK SIBJISIETCS TO, YTO OHU Ipo3payHbl B UK obmacTu.
Hnsa ITO-mieHoK XapakTepHO MOCTEINEHHOE YMEHbIIIe-
HHUE MPO3PAYHOCTY TIPU JJIMHAX BoJH 0ojiee 1000 HM.

IMTonyuyenHbie ACM-un300paxkeHus TMOBEPXHOCTHU
TUICHOK YTJIepoaa MOKa3bIBAIOT, YTO OHU, TaK XK€ KakK U

80

60

40

IIpomnyckanue, %
Transmittance, %

20

3,0 4,0 5,0 6,0 7,0
JIIHa BOJIHBIL, UM

Puc. 5. Cnextp npomyckanusi IJieHoOK yriepoaa B cpeaneii UK 006-
JIACTH CHIEKTpa
Fig. 5. The transmission spectrum of the carbon films in the mid-IR —
spectrum region
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Puc. 6. ACM-u300paxkeHue MOBEPXHOCTH ILUIEHKH yriepoaa, odopasosannoii npu 1000 °C:
a — MopdoJIoTus MOBEPXHOCTH Ha TUIOIAAM cKaHupoBaHus 1,5% 1,5 MKM U nipoduis ce-
YEHUSs y4acTKa MOBEPXHOCTU; b — MOPGOJIOrHsl MOBEPXHOCTU Ha TUIOLIAAN CKAHUPOBAHUS
0,5%0,5 MKM ¥ IpPOIITb CCUEHUST yUacTKa TIOBEPXHOCTH, XapaKTEePHU3YIOIII pa3Mephbl JOMEHOB
Fig. 6. AFM image of the surface of the carbon film formed at 1000 °C: a — the surface morphology
on the scan area of 1,5 % 1,5 um and the cross-sectional profile of the surface area; b — the surface
morphology on the scan area of 0,5% 0,5 um and the cross-sectional profile of the surface area,
describing the dimensions of the domains

50 100

150 200 250 300 pm 5 10 15 20 25 30 35 40 45 nm

Puc. 7. ACM-u300paxkeHue NOBEPXHOCTH IUIEHKH yriiepoaa, odopasosannoii mpu 1100 °C:
a — MopdoJIorus MOBepXHOCTH Ha IIOIIAAN CKaHUpoBaHus 1,5X 1,5 MKM 1 ipowIIb ce-
YEHUS y4acTKa MOBEPXHOCTU; b — MOPGOJIOTHS TOBEPXHOCTU Ha TUIOIIAAN CKAHUPOBAHUSI
0,5%0,5 MmxM 1 mpouTb CEUeHUs y4acTKa IOBEPXHOCTU, XapaKTePU3YIOILIUIA pa3Mephl IOMEHOB
Fig. 7. AFM image of the surface of the carbon film formed at 1100 °C: a — the surface morphology
on the scan area of 1,5 % 1,5 um and the cross-sectional profile of the surface area; b — the surface
morphology on the scan area of 0,5%0,5 um and the cross-sectional profile ofthe surface area,
describing the dimensions of the domains
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mwieHku JIb conu ITAK u nonmunumu-
J1a, COCTOST M3 TOMeHOB (puc. 6, 7).
OnHako eciam TIocie TIPOBeACHUS
nmuauzanuu npu 400 °C natepaib-
HBIN pa3Mep JOMEHOB He U3MEHSIICS
u octaBajicsa paBHbIM 50...100 HM, TO
nocie Kapoonuzauuu npu 1000 °C
oH ymeHbaics g0 30...40 HM mpu
BBICOTE TOMEHOB ~2 HM (puc. 6, b).
B pesyabTare mnociaenymoolliero OT-
xwura nipu temnepatype 1100 °C na-
TepaJbHBIE pa3Mep ITOMEHOB CO-
Kpawancsa ao 15...20 HM, a BeicoTa
yMeHbllIajach 10 ~1 HM (puc. 7, b).
Taxkxe Habg0OAaTOCH W3MEHEHUE
MopdOJIOruu IJIeHK — Ha (DOHE 10-
MEHOB MOSBJISIIUCH "CTOJOUKU" BBI-
coroii 10 amM m guamerpom 50 HM
(puc. 7, b), yTO NMPUBOAUIO K yBE-
JMYEHUIO €€ LIepoxoBaTtocTu (R))
ot 0,8 mo 2,4 um. MIameHeHne Mop-
dosorun u yBeaMueHUE MPOBOIAM-
MOCTH TUICHOK TIOCJIe OTXWTa TIpU
1100 °C cBUOETEILCTBYET O CTPYK-
TYPHBIX M3MEHEHMSIX, IPOUCXOMsI-
IIUX B IJIEHKAX MPU 3TON TeMIle-

patype.
3akinoyeHue

B pesynbrare kapdboHU3aLMK T1jie-
HOK JleHrMiopa— BJ10IKeTT 3KeCcTKO-
LIETHOTO TMOJMMMMAA ObUIM TONY-
YyeHbl HaHOpPa3MepHBIC TIJICHKU yT-
Jiepoja C YACJbHOW MPOBOAUMO-
cTbio 400 OM/cM (TTOBEPXHOCTHOE
conporuBieHue ~2500 Om) u Koad-
dummenToM nponyckaaus 60...70 %
npu giauHax BojH 400...1000 HM u
75...78 % B nwama3zoHe ITMH BOJIH
2,5...7,5 um. Ilo cBOMM XapakTepu-
CTUMKaM TIOJy4YeHHbIE IJICHKU YTIJie-
pona yIOBIETBOPSIOT TpPeOOBAHU-
SIM, IPEIBSBISIEMBIM K ITPO3paYHbIM
9JIEKTPOAaM B ONTOB3JIEKTPOHHBIX
npubdopax.
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Obtaining of Highly Conductive and Optically Transparent Carbon Nanolayers
by Carbonization of Polyimide Langmuir—Blodgett Films

Highly conductive and optically transparent carbon nanolayers were obtained by the method of carbonization of the rigid chain
polyimide Langmuir— Blodgett films. The carbon films’ conductivity was ~410 S/cm. Their transmittance was 58...70 % within the
visible spectrum range and 75...78 % within the infrared range. These films are promising for use as transparent electrodes in the

optoelectronic devices.

Keywords: Langmuir — Blodgett films, polyimide, carbonization, carbon conductive films, transparent electrode, optoelectronic

devices

Introduction

Ultra-thin carbon films, along with graphene are
considered as an alternative to — ITO-electrode (indi-
um tin oxide). The need to replace ITO-electrode is
primarily caused by limited reserves of the indium in
the earth’s crust. In contrast to the In,O;—SnO, alloy,
which ITO-electrodes are made, the carbon materials
are more accessible and have a high chemical and ther-
mal resistance.

Among these materials, the candidate number one
for the transparent electrode is a graphene [1]. The
transmittance coefficient of a single layer of graphene

of the visible region is 97,7 %, and the theoretical value
of the surface resistance is 30 Q. However, only the
graphene flakes have these characteristics, which area
usually does not exceed tens of micrometers. Obtaining
of the graphene films, covering the substrates with a
large area, and preserving its properties is not an easy
task. For example, the surface resistance of graphene
films formed during the deposition from the aqueous
suspension is 2000...7000 Q. The most promising way to
obtain graphene layers on large area substrates is to
form graphene on the surface of a copper or nickel foil
by the chemical vapour deposition (CVD), followed by
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transferring of it to the other types of substrates using
plastic film [1, 2]. However, in this case, the properties
of graphene to a large extent depend on the structure of
the metal surface and the application, separation and
precipitation methods of the polymer film. Thus, in the
finegrained nickel surface, the graphene sheet resist-
ance is 3000...5000 Q, and it decreases to 500...1000 Q
with increase of the grain size [3]. Furthermore, it was
found that the conductivity of the substrate affects on
the surface resistance of the graphene. Graphene films
on the surface of the conductive polymer had a resist-
ance of 100 Q [4], and on the SiO, surface with silver
nanowires — 30 Q [5].

Although the prospects for the use of graphene as a
transparent electrode, work is underway to find a sim-
pler and cheaper production method of the transparent
electrodes based on carbon materials [6]. It should be
noted that the requirements for the transparent elec-
trodes depend on its application. For example, carbon
film with the thickness of ~13 nm and with surface re-
sistance in the range of 1000...2000 Q and transmission
below 55 % can be used for spectroelectrochemical
studies. However, the efficient operation of optoelec-
tronic devices requires electrodes with a higher level of
transparency. In [6] a method for producing of highly
conductive, transparent carbon films by carbonization
of discotic compounds was proposed. It was shown that
the carbon films formed by annealing of the films of
discotic compounds at 950...1100 °C have a conductiv-
ity of 68...170 S/cm, and their transparency changes
from 61 to 92 % when the film’s thickness decreases
from 30 to 4 nm. The films of discotic materials were ap-
plied to the substrate by centrifugation. The film’s thick-
ness was adjusted by changing the concentration of the
solution. However, the higher conductivity (520 S/cm)
had the films after the deposition from the aqueous so-
lution of the graphite oxide flakes followed by annealing
at 1100 °C, their transparency is 71 % at a film thickness
of 10 nm. The roughness (R,) of the carbon films was
0,4...0,7 nm. According to the authors [6], the level of
conductivity, transparency and surface roughness of the
films meets the requirements for transparent electrodes
in optoelectronic devices such as solar cells, phototran-
sistors, photo-multipliers, components of integrated
optical systems, photoresistors, injection lasers and
light emitting diodes.

One way to obtain a graphite-like materials is car-
bonation of aromatic polymers. The studies have shown
that the most promising precursors are rigid-rod poly-
heteroarylenes, among which the polymers of the class
of aromatic polyimides are most interesting [7]. How-
ever, the study of carbonization of polyimides is mostly
carried out on the fibers and films with a thickness of
more than one micrometer, in spite of the growing in-
terest to formation and use of the carbon nanolayers.
The exceptions are [§—11], in which the nanoscale car-
bon layers on a quartz substrate were prepared by car-
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bonization of Langmuie—Blodgett (LB) films of flexible
chain polyimides — PMDA-ODA [8, 9] and BPDA-
ODA [10, 11] (Table 1). In [8], an absorption spec-
trum, characteristic for carbon in the UV-region, is giv-
en. These carbon films have a specific conductivity of
300 S/cm [8, 9] and 100 S/cm [10, 11].

The purpose of work is to receive the carbon films
by carbonization of films of LB rigid polyimide BPDA-
OTD (see Table 1), to study their morphology, electri-
cal and optical properties.

Experimental procedure

In the research, the alkylammonium salt of polya-
mide acid (PAA) BPDA-OTD (fig. 1) serves as the pre-
polymer for obtaining of polyimide. The conditions
PAA synthesis and films of LB prepolymer and poly-
imide production are presented in [12]. The installation
made in the Saint Petersburg Electrotechnical Univer-
sity "LETI" is used to obtain LB films [13]. The films
are deposited on substrates made of quartz glass and
sapphire. The surface of the substrate are pre-hydro-
phobized in the vapours of dimethyldichlorosilane. The
contact angle of wetting with water after the hydrofo-
bisation is 90...95°. The surface pressure in the monol-
ayer of PAA salt when transferring it to the substrate
was 35 mN/m. 50 monolayers of PAA salt is applied on
the substrate. To obtain the polyimide, the LB film of
PAA salt was heated to 400 °C. Carbonization of the
polyimide film is carried out in two stages. First, it was
heated to 1000 °C in a vacuum (10_5 mm of Hg) at the
speed of 10 °C/min and held for one hour and then the
heating is performed on a rapid thermal annealing in-
stallation (vacuum — 1075 mm Hg). The heating time
to 800 °C is 30 min; from 800 to 1100 °C — 5 min. At
1100 °C the sample was held for three minutes. Fig. 1
shows a diagram illustrating the formation of carbon.

The thickness of the LB films of PAA salt and poly-
imide are determined by the reflective ellipsometry on
ellipsometer LEF-101. The calculations are carried out
in the framework of a single-layer model by Holmes
method. The image of the surface of the films is ob-
tained on scanning probe microscope Veeco, Dimen-
sion 3100. The surface resistance of the films is meas-
ured by the four-probe method. The transmission spectra
is obtained on the installation Ava Spec-2048 and
1R-Fourier spectrometer Nicolet 6700 in complete with
the microscope Continium (with the ATR adaptor).

Results and discussion

The results of measuring of the thickness of LB films
of PAA salt and polyimide are shown in Table 2. The
estimated thickness of a single layer of polyimide in the
films was 0,5...0,6 nm, which is consistent with the lit-
erature data and the results obtained earlier [12]. Fig. 2
shows a UV transmission spectrum of the polyimide




film carbonized at 1000 °C, which shows a transmittance
minimum characteristic for carbon at A = 290 nm.
Since the thickness of the carbon film could not be de-
termined by ellipsometry, it is evaluated by the height
of a "step" between the film and the surface on the sub-
strate’s image obtained by atomic force microscopy
(AFM). As seen in fig. 3, the height of a "step" is equal
to 10,4 nm.

The results of the study of the electrical properties
(p; — surface resistance, p,, — volume resistivity, c,, —
specific conductivity) of the carbon films obtained by
carbonization of rigid LB films of polyimide BPDA-
OTD are shown in Table 3. The specific conductivity of
films formed at 1000 °C is amounted 120...140 S/cm,
which corresponds to the specific conductivity of the car-
bonized films of the discotic substances (68...170 S/cm).
After further annealing at 1100 °C, a sharp increase in
conductivity to 410...to 380 S/cm is observed, which is
comparable with the conductivity of the films of
graphite oxide flakes (520 S/cm). The surface resist-
ance of the obtained carbon films (2500 Q) is below
the resistance of the graphene films formed from
graphene flakes suspension and by CVD method on
the surface of the fine-grained nickel, but is higher
than the resistance of the graphene on the surface of
the coarse-grained nickel and on the surface of the
conductive substrate.

Figs. 4, 5 show the transmission spectra of the car-
bon films in the visible and IR spectral regions. In the
wavelength range from 400 to 1000 nm, the transmit-
tance coefficient is increased from 58 to 70 % and in the
wavelength range of 2,5...7,5 urn it stayed virtually un-
changed and consisted 77 %. The significant difference
of the obtained carbon films from ITO-films is that they
are transparent in the IR region. ITO-films are char-
acterized by a gradual decrease in transparency at wave-
lengths of over 1,000 nm.

The resulting AFM images of the surface of the car-
bon films show that they, as the LB films of PAA salt
and polyimide consist of domains (figs. 6, 7). However,
if the lateral size of the domains is not changed and re-
mained equal to 50...100 nm after imidizing at 400 °C,
it decreased to 30...40 nm with the domains height of
~2 nm after carbonization at 1000 °C (fig. 6, b). As the
result of subsequent annealing at 1100 °C, the lateral di-
mension of the domains is reduced to 15...20 nm, and
the height is reduced to ~1 nm (fig. 7, b). The change
in the morphology of the films was also observed: the
"columns" with the height of 10 nm and 50 nm in di-
ameter (fig. 7, b) appeared on the background of the
domains, which led to an increase in its surface rough-
ness (R,) from 0,8 nm to about 2,4 nm. The changes in
morphology and increase of the conductivity of the
films after annealing at 1100 °C indicate the structural
changes occurring in the films at this temperature.

Conclusion

The nanoscale carbon films are obtained as a result
of the carbonization of LB films of rigid polyimide (sur-
face resistance of 2500 Q) with the specific conduc-
tivity of 400 Q/cm and the transmittance coefficient of
60...70 % at wavelengths of 400...1000 nm and 75...78 %
in the wavelength range of 2,5...7,5 nm. The charac-
teristics of the obtained carbon films satisfy the require-
ments to the transparent electrodes in the optoelectron-
ic devices.
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CUHTE3 U MUCCAEAOBAHUE KOAAONAHBIX HAHOYACTHU
HA OCHOBE OKCHAA XEAE3A U AMOKCHUAA KPEMHUA
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Memodamu amomHO-CUA080U MUKPOCKORUU, BUOPAUUOHHOU MASHUMOMEMPUY U KOHOYKMOMEMPUU UCCAe008AHbL KOALOUOHbLE
HAHOYACMUUbL HA OCHOBE OKCUOA dicene3a U OUOKCUOA KPeMHUSL, NoAyHeHHble 00HO- U dgyxcmaodulinbim chocobamu. [lpoanasusu-
POBAHO GAUAHUE MEXHOAOSUMECKUX NAPAMEMPO8 HA CMPYKMYPY U MAeHUMHbLe ceolicmea 00pa3yo8. OOOCHOBAHO 803MONCHOE NPU-
MeHeHUe noAYYaemMbiX KOAAOUOHbIX Yacmuy 6 MeduyuHe 6 Kauecmee npenapamos o4 mepaHocmuKu.
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BBenenue

MarHuTHbIe CYCIIEH3UH, MOJIyYyaeMble XMMUYECKH -
MM MeTOAaMH, IIMPOKO MPUMEHSIOTCS B TEXHUKE —
JUUISI TepMETUM3alU BaJIOB, B KAUECTBE OXJIaXIaloIIero
areHTa, B COCTaBe aHTU(PPUKIMOHHBIX MaTepHaIOB U
T. 1. B MeauuuHe KoJUIOMIHBIE YacTUIIBl Ha OCHOBE
okcuja xenesa ucnonb3yrorcs B MPT (nns koHTpa-
CTUPOBAHUs), B TUIIEPTEPMUUYECKON Tepanuu U s
aJpecHO 1ocTaBKu JieKapcTB [1]. BTo mo3BossieT cuu-
TaTh OOBEKT HALIEro MCCAEAOBAHUS MEPCHEKTUBHBIM
CpeICTBOM TepaHOCTI/IKI/II (aHrn. theranostics). lllupo-
KW CIIEKTP CYIIECTBYIOIIMX M ITOTCHIIMAIBHEBIX 00-
JlacTeil MpUMEHEHUS 3a1aeT HEOOXOMMMOCTh TTOIyde-
HUS YaCTHII C COOTBETCTBYIOIINMHU XapaKTepPUCTUKAMHU
(pa3Mep, yaeabHbI MAarHUTHBIM MOMEHT HaCBILLIEHUS,
HaJIMYKMe XUMAYECKHA U OUOJIOTUYECKI MHEPTHOM 000-
JIOUYKU U Op.).

