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MOAEANPOBAHUE PE3BOHAHCHO-TYHHEAbHbBIX AMUOAOB
HA OCHOBE IrPA®EHA HA TTOAAOXKAX PASAMHHOTO TUINA

ITlocmynuna 6 pedakyuio 16.07.2015 e.

C ucnonv3zosanuem pazpabomanHbliXx YUCACHHbIX MOoOesell NPO8e0eHO MOOeAUPOBaAHUEe Pe30HAHCHO-MYHHeAbHbIX 0uodos (PT/)
Ha OCHoGe epagheHa Ha NOOAOICKAX KapOuda KpemHus U 2eKCaeoHaabHo2o Humpuoa bopa. Mccaedosano eausHue pasiu4Hblx
gakmopos Ha éorvm-amnephvle xapakmepucmuku. [1oka3ana 6axcHoCmMy UCHOABb308AHUS CAMOCO2AACOBAHHO20 paAcHema npu
modeauposarnuu PTJ] na ochose epaghena ¢ npomsceHHbIMU NPUKOHMAKMHbIMU 061acmAMU.

Karoueevte caosa: pe3onancHo-myHHeAbHbI 0UOD, 2pageH, Kapouod KpeMHUs, 2eKCca20HAAbHbIL HUMpUO Gopa, ypasHeHue

IlIpeduneepa, uucrennas modensb, MOOCAUPOBAHUE

Bsenenue

I'pachen BciaenacTBUe CBOMX YHUKAIbHBIX 3JEKTPU-
YECKMX, MarHUTHBIX, ONITUYECKHUX, TEIJIOBBIX U MeXa-
HUYEeCKUX CBOMCTB SIBJISICTCSI OMHUM U3 HauboJee mep-
CIMIEKTUBHBIX HAHOMATEPUAJIOB [JISI CAMBIX DPa3jivy-
HBIX MpuMeHeHu# [1—3], B yacTHOCTH 11 pa3padoT-
KM TMPUOOPHBIX CTPYKTYp HAHO3JIeKTpoHUKHU. Tak, B
HACTOsIIIIee BpeMsI TIPOBOISATCS WHTEHCUBHBIE MCCIIE-
JIOBaHMSI MPUOOPOB Ha 3¢h¢eKTe Pe30HAHCHOTO TyH-
HenupoBaHus [3].

K coxaneHuto, OCHOBHOI HeZOoCTaTOK rpadeHa,
3aTPYIHSIIONIMI €ro UCMOIb30BAHUE B DJIEKTPOHUKE, —
OTCYTCTBHE 3aIpelleHHON 30HbI. CyllleCTBYeT HECKOb-
KO METOJOB 30HHOI MHXXEeHEePUHU sl MOJTyYeHUs 3a-
MpEeIICHHON 30Hbl B CTPYKTYpax, BKIOYAIOIIMX I'pa-
¢eH. [lepcneKTUBHBIM CUMTAETCS IPUMEHEHUE MHO-
rocjoiHoro rpadeHa, a Takke MOIJI0XKEK Pa3IMUHOrO
tuna [3].

st onvcaHusl 3JIEKTPOHHOTO TpaHCIopTa B rpa-
¢heHe, cTporo ropopsi, HEOOXOAUMO HUCIOb30BaTh YpaB-
HEeHUe KBAaHTOBOW 3JIEKTPOAUHAMUKHU [4], ogHAKoO B
psiae ciaydaeB (B TOM YHMCJIE OTMEYEHHBIX) JOIIyCTUMO
MpUMeHeHHe 0ojiee MPOCThIX YPaBHEHUIN HEPEISITU-
BUCTCKOI KBAHTOBOM MEXaHUKMU (CM., Harpumep, [5]).

Ilenbio paboThl SIBISIETCSI MOJEIMPOBAHUE BOJIBT-
aMmIiepHbIX xapakrtepuctuk (BAX) pe3oHaHCHO-TYH-
HenbHbIX auoaoB (PT]) Ha ocHoBe rpacdeHa Ha TOMI-
Joxkkax kapouma kpemHus (SiC) u rekcaroHaJbHOTO
Hutpuga 6opa (h-BN) ¢ nucnons3oBaHueM MpeaIoXeH-
HBIX YMCJICHHBIX MOJEIECA.