[lepcrnieKTUBHOM TEXHOJOTHMEN MOJyYeHMST KOJLIO-
WIHBIX YACTHUIL C YIIPABJIIeMbIMUA CBONCTBAMM SIBIISIET-
Csl 30J1b-TeJIb-TIPOLECC, MO3BOJSIIONIMI HANpaBIeHHO
U3MEHSITh CTPYKTYPY M MarHWTHBIE CBOMCTBA KOMIIO-
3UTOB, BapbUPYsl YCJIOBUS CUHTE3a (COCTaB U KOHLIEH-
Tpaluio pacTBOpa, TeMIEpaTypy U IMPOIOIKUTETb-
HOCTb TEPMOOOPAOOTKM).

30J1b-TeIb-TIPOLIECC MOXHO MCIOJIb30BaTh IS
CHHTe3a 00bEeMHBIX HAHOCTPYKTYPUPOBAHHBIX MaTe-
pMaJIoB Ha OCHOBe aMOpPGHON MaTpUIbl AMOKCHUAA
KPEeMHUST ¢ MHKATICYTMPOBAHHBIMA YaCTUIIAMU OKCH-
0B 3d-MeTanioB U peppuToB-1ITIMHENEH [2, 3]. B pa-

! TepanocTuka (aHrJ. theranostics) — HOBOe HaIlpaBJieHUE B Me-
MUIIMHE, B paMKaX KOTOPOTO M3y4yaeTcsl BO3MOXHOCTb COUYETaHUS
JMIMArHOCTUKHU U Teparuu.
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6oTe [2] mpuBedeHBbl pe3yabTaThl U3MEPEHUST KPUBBIX
HaMarHM4MBaHUsI 00pa31oB, OTOXKeHHBIX TTpr 600 °C
U obyamaronmx GeppoMarHuTHEIMU CBOMCTBAMM IIPpU
OTCYTCTBUU OOHApy>KMBaeMbIX METOJIOM PEHTTEHOB-
cKoii audpakuuu ¢peppUuToBhIX (a3. Takum obpazom,
30JIb-TeJIb-TEXHOJIOTUSI 00ecCIeunBaeT pa3Mepbl Kpu-
crajudeckux 3epeH depputoB 10 HM U MeHee Oe3
MPUMEHEHUS TOTOJHUTEbHBIX MEP.

Ilenab paboTsl — McciienoBaHue GOpPMbI U pazMe-
POB KOJUIOMIHBIX YaCTUIL OKCHIIA XKeJle3a U JUOKCUAA
KPEMHUSI, MOJYYEHHBIX OTHO- U JIBYXCTaAUNHBIM CITO-
cobamu, aHaJIU3 BIMSIHUS TEXHOJOTMYECKUX YCIOBUMA
MoJlydeHus1 00pa3lloB Ha WX MarHUTHBIE XapaKTepu-
CTHUKHU.

Onucanne TeXHOJOTHH MOJIy4YCHUA
3KCNEePUMEHTAJIBHBIX 00pa3IoB
H METOA0B aHAIM3A UX XAPAKTCPUCTHK

KomnnouaHble yacTULIbl HA OCHOBE OKCHIA XeJe3a

U IMOKCUAA KPEeMHHUS TMOJyJYaJu ABYMs CIIOCOOaMU.

Jleyxcmaduiinuiii cunme3 aHAJIOTUYEH MPOLIECCY, OMU-

caHHOMY B paboTe [4] U COCTOUT U3 CIEAYIOIINUX OC-

HOBHBIX OIIepaIInii;

e TIpUroTOBJEHUE 305 TeTpasTokcucuianHa (TOOC)
Ha OCHOBE M30IPONUIOBOIO CIIMPTA;

e no0aBiieHHME BOTHOTO pacTBOpa aMMHUAaKa;

e CyIIIKa TP KOMHATHOM TeMIIepaType ISl yIaJeHUS
pPacTBOPUTENS;

e Tepmoobpabotka mpu 300 °C;

e TIOATOTOBKA BOIHOTO pacTBOpa CoOJIei keie3a
(FeCl; - 6H,O u FeSO4 - 7H,0);

e JucrieprupoBaHue rnopoika SiO, B pacTBope CoJeii;




e no0aBiieHME BOIHOTO PacTBOpa aMMMaKa Il oca-
xaeHus okcuna xesnesa (Fe;O4 u y-Fey05);

e PACTBOPEHME MOJYUYEHHON CYCIIeH3UHU B TUCTUILINA-
pOBaHHOI Boje A0 TpeOyeMoil KOHILIEHTpaLUM.
OoHocmadutinwiii cunme3 BKIIIOUAJ CIASAYIOLINE TeX-

HOJIOTUYECKHE ONepaluu:

e TIOATOTOBKAa BOMHOTO pacTBOpa coOJIe keje3a
(FeCl; - 6H,O u FeSO, - 7H,0);

e no0aBiieHME BOTHOTO PacTBOpa aMMMaKa Il oca-
xneHus okcuna xenesa (Fe;O4 u y-Fey05);

e nobasienue TOOC;

e PAcCTBOPEHME MOJYYEHHOM CYCIIeH3UHU B AUCTUILIU-
pOBaHHOI BoOJE 0 TPeOyeMOil KOHLIEHTpaLIUK.

B Hacrosuieit pabore ucciaegoBaiuch (Gopma u
pa3Mepbl KOJUIOMIHBIX YaCTHUII, TOJYYEHHBIX OTHO- U
JNBYXCTaAUMHBIM CIOCOOAMM, a TaKXKe WX MArHUTHbIE
cBoiicTBa. Jyis peanu3aliuy MeToaa aTOMHO-CUJIOBOM
Mukpockonuu (ACM) B MOTYKOHTAKTHOM PEXHUME CKa-
HUPOBAHUS MUCIOJIb30BAJICS CKAHUPYIOLIMI 30HI0BbBIA
mukpockon "MUHTET'PA TEPMA" (npousBoauteib
3A0 "HT-MAT", Poccus). CtaTuuecKue MarHUTHbIE
CBOICTBA M3yYaJid C ITOMOIIBIO BUOPAIIMOHHOTO Mar-
HutoMerpa "Lake Shore 7410" (CIIA). ITorepu 3nek-
TPOMArHUTHOM SHEPTUHU B CJIOE, OCAXKICHHOM M3 KOJI-
JIOWTHOTO pacTBOpa, M3MEPSIIM METOIOM MMKPOIIO-
JIOCKOBOI M3MEPUTENBHON JIMHUM C MUCIIOIb30BaHUEM
BeKTOpHOro aHanuzatopa "Rohde-Schwarz ZVA-20"
(T'epmanus) [5]. KonayktomeTrpusi pacTBOPOB BO
BHEILIHEM MarHUTHOM T10Jie ObliIa BBIITOJHEHA C MpPU-
MEHEHUEM OPUTMHAJIILHOM U3MEPUTEIBHON AYEUKUA U
LCR-metpa "E7-20" (OAO "MHMUIIN", benapycs).

DKCnepuMeHTAJIbHBIE PE3YJIbTATbI

CuHTe3 KOJJIOMAHBIX YaCTHULL OKCUA XKejie3a 30J1b-
reJIb-METOIOM COITPOBOXIACTCS (POPMUPOBAHNUEM MHO-
ro¢asHoi CTPYKTYpPbI, BKJIIOYAIOIIei MarHeTUT U Mar-
remut. Kak ObL10 ITI0Ka3aHo B padote [4], mpuMeHeHue
MeTOJla PEHTIeHOBCKOM AupakLuy sl aHaiu3a ¢a-
30BOr0 COCTaBa 00Pa3L0B HE MO3BOJISIET BhIAEIUTD (pa-
3bl Fe304 1 y-Fe,O5 1o npuunHe MasbIX pasinyuii nux
peHTreHorpamm (puc. 1). st peiieHust JaHHOM 3a1a-
Yy OBbLJ MCMOJIb30BAaH METOJ KOMOMHALIMOHHOTO pac-
cessHUST cBeTa. ABTOPBI paboTHl [6] yCTaHOBUIM, YTO
MPU OTCYTCTBUU BHEILIHENW 000J0UKM YaCTULIbI OKCHIA
JKeJie3a MmpeTrepreBaioT ¢a3oBoe MpeBpalleHue U3 Mar-
HETUTa U MarreMuTa B reMaTuT, YTO COMPOBOXKAAETCS
M3MEHEHMEeM MarHUTHBIX CBOMCTB (puc. 2).

PesynbTaThl ucciienoBaHUS KOJUIOUAHBIX YaCTMII,
MOJIy4eHHbIe aBTOpaMu pabotr [4] u [6], mo3BoIMIH
OLIEHUTb CPeIHUI pa3Mep KPUCTALIUTOB OKCUIA Ke-
Jie3a Ha OCHOBaHMM pacyeTa 1o dhopmyie Llleppepa—
Hebast n aHaM3a JUTEPaTypHBIX JaHHbBIX O TOJIOXEe-
HUU T0JO0C PaMaHOBCKUX CABWIOB, MPUITUCHIBAEMbIX
boHoHaMm ¢ cummerpueii Aj,. [ToBbllIICHIE MOLIHOCTH
Jla3epHOro 00JlydyeHMs] MPUBOAMT K 3aBeplleHuIo ¢a-
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Puc. 1. PentrenorpaMma BbICYIIEHHOTO OCA/Ka KOJIOMIHOTO pac-
TBOpA, MOJy4eHHOro Ha ocHose 305 ¢ 30 00. % TOOC [4]

Fig. 1. The X-ray pattern of the dried precipitate of the colloid solution
obtained through the sol with 30 vol. % of TEOS [4]
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Puc. 2. PamanoBcKHe CIEKTPHI CJI0s, He coaepxkamero SiO,, mouy-
YeHHble TNPH PA3JIMYHOH MOIHOCTH JIa3€PHOrO W3iydyeHms: [ —
P=0,85MBtr,2— P=1,0MmMBr,3— P=1,2MBT1, 4— P = 2,0 MBT,
5 — crexTp MoMTOXKHU (cutasn) [6]

Fig. 2. Raman spectra of a layer not containing SiO,, obtained at various
laser power: 1 — P = 0,85mW,2—P=1,0mW,3— P = 1,2mW,
4— P = 2,0mW, 5 — the spectrum of the substrate (glass-ceramics) [6]

30BOTO TIpeBpallleHus U (POPMUPOBAHUI0 HAHOKPH-
cTajuiMyeckoro remarura. [lonyyeHHOe 3HaUYeHUE CO-
craBisgeT MeHee 10 HM M MO3BOJISIET TOBOPUTH O CY-
reprnapaMarHUTHOM XapaKTepe MarHUTHBIX CBOMCTB
KosouaHbix yactul Fe, O,—Si0O,. Oqnako Haninuue
Cc/1aOOMarHUTHBIX BKJIIOYEHUI TeMaTuTa MOXET Cy-
IIECTBEHHO M3MEHSTb MarHUTHBIE CBOMCTBA YaCTHII,
CHIXasl yAeAbHbII MarHUTHBIA MOMEHT M TIOBbIILIAS
KOBPLUMTHUBHYIO cuily. KpoMe Toro, MarHuToctatuye-
CKO€ B3aMMOJEHCTBUE OTAEIbHBIX YACTUILL OKCUIA XKe-
Jie3a MOXKeT O0YCJIOBIMBATh (heppOMarHUTHHIE CBOM-
cTBa 0Opasuos [7].

MarHuTHbIe CBOMCTBA KOJJIOMAHBIX YaCTUIL UCCIe-
JIOBaJld METOJAOM M3MEpEeHUs] HEJIMHEWHON KOMIIOo-
HEHThl HAaMarHWYEHHOCTU B TMPOAOJIBLHOM 3JIEKTPO-
MarHuTHoM none M, [8]. B orauume or merona BuO-
pallMOHHOW MarHUTOMETPUHU, JAHHBI METON aHAIU3a
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Puc. 3. TemnepaTypHas 3aBHCHMOCTb KO3PUMTHBHO#H cuibl H -, KO-
Jouanbix yacrun Fe,, 0,—SiO, npu pasinynbIX 4acTOTaxX pa3BepTKH
M aMILUIATYZe nepeMeHHoro curuaia 19,5 ®

Fig. 3. Temperature dependence of the coercive force H -, of the colloidal
particles Fe, 0,—SiO0, at different scanning frequencies and amplitude
of the AC signal 19,5 Oe

Puc. 4. POM-u3zo0paxkenne JMHEHHBIX arperaToB W3 YacTHIL
Fe, 0,—SiO, [9]

Fig. 4. SEM-image of the linear aggregates of Fe,,0,—SiO, particles [9]

Puc. 5. POM-u300paxkeHue cjios, 0CaXKIeHHOr0 U3 pacCTBOPA HA 0C-
Hose 3014 ¢ 10 06. % TOOC (xonmentpamms Fe,O, pasna
0,3 mmoab/n) [6]
Fig. 5. SEM-image of the layer deposited from the solution on the basis
of the sol with 10 vol. % of TEOS (Fe,O, concentration is
0,3 mmol/liter) [6]
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MAarHUTHOTO COCTOSIHUSI TIO3BOJISIET UCCIIENOBATh KOJI-
JIOUJHbBIC YACTHULIbI HEMTOCPENCTBEHHO B pacTBope (6e3
BhICyIIMBaHUs). IIpu 3TOM 3HaUYeHUE KO3PLUTUBHON
CUJIbI, TTOJIyYUEHHOE JAHHBIM METOJAOM, OJIM3KO K 3Ha-
YEHMIO, TIOJIyYEHHOMY METOIOM BHMOpAllMOHHON Mar-
HutoMetrpuu [4]. IIpn yMeHBIIEHUN YaCTOTHI CKaHU-
pOBaHUS MEIJIEHHO MEHSIOIIErocs BHEIIHEro Mar-
HuTtHoro 1ojis ¢ 8,0 o 1,3 'l HaOmomaeTcs Imepexo.,
YacTHIl B CcyneprapaMarHuTHOE COCTosiHME (puc. 3).

B omitmume oT HAHOYACTHII OKCHIIA XKeJle3a B MHePT-
HoOi1 000s10UKe, MpeAoTBpalliaolIeil HeoOpaTUMYIO ar-
peramunio 4acTHIl TIpA BO3IACHCTBAM BHEITHETO Mar-
HUTHOTO TI0J14, KoJutouaHble yactuubl Fe,,0,—Si0,,
MOJIydeHHbIE IBYXCTaAUMUHBIM CIIOCOOOM, DOPMUPYIOT
YCTOMYMBBIE MPOTSKEHHbIE arperatbl. MUKpogoTo-
rpadum CIIoeB, OCAXKIEHHBIX U3 KOJJIOMIHBIX PACTBO-
pPOB TpY BO3MEUCTBMM BHEIIHET0 MAarHUTHOIO IOJS,
npeacTaBiaeHbl Ha puc. 4 [9].

TexHonornyeckue napameTpsl MOJyYeHUST KOJIJIO-
WIOHBIX YacTHUIl (COCTAaB MCXOMHOIO pacTBOpa, KOH-
LIEHTpaLMsl, TeMIepaTypa U MPOIOLKUTEIbHOCTb TEP-
MOOOpaOOTKN) OMNpPEAEsIOT CTPYKTYPY U MarHUTHBIE
XapaKTepuCTUKU o0pa3ioB. Kak ObLIO MOKa3aHO B
pabote [6], cootHowieHne Mexny TOOC u usomnpo-
MUJIOBBIM CHUPTOM MPU TNPUTOTOBJIECHUMU IOPOLIKA
IUOKCHIA KPEMHUSI MO3BOJISIET KOHTPOJIMPOBATh AUC-
MEePCHOCTh MOJAYYaeMbIX KOJJIOUAHBIX yacTul. U3 au-
TepaTypHBIX JAHHBIX M3BECTHO, YTO YACTOTHBIC Xa-
PaKTepUCTUKU TMOTEPb DJIEKTPOMATHUTHON SHEPrUU
B MUKPOBOJHOBOM JMaria3oHe 3aBUCSIT OT TOJIIUHBI
CJI0s1 MaTepuaia U €ro rpaHyJIOMETPUYECKOro COCTaBa.
B pa6ote [10] mpuBeaeHBbl TaHHBIE IO PAAUOINOTIO-
IIAOIIMM CBOMCTBAaM KOMITO3WUTHOTO Marepuaja Ha
OCHOBE HaHOKPHCTANIMYECKOTO MarHeTUTa W HaTy-

I 0.0 I
! S 100 vol. % !
| - 4 I
I | I
| -1.0 — |
| I
I 1 I
I I
I -20 I
I 1 I
I I
I 3.0 - I
I I
I 4 I
| I
| -4.0 — |
| I
: Fe304 :
I -5-0 T l T | T | T I
I 0 1 2 3 4 I
| f. GHz |

Puc. 6. YacroTnaa 3asucumocth noreps B ciaoe Fe,,0,—SiO, npn

pa3imuHoii 00beMHo¥i KonneHTpanun TOOC 1 3TaN0HHOrO MOPOIMKa
MarHeTHTa

Fig. 6. The frequency dependence of the losses in the Fe,,0,—SiO, layer

with the different volume concentration of TEOS and the reference
magnetite powder




panbHOro Kayudyka. Kak BugHo 13 Mukpodgororpaduun
(puc. 5), npu 10 06. % TOOC B pacTBOpE, UCIOIb-
3yeMOM [JIsI TIOJIyYeHUSI NMOKCHUIA KPEeMHUS, CIOM
Fe, 0,—SiO, obiagaeT 0OAHOPOIHON! MeIKOAUCIIEPC-
HOM CTPYKTYpPOM.

IIpu ymenbmieHun conepxanus THOC B pac-
TBOpe ¢ 75 mo 25 06. % MaKCMMyM IOTeph 3J1EKTPO-
MAarHUTHOM O2HEPruM CMelaeTcsl MPUOJIM3UTETBLHO
Ha 0,25 I'T', a 3HaueHue moTeph MoBLIIaeTcd Ha 2 b
MpU HEU3MEeHHOI TojuuHe ciost (~1 Mm). HacrotHas
3aBUCUMOCTb MAarHUTHBIX TOTEPb, MOJTYyYEeHHas] METO-
JIOM MUKPOITIOJIOCKOBOM JIMHUU, IIpYBeAcHA Ha puc. 6.

s HabmoneHus MPoLECCoB arperaluy KoJIou/I-
HBIX YaCTHI[ TIPM BO3IEMCTBUU BHEIIHETO ITOCTOSH-
HOro MarHuTHOTrO I1ojig B pabore [11] mcmonb3oBaH
MeTOI KOHAYKTOMeTpuH pactBopa. M3-3a ¢opmupo-
BaHUS YCTOMYMBBIX MPOTSIKEHHBIX arperaTroB MarHUT-
HBIX YaCTHUII MOCJE CHSITHUS BHELIHETO BO3ICHCTBUS
MOJIHOTO BOCCTAHOBJIEHUSI 3HAYEHUSI COMPOTUBIICHUS
He npoucxoaut. Ha puc. 7 npeacraBieHb BpeMEHHEBIE
3aBUCUMOCTHU COMPOTUBJIEHUS paCTBOPOB MPY BO3/eH -
CTBUU BHEIIHETO0 MarHMUTHOTO TIOJIST Pa3JIMYHON Ha-
npstkeHHocTu (BpeMsit BosaeiicTBust — 180 c).

Kax Ob1710 cKazaHO Bblllie, U3BMEHEHHUE COOTHOIIIE-
Hust TOOC 1 M30NpPONUIIOBOro CIIUPTA B PACTBOPE JIJIs
MPUTOTOBRJIEHUST BBICOKOIUCIEPCHOIO AUOKCHUIA KPEM-
HUS MPUBOIUT K U3BMEHEHUIO MATHUTHBIX CBOMCTB KO-
HEYHOTO TMPOAYKTa CMHTE3a, YTO, MO-BUAUMOMY, BHI-
3BaHO M3MEHEHMEM YCIIOBMI aacopOLIMU OKCHIA Ke-
Jie3a Ha JacTulax Auokcuaa kpemHus. B padore [11]
MOJY4YEeHbI TaHHbIE MO BIMSIHUIO 00BEMHOIO ColepKa-
Hust TOOC B pacTBOpe Ha OTHOCUTEJIbHOE U3MEHEHNE
COIPOTUBJICHMS TIPU BO3ICHCTBMU BHEIIHETO MarHUT-
HOTO TIoJIsT HatpspkeHHOCThIo 500 A/M. Kak BUIHO U3
puc. 8, HauOoJblIee 3HaYeHUEe AR/R; COOTBETCTBYET
copepxannio TOOC 60...70 06. %.

st oObsICHEHUST MOJIYyYEHHBIX pe3yJIbTaTOB OblLla
U3MepeHa yaeJibHasl TJIoIaab MOBEPXHOCTU METOIOM
TeIJIOBOI mecopbuum azoTa [4]. BeL1o ycTaHOBJIEHO,
YyTO C ToBbILIeHUEM coaepxaHuss TOOC yaenbHas
IUIOIIAAb TTOBEPXHOCTHU Bo3pacTaeT (puc. 9), 4yTo mo-
3BOJISIET TIPEANOJ0XUTh MEXaHU3M M3MEHEHUSI Mar-
HUTHBIX CBOMCTB.

ITpu ucnonp30BaHUM B MIPOLIECCE CUHTE3A KOJLUIOU-
Jla JBYXCTaJAUWHBIM CIOCOOOM BbICOKOINUCIIEPCHOTO
JUOKCHAA KpeMHUS ¢ OOJIbIIEH YAEIbHON ILIOLIANbIO
MOBEPXHOCTHU JOJKHBI (DOPMUPOBATHCS YACTUIIBI OK-
culla xejesa C OOJbLIMM CpedHUM pazMmepoM. s
MPOBEPKHU 3TOrO IMPEAINOJIOKEHUs aBTOPhI PaboTHI [6]
MpoaHAIU3UPOBAIM M3MEHEHUE 3HAauYeHUsl paMaHOB-
CKOTO CIIBUTa JJIsI TIOJIOCHI, MPUITMChIBAEMOI KoJieba-
HUSIM A, a-FeyO3, mpu noBbileHIN 06bEMHOTO CO-
nepxanust TOOC B pactBope. Kak BugHo 13 puc. 10,
¢ poctoM coaepxanust TOOC 3HaueHne paMaHOBCKO-
TO CIOBHTA TIPUOIMKACTCS K 3HAYCHHIO, XapaKTePHOMY
JUIs1 00bEMHOTO KpHCTasla reMaTuTa.
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Puc. 7. 3aBucumMocTb CONPOTHBJIEHHS OT BpeMEHH NPH PA3JIHYHOI Ha -
NPSKEHHOCTH MarHuTHoro moJis [11]

Fig. 7. Dependence of the resistance from time at different magnetic field
intensity [11]
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Puc. 8. 3aBHCMMOCTH OTHOCHTEJILHOTO M3MEHEHHS COMPOTHBIICHHS
pacTBopos AR/ R, ot cocTasa ucxoasoro 3ous [11]

Fig. & Dependences of the relative change in resistance of AR/R
solutions on the composition of the starting sol [11]
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Puc. 9. 3aBucumocTs yaebHO# IJIOMAH TIOBEPXHOCTH OT 00'bEMHOT0
coaepxanusa TOOC B ucxomgnom pactsope [4]

Fig. 9. Dependence of the specific surface area on the volume content
of TEOS in the starting solution [4]
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Puc. 10. 3aBHCAMOCTD NOJOCHI, MPANACHIBAEMO# KOJIEOaAHUSIM Ajg
a-Fe,03, or conepxanusa TOOC B ucxoanom pacreope [6]

Fig. 10. The dependence of the band ascribed to fluctuations of A I a-Fe,03,
in content of TEOS in the starting solution [6]

Puc. 12. ACM-u300pakeHus CJI0€B, OCAKICHHBIX U3 KOJUIOMAHBIX PACTBOPOB, MOJYYEHHbIX

oHOCTAIMIHBIM (a) W AByXcTammitneiM (b) cmocodoamu

Fig. 12. AFM images of the layers deposited from a colloidal solution, obtained by one-stage (a)

and a two-step (b) methods
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Puc. 13. KpuBble HaMarHiYMBaHus CYXOro OCTaTKa U3 KOJJIOHIHOTO
pacTBoOpa, MOJYYEHHOTO ABYXCTAIHIHBIM criocodom [4]

Fig. 13. The magnetization curves of the dry residue of the colloidal
solution obtained by two-step method [4]
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Puc. 11. Bpemennasi 3aBHCMMOCTb CONPOTHBJICHAS] KOJUIOMIHBIX Pac-
TBOPOB, MOJYYEHHBIX OIHO- U ABYXCTAIMAHBIM CIIOCOOAMH NPH BO3ENi-
CTBHM MATHHTHOTO TOJIs1 HANPsDKEHHOCTHI0 500 A/M

Fig. 11. Time dependence of the resistance of colloidal solutions obtained

by one- and two-step process when they exposed to a magnetic field of
500 A/m

OpHOCTagMMAHBIN CMHTE3 KOJLIO-
nanbix vactun Fe, 0,—SiO, Goiuee
OPOCT U IIpeArojaracT OCaxKIeHUe
WHEPTHON OO0OJIOUKM M3 AUOKCHUIA
KpPeMHHUSI Ha IOBEPXHOCTU YaCTHIL
okcuaa xenesa. JIis1 oLeHKU BIusi-
HUSI TEXHOJIOTUH TOJyUYEeHUST KOJUIO-
WIHBIX YaCTHUIL HA UX arperaTUBHYIO
YCTOMYMBOCTh OBLI MCHOJb30BaH
MeToa KoHayKToMeTpuu. Kak BumHo
u3 puc. 11, conpoTuBiieHUe pacTBO-
pa, MOJYYEHHOro OJHOCTAAMUHBIM
METOAOM, MOCJe  BBIKIIOYCHUS
BHEIITHETO IT0JISI M3MEHSIETCS ITpaK-
TUYECKU JIMHEWHO.

AHaiu3 (OpMbI U pa3MeEPOB KOJI-
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Puc. 14. KpuBble HAMArHHYMBAHKUS CYXOT0 OCTATKA U3 KOJUIOMIHOTO
pacTBopa, NMOJTYYEHHOTO OJAHOCTANMIHBIM CIOCOOOM

Fig. 14. The magnetization curves of the dry residue of the colloidal
solution obtained by one-step method




ro nuametpa (~10...20 HM), a TaKKe OTCYyTCTBUE KPYII-
HBIX arperaToB B OCaXACHHOM U3 pacTBOpa CJI0€ B CIIy-
yae MPUMEHEHUs] OTHOCTAAMHHOTrO CIocoba mojyde-
Hus (puc. 12).

Pe3ynbTaThl M3MEpeHUsT CTATMUECKUX MArHUTHBIX
CBOMCTB KOJUJIOUAHBIX 4YacCTULl, CHUHTE3UPOBAHHBIX
JIBYXCTaAUMHBIM CIIOCOOOM, TIpelcTaBlieHbl Ha puc. 13
[4]. PacueTHOE 3HAUYEeHME YACIHHOIO MAarHUTHOIO MO-
MEHTa HACBIILIEHUs, MOJYYEHHOE B MPEAIOI0XEHUN
00 ogHO(Ma3HOI CTPYKType YacTHUll OKCHIa KeJe3a
(TOJIBKO MarHeTHUT), BTPOE BHILLIE MOIYYEHHOIO 9KCIe-
puMeHTaNIbHO. [10mOOHEBIN pe3yabTaT MOXHO OOBSIC-
HUTb HAJTW4YMEeM CJ1aOOMArHUTHBIX BKIIIOUeHUI 1 a3
C MEHbllleli HaMarHUYEHHOCTbIO HAcChIIIeHUs (Mar-
TEMUT M TeMaTHUT), YTO Takxke OOyCIOBIMBAET OUYEHD
OosiblIMe 3HAUYeHMS MoJiei HachleHus (1o 20 k).

KpuBass HaMarHWYMBaHUS KOJJIOUIHBIX YACTHIL,
TTOJTYYeHHBIX TI0 OJHOCTATUWHOMY CITOCO0Y, OTINYa-
€TCS1 BUETBEPO MEHbBIIIMM 3HAYEHMEM TIOJISl HachIllle-
Hus (okosio 5000 D) u cylecTBEHHO OOIbIIUM 3HaYe-
HHUEM YAEJbHOTO MarHUTHOTO MOMEHTa HACHIILEHUS
2,Iull,0A- M2/KF COOTBETCTBEHHO, puc. 14). Mox-
HO TMPEIONIOXUTh, YTO B TAHHOM CJTy4ae YacTUIIbI OK-
cua xese3a OJM3KM 110 COCTaBY MarHETUTY.

3aKkmoueHne

ITpoBeneHHbIE UCCIeIOBaHMS TTOKa3aid BO3MOXK-
HOCTb IoJIydyeHus: Koyouanslx yactun Fe,O,—SiO,
MPU MCTIOJIL30BAHUU OJHO- U IBYXCTaAUMHOTO CUHTE-
3a. [Ipy ABYXCTaAMIHOM CUHTE3€¢ MOXHO YIPaBJISATh
MarHMTHBIMU XapaKTepUCTUKAMU KOJIJIOMIHBIX Yac-
TULI, BApbUPYSI TEXHOJOTMYECKHE MapaMeTphbl Mpoliec-
ca TOJyYEHUs BbICOKOIMCIIEPCHOIO NUOKCUIA KpeM-
Husl. [ToayyeHHbIe KOJJTOUAHBIE YACTULIBI XapaKTepu-
3YIOTCSl HAJIMUMEM OCTATOYHOTO MAarHUTHOTO MOMEH-
Ta, 4YTO OOYCIOBIMBAET (POPMUPOBAHUE YCTONUMBBIX
MPOTSIKEHHBIX arperaToB MPU MPUIOXEHUU MOCTOSIH -
HOTO MarHUTHOTO MoJisi. OMHOCTaIMIHBIN CIOCOO TTO-
3BOJISIET MOJYYUTh Oojiee YCTOMUMBBIA K arperanyu
BOJHBIM KOJUTOUAHBII pAaCTBOP YACTULL OKCUJIA XKeJie3a
B 000JIOUKE M3 TMOKCUIA KPEMHUS.

YIenbHBIM MarHUTHBIE MOMEHT YaCTHII, TTOJTyYeH-
HBIX OJHOCTaAUNHBIM CHUHTE30M, Oojiee 4yeM B 5 pa3
BBIIIIE, YEM Y YACTHIl, CHHTE3MPOBAHHBIX IBYXCTaI-
HBIM CITOCOOOM, a HaIpPsSKEHHOCTb MAarHUTHOTO TTOJIS
HacowieHus B 200 pa3 Hmke. Paznmnume B MarHUTHBIX
CBOMCTBAaX YacTUIl MPU OJU3KUX 3HAUEHUSIX CPEIHEro
pa3Mepa (10...20 HM) MOXET OOBSICHSITLCS HAIUYMEM
CJ1a0OMarHUTHBIX BKJIIOYEHMI B YACTUIIAX OKCHIIA XKe-
Jie3a 6e3 000JI0YKKM U3 AMOKCHUIIA KPEMHUS. DKCIepr-
MeHTaJIbHble 00pasubl HaHovactul Fe,,0,—SiO, 06-
JIaJlaloT KOHTpacTUupylolleit cnocodHocTbio mist MPT
1 YTIPABJISIOTCS BHEIITHUM MarHUTHBIM IOJIEM, YTO OT-
KpBIBAaeT IEePCIEKTUBBI MX NMPUMEHEHUS B TepaHO-
CTHUKE.
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Synthesis and Study of the Colloidal Nanoparticles Based on Iron Oxide
and Silica with Controlled Magnetic Properties

The biocompatible colloidal magnetic nanoparticles are widely used in various medical applications, including targeted drug de-
livery, nuclear magnetic resonance imaging and catheter vascular embolization. The main problems being solved are the aggregative
stability, magnetite oxidation (phase transition to maghemite and hematite) and cytotoxicity. There are several ways to obtain the
required properties of the colloids and one of them is the chemical synthesis based on the sol-gel process. This technique allows us
to reach high stability and narrow size distribution of the nanoparticles. In the present work the iron oxide and silica based colloids
obtained by one- and two-stage techniques were studied by means of atomic force microscopy, vibrating sample magnetometry and
conductometry. The influence of the technological parameters on the structure and magnetic properties of the colloids, synthesized
by both methods, was analyzed. Medical application of the obtained nanoparticles as "theranostics” agents is suggested. The final
recommendations concerning the use of one of the approaches (one- or two-stage process) depends on the biocompatibility of the
colloids, which will be the subject of the future research.

Keywords: colloidal nanoparticles, magnetic composite, biomedicine, "theranostics”, sol-gel method, iron oxide, silica, atomic
Jforce microscopy, vibrating sample magnetometry. conductometry

Introduction

The magnetic suspensions obtained by chemical
methods are used to seal the shafts, as a cooling agent
in the composition of the anti-friction materials. In
medicine, the colloidal particles based on iron oxide are
used in magnetic resonance tomography (MRT) (for
contrast), in the hyperthermic therapy and for targeted
drug delivery [1]. This suggests that the object of study
as a promising means of theranostics'. A wide range of
applications gives the need for obtaining of particles
with corresponding characteristics (size, relative satu-
ration magnetic moment, the presence of chemically
and biologically inert shell and others).

The promising technology for obtaining of the col-
loidal particles with controlled properties is the sol-gel
process, which is directed towards the change of the
structure and magnetic properties of composites by var-
ying of the synthesis conditions (composition and con-
centration of the solution, temperature and duration of
the heat treatment).

The sol-gel process can be used for synthesis of the
bulk nanostructured materials based on amorphous ma-
trix of silicon dioxide with encapsulated particles of ox-
ides of 3d-metals and spinel ferrites [2, 3]. In [2], the
results of measurements of the magnetization curves of
samples annealed at 600 °C and having ferromagnetic
properties in the absence of X-ray detectable diffraction
of the ferrite phase are given. Thus, the sol-gel tech-
nology provides a ferrite crystal grain size of 10 run or
less without any additional measures.

The objective of the research is study of the shape
and size of the colloid particles of irori oxide and silicon
dioxide derived by single and two-step methods, anal-
ysis of the influence of the processing conditions on
samples’ preparation, their magnetic characteristics.

! Theranostics — a new direction in medicine, which studies the
possibility of a combination of diagnosis and therapy.
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Description of the technology for obtaining
of the experimental samples and analysis
of their characteristics

The colloidal particles of iron oxide and silicon di-
oxide were prepared in two ways. The two-step synthesis
is analogous to the process [4], it consists of the basic
operations:

e preparing of tetraethoxysilane sol (TEOS) based on
isopropyl alcohol;

¢ addition of the aqueous solution of ammonia;

e drying at room temperature to remove the solvent;

e heat treatment at 300 °C;

e preparation of an aqueous solution of iron salts

(FeCl5 - 6H,0 u FeSO, - 7H,0);

o dispersing of SiO, powder in the solution of salts;

e adding of the aqueous ammonia to precipitate the
iron oxide (Fe;04 and y-Fe,03);

o dissolution of suspension in distilled water to the de-
sired concentration.