YucieHHbIE MOAEIH

Cpeny OCHOBHBIX KBaHTOBO-MEXaHWYECKUX (op-
MaJIu3MOB BOJIHOBBIX (DYHKIIMIA, MaTpull TIOTHOCTH,
dbyHkumit Burnepa u dyHkuuii I'prHa, UCoIb3yeMbIX
npu moaenaupoBaHuu PT/I, Hanbobleit 5KOHOMUY-
HOCTBIO XapaKTepU3YIOTCS MO (hopMair3Ma Bo-
HOBBIX (YyHKIMI [6]. UMeHHO 3TOT (popmanusM u
MPUMEHSIU B paborte.

IpemnoxeHHas yncieHHas MoAelb 1 ocHOBaHa Ha
WCTIONb30BaHNU ypaBHeHMs LllpennHrepa, a UMeHHO

2
Ho(lo

—— 2 |="wy| +Uy=F 1
26x(m*6x) v v 0

rac IMOTCHUOMAJIbHAas SHEPIUA U 3agaBajach ¢ MOMoO-
HIbIO COOTHOLICHUA

U= —q® + Eg, )
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a E . xapakTepusyeT U3rud 30HbI IPOBOAUMOCTH, KO-
Topblii paBeH 0 IJisl MOTEHLUMAJIbHON SIMbI; i — TIO-
crosiHHas [lnaHka, neiaeHHast Ha 2w, X — MPOCTPaH-
CTBEHHasl KoopAuHaTa; m* — d3¢hdeKTUBHAs Macca
9JIEKTPOHA; y — BOJIHOBasA (orubaroiast) GyHKIUS;
E — sHeprusd aekTpoHa; ® — 3JeKTPOCTaTUYECKUIA
MOTEeHILMaJl, KOTOPBIiA OIpeaeseTcss NpuKiaabiBae-
MbIM K CTPYKType CMEILeHUEM; ¢ — 3apsil DJIEKTPOHA.

KoHeyHO-pa3HOCTHYIO amnmnpoKCUMaldi0 YpaBHE-
Hus IpeauHrepa ajisi BHyTpeHHUX y3JI0B CETKHU TPO-
CTPAHCTBEHHON AMCKPETU3ALUM U JIJIsI TOUeK TpaHuL]
paszesna OCyLIEeCTBISJIA C IPUMEHEHUEM UHTErpO-UH-
TepHoJSILMOHHOTO Ioaxoga TuxoHoBa—CamMapcKoro
[7]. TlonyyeHHbIe B pe3yJbTaTe almnpoKCMMaluu CO-
OTHOILICHMSI IPUBEIACHEBI B padorax [8, 9].

BaxHbIM Npy MOJEIMPOBAHUM HAHOJIEKTPOHHbBIX
MPUOOPOB SBJISIETCS YU€T UX B3AMMOJEHCTBUS C BHEL -
Hell cpepoii. B pa3paboTaHHOII Monmenanm BO3MOXKEH
Y4YeT BHEUIHMX TPAaHUYHBIX YCJIOBUI OOLIEro BUAA:

Ny gy =
2+ ay = b, 3)

rne a u b — KoadbuMeHThl. AMMpoKCUMalMs Tpa-
HUYHBIX YCIOBUI MOXET ObITh OCYIIECTBICHA pa3iny-
HeiMu MeTogamu [10]. B pazpaboTaHHOl MOAeIn BO3-
MOXHO HCITOJIb30BaHWE JIBYX METOMIOB aIlpoKCUMa-
LIMM BHELIHUX FPAHUYHBIX YCJIOBUI: METOA BHYTPEH-
HUX TPaHUYHBIX YCJIOBUIi; MeToAa (PUKTUBHOI TOUKH.
Llenecoobpa3HOCTb 3TOrO CBI3aHa C TeM, YTO OHU Xa-
pPaKTEepU3YIOTCS PA3IMUYHBIM TTOPSIAKOM amIMpOKCH-
MallWu.

B uucieHHoi Monenu annpoKcuMalusl ypaBHEHUS
IMpenurHrepa BO3MOXHa Kak Ha paBHOMEPHOM, Tak U
HEPAaBHOMEPHOM CETKax IMPOCTPAHCTBEHHOUN IUCKpE-
TM3auuu. [1py MOCTpOeHUM CEeTKM HEOOXOAMMO YUu-
ThIBaTbh TAKylI0 OCOOEHHOCTb PE30HAHCHO-TYHHEIBbHOMN
CTPYKTYpbI, KaK HAIMYME TPAHUIL pasielia IByX Cpel.
ITosTOMYy CeTKy MpOCTPaHCTBEHHOW AUCKPETHU3ALUN
HEOO0XOMMO CTPOUTh TaKMM O0OpPa3zoM, YTOOBI Y3JIbl
CeTKM TIpUXOAWIMCh UMEHHO Ha TpaHMIlIbl pasiena.
DTO ycloBUE SBISIETCS HEOOXOAMMBIM MPU MOCTPOE-
HUU KaK PABHOMEPHOM, TaK U HEPABHOMEPHOW CETOK.