One-step synthesis includes the following operations:
e preparation of aqueous solution of the iron salts

(FeCl3 * 6H20 n FCSO4 * 7H20),
¢ adding of aqueous ammonia to precipitate the iron

oxide (Fe;04 and y-Fe,03);

e adding of TEOS;
o dissolution of suspension in distilled water to the de-
sired concentration.

This study was investigated the shape and size of the
colloid particles obtained by one-and two-step process-
es and their magnetic properties. For implementation
of the atomic force microscopy (AFM) in tapping mode
of scanning, the scanning probe microscope "INTEGRA
THERMO" (JSC "NT-MDT", Russia) was used. The
static magnetic properties were studied using a vibrating
magnetometer "Lake Shore 7410" (USA). Electromag-
netic energy losses in the layer deposited from a colloi-
dal solution, was measured by the microstrip measuring




line using vector analyzer "Rohde Schwarz-ZVA-20"
(Germany) [5]. Conductometry of the solutions in an
external magnetic field is carried out using the original
measuring cell and LCR-meter "E7-20" (JSC "MNIPI",
Republic of Belarus).

Experimental Results

Sol-gel synthesis of the colloidal particles of the iron
oxide is accompanied by formation of a multiphase
structure consisting of magnetite and maghemite. As
shown in [4], use of the X-ray diffraction for analysis of
phase composition of the samples does not allow to al-
locate the phase of Fe;O4 and y-Fe,O3, due to small
differences in their X-ray patterns (fig. 1). To solve a
problem we used the method of Raman scattering. The
authors have found [6] that in the absence of an outer
shell, the iron oxide particles undergo phase transfor-
mation of magnetite and maghemite to hematite, which
is accompanied by a change in the magnetic properties
(fig. 2).

Results of study of the colloidal particles [4, 6] al-
low to estimate the average size of the iron oxide crys-
tallites based on the calculation of the Debye-Scherrer
formula and analysis of the published data on the situ-
ation of bands of the Raman shifts attributed to the
phonons with A}, symmetry. Increasing the power of
laser irradiation leads to complete phase transformation
and formation of the nanocrystalline hematite. The re-
sulting value is less than 10 nm and allows to speak
about the nature of the magnetic properties of the su-
perparamagnetic colloidal particles Fe,, O, —SiO,. How-
ever, presence of the low magnetic inclusions of hem-
atite can change the magnetic properties of the particles,
reducing the specific magnetic moment and enhancing
the coercive force. Furthermore, the magnetostatic in-
teraction between the individual iron oxide particles
may cause the ferromagnetic properties of the speci-
mens [7].

The magnetic properties of the colloidal particles
were studied by measuring of the nonlinear component
of the magnetization in the longitudinal electromagnet-
ic field M, [8]. Unlike to vibration magnetometry, the
given analysis method of the magnetic state study al-
lows to study the colloidal particles directly in the so-
lution (without drying). In addition to the abovei the
value of the coercive force obtained by this method is
close to the obtained with a vibration magnetometer [4].
By reducing the frequency of scanning of a slowly var-
ying external magnetic field from 8,0 to 1,3 Hz there is
a transfer observed of the particles into the superpara-
magnetic state (fig. 3).

In contrast to iron oxide particles in an inert shell,
preventing irreversible aggregation of the particles un-
der the influence of an external magnetic field, the col-
loidal particles Fe,,O,—SiO,, obtained by two step
process form stable extended aggregates. The micro-

photographs of the layers deposited from colloidal so-
lutions exposed to an external magnetic field are shown
in fig. 4 [9].

The technological parameters for obtaining of the
colloidal particles (the composition of the raw solution,
concentration, temperature and duration of heat treat-
ment) define the structure and magnetic properties of
the samples. As shown in [6], the ratio between TEOS
and isopropyl alcohol in the preparation of silica pow-
der allows to control the dispersivity of colloid particles.
From the literature it is known that the frequency char-
acteristics of the electromagnetic energy losses in the
microwave frequency range depend on the thickness of
the material and its grain-size distribution. In [10], the
data on the microwave properties of the composite ma-
terial based on nanocrystalline magnetite and natural
rubber are given. As seen from the microphotograph
(fig. 5), Fe,,0,—Si0, layer has a uniform fine structure
at 10 vol. % TEOS in a solution to obtain a silica.

When reducing the content of TEOS in a solution
from 75 to 25 vol. %, the maximum losses of electro-
magnetic energy shifts by approximately to 0,25 GHz,
and the loss value increases by 2 dB at a constant layer
thickness (about 1 mm). The frequency dependence of
the magnetic losses obtained by the microstrip line is
shown in fig. 6.

To observe the aggregation of colloidal particles
when they exposing to an external constant magnetic
field, the method of solution conductometry was used
in [11]. Due to formation of the stable aggregates of
elongated magnetic particles after removal of the exter-
nal force, the restoration of the full value of the resist-
ance does not occurs. Fig. 7 shows the time dependence
of the resistance of solutions under the influence of ex-
ternal magnetic fields of the different strength (impact —
180 s).

As it was said, the change of TEOS ratio and iso-
propyl alcohol in a solution for preparing of the finely-
dispersed silicone dioxide leads to a change in the mag-
netic properties of the final product, which is apparent-
ly caused by a change of adsorption conditions of iron
oxide on silicon dioxide particles. In [11], the data were
obtained on the affection of the volume content of TEOS
in a solution on the relative change in resistance when
it exposed to an external magnetic field of 500 A/m. As
can be seen from fig. 8, the greatest value of AR/ R, cor-
responds to the content of TEOS of 60...70 vol. %.

To explain the obtained results, a specific surface ar-
ea of thermal desorption of nitrogen [4] was measured.
It is found that with increasing of TEOS content, the
specific surface area increases (fig. 9), suggesting the
mechanism of changes of the magnetic properties.

When the two-step process of colloidal silicon diox-
ide synthesis with a large specific surface is used in the
colloid area, it should form the iron oxide particles hav-
ing a larger average size. To test the hypothesis, the au-
thors [6] analyzed the changes in the Raman shift for

HAHO- I MUKPOCUCTEMHAS TEXHHUKA, Ne 12, 2015 47




the band attributed to the fluctuations A, a-Fe,03,
with an increase in the volume content of the TEOS so-
lution. As can be seen from fig. 10, the Raman shift ap-
proaches the value characteristic of bulk crystal hema-
tite with an increase in the content of TEOS.

The one-step synthesis of colloidal particles
Fe, 0, —Si0, is simpler and involves inert blanket dep-
osition of silicon dioxide on the surface of the iron ox-
ide particles. The conductometry was used to assess the
impact of technology of colloidal particles obtainment
on their aggregative stability. As can be seen from fig.
11, the resistance of the solution obtained by one-stage
method, after switching off of the external field varies
almost linearly.

ACM-analyze of the shape and sizes of the colloid
particles showed similar values of the mean diameter
(~10...20 nm), as well as the absence of large aggregates
in the layer deposited from the solution in case of the
one-step preparation process (fig. 12).

The measurement results of the static magnetic
properties of the colloidal particles; synthesized by the
two-stage method is shown in fig. 13 [4]. The estimated
value of the specific magnetic moment of saturation,
obtained in the assumption of a single-phase structure
of the particles of iron oxide (magnetite only), three
times higher than the experimental value. The result can
be explained by presence of the weakly magnetic inclu-
sions and phases with the lower saturation magnetiza-
tion (maghemite and hematite), which also leads to
very high values of the saturation fields (up to 20 kOe).

The magnetization curve of colloidal particles ob-
tained by a one-step method differs by four smaller sat-
uration field (about 5,000 Oe) and significantly higher
specific magnetic saturation moment (2,1 A- mz/kg
and 11,0 A+ mz/kg, respectively, fig. 14). We can as-
sume that in this case the iron oxide particles similar in
composition to the magnetite.

Conclusion

The studies have shown the possibility of obtaining
of the colloidal particles Fe,,0,—SiO, in one- and two-
step synthesis. In the two-step synthesis, you can con-
trol the magnetic characteristics of the colloidal parti-
cles by varying the process parameters of the produced
fumed silicon dioxide. The obtained colloidal particles
are characterized by presence of the residual magnetic
moment, which causes formation of the stable extended
aggregates upon the application of a constant magnetic
field. The one-step method provides a more stable
aqueous colloidal solution of iron oxide particles in a
coating of silica to aggregation.

The specific magnetic moment of the particles ob-
tained by one-stage synthesis, is more than 5 times
higher than that of the particles synthesized by the two-
stages process, and the intensity of the magnetic field
saturation is 200 times lower. The difference in the
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magnetic properties of the particles at the similar values
of the average size (10...20 nm) can be explained by the
presence of the weakly magnetic inclusions in uncoated
iron oxide particles of silicone dioxide. The experi-
mental samples of Fe,,0,—SiO, nanoparticles have the
contrasting capacity for magnetic resonance tomogra-
phy and can be managed by an external magnetic field,
which opens up prospects for their use in theranostics.
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MATPUYHBLIE ABTOOMUNCCHUOHHbBIE KATOAbI HA OCHOBE KAPBUAA
KPEMHMA C HAHOCTPYKTYPUPOBAHHOM NMOBEPXHOCTbIO
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IIpueedenni pe3yavmamol Uccae008aHUSA MAMPULHBIX KAMOO08 C NOAEBOT IMUCCUCL HA OCHOGE 2eKCA2OHANbHO20 Kapouoa Kpem-
HUS ¢ HAHOCMPYKMYPUPOBAHHOU NOBEPXHOCMbio. Kamodvt ghopmuposarucs no mexmoaoeuu, obecneuusaioueii 08yxyposHesyio ue-
papxuro mopghonoeuu: ynopsooHeHHull MAcCué (Mampuya) MUKpopasmMepHbix dSMummepos ¢ 00ONOAHUMEAbHVIM HAHOPA3MEPHBIM
CMPYKMYPUPOBAHUEM UX NOBEPXHOCMU. DKCNEPUMEHMANbHO UCCAe008AHbL B0AbM-AMNEPHblE XaPAKMepUucmuKky Kamodoe ¢ pas-
AUMHBIM NPOCMPAHCIMBEHHBIM PACHOAOICEHUEM U AUHEUHBIMU PASMEPAMU INEMEHMO8, 00pa3YIUUX MAMPULY MUKPOIMUMMEPOS.

Karoueevie caoea: kapouo kpemnus, peakmueroe UoOHHO-naazmenHoe mpaenrenue (PUIIT), nosesas smuccus, Kosgguyuenm

YCcuaeHus noasd, mampuua MUKpoIMummepoe

BBenenne

BDddekTuBHbIE UCTOYHUKU 3JIEKTPOHOB C MoOJje-
BOI 3MUCCHUEN SIBISIIOTCS MPeaMeTOM MHTEHCHBHBIX
(yHIaMeHTaNbHBIX U TEXHOJOTMUYECKUX HCCIea0Ba-
HUI BCJEACTBUE UX BBICOKOTO MOTEHIIMANA ISl TIPU-
JIOKEHUI B BaKyyMHON MMKPO- U HAHO3JIEKTPOHUKE,
BaKyyMHOW 3JIEKTPOHUKE JaMIT MUJJIMMETPOBOIO U
CYOMUJITMUMETPOBOTO AMAMA30HOB, CBEPXKOPOTKOUM-
MNYyJbCHOMU 3JIECKTPOHUKE U PEHTICHOBCKOM TEXHUKE.
DTO 00YCJIOBIEHO PSAOM HX MPEUMYILIECTB IIO0 CpaB-
HEHUIO C TPAIULIMOHHBIMUA TEPMOIJIEKTPOHHBIMU UC-
TOYHUKAMU 3JIEKTPOHOB: 00Jiee BbICOKOI 9HEepreTuye-
CcKoi 3(h(eKTUBHOCTHIO, OOJIbIIIeH SIPKOCTHIO, MaJlbl-
MM BpeMeHaMM OTKJIMKA Ha U3BMEHEHUST HAMPSLKeHMUSI,
CIMOCOOHOCTBIO (POPMUPOBATH MHTECHCUBHbBIE MOTOKU
3JIEKTPOHOB C BBICOKOW CTETIEHBIO HaNpaBJIEHHOCTH.
ITporpecc B 3TOi obGjacTu ompeaensieTcsi, B MEpPBYIO
oyepelb, HOBBIMU MaTepuaJlaMy i1 aBTOIMUCCUOH -
HBIX KaTOJOB ¥ HOBbIMU TEXHUUYECKUMU U TEXHOJIOTH -
yecKUMHU perueHusimu [1, 2].

OnHUM U3 MEPCIEKTUBHBIX MAaTEPUANIOB ISl aBTO-
SMUCCUOHHOW 3JIEKTPOHUKU SIBJISIETCSI 1LIMPOKO30H-
HbII aIMa30MOA00HBIN MOMYPOBOJHUK KapOua Kpem-
Hus (SiC), umeroluii BBICOKME 3HAYEHUST BaKHEM-
IIUX TTApaMeTPOB: TeMIepaTypsl [lebast; KpUTU4ecKon

HAIPSKEHHOCTH TIOJIST JJABUHHOTO IIPO0OST; TEIIo-
npoBoaHocTU. OH xapakTepusyeTcsl yCTOMYUBOCThIO
K TeMIIepaTypHbIM, XMUMUYECKUM U paguallMOHHbIM
BO3JCUCTBUSIM U OOJIAAET BBICOKOU MEXAaHUYECKON
poyHocThIo. B padote [3] ObL1a onmrcaHa TEXHOJIOTUS
aBTOOMUCCHUOHHBIX CTPYKTYP Ha OCHOBE OOBEMHBIX
kpucrawioB 6H- u 4H-SiC: N, Bximroyaroiass HeJIuTo-
rpacduyeckoe (popMUPOBAHUE MACCHUBOB MUKPO3IMMUT-
TEpOB C BbICOKOW (10 5 * 108 CM_Z) TMOBEPXHOCTHOM
TJIOTHOCTBIO Y HAHOpa3MepHBIMU BepimHaMu. Uccre-
JIOBaHUsI TaKUX CTPYKTYp, MPOBEACHHbIE 110 AMOTHOM
CXeMe B CBEpXBBICOKOM Bakyyme (P = 1072 MM pT. CT.),
MoKazajau, YTO SMUCCUOHHbIE CBOMCTBA KapOUIOKPEM-
HUEBBIX MHOTOOCTPUMHBIX KaTOJAOB CJIa00 3aBUCST OT
YPOBHS BaKyyMma B Tpeaesax (10_6...10_9 MM PT. CT.),
HO CYILIECTBEHHO M3MEHSIIOTCS 1OC/e BAKYYMHOM 3J1eK-
TPOMOJIEBON OYMCTKU TMOBEPXHOCTU. bbuIu Mmosyye-
HBl BBICOKME 3HAUYC€HUS IUIOTHOCTH TOKA SMHCCHUU
(6omee 10 A/CM2) M HU3KWE 3HAYEHUsI HaIlPSLKeHHO-
CTU 3JICKTPUYECKOTro MOJisl Hayata 3MUcCUM (TopsiaKa
10 B/MkM). OnHaKo TaKue KaToabl HE UMEJIU BbICOKOM
CTaOWJIbHOCTU 9MUCCUOHHbBIX XapaKTePUCTUK U HE 00-
Jlaganu TpedyeMolt 1j1s co3gaHusl mprudopoB BOCHPO-
M3BOAMMOCTBIO TTApaMeTPOB.

B pabore [4] mpenjioxkeHa TEXHOJIOTUSI KapOUIO-
KPEMHUEBBIX KaTOAOB C IOJEBON 3MUCCHUEN, BKIIIO-
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yalolas co3naHrue Ha MoBepxHocTH macTuH 4H—SiC:
N HaHOIIOPUCTOTO CJIOS MYyTEM 3JIEKTPOXUMMUYECKOTO
TpaBJEHUST U TMOCIenyolero GopMUpoOBaHUSI MaTpU-
Bl MUKPO3MUTTEPOB (DOKYCUPOBAHHBIM MOHHBIM ITy4-
koM (FIB). KaTtoabl xapakTepu3oBalucCh CTaOMIbHOM
SMMCCHUEH SJIEKTPOHOB C IUIOTHOCThIO TOKA 110 6 A/CM2
B CTaTMUECKOM PEXXMME M3MEPEHUI 10 NTMOMAHOM CXeMe
U HaIpsLKeHHOCTbIO MOJIs1 Havyajia amuccuu 7,5 B/MKM.
OueBUAHBIM HEIOCTATKOM TPEIIOXKEHHOTO pelleHUs
SIBJIIETCSI HEOOXOIMMOCTD MCIIOJIb30BaHMST HU3KOIIPO-
W3BOAUTENbHON M moporocrosiieii FIB-texHonoruu,
OrpaHUYMBAIONIEH BO3MOXHOCTb TPYIIIOBOTO MPOU3-
BOJICTBA KaTOJOB.

B Hacroseit pabote mpuBeAeHbl pe3yabTaThl Ha-
IIUX MCCIEeO0BAaHUI IO pa3paboTKe HOBOM TEXHOJIO-
ruv ¢opMUPOBaHUS KAaTOAOB C MOJIEBOI SMUCCHEN Ha
OCHOBE 00BEMHOI'0 MOHOKPMUCTAJUIMYECKOrO Kapouaa
KpeMHUS TekcaroHanbHoi mMomndukanmmu (6H—SiC),
JerMpoBaHHOTo asotoM ¢ Ny — N, = 5-1018 cm™3.
HccnenoBaHus HanpaBieHbl HA pellieHre 3a1a4yu BOC-
MPOU3BOAUMOCTH U CTAOWIU3ALMUU XapAKTEPUCTUK Ka-
TOJA 32 CYET PETYISIPHOCTU MACCUBAa MUKPOIMUTTEPOB.
ODMUCCUOHHBIMU CBOMCTBAaMHM KaToia MOXHO YIIpaB-
JIITh KakK 3a cyeT (popMbl U MPOCTPAHCTBEHHOTO pac-
MOJIOXEHUSI MUKPOIMUTTEPOB B MacCUBE, TaK U 3a
cueT U3MEHEHUsI HAHOpa3MepPHO MOp(OJIOruK UX IO-
BEPXHOCTH.

TexHoJorus ¢GopMUPOBAHUS MATPUYHBIX KATOI0B
Ha maactuHax 6H—SiC

CTpyKTypbl KaToaoB (GOpMUPOBAIUCH HA MOHO-
kpuctaindyeckux miactuHax 6 H—SiC ¢ anekTpoH-
HBIM TUIIOM TIPOBOIUMOCTH M YIEIbHBIM COITPOTHUBIIE-
HueM 5+ 1072 OM * cM Ha TUIOCKOCTH (0001-C).

B xauectBe 0a3zoBoil TexHOJOrMU (POPMUPOBAHUS
KaTOJIOB C MOJIEBO 3MUCCUEN MCMOJb30BAICS NBYX-
CTAIUHBIN PEAKTUBHOTO MOHHO-TUIA3MEHHOTO TPaB-
nenus meron (PUIIT) Bo ¢ropcomepxkalleit cpene,

Puc. 1. PDM-u300paxkeHnss MATPUI, MEKPOIMHUTTEPOB: d — TbEACCTANIbI C TMHEWHBIM pa3-
mepoMm 10X 10 MM, rmeprogomM 20 MKM 1 BBICOTOM 8 MKM; b — IIbeIeCTasIbl C JIMHEHHBIM
pa3MepoM 5% 5 MkM, nepuoaoM 10 MKM U BBICOTOH 8,5 MKM
Fig. 1. SEM-images of the microemitters matrices: a — pedestals with linear size of 10% 10 um,
period of 20 um and height of 8 um; b — pedestals with linear size of 5% 5 um, period of 10 um
and height of 8,5 um

50 HAHO- 1 MUKPOCUCTEMHAS TEXHHUKA, Ne 12, 2015

peanu3oBaHHBI Ha ycTaHoBke "Caroline PE15" ¢
ICP-1CTOYHMKOM ILIa3MBblI.

Ilepsas cmadus BKMovanaa popMupoBaHUE YIOPS-
JMIOYCHHBIX MACCUBOB MUKPOIMUTTEPOB B BUIE ITheIIe-
cTajioB ¢ pazmepaMu ~10x 10 MKM 1 5%X5 MKM U pas-
JIMYHOM TMepuoanYHOCThI0. BTOpas cramus — cozna-
HUEe HaHOpa3MepHON Mop@OJOruM OCTPUIHOIO THMA
Ha MOBEPXHOCTSIX MbEACCTAIOB, C(POPMUPOBAHHBIX HA
NEepBOM CTAIUM.

[nsg co3gaHus MbeAecTaqoB TpeOyeMbIX pa3MepoB
WCIONB30Bau onpenesieHHbI pexum PUIIT ¢ puk-
CUPOBAHHBIMU 3HAYEHUSIMU TOKA KATYIIKH, MOIIHO-
CTW Ha aHTeHHE U Ha CTOJIe, HATIPSDKeHUs aBTOCMEIIIE-
Husg U= 100 B. Ilpu ¢bukcupoBaHHBIX MMapaMeTpax
pexkrMa TpaBJICHUST BbICOTA MbEACCTAIOB OMpPEaeis-
eTCcsl TOJIbKO BpeMeHeM TpaBjieHMs. B kauecTBe mpu-
Mepa MX TIpaKTUIEeCKOM peasM3alny Ha puc. 1 mpuse-
neHsl POM-u300paxeHnsT NOJyYeHHBIX ITepUOIuYe-
CKMX CTPYKTYD.

TexHosornyeckuii MapiIpyT U3rOTOBJCHMSI aBTO-
SMUCCUOHHOrO Katoaa Ha ocHoBe n-SiC mpeacrapieH
Ha puc. 2 (CM. 4eTBEepTYyIO CTOPOHY 0010XKM). Tlepe-
YHCJIEHHBIE B MIOAPUCYHOUYHOM MOAMMCcH (puc. 2) ore-
palMy MOXHO CTPYIIIMPOBATH CJAEAYIOLIUM 00pa3oM:
1, 2 — dopMupoBaHme 6a30BOTO JIMHEIHOIO KOHTAaK-
Ta; 3—7 — HaHeceHue MeTajjaa u ¢potoauTorpadusi;
& — PUIIT-dpopmupoBaHmne mbenectanon; 9 — HaHe-
CEHME CJIOS MeTajlla I BTOPOMl cTaiuy — CO3JaHMs
HaHOpa3MepHOUl MOpGhOJOrMU OCTPUIHOrO TUIIa HA
MOBEPXHOCTSX IbeaecTanon; 10 — PUIIT-dopmupo-
BaHWe HAHOOCTPUI1 Ha TTIOBEPXHOCTSIX IThEIECTATOB.

MerTasnabl 6a30BOro KOHTaKTa HAHOCUJIM Ha oOpaT-
Hyto ctopoHy TmactuHbel 6H-SiC n3 Ti- n Ni-mutme-
Hell MarHeTpOHHBIM HamblieHueM. [loxcnoit ThTaHa
TOJIIMHON 15 HM oOecreyrBaj XOpPOLIYIO aare3uio.
TonmmHa cnost HUKesa coctanisiia ~200 M. KoHTakT
BXMTaJICs Ha YCTAaHOBKE OBICTPOrO TEPMUUYECKOIO OT-
xwura "As One" mpu temmeparype 950 °C B TeueHMe
5 MUH. YjaenbHOe KOHTaKTHOE CO-
MIPOTUBJIECHUE COCTABJISIIO He GoJiee
1074 Om - em2.

Merauinyeckyo MacKy ISl Mo-
ciaenyiomiero PUIIT nanocwim Ha
YCTaHOBKE MarHeTpPOHHOTO HaITbLIe-
Hus "Oparopusi-5". B KauecTBe mare-
puaia UCHoJb30BaTU Al ¢ TOMIMHON
cnost 500 M. ITocne HaHeceHMsT Mac-
KUPYIOIIETO CJI0sI aTIOMUHUS TIPOBO-
IUIY onepauuu ¢hoToauTorpadum.

Ha emopoii cmaduu PUIIT
(puc. 3, a) Ha MOJyYEHHBIX IbeJe-
crajiax (hOpMHUPOBAJICS MAacCHB Ha-
HOpPa3MEPHBIX OCTPHUI C TTOBEPXHO-
CTHO# TUIOTHOCTBIO ~5+ 108 eM™2.
CdopmupoBaHHbIE HaHOpa3Mep-
HBIE OCTpHUs UMenu GopMy KoHyca
¢ paauycoM 3akpyrieHust ~30 HM u
JIuaMeTpoM ocHoBaHUS ~300 HM
(puc. 3, b).




Puc. 3. PODM-u3o6paxenne nementoB 6H—SiC kaTomoB: ¢ — nByXypoBHEBast CTPYKTypa
KaToza ¢ pa3Mepamu sneMeHTa MaTpuilsl (10 % 10) MkM; b — MaccuB HAHOPa3MEPHBIX OCT-
puii Ha MOBEPXHOCTHU IbeAecTaia (BbICOTAa OCTPHIA <2 MKM, CPEIHMIT IUaMeTP OCHOBAHUSI

300 HM)

Fig. 3. SEM-image of elements of the 6H—SiC cathodes: a — two-layer structure of the cathode
with the sizes of the matrix element (10% 10) um; b — array of the nanoscale tips on the surface
of the pedestal (height of the tips <2 um, the average diameter of the base — 300 um)

Onucanne u3MepuTeabHOro crenna 1 BAX kaTonos
¢ moJieBoii dmuccueil Ha ocuose SiC

B xadecTBe OCHOBBHI M3MEPUTEIHLHOTO CTEHIA WC-
MOJIB30BAId  YHUBEPCAIBHYIO CBEPXBHICOKOBAKYYMHYIO
yctaHoBKY YCY-4, obecrneunBalolilyo BakyyM B pabo-
yell KaMepe mopsiaKa 1072 mwm. PT. CT. TIPU IJTUTETbHOM
OTKayKe M MporpeBe BaKyyMHoIt kamephl (puc. 4). Ha-
MpsSKEHUE M0JABANIOCh OT UCTOYHMKA TUuTaHust BC-22
(7 xB), TOoK u3mepsiin BonbTMeTpoM B7-27. BAX usme-
PSITM Ha TIOCTOSTHHOM TOKe TT0 TUOTHOM cxeMe. ToK Tie-
MY OTPaHMYMBAJ BBICOKOBOJIBTHBIN pe3ncTop 60 KOM.

BoabT-ammiepHBIe XapaKTepUCTUKU KaToma ¢ IT0-
JICBOI SMUCCHEN CUIbHO 3aBUCST OT HAIUYUS U hop-
Mbl MMKPOHEOJHOPOJHOCTEl Ha €ro MOBEPXHOCTH.
HarmpsskeHHOCTB 110711 BOJTM3W TaKWX HEOTHOPOITHO-
CTEW MOXET CYIIECTBEHHO OTJIMYAThCI OT CPEeaHEH
HAIPSIKEHHOCTH TIOJISI, OTpenesiieMOi KaK OTHOIIIE-
HUE MPUIOXKXEHHOTO HampsixkeHus: U K MeX2JIeKTpOo/I -
HOMY paccTossHUIO d. [laHHOe SBIIeHHWe Ha3bIBaeTCs
3(pdeKkTOM yCuIeHUS MOJsI Ha HEOTHOPOIHOCTSIX W
KOJIMYECTBEHHO OITMChIBAeTCS KO3(P(PULIMEHTOM yCHU-
nenusa B = E/(U/d), rne E — HanpsoKeHHOCTb TOJIS
BOJIM3U HEOJHOPOJHOCTU. Mojenb ABYXypOBHEBOI
CUCTEMBI yCUJIeHUs omnucaHa B pabore [5]. Koaddpu-
LWEHT YCUJICHUST OMHOYPOBHEBOM CHCTEMBI OITPEICIIs -
€TCS BBIpaXkeHUEM

B = h/r + 3cos(0),

rjae & — BBICOTA CTPYKTYPhI; ¥ — PagNyC 3aKpYIIICHUS,
0 — TOJISIpHBIA YIOJI.

Eciau h > r, 10 B = h/r. Ucxoas U3 aToro 1jist ABYX-
YPOBHEBOI CHCTEMBI JaHHOE BEIpaKeHUE OyIeT UMETh
BUJL
h 1 h 2

rnr

I

p

Takum obGpazoM, K03(pGULIUEHT
YCWIEHUs] 3aBUCUT OT AaCHEKTHBIX
OTHOLIEHUI TbeAecTalla U OCTpUS.
He MeHee BaXHBIM TlapaMeTpoOM,
BJIMSIIOIIMM Ha KO3(MOULMEHT yCU-
JIEHUSI U TUIOTHOCTb TOKa, SIBJISIETCS
MOBEPXHOCTHAsI TJIOTHOCTh MUKPO-
9MUTTEPOB, WIU UX MEPUOJ TIPU pe-
TYJSIPHOM pacrojioxkeHuu. B pabo-
Tax [6] u [7] onucaH >(pdekT K-
TPOCTAaTUYECKOTO 3IKPAHUPOBAHUS
MoJisl, BOBHUKAIOILIWI MMPU TECHOM
pAacIoyioXXeHUU OOJIbIIOTO Yuciaa
3JIeMeHTOB MaccuBa. O4eBUIHO, KO-
3G GUIIMEHT YCUICHUSI ONMHOYHOTO
MUKPOIMUTTEPA C ABYXYPOBHEBOM
nepapxueit Mop@oaoruu OyaeT BbI-
e, yeM KO3 ULUMEHT YCUICHMUS
MAaTpUIbl  OJIM3KOPACITOIOXEHHBIX
MUKPO3MUTTEPOB. DTO MOATBEPXKAA-
eTCsl cepueil 9KCIePUMEHTOB 10 13-
MmepeHuio BAX CTpPyKTyp C OJHUM
YpPOBHEM ycujieHUs (ToabKO mbenecTtaioB). Chopmu-
POBAHHbIE MUKPO3MUTTEPhI BAPbUPOBAIM IO BHICOTE —
oT 6 1o 18 MKM ¢ 1m1aroM 6 MKM, IIepHO, COXPAHSIICS TT0-
ctosiHHBIM. Ha puc. 5—7 mpencraBieHbl pe3yibTaTbl
BKCIIEpUMEHTA.

MeXaeKTpoaHOe pacCcTossHUE d MEXIY aHOIOM U
KaToIoM B Ipolecce U3MEPEeHU cocTapisiio 50 MKM,
momans anoga — 0,5 MM2, BaKyyM — 10710 pum pT. CT.
MOXHO TPEeAnoI0XUTh, YTO TIPU YBEJIUUYEHUH ac-
MEKTHOI'O OTHOLIEHMS OTAEIBLHOTO 3JIeMEHTa MacCUBa

e | | LN ML
ynpaenesua P 9

Control block Ill

Puc. 4. CxemaTtnyeckoe uzoopaxenue yctanosku YCY-4: | — uc-
cliemyeMbIil oOpaselr; 2 — TaHTaJIOBbIE JIEKTPOAbI; 3 — MaHMITYJISI-
TOp; 4 — nctouHuk nutanus BC-22; 5 — Boabr™metp B7-27; 6 — BbI-
COKOBOJIbTHBIE HarpeBaTe/IbHbIe CIIUPAJ; 7 — BaKyyMHasi Kamepa;
& — oTkauka (hopBaKyyMHBIM M 1ICOJIUTOBBIMU HacocaMu JiJist obec-
TeYCHUSI IPENBAPUTETBHOTO U CPeTHEeTO BakKyyma; 9 — oTKayka Mar-
HUTOPA3PSIAHBIM HACOCOM JUISI OOECTIeUeHUsT BBICOKOTO BaKyyMa
Fig. 4. Schematic representation of the USU-4 installation: 1 — sample;
2 — tantalum electrodes; 3 — arm; 4 — power supply BC-22; 5 —
voltmeter V7-27; 6 — high voltage heating coils; 7 — vacuum chamber;
8 — pumping by forevacuum and zeolite pumps for preliminary and
medium vacuum; 9 — pumping by ion pump for high vacuum
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Puc. 5. BAX o0pa3ua c BeicoToii mbeaectanoB 6 mkm. Ha Bpe3kax:
caieea — BAX B koopmunarax ®aynepa—Hopareiima; cnpaBa —
POM-u300paxkenue nbeaecraia

Fig. 5. CVC of the sample with a height of pedestals of 6 um. Insets:
left — CVC in the coordinates of Fowler— Nordheim; right — SEM
image of the pedestal
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Puc. 7. BAX o6pa3na c BbicoToii nbeaectanos 18 mxm. Ha Bpe3kax:
ciesa — BAX B koopaunatax ®aynepa—Hopareiima; cnpaBa —
POM-u300paxkenne nbeaecTaion

Fig. 7. CVC of the sample with a height of pedestals of 18 um. Insets:
left — CVC in the coordinates of Fowler— Nordheim; right — SEM image
of the pedestals

SMUTTEPOB JOJKEH BBIPACTU U ero (MaccuBa) Koadg-
dunueHTt ycuneHusi. OaHaKko, Kak BUIHO U3 rpadu-
KOB, 3TOT0 HE IPOUCXOIUT, YTO MOXHO OOBSICHUTH
93¢ HEKTOM 2JEKTPOCTATUYECKOTO 9KPAHUPOBAHUS T10-
JIsI, KOTOPBI OAWHAKOB IJIST BCEX TPeX W3MepeHMI
BCJIEICTBME OIMHAKOBOIO Mepuoia CTPYKTyp (pac-
CTOSIHAE MEXIY ME3aCTPYKTypaMU ~5 MKM).

HexkoTtopnie pazianuus pe3yabTaTOB MOXHO O0b-
SICHUTh TIOTPEIIHOCTBIO M3MEpPeHUit (HarmpuMmep, Io-
IPEILIHOCTh U3MEPEHUSI PACCTOSIHUSL "aHOd — KaTon"
cocraBisier 5 Mkm). Ha puc. 8 npuBeneHa 3aBuUCH-
MOCTb TOKa OT HAIPSIXKEHHOCTHU 2JIEKTPUUECKOTO T0JIs
IUUIST ME3aCTPYKTYPhI BHICOTOM 3 MKM.

BumgHo, 4TO MpW yMEeHBIIEHNN BHICOTHI IbeIeCTa-
JIOB C COXpaHEHUEM PACCTOSTHUS MEXIy HUMM YBe-
JIMYUBAETCS HaNPSLKEHHOCTD TMOJISI Havyala AMUCCUU
U yMeHbIlIaeTcsl TOK sMuccuu. bosee oMt BbIBOM
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Puc. 6. BAX o6pa3ua c BbicoToii mbeaectanos 12 mxm. Ha Bpe3kax:
cieBa — BAX B koopaunarax Paynepa—Hopareiima; cnpaBa —
POM-u300paxkenne nbeaecraia

Fig. 6. CVC of the sample with a height of pedestals of 12 um. Insets:
left — CVC in the coordinates of Fowler— Nordheim; right — SEM image
of the pedestal
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Puc. 8. BAX o0pasiua c BbicoToii nbenectasioB 3 MkM. Ha Bpeske BAX
B Koopaunarax ®aynepa—Hopareiima

Fig. 8 CVC of the sample with a height of pedestals of 3 um. Insets: CVC
in the coordinates of Fowler— Nordheim

COCTOWT B TOM, UTO C TOYKH 3pEHUST ONITUMHU3AINH KO-
ahdULMeHTa YyCUIEHUs U TUIOTHOCTU TOKa ClenyeT
VUUTBIBATH OTHOIIEHUE BBICOTHI OTAEILHOIO IbEJe-
cTajla K pacCTOSIHUIO MEXIY COCeIHVMMU MbeAecTasa-
Mu. ONITUMU3AINS 3TOTO OTHOIICHMS SIBIISICTCST 3a1a-
yeil MOAENMPOBAHUS paclpeneacHUs OIS U TOKa B
CTPYKType KaToja.