McxomHbIMU TaHHBIMU JUISI pacyeTa luara paBHO-
MEPHOW CEeTKM SIBJISIIOTCSI T€OMETPUUYECKUE PA3MEPHI
o0siacTeil CTPYKTYphl U HayaJIbHOE YMCJIO 1IAaroB CeT-
KU, KOTOPOE 3aTEM KOPPEKTUPYETCSI B MPOLIECCE BbI-
yucaeHus: mara. OCHOBHBIM KpuUTepHeM JJisi BbIOOpa
11ara paBHOMEpPHOI CETKM SIBJISIETCSl pa3OueHue Kax-
JIoii 00JTacTU Ha 11eJI0€ YHCIIO 111aroB MPU MaKCUMaJTb-
HO BO3MOXHOM 01M30CTH OOILIETO YKCJia 1IaroB CETKU
K HayajibHOMY. OCOOEHHOCTh pAaBHOMEPHOI CETKU 3a-
KJIIOYaeTCsl B TOM, UYTO JUISI CTPYKTYp, pa3mepbl 00-
JIaCTel KOTOPBIX OTJIMYAIOTCSl 3HAUYUTEIbHO, HE00XO-
UM, KaK TpaBuJIo, MEpexol K 0oJiee TyCTOW CeTKe, a

4 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Ne 11, 2015

3TO TIPUBOJUT K CYIIECTBEHHOMY YBEJIMUYCHUIO BpeMe-
HM cyera.

B uncieHHOI Momenu TIpeaycMOTpeHa TaKKe IUC-
Kkpetusanus ypaBHeHus LlpeauHrepa mis ciayyast He-
pPaBHOMEPHOM CETKH, UTO B UTOTE MOXKET IPUBOIUTH
K TOBBILIEHUIO 9KOHOMUYHOCTUA MOJEU, MPUYEM CY-
IIeCTBeHHOMY. MICXOOHBIMM MapameTpaMu IJIsT TI0-
CTPOCHMSI HEPABHOMEPHON CETKU SIBJISIIOTCS MUHU-
MAaJIBHBIN IIar CETKH, TeOMETpPUUYECKUEe pa3Mephl 00-
JlacTelt CTPYKTYpbl U KO3((ULMEHT HEOTHOPOIHOCTHU
CETKHM, KOTOPBIII MOXET BapbUPOBAThCS B AMAra3OHe
3HauYeHuit ot 1 (mepexoa K paBHOMEpPHOIt ceTke) 1o 1,7.

Hust ormmcanust popMbl Oapbepa, KpoMe JIMHEIHOM,
MPUMEHSIN TaKKe TMIEepOOJMUYECKYI0 anmpoKcuma-
uuto [11, 12]. AnnmpokcuManuio NpoBOAUIN HE TOJIbKO
IU1s1 6apbepOB, HO U JIJIsS1 KBAHTOBOM SIMbI MEXY HUMM.
B pesynbTate MOomudUIIMPOBAHHBI UCXOMHBIN ITOTEH-
LIMaTbHBINA MTPOMUIb ONMUCHIBAICS COOTHOILLIEHUEM

o P, Y
rae Hyy — BbICOTAa SKBUBAJIEHTHOIO MIPAMOYIOJLHOIO
Oapbepa, 3HaK MMHYC COOTBETCTBYET 00JacTU Oaphbe-
pa, a 3HaK IJII0C — 00JIaCTH SIMBI; B — KOI(DULIMEHT;
W), — LluMpuHa 6apbepa; X — KOOpAMHATA IId 6apbepa,
npuyeM 31ech x € (0, wpy). B rpaHMYHBIX TOUKAX BO3-
MOXHO nejieHue Ha 0, Mo3ToMy ISl ONMUCAHUS TO-
TEHLMAJIbHOro IMpoGuIs HEMOCPEACTBEHHO BOIM3U
TPAaHUYHBIX TOYEK MPUMEHSUIU JTMHEHHYIO anpOKCH-
Malluio.