Briia uccienoBana BAX marpuunoro 6H—SiC ka-
TOAA C JIBYXYPOBHEBOM CTPYKTYPOUN YCUJIEHMS TIOJS C
TreOMEeTPUUYECKUMU TTapaMeTpaMu, BHIOpAHHBIMH WC-
XOJISl M3 HAWJIYUIIEro MO MPUBEASHHBLIM BbIIIE JaH-
HBIM COOTHOILLEHMSI: TUHEUHBIN pa3Mep TMbeAeCTaIOB —
10x 10 MmkM, BbicoTa — 8 MKM, niepruoa — 20 MKM, BbI-
coTa HaHOpPa3MEpPHBIX ocTpuii — 1,4 MKM, TIOBEpXHO-
CTHAasl IUIOTHOCTh OCTpUl — 5 * 10§ oM 2, HNamepeHus
MPOBOJIUIN B BaKyyMe 1072 mm pT. CT., pacCTOsIHUE
"aHOJ — KaToA" cocTaBiIsuIo 60 MKM; IIOLIAAL aHOIA —
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Puc. 9. 3aBuCHMOCTbD IUIOTHOCTH TOKA OT HanpsukKeHHocTd mois. Ha
Bpe3ke BAX B koopaunatax Paynepa—Hopareiiva

Fig. 9. The dependence of the current density on the field intensity. Insets:
CVC in the coordinates of Fowler— Nordheim

0,5 MM2, MUHUMAJIBHBINA perucTpupyeMblii TOK — 1 HA.
Ha puc. 9 npeacrasieHbl pe3yabTaThl U3MEPEHUI.

3akioueHune

Metogom aByxctaguitHoro PUIIT moaydyeHbl 00-
pasubel 6H—SiC-xaTonoB ¢ moyieBoit amuccueit. Omnm-
CaHHasl TEXHOJIOTHS TTO3BOJISET M3TOTaBINBATh KATOIBI
IUIST BAKYYMHBIX MUKPOIIPUOOPOB M MUKPOCHCTEM CO
CIICMYIOIIMMH TlapaMeTpaMu: HAIIPSLKEHHOCTb  TTOJIS
Havaya smMuccun — 13,2 B/MKM Iipy MUHHUMAIBHO pe-
TUCTPUpPYeMOM ToKe 1 HA, IUIOTHOCTH ToKa 1 A/CM2
TIpY HATIpSDKeHUH 2,6 KB. DKCcIepruMeHTaIbHO OIpe-
JIeJIEHHOE ONTHMAaJIbHOE OTHOILIEGHWE PACCTOSTHUS Me-
KOy MUKPO3MUTTEPAMU K BBICOTE OTAEIBHOTO dJie-
MeHTa CTpyKTypbl coctaBuio (1...1,2):1. HUcxoasa uz
JAHHOTO COOTHOIIIEHMS BHIOPAHBI CIICAYIONINE TeOMET-

pUYecKHe MmapaMeTpbl MATPMIIbL: JTMHEWHBIE pa3Mephl
OTHeJIbHOro MuKposmMutrepa — 10X 10 MKM, BbICOTa
neenecrana — 8 MKM, riepuoa — 20 MKM, BBICOTa OCT-
puit — 1,4 MKM, TJIOTHOCTb OCTpUA — 5 * 108 em 2.

Hccaedosanue evinoanero 3a cuem epawma Poccuti-
cK020 HayuHoeo ¢onoa (npoexm No 15-19-30022) npu
noddepxcke epanma Munucmepcmea obpazoeanus u
Hayku Poccutickoii @edepayuu "Pazpabomka u ucciedo-
BaHUE XAPAKMEPUCIMUK 3AeKMPOHHbIX NPUOOPO8 Ha OC-
HOBE MOHOKDUCMAAAUHECK020 aamasa”, coerauleHue
No 14.B25.31.0021 om 26 urons 2013 eooa.

CHHCOK JUTEPATYPbI

1. Beprenos C., Unbnyes D., Ha6ues P., Onunokos B., I1aB-
q0B I'. O6opynoBaHMe 1 TEXHOJIOTHS TTOJTYIeHUS (DYHKITMOHATb-
HBIX HAHOPa3MEPHBIX CTPYKTYP SMUCCUOHHON 3JIEKTPOHUKH //
Ycnexy HAHOWHXXEHEPUU: SJEKTPOHNKA, MAaTepUabl, CTPYKTY-
pet / mon pen. JAx. Jdasuca, M. Tommncona. M.: TexHocdepa,
2011. C. 406—432.

2. Fang X., Bando Y., Gautam U. K., Ye C. Inorganic semi-
conductor nanostructures and their field-emission application //
J. Mater. Chem. 2008. N. 18. P. 509—522.

3. Afanasyev A. V., Ivanov B. V., Ilyin V. A., Kardo-Sy-
soev A. F., Kuznetsova M. A., Luchinin V. V. Sunerfast Drift
Step Recovery Diodes (DSRDs) and Vacuum Field Emission
Diodes Based on 4H-SiC // Materials Science Forum: 2013.
Vol. 740—742. P. 1010—1013.

4. Kang M., Lezec H. J., Sharifi F. Stable field emission from
nanoporous silicon carbide // Nanotechnology. 2013. Vol. 24.
N. 6. 065201.

5. Wisitsorat A. Micropatterned diamond vacuum field emis-
sion devices. PhD dissertation. Vanderbilt University, Nashville,
Tennessee, 2002.

6. Eneukuii A. B. YriepoaHbie HAHOTPYOKM U UX SMUCCHOH -
Hble cBolicTBa // YOH. 2002. T. 172, Ne 4. C. 401—438.

7. Boakos E. 10. Pa3pa6oTka TeXHOJIOTUIECKUX OCHOB U3TO-
TOBJICHMSI U MCCJIeMOBAaHNE XapaKTePMCTUK aBTOIMUCCUOHHBIX
CTPYKTYp Ha OCHOBE IJIEeHOK rpadeHa Ha Kapouae KpeMHUsI: aB-
Toped. auC. ... KaHA. TexH. HayK, KOxHbIi (enepaibHblil yH-T,
Taranpor, 2013. 23 c.

A. V. Afanasievl, Ph. D., Associated Professor, V. A. Golubkovl, Postgraduate Student, V. A. Ilyinl, Ph. D,
Associated Professor, V. V. Luchininl, D. Sc., V. P. Proninz, D. Sc., A. V. Serkovl, Postgraduate Student

I st. Petersburg Electrotechnical University LETI

2 Herzen State Pedagogical University of Russia, St. Petersburg, ilyincmid@gmail.com, vavantess@mail.ru

Array Field Emission Cathodes Based on Silicon Carbide with a Nanostructured Surface

The authors present the results of research of the array field emission cathodes based on hexagonal silicon carbide with a na-
nostructured surface. The cathodes were formed by means of the technology, which ensures a two-level hierarchy of morphology:
an ordered array (matrix) of the micro-sized emitters with additional nanoscale structuring of their surfaces. The current-voltage
characteristics of the cathodes with different spatial location and linear dimensions of the elements forming the matrix of the mi-

croemitters were experimentally investigated.

Keywords: silicon carbide, reactive ion-plasma etching (RIPE), field emission, gain of the field, matrix microcathode

Introduction

Effective sources of electrons with the field emission
are the subject of fundamental and technological re-
search due to their high potential for vacuum microe-
lectronics and nanoelectronics, vacuum electronics of
millimeter and submillimeter ranges tubes, very short-

pulse electronics and X-ray equipment. This is caused
by a number of advantages compared with conventional
thermionic electron sources: higher energy efficiency,
higher brightness, low response times to changes in
voltage, the ability to form the intensive electron beams
with the high degree of orientation. The progress is de-
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termined, first of all, by new materials for field emission
cathodes, technical and technological solutions [1, 2].

One of promising materials for field emission elec-
tronics is a wide-band diamond-like semiconductor sil-
icon carbide (SiC), having high critical parameters: the
Debye temperature, critical field strength of the ava-
lanche discharge, thermal conductivity. It is character-
ized by resistance to thermal, chemical and radiation
influences and has high mechanical strength. Discloses
[3] a technology of field emission structures based on
the bulk crystals 6H- and 4H—SiC: N, comprising
non-lithographic forming of microemitters arrays with
high (upto 5 - 108 cm_z) surface density and nanoscale
vertices. The studies on the diode circuit in an ultrahigh
vacuum (P = 10~ mm Hg) have shown that the emis-
sion properties of the silicon carbide of the multipoint
cathodes weakly de;aend on the vacuum level in the
range of (10_6... 10" mm Hg), but significantly change
after electric-vacuum surface cleaning. The highest
densities of emission currents (more than 10 A/cmz)
and low electric field intensities of emission beginning
(of the order of 10 V/um). However, such cathodes
have no high stability of emission characteristics and
does not meet the required stage of parameters repeat-
ability to create an equipment.

[4] introduces the technology of manufacture of the
field emission silicon carbide cathodes, including cre-
ation of the nanoporous layers on the surface of the
plates 4H—SiC: N by electrochemical etching and sub-
sequent formation of the matrix of microemitters by fo-
cused ion beam (FIB). The cathodes were character-
ized by a stable emission of electrons with a current
density of up to 6 A/cm2 in static measurements mode
by diode circuit and the field strength of emission be-
ginning of 7,5 V/m. The obvious disadvantage of the
solution is the need to use low-end and expensive FIB-
technology that limits the ability of serial production of
the cathodes.

The work shows the results of our research on de-
velopment of the technology to form the field emission
cathodes based on bulk single crystal silicon carbide
of hexagonal type (6H—SiC) doped with nitrogen
N;— N,=5-10"% cm™. The research is aimed on
solving of the problem of reproducibility and stabilizing
of the characteristics of the cathode due to the regular-
ity of the microemitters array. The emission properties
of the cathode can be controlled by the shape and spa-
tial location in microemitters in the array and change
of nanoscale morphology of the surface.

Technology to form matrix cathodes
on 6H-SiC plates

Cathodes’ structures were formed on monocrystal-
line 6H-SiC plates with electronic conductivity type
and specific resistivity of 5x 1072 Q- cm on the plane
(0001-C). Two-step reactive ion plasma etching (RIPT)
in the fluorine-containing environment on the facility
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"Caroline PE15" with ICP-plasma source was used as the
core technology of field emission cathodes formation.

The first step involves formation of the ordered mi-
croemitters’ arrays as the pedestals with the dimensions
of 10x10 mm and 5X%X5 mm with varying frequency.
The second stage is the creation of the nanoscale mor-
phology of a pointed type on the surfaces of pedestals,
formed in the first stage.

RIPT mode with fixed values of the coil current,
power at the antenna and on the table, self-bias voltage
(U =100 V) was used to create the pedestals of the re-
quired size. At the fixed parameters of the etching
mode, the height of the pedestals is determined only by
the etching time. The SEM images of the obtained pe-
riodic structures (fig. 1) are given as an example of the
practical implementation.

The technology route of a field emission cathode
manufacture based on n-SiC is shown in fig. 2 (see the
4-th side of cover). The captions can be grouped as fol-
lows: I, 2 — formation if the base line contact; 3—7 —
application of metal and photolithography; & — RIPT-
forming of the pedestals; 9 — application of a metal lay-
er for the second stage — creation of the nanoscale
morphology of a pointed type on surfaces of the ped-
estals; /0 — RIPT formation of the nanospikes on sur-
faces of the pedestals.

The metals of the base contact were deposited on
of the reverse side of the wafer of 6H—SiC of Ti- and
Ni-targets by magnetron sputtering. The titanium un-
derlayer of 15 nm thick provides good adhesion. The
thickness of the nickel layer was ~200 nm. The contact
was burned out on the installation of rapid thermal an-
nealing "As One" at 950 °C for 5 min. The specific con-
tact resistance was not more than 10™* Q - cm?.

The metal mask for RIPT was applied on a magn-
etron sputtering installation "Oratorio-5." Al with a lay-
er thickness of 500 nm was used as a material. The pho-
tolithography was performed after applying of the
masking layer of aluminum.

In the second RIPT step (fig. 3, @) the array of the
nanoscale tips was on formed on the pedestals with a
surface density of ~5 % 108 cm™2. The formed tips had
a conical form with the radius of curvature of ~30 nm
and base diameter of ~300 nm (fig. 3, b).

Description of the measuring stand and CVC
of the field emission cathodes based on SiC

A universal ultrahigh-vacuum installation USU-4,
providing a vacuum in the chamber of the order of
1072 mm Hg during continuous pumping and heating
of the vacuum chamber, was used as a basis of the
measuring stand (fig. 4). The voltage was supplied from
the power supply BC-22 (7 kW), the current was meas-
ured by voltmeter V7-27. CVCs were measured at a
constant current by the diode circuit. The circuit cur-
rent was limited by a high voltage resistor of 60 Q.

CVC:s of the field emission cathode strongly depend
on the presence and forms of the microscopic inhomo-




geneities on its surface. The field strength near them
may differ significantly from the average field intensity,
defined as the ratio of the applied voltage U to the in-
terelectrode distance d. This phenomenon is called "the
effect of the field gain on the inhomogeneities" and is
quantitatively described by the gain ratio p = E/(U/d),
where E — is the strength of field near heterogeneity.
The two-level gain model is described in [5]. The gain
coefficient of the one-level system is described by the
equation

B = h/r — 3cos(0),
where 4 — the height of structure; » — the radius of cur-
vature; 6 — the polar angle.
If 4 > r, then B ~ h/r. For two-level system the ex-
pression has the form
hyhy

rr

p

1K

Thus, the gain coefficient depends on the aspect ra-
tios of the pedestal and the tip. An important parameter
affecting on the gain ratio and current density is the sur-
face density of microemitters or a period at their regular
arrangement. In [6, 7] describe the effect of the elec-
trostatic field screening that occurs at closely arrange-
ment of a large number of the array elements. Clearly,
the gain ratio of a single microemitter with two-level hi-
erarchy of morphology is higher than the gain ratio of
the matrix of the closely arranged microemitters. This
is confirmed by a series of experiments to measure the
current-voltage characteristics of structures with a giv-
en gain level (only the pedestals). The formed micro-
emitters were ranged in height from 6 to 18 pm spaced
at intervals of 6 um, the period remained constant.
Figs. 5—7 illustrate the results of the experiment.

The distance d between the anode and the cathode
during the measurement is 50 mm, the area of the an-
ode — 0,5 mm2, the vacuum — 10710 mm Hg. It can
be assumed that an increase in the aspect ratio of a sin-
gle element of the array of emitters should grow the ar-
ray’s gain ratio. However, as can be seen from the
graphs, it does not happen, what can be explained by
the effect of electrostatic shielding of the field, same for
all the three dimensions as a result of the same period
of the structure (the distance between the mesastruc-
tures are ~5 um).

Some differences in the results can be explained by
measurement error (for example, an error in measuring
of the distance "anode — cathode" is =5 um). Fig. 8
shows the dependence of the current on the intensity of
electric field for a mesastructure with the height of 3 um.

The intensity of the field of the emission start in-
creases and its current reduces by reducing the height
of the pedestals with maintaining of the distance be-
tween them. A more general conclusion is that in terms
of optimizing of the gain ratio and current density, a
height of a separate pedestal to the distance between the
adjacent pedestals should be considered. Optimization

of this ratio is the task of modeling of the field and cur-
rent distribution in the cathode structure.

CVC of the matrix 6H—SiC cathode with a two-lay-
er structure of the field strengthening with geometric
parameters selected on the basis of the best on the
above given relationships was studied: linear size of the
pedestals — 10 % 10 um, height — 8 um, period — 20 um,
height of the nanoscale tips — 1,4 um, the surface den-
sity of the tips — 5X 103 ¢cm™2. The measurements
were carried out in a vacuum of 10~ mm Hg, distance
"anode — cathode" was 60 pm, area of the anode —
0,5 mm?2, minimum detectable current — 1 nA (fig. 9).

Conclusion

The samples of 6H—SiC field emission cathodes are
obtained by the method of two-stage RIPT. The tech-
nology allows to produce cathodes for vacuum micro-
devices and microsystems with the following parame-
ters: field strength of emission start — 13,2 V/um at the
minimum detectable current of 1 nA, current density of
1 A/cm2 at a voltage of 2,6 kV. The experimentally de-
termined optimal ratios of the distance between the mi-
croemitters to the height of a single element of the
structure is (1...1,2):1. On the assumption of this, the
geometric parameters of the matrix are selected: the
linear dimensions of the individual microemitter —
10x 10 um, height of the pedestal — 8 um, period —
20 um, height of the tips — 1,4 um, density of the tips —
5%x10% cm™2.

The study was performed at the expense of the grant
from the Russian Science Foundation (project No 15-19-
30022), with the assistance of the grantfrom the Ministry
of Education and Science of the Russian Federation "De-
velopment and research of the characteristics of electronic
devices based on the monocrystalline diamond"”, the
agreement Ne 14.B25.31.0021 on June 26, 2013.
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PASPABOTKA U UCCAEAOBAHUE TEPMOMEXAHUYECKOIO

BUMOP®HOIO MUKPOAKTIOATOPA

Ilocmynuna ¢ pedakyuio 25.08.2015

Tepmomexanuueckui 6umopuvlil Mukpoakmioamop (dasee 6 mekcme — MUKPOAKMIOAMOP) AGASLEMCS NPUBAEKAMENbHbIM
npeobpazoeamenem 3anaceHHou Uiy UHOYYUpYyemoU U3eHe SHepeul 6 MexaHuyeckoe nepemeujerue [1]. Dmo obycaosnero npocmo-
Mot e20 KOHCMPYKYUU U MEXHOA02UYU U320MOBACHUSL, 4 MAKICe B03MOICHOCHBIO CO30AHUSA OONbUWUX YCUAUTL U nepemelyenutl. B na-
cmoswell cmambve npueooSMcs OUEHOYHble MEXAHUYECKUe U Mena08ble paciemsl, a makice ONUCHIBAIOMCS NPOUECChb CO30aHUS
DK CNEPUMEHMANBbHO20 00PA3Ua MUKPOAKMIOAMOPA U UCCAe008AHUA €20 XaPAKMEPUCUK.

Karoueevie caoea: MUKDPOMEXAHUKA, MUKDOAKMIOAMOpPbL, mepmMomexanu4eckKue 6LlM0p(i)Hbl€ aKkmroamopul, mexHoaocus eubKux

nevYamnslx naam

BBenenune

TepMoMexaHUUYECKME WM TEIJIOBbIe Mpeodpas3o-
BaTeNU SBJSIIOTCS Hanbosiee paclpoCTPAaHEHHBIM BU-
JIOM aKTI0ATOPOB, MCIOJb3YEMBIX JJIS1 CO3AaHUST MUK~
poaBUXKeTeNel 11 MUKPOPOOOTOB. OHM MpeaCTaBJIs-
10T c000i1 OMMOpPGHBIE CTPYKTYPhl C pa3HBIMU TEILIO-
BbIMU Koa(pduumneHtamu pacimpenust (TKP), nubo
CTPYKTYPBI C O0JIacTSIMU C pa3HOU TeMIlepaTypor Ha-
rpeBa, JIM00 KOHCTPYKIIMU, COCTOSIIIIME U3 OAHOTO Ma-
Tepuasia, KOTOPBI paclInpsIeTCs BCJIEACTBUE Harpesna.
C MOMOILLBIO TEMIOBBIX MpeodpazoBaTeaeii BO3MOXHO
MoJiydeHre O0oJIblInX aedhopMaliii, HO IPA 3TOM OHU
TpeOyIOT OOJIbIIIMX YHEPreTUYECKMX 3aTpaT Ha pa3o-
rpeB U BCIAEACTBUM 3TOro obanaoT MajibsiM KIT/. ITo-
3TOMY OINTUMMU3ALMS KOHCTPYKLUMI TepMOMeXaHUYe-
CKHX aKTI0aTOPOB SIBJISIETCSl aKTyaJbHOI 3amaveid [1].

Ol.lel-IO‘-lele MEXAHUYECKHE U TCILIOBbIE PACYETDHI

MUKpOaKTIOATOp TMPEACTaBIsIeT CO00 TPEeXMEPHYIO
CTPYKTYpPY U3 ABYX CIUIOLIHBIX CIOEB C Pa3HBIMU TeM-
neparypHbiMu Koagduuuentamu paciuuperus (TKP).
ITpu HarpeBe OOWH CIIOM pacIIMpseTCS CUIbHEe IpY-
rOro W BO3HMKAeT paclpelnejeHHas cujia, MPUBOMAS-
mas K usrudy (puc. 1).

BripaxxeHue, ornpeaessioliee M3MEHEHUE paaudyca
KPUBU3HBI TIPY HArPeBe, MOKHO TIPEICTABUTD CIICAYIO-
UM obpazoM [2]:

1 _ 6(a;—ay))AT )
2 b

P (E\ i~ Eyh)
E|Eyh hy(hy + hy)

rlie oo — TeMIIepaTypHbIid KO3 GULIUEHT paclliuPEeHUs;
AT — n3MmeHeHue TeMmneparypsl; £ — mMonynb FOHra;
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h — TomuuHa. MHaekchl 1 1 2 COOTBETCTBYIOT CJIOSIM
OuMOp(hHON KOHCTPYKILIUH.
3nameHatenb (1) OyaeT MUHUMMAJIbHBIM, €CJIU

2 2
E\hy = Eyh3. )

B sTtoM cnyyae OumopdHass KOHCTpYKLUS OymeT
o0sianath HaMOOJbIIEH YYBCTBUTEJIBHOCTHIO. B coOT-
BeTCTBUM ¢ hopmynamu (1) u (2) uU3BMeHeHUe KPpUBU3-
HBbI OYyIET ONMpenesIThCs BhIpakeHUEM

1 _ g(al—az)AT
p 2 h ’

rae A — o01as ToauruHa OMMOpP(PHON KOHCTPYKLIMU.

MakcumaabHOe TIepeMellleHe TaKoro MHKpPOaK-
TI0aTOpa TIpU HarpeBe ¢ yuetoMm dopmyn (2) u (3)
MOXHO PacCUMTaTh CJIeIyIOIMM obpa3oM [3]:

(3)

_ 3 (o
4 h

rae L — ajauHa MUKpoaKTioaTopa.

L2AT, (4)

hit
h2 i

Puc. 1. M3rud mukpoakTioaTopa
Fig. 1. Bending of microactuator




Takum oOpa3om, mIsl yBeJIMUYEHUS IIporuda Heod-
XOJAMMO BBIMIOJIHUTD YCI0BUE (2) U UCITOIb30BaTh Ma-
Tepuayibl C HauOoJIbllIell Pa3HOCThIO TEeMIIepaTypHBIX
K03(pDULMEHTOB JIMHEeHOTO paciuupeHus. I1pu aTom
TOJIIMHA OMMOP(MHON KOHCTPYKUMU HOJXKHA OBITh
KaK MOXHO MEHbIIIe, a JUIMHA — KaK MOXHO OOJIblIIE.
Heobxonumo otMeTuTh, 4To BhipakeHust (1)—(4) cropa-
BEIJIMBBI TOJBKO B Clydasix MaJiblx Aedopmaliuii, mo-
3TOMY MOXHO CUMTaTh, YTO 3aBUCMMOCTb Iporuda ot
TeMIIepaTyphl JIAHEHHA.

s pacyeTa ycuJinid, pa3BUBaeMbIX MUKPOAKTIOA-
TOPOM, €r0 KOHCTPYKIIMIO MOXHO TpPEICTaBUTh KakK
KOHCOJIb C paclpeae/eHHOU Harpy3koi ¢, HoO 0COOeH-
HO MHTEpPECHbI ycuiaus F, coCpeloTOYEHHbIE Ha KOH-
1e. DKBUBaJIEHTHbIE COCPENOTOYEHHBIC YCUJINS, BO3-
HUKawle B 6uMopdHOI CTPYKType 3a CUET Harpesa
n pazHoctu TKP, MoxHo npeacraButh B Buae [4]

3
ZE y, (5)
4L

roe b — mmpuHa; 4 — TOJIIMHA MUKpOaKTioaTopa, a
monyiab FOHra paccumtheiBaeTcs 1o ¢opmyie
hy+h,

F:

M3 BbIpakeHus (5) BUAHO, UTO YCUIUE 3aBUCUT OT
MEepeMELLECHUsI, KOTOPOE, B CBOIO OYEPENb, SIBISIETCS
dbyHkimen remneparypbl. [loaTOMy 3aBUCUMOCTb pa3-
BUBAaEMbIX MUKPOAKTIOATOPOM YCWJIUI OT TeMIIepaTy-
pBI TakKe JMHeHHa B 00JIacTH MaJibIX aedopmaliuii.

st ouenku KITJI MukpoakTioaTopa IpeHeopexkeM
€ro TeIJI000MEHOM C OKpyxXkatolleill cpenoil. B satom
cy4ae MOXHO TOBOPUTH 00 OLIEHKE IMpeAeTbHO BO3-
MoxxkHoro KITI 6umopdHoit koHcTpykuuu. Toraa nmoJ-
HYIO SHEPTrUi0 MUKPOAKTIOATOpPa MOXHO IPEICTaBUTh
B BUJIE

0 = (¢ymy + cymy)AT, (6)

IJie ¢| U ¢y — TEIUIOEMKOCTH, a My U My — MacChl CO-
OTBETCTBYIOIIMX CJI0EB OMMOP(MHONM KOHCTPYKLIMU.

IMome3Hyro paboTy, cOBepIIacMyI0 MUKPOAKTIOATO-
pOM IIPU HArpeBe, MOXHO IPENCTABUTD B CIIEAYIOLIEM
Buae [4]:

A = %Fy. (7
IMoxacrasnsst B (7) BblpakeHUs1 AJisl CUbl (5) U me-
peMelieHus (4), NOIydnM:

A, = 2 ESL(0; — 0y)?AT?, (8)
128
rae S — miolaab NONepeyHoOro CEYEHMsI.
[MomncranoBka (6) u (8) B BeipaxkeHue mist KIJ1 maer:

2
ESL(a,—a,) AT

128 ¢ymy+cym,

Ecnu BeIMoNHsIeTCS yenoBue (2), To (9) MOXHO Tie-
penucaTth B BUIE

-9
128 |
ClPL* 6P Ez

E, + /EE,

n (a; — 0p)’AT. (10)

M3 (10) BugHo, yto KII[I oNTMMU3MPOBAHHOTO IO
TepeMeIleHNI0 MUKPOAKTIoaTOpa He 3aBHCHUT OT €ro
TEOMETPUYECKUX Pa3MEPOB, a OMpPEACIIeTCS MCKITIO-
YUTETHLHO TTapaMeTpaMy UCTIOTb3YeMBIX MaTepHAIOB U
rneperpeBoM KoHcTpyKuuu. Ilpm HarpeBe Ha 100 °C
KITJI mukpoakTioatopa cocTasisieT MeHee 0,1 % st
HCIOJIb30BaHHBIX B TaHHOM paboTe MaTepHUasioB.

Co3nanne 3KCIEePMMEHTAIBHOIO 00pa3na

Cy1iecTByeT MHOXECTBO KOHCTPYKLIMI MHMKpPOAaK-
TIOATOPOB, PA3IUYAIOIINXCS TeOMETpUell M MaTepua-
smamu cioeB [1]. Lenbsio naHHO# paOOTHI SIBJISITIOCH HUC-
cJIemOoBaHUE TEPMOMEXaHMYECKMX CBOMCTB M XapaK-
TEPUCTUK MUKPOAKTIOATOPOB, a TAKXKE COMOCTABJICHUE
pacyeTHBIX M SKCIEPUMEHTATBbHBIX JaHHBIX. OmXHUM
U3 HauboJjiee paliOHATbHBIX ITyTell U3TOTORIEHNS MPO-
CTHIX U JICIIIeBBIX MUKPOAKTIOATOPOB SIBJISETCS UX TIPO-
eKTUPOBaHMUE II0J OTPAaO0OTAaHHYIO TEXHOJOTUIO (3TO
SKOHOMUT MaTeprabHbIe M BpeMeHHBIe pecypchl). Ho
y TaKOTO IyTH €CTh M CBOM HEIOCTATK!: OOBIYHO TEX-
HOJIOTHS pa3pabdaThIBaeTCs IO ONpeaeIeHHBI Habop
TUMOBBIX KOHCTPYKIMI, a 3TO OrpaHUYMBAET BBIOOD
MaTepuagoB U pa3Mepbl CTPYKTYD.

1T M3TOTOBJIEHUS 9KCIIEPUMEHTAIBHBIX MaKeTOB
MHUKPOAKTI0aTOPOB ObljIa BhIOpaHa TEXHOJIOTUS T'MO-
KUX MeyaTHbIX Iu1at. OHa Xopollo pazpadboTaHa U Mo-
3BOJISIET CO3/IaBaTh ABYXCJIONHBIC CTPYKTYPHI, COCTOS-
1IKMe U3 moJuMepa U MeTajia.

151 U3roToBAEHUSI MUKPOAKTIOATOPOB MUCIOJIb30-
Bajicsl TUOKWUI ABYXCIOWHBLINA (MOJUMUMHUL + MeEIb)
Matepuan "Pyralux" ¢upmsr "DuPont” [5]. OcHOBHBbIE
TmapaMeTpHl eT0 CJIOEB TIPEICTABIICHBI B TaOJHIIE.

OcHOBHbIE TAPaMETPbI MATEPHATIOB OMMOPGHOIi CTPYKTYPbI
Main parameters of the materials of the bimorph structure

Cron
H Layers
aMMEHOBAHUS TTapaMeTPOB
Parameters
Menps | IMomunmun
Copper |  Polyimide
TomuuHa cos, MKM 18 50
Thickness of a layer, micrometers
TKP, 107%/°C 16,8 27
TCE, 107%/°C
[I0THOCTB, KI/M> 8960 1300
Density, kg/m3
Monynp lOnra, I'ma 110 3,1
Young's modulus, GPa
VYaenpHast TeruioeMKocTb, Ix/ (kT K) 384 110
Specific thermal capacity, J/(kg - K)
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Puc. 2. KoncTpykuus MHKPOaKTIOATOpa
Fig. 2. Design of microactuator

Ha ocHOBe mpuBeIeHHBIX BhILIE pacueTOB ObLIT pa3-
paboTaH 1 M3roTOBJIEH MO TEXHOJOTMM rMOKMX IIevar-
HBIX TIJIaT MUKPOAKTI0ATOP ONTUMAIbHOM KOHCTPYK-
1N, TIPEICTABIISIIOIINIA COO0OM KOHCOIb (JUIMHA 8§ MM,
mwpuHa 2 mM) ¢ [1-o6pa3Hoil MeTaIM3alueit Iupu-
Hoit 400 Mxm (puc. 2).

Hccnenosanue xapaKTepucTHK

JJ1st uaMepeHust yCUIMii MUKpOaKTioaTopa B JMa-
MMa3oHe OT COTeH MUKPOHBIOTOHOB JI0 JECSITKOB MUJI-
JIMHBIOTOHOB ObLI M3rOTOBJIEH CTEHII Ha OCHOBE Mar-
HUTO3JEKTpUYECKOro mpeodOpa3oBareis (puc. 3, cwm.
YETBEPTYIO CTOPOHY OOJIOXKM).

Ilepen HauaoM BKCHEpUMEHTA JATYUK CUITbI Kalno-
poBaics (puc. 4). KanmbpoBouHoe yCTpOMCTBO Mpea-
CTaBJISVIO COOOM JTabopaTOpHBIE BEChl C LUJIMHIPOM
MU3BECTHOU MacChl, KOTOPbI BBIMOJHSI (DYHKIIUIO Te-
PEXOJHOTO 3JIEMEHTA MEXIY CTPEIKON MaTuMKa CUJIBI
U BecaMmu. JJaTuMK CUJIbI pacriojiarajacs Tak, YToObl ero
CTpeJiKa Haxoawnach Han uviauHapoM. [locie mpuiio-
JKEHMST HAMPSDKEHUS K TaTYUKY CUIIbI €r0 CTpeJiKa OT-
KJIOHSIJIAaCh W 4epe3 LWIMHAP AeHCTBOBaja Ha BECHI.
ITokazaHus BecoB M MPUKJIAAbIBAEMbIe HAIPSKEHUS
(UKCUPOBAIUCH.

3areM Moka3aHusl JaTYMKa U BECOB MePECUUTHIBA-
JINCh COOTBETCTBEHHO B €IMHMIIBI TOKA U CHWJIbL. Ta-
KUM 00pa3oM Oblila MoJydyeHa 3aBUCUMOCTh KOMIIEH-
CHUPYIOIIEH CUJIBI OT TOKA IPU MAaJIbIX MepeMEIeHUSIX
(puc. 5).

DKCIMEepUMEHTHl 0 HM3MEpPEeHUI0 XapaKTepPUCTUK
MUKPOaKTIOaTOpa MPOBOAWIMCH B OMNpeaesIeHHO T0-
CIIeAOBATEILHOCTH.

Ilepewiii sKcnepumenm 3aKiO4ancs B U3MEPEHUU
MaKCHUMAaJbHOTO OTKJIOHEHUSI MUKpoaKTioaTopa. Ma-
KET MUKpOaKTIoaTopa 3aKperuisiicsl B BepTUKAIbHOM
TUIOCKOCTH C TTIOMOIIBIO AgpsKaTeseil, COBMEILECHHBIX C
aJiekTpoaaMu. Yepe3d MUKPOaKTIOATOp IPOIyCKajcs
VIPaBJISIIOLINKM TOK, B pe3yJbTaTe Yero HaKOHEUHUK
MUKPOAKTIOATOPa OTKJIOHSIJICSI OT MepBOHAYATBLHOTO
nojoxeHus. Kornma oTkjioHeHHe OBLIO MaKCUMalb-
HBbIM, YOPaBISIOLINKA TOK MOCTENEHHO CHUXAJICS 10
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HyJs1. B cxeMy 3KCIepUMMEHTaIbHOTO CTeHIa BXOIMIN
JIBe BeO-KaMephl: oJHa (MKCUpPOBaia OTKJIOHEHWE MUK-
poaxkTioaTopa, a BTopasi CHUMaJjia IMMOKa3aHus ¢ UCTOY-
HuKa nutanus. MHdopMauus ¢ obeux kaMmep 3aruchbl-
BajlaChb CUHXPOHHO U 3aTeM obOpabaThiBajiach C IOMO-
IbI0 KoMITbloTepa. TakmMm o0pa3oM ObUIa MoydeHa
3aBUCUMOCTD TepPeMEIIeHNST MUKPOAKTI0aToOpa OT TT0-
TpebsieMoit MouIHocTH (puc. 6).