B pesynbrare KOHEUYHO-PA3HOCTHOM ammpoKcuMa-
1uu ypaBHeHus IlpeauHrepa 3agaya cBOAUTCS K pe-
LLIEHUIO CUCTEMbI IMHEWHBIX aJIreOpanyecKux ypaBHe-
HUA BUAA:

AY = F, (5

rme A — TpexaumaroHajxbHas MaTpuia; ¥ — BEKTOp-
crosibell, BKJIIOYAIOLINNA 3HAYEHUS ; B y3JaX CETKU
MPOCTPAaHCTBEHHOW AWMCKpeTU3aluu; F — BEKTOp-
crosibell mpaBbix yacteit. s pemeHus (5) Mcnob3y-
ercs metoa ['aycca (BO3MOXHO MPUMEHEHUE TPEX pas3-
JIMYHBIX aJITOPUTMOB €ro peajusaiuu). PesyibraTom
pelIeHnsT SIBJISTIOTCST 3HaYEHUST BOJIHOBOM (DYHKIIMU B
y3j7aX CeTKW MPOCTPAHCTBEHHOMN AUCKpETU3ALMU IS
3aIaHHOM SHEPrUM MaNaloLIEi 4YacTULbl U MPUIO0-
>KEHHOTO HamnpsikeHusi. PazpaboTaHHas Mojeb TakK-
K€ TI03BOJISIET paccunTaTh KO3GGUINEHT MPOXOXKIE-
HUSI M Ha €ro OCHOBE IJIOTHOCTb TOKA JUISl pe30HAaHC-
HO-TYHHEJIBHBIX CTPYKTYpP C IPOM3BOJBHBIM YHMCIIOM
GapbepoB.

B kauecTBe umciaeHHON MOoAeny 2 MCITOIb30BAA
KOMOWHUPOBAHHYIO OJHO30HHYIO MOJIeb padboThl [12],
amaTnITHPOBAHHYIO I CIIydasi pe30HAHCHO-TYHHEb-
HBIX MTPUOOPHBIX CTPYKTYP Ha ocHOBe rpacdeHa. Ilo-




3TOMY OIMUIIEM ee KpaTKo. B Mojenu Takke yunThIBa-
€TCsl TOJIbKO 30Ha MPOBOAUMOCTHU. [TlepBoHauanbHO 3a-
JaHWe MOTEeHIMAaJIa B MOAEIM BO3MOXKHO C TTIOMOILBIO
HECKOJIbKMX anrpokcumanuit [12]. B mannHoii pabote
JIJISI 30HHOM CTPYKTYpPHI ABYXCJIOMHOTO rpageHa mpu-
MEHSUIM anpoOKCUMALIMIO TTOTEHIUATbHOIO MPOpuUIs
C YCpeIHEHHBIM 3HAUYeHMEM MOTEeHIIMaja Ha TeTepo-
rpaHMLIAaX BUOA

U. .+ U

Ui= l—l2 1+1’ (6)
rae U; — 3HaueHue MOTEHILIMaNa HENOCPEACTBEHHO Ha
rereporpaHuie (Touka ¢ uHaekcoMm i); U;_ ¢, U; 4 | —
3HAUEHUS TIOTeHLIMaNa Mo pa3Hbie CTOPOHBI Oapbepa.

AKTHUBHas1 00J1acTh OMpeaesisieTcsl BHIOOPOM TIpa-
HUII pa3fena "CIIMBKU" 00J1acTeil, B KOTOPBIX UCITOJb-
3YIOTCSI MOJYKJACCUYECKUI U KBAHTOBO-MeXaHUYe-
cKuii momxonnl. st paccMaTpuBaeMbIX CTPYKTYp Ha
OCHOBe rpadeHa B aKTMBHYIO 00JIACTh BXOAST MOTEH-
LIMaJIbHbIe Oaphepbl M PACITOJIOXEHHAS MEXAY HUMU
KBaHTOBas sIMa.

st yaeta 3(p(peKTOB CHIILHOTO JIETUPOBAHUS TIPU-
KOHTaKTHBIX 00JIacTeil IIPUMEHSIOT O0JILLIMAHOBCKYIO
anmnpoxcuMmannio cratuctukn Mepmu—/Adupaka [7].
B sTOM ciyyae KOHILIEHTpalUsl 3JEKTPOHOB 3aJaeTCsI
COOTHOILIEHUEM

n= nieexp(Q(q) - Fn)/kBT)a (7)

rae n;, — 3¢deKTUBHasg COOCTBEHHAs KOHLIEHTPALIV;
F,, — xBasunorenuuan GepMu 371€KTPOHOB; kg — TO-
crosgHHasg bosbuMaHa; T — Temrmeparypa.

[na HaxoXIeHus