Bmopoii sxcnepumerm POBOIWIICS OIS TIOTYISHUS
CUJIOBOM XapaKTepUCTUKU MUKpoOakTioaTopa. Maker
MMKPOAKTIOAaTOpa 3aKpeIuisuiCs B BEPTUKAJIBHOMN TU10C-
KOCTH C TIOMOIIIBIO IepsKaTesieil, COBMEIIEHHBIX C 3JIeK-
TpoAdaMu TaKM 00pa3oM, YTOOBI CTpesiKa AaTYMKA CUIIbI
1 MUKPOAKTIOATOp pacriojaraiuch B OIHOM MJIOCKO-
ctu. Yepe3 MUKPOAKTIOATOP MPOIyCKaICs YIpPaBisiio-
LI TOK, 1 HAKOHEUHUK MUKPOAKTIOATOPa OTKJIOHSII-
Csl OT NMepBOHAYAIBHOTO TooXeHUs1. Koraa oTkioHe-
HHE CTaHOBUJIOCH MaKCUMaJbHbIM, K JHaTYUKY CHJIbI
MPUKJIAABIBAJIOCH YIIpaBisitollee HampskeHue. OHO

| Hepxates |
I Holder I
I / I
| Crpermxa I
| Pointer |
I I
I I
I I
| IiwmHHAp I
| Cylinder :
! JaTiHK yeHn |
! Force sensor !
I I
B — |
I I
I I
I I
I I
| JIaGopaTopHBIE BeChl I
I I

Laboratery balance

Puc. 4. Cxema cTeHIa KaanOpoBKA
Fig. 4. Scheme of the stand for calibration

ookt ads JIHHHA aITPOKCHMALTHH
Apmfmnﬁfn Iine

10% 4 Value Error
Intarcopt 0,20009 94BE04E4
Siope 058142 40539264

Reduced Chi-Sor 1,80854E-6
R-Square
Pearson'sr  (,990900

Puc. 5. KannOposouynasi mpsmasi IpH MaJIbIX MepeMeneHusIX
Fig. 5. Calibration line with small movements




Equation: y = Intarcept + B1%x + B2*2 L ﬂaKHI:Ie

Wasghting. No Wasghtng Dain
1200 Valoe Emer __ Jhmmis anpoKcHMALRHH

AN Aproximation Iine

B2 -0.00144 1,8073E4

L.

1000 - Reduced ChiSqr 2076,61765

R-Squam 098415

0 200 400 600 800

Puc. 6. 3aBuCHMMOCTh mepeMeleHnsi MUKPOAKTIOATOpa OT MOTped-
JIIeMOii MOIHOCTH

Fig. 6. Dependence of the displacement from the microactuators power
consumption

Equation: y = Inercept + SBpe™
Weighting: No Woighting

Data Value Enror
Intorcapt 081677 0,01561
JIHHRA AT OKCHMAT Shope 0,00136 43208865

Aproximation Iie
Reduced ChiSqr  5.24602E4
1,09 R-Square 099450
Poarson's ¢ -0,95749
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Puc. 7. 3aBUCHMOCTD yCHJINS, PA3BHBAEMOr0 MUKPOAKTIOATOPOM, OT
nepeMeneHust

Fig. 7. Dependence of the force developed by microactuators, from
moving

YBEJIMUMBAJIOCH O TeX TOp, NTOKa OTKJIOHEHUEe aKTioa-
TOpa He KOMIICHCHUPOBAJIOCH OTKJIIOHEHUEM CTPENIKU
JaTYnKa CUJIbl. 3HAUEHUE HATIPSDKEHUST Ha JaTUUKe CH-
JIbI, TP KOTOPOM OTKJIOHEHHUE aKTHaTopa ObLIO TOJ-
HOCTBIO CKOMITEHCUPOBAaHO, QUKCHUPOBAJTIOCH, M 3aTEM
10 3aBUCUMOCTH KOMIIEHCUPYIOLIEH CUIIbI OT TOKA OTI-
pemesyioch co3maBaeMoe TIpH 3ToM ycuiue (puc. 7).

st BU3yanm3aiuy KapTUHBEI TEITOBOTO TTOJTSI ObLTa
poBeneHa cepus skcnepuMeHToB Ha MK Mukpocko-
ne QFI. Ha puc. 8 (cM. 4eTBepTy10 CTOPOHY O0JIOKKH)
MpeCcTaBlIeHa KapTUHA pacrpenesieHUs] TeMIIepaTyphbl
B Cpe3e MUKPOAKTHATOpa.

CpenHsisg TeMIiepaTypa neperpesa, ornpeeieHHas 1o
pe3yabTaTaM 3THX 3KCIepMMeHTOB, coctaBmwia 120 °C.

3akimoyeHue

B pesynbTaTe uccienoBaHU ONTUMU3MPOBAHA
KOHCTPYKIIMS MUKPOAKTIOATOpa Ha OCHOBE TTOJTUUMMU--
Ja ¥ Meau, odecreyrBaolas MaKCUMMaabHOe IepeMe-
meHue. [TokazaHo, uTo a1 Takoil KoHcTpykuuu KIT/T
He 3aBUCUT OT F€OMETPUUYECKMX pa3MepoOB MHUKpPOAK-
TI0OATOpa, a ONpeAesieTCs 1L CBONCTBAMM UCITOJb-
3yeMbIX MaTepHaJIOB U TEPErPEBOM.

CretMajibHO 11 KOHTPOJISI apaMeTpoB MUKPO-
aKTIoaTopa ObLI pa3paboTaH W M3TOTOBJIECH U3MEPU-
TeJbHbI CTEHJ Ha OCHOBE MAarHUTORJEKTPUYECKOTO
npeoOpazoBare/isl, MO3BOISIOIINN U3MEPSITh YCUIIUS B
JIrarna3oHe OT COTeH MUKPOHBIOTOHOB IO NECSITKOB
MWUIMHBIOTOHOB. [lepemelieHrs1 akTioaTopa nu3Mepsi-
JIUCh C MOMOILBIO CIEeIIMaIbHO pa3pabOTaHHOTO Aep-
>KaTesisi, COBMEIIEHHOIO0 ¢ JUHEWKOM (1LieHa JdeeHus
100 MKM), 1 MUKpPOCKOIIA.

Bbun nmosyyeHbl 3aBUCMMOCTb Pa3BUBAEMbIX MUK-
pPOaKTIOATOPOM YCWJIMIA OT IepeMelleHUs] U 3aBUCU-
MOCTb IepeMeIleHUs] OT MOTPeOIsIeMOl MOIIHOCTH.
IlepBast 3aBUCMMOCTb MMeJa JMHEUHbBIN XapakTep, a
BTOpasi — HEJIMHEUHBINA, YTO MOXET OBbITh CBSI3aHO C
HEJIMHEMHON 3aBUCUMOCTBIO TeMIlepaTypbl OT TOKA.
MaxkcuManbHOe 3HaYeHHWE CUJIbI TOKA, TIPU KOTOPOM
He Haboaanoch c00s1 paboThl WX Aerpajaliid MUK-
poakTioaropa, coctanisuio 2,0...2,5 A. MakcuMmaibHbIe
MepeMelleH sI, KOTOpble yAaIOoCh MOJYYUTh, COCTABIIS-
m ~1 mM. Ha Takoe mepemellieHue 3aTpadynBaiach
MolurHocTh 850 MBT, UTO 111 MUKPOPOOOTOTEXHUYE-
CKHUX MPUMEHEHUI BechbMa CylleCTBeHHO. MakcuMmalb-
Hble ycunus coctaBwin ~0,8 MH, a meperpen ~120 °C.

AHaTMTUYECKHUE pacyeThl MOoKa3aau, YTo MPU Ha-
rpese akToaTopa Ha 120 °C nepemelleHUs] COCTaBIsI-
10T ~950 MKM, a pazBuBaeMble ycuius ~0,78 MH. Xo-
polliee COBIaJeHNWe PacUeTHBIX U 3KCIEPUMEHTasb-
HBIX JAHHBIX TOBOPUT O TOM, YTO TEOpeTHUYECKask MO-
JIeJTb MUKpPOaKTIoOaTopa OblJTa BBIOpaHAa MPAaBUJIBHO U
€€ MOXHO YBepEHHO MCIIOJIb30BaTh MJISI PEIICHMS 3a-
Ja4 MpsSIMOro U 0OpaTHOro MPOEKTUPOBAHUSI MUKPO-
aKTI0aTOPOB.
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Development and Analysis of a Thermomechanical Bimorph Microactuator

The thermomechanical bimorph microactuator (hereinafter microactuator) is a promising converter of the stored or induced en-
ergy into a mechanical motion [1]. It is distinguished by simplicity of its design and manufacturing technology, and ability to produce
great efforts and displacements. This article presents estimates of the mechanical and thermal calculations, the manufacturing proc-
esses of an experimental sample of the microactuator and analysis of its characteristics.

Keywords: MEMS, microactuators, thermomechanical bimorph microactuators, flexible printed circuit board technology

Introduction

Thermomechanical (thermal) converters are the
most widespread kind of actuators for development of
micropropellers for microrobots. They are bimorph
structures with different thermal coefficients of expan-
sion (TCE), or structures with areas with different tem-
peratures of heating, or design from one material,
which expands due to heating. By means of the thermal
converters it is possible to get big deformations, but, at
that, they demand big power inputs for warming up and
thereof have small coefficient of efficiency. Therefore
optimization of the designs of the thermomechanical
actuators is an important task [1].

Mechanical and thermal estimates

A microactuator is a three-dimensional structure of
two continuous layers with different TCE. During heat-
ing one layer extends more than another, and a distrib-
uted force leading to a bend appears (fig. 1). The expres-
sion defining the change of the curvature radius because
of heating can be presented in the following way [2]:

_ 6(ay—ay))AT )
2 2.2 ’

P (E hy - Eyhy)

E1E2h1h2(h1 +h2)

|—

+ 4(hl + hz)

where o — TCE; AT — temperature change; EF —
Young’s modulus; # — thickness. Indexes 1 and 2 cor-
respond to the layers of the bimorph design.

The denominator (1) will be minimal, if

2 2
Ehy = Eyh3. )

In this case the bimorph design has the greatest sen-
sitivity. According to formulas (1) and (2) the change of
curvature is defined by the expression

(o) —0y)AT
h bl

=3 3)

where # — total thickness of the bimorph design.
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The maximal displacement of such a microactuator
because of heating, taking into accouni formulas (2)
and (3), can be calculated as follows [3]:

47 n

where L is the length of the microactuator.

Thus, in order to increase the value of deflection it
is necessary to meet condition (2) and to use materials
with the greatest difference in TCE. At that, thickness of
the bimorph design should be as small as possible, and
the length — as big as possible. It is necessary to point
out, that expressions (1)—(4) are fair only for small de-
formations, therefore it is possible to consider, that the
dependence of a deflection on the temperature is linear.

For calculation of the efforts developed by a micro-
actuator it is possible to present its design as a console
with a distributed loading ¢g. Of special interest are ef-
forts F concentrated on the end. The equivalent con-
centrated efforts arising in the bimorph structure due to
heating and difference in TCE can be presented in the
form of [4]:

L?AT, (4)

3
F= £y, (5)

ar’
where b — width; A — thickness of the microactuator,
and the Young’s modulus is calculated in accordance
with the formula:

_ Eyhy+ Eyhy
hy+hy,

From expression (9) it is visible, that the effort de-
pends on the displacement, which is a temperature
function. Therefore the dependence of the efforts de-
veloped by microactuator on the temperature is also
linear in the area of small deformations.

In order to evaluate the coefficient of efficiency of
the microactuator let us neglect its heat exchange with
the environment. In this case it is possible to talk about
estimation of the maximal possible coefficient of the ef-
ficiency of the bimorph design. Then the full energy of
the microactuator can be presented in the following way:

0 = (¢ymy + c;my)AT, (6)




where c¢; and ¢, — thermal capacities, m; and m, —
weights of the corresponding layers of the bimorph
design.

The useful work of the microactuator during heating
can be presented in the following way [4]:

1
5B, 7)

Substituting in (7) expressions for force (5) and dis-
placement (4), we will receive:

A, =

- 9 25 772
A, = mESL(ocl — 0y)°AT?, (8)
where S is the area of a cross-section.

Substitution of (6) and (8) in the expression for the
coefficient of efficiency gives us:

M7 128

9 ESL(o;- (xz)zAT ©)
cymy+cymy

If condition (2) is met, (9) can be rewritten in the
following way

_ 9 E+JEE

718 L
CiP1+ 6Py |
N Ey

From (10) it is visible, that the coefficient of effi-
ciency for displacement of the optimized microactuator
does not depend on the geometrical dimensions, but is
determined exclusively by the parameters of the used
materials and of the design overheat. At heating by 100 °C
the coefficient of efficiency of the microactuator is less
than 0,1 % for the materials used in given work.

(0] — 0p)?AT. (10)

Development of an experimental sample

There are many microactuators, differing by their
geometry and materials of layers [1]. The aim of this
work was analysis of the thermomechanical properties
and characteristics of the microactuatorsi and compar-
ison of their design data and experimental data. One of
the rational ways of manufacture of simple and inex-
pensive microactuators is their designing for the already
existing technology, which saves material and time re-
sources. But such a way also has its drawbacks: a tech-
nology is developed for a certain set of typical designs,
which limits the choice of materials and dimensions of
the structures.

For manufacture of the experimental breadboard
models of the microactuators the technology of flexible
printed-circuit boards was chosen. The technology is well
developed and allows us to create two-layer structures
from polymer and metal. For manufacture of the micro-
actuators Pyralux, flexible two-layer (polyimide + cop-
per) material from DuPont Co., was used [5]. Key pa-
rameters of its layers are presented in the table below.

On the basis of the calculations a microactuator of the
optimal design was developed and manufactured. It is a
console (length of 8 mm, width of 2 mm) with IT-shaped
metallization with width of 400 micrometers (fig. 2).

Study of the characteristics

For measurement of the microactuator’s efforts with-
in the range from hundreds of micronewtons up to tens
of millinewtons a stand was made on the basis of a mag-
netoelectric converter (fig. 3, see the 4-th side of cover).

Before the beginning of the experiment the force
sensor was calibrated (fig. 4). The calibrating device was
laboratory scales with a cylinder of known weight,
which carried out the function of a transitive element
between the force sensor’s pointer and the scales. The
force sensor was fixed so that its pointer was over the
cylinder. When a force was applied the force sensor, its
pointer deviated and through the cylinder influenced
the scales. Indications of the scales and the applied
pressure were recorded. Then indications of the sensor
and the scales were recalculated into the current and
force units. Thus, the dependence of the compensating
force on the current at small displacements was ob-
tained (fig. 5).

Experiments for measurement of the microactua-
tor’s characteristics were done in a certain sequence.

The first experiment consisted in measurement of the
maximal deviation of the microactuator, which was fixed
in a vertical plane by means of the holders connected
with electrodes. The control current passed through the
microactuator, as a result of which its tip deviated from
the initial position. When the deviation was maximal,
the control current gradually decreased to zero. The
stand circuit included two web cameras: one of them
recorded deviations of the microactuator, while the sec-
ond read the indications from the power supply. Infor-
mation from both cameras was recorded synchronously
and then it was processed by means of a computer.
Thus, the dependence of the microactuator’s displace-
ments on the consumed power was obtained (fig. 6).

The second experiment was done for obtaining of the
power characteristic. The breadboard model of the
microactuator was fixed in a vertical plane by means of
the holders connected with electrodes, so that the
pointer of the force sensor and the microactuator were
in one plane. The control current passed through the
microactuator, and its tip deviated from the initial po-
sition. When the deviation became maximal, the con-
trol voltage was applied to the force sensor. It kept in-
creasing till the moment, when the deviation of the ac-
tuator was compensated for by the deviation of the
pointer of the force sensor. The voltage on the force
sensor, at which the deviation of the actuator was fully
compensated, was recorded, and by the dependence of
the compensating force on the current the applied effort
(fig. 7) was determined.
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For visualization of the picture of the thermal field
a series of experiments was done on QFI infra-red mi-
croscope. Fig. 8 (see the 4-th side of cover) presents a
picture ot the temperature distribution in a section of the
microactuator. The average overheat temperature, deter-
mined by the results of those experiments, was 120 °C.

Conclusion

The design of the microactuator on the basis of poly-
imide and copper, ensuring the maximal displacement,
is optimized. It is demonstrated, that the coefficient of
efficiency for it as not depend on the geometrical dimen-
sions of a microactuator, but is determined only by the
properties of used materials and overheat.

Specially for the control of the microactuator’s pa-
rameters a measuring stand on the basis of a magneto-
electric converter is developed and manufactured, al-
lowing to measure efforts within the range from hun-
dreds of micronewtons up to tens of millinewtons. The
actuator’s displacements are measured by means of a
specially developed holder combined with a ruler (di-
vision value of 100 um), and a microscope.

The dependences are obtained of the efforts devel-
oped by a microactuator on the displacements, and of
displacements on the power consumption. The first de-
pendence has a linear character, the second one — a
nonlinear character, which can be due to a nonlinear

dependence of the temperature on the current. The
maximal current strength, at which no malfunction or
degradation of the microactuator was observed, equaled
to 2,0...2,5 A. The maximal displacement, which could
be obtained, is ~1 mm. The power consumed for it is
850 mW, which is essential for the micro-robot-tech-
nical applications. The maximal efforts are ~0,8 mN,
and overheat ~120 °C.

Analytical calculations demonstrate that at heating
of the actuator by 120 °C the displacements are
~950 micrometers and the developed efforts ~0,78 mN.
Good coincidence of the calculation data and the ex-
perimental data proves that the theoretical model is cho-
sen correctly, and it can be used for solving of the tasks
of direct and reverse engineering of microactuators.
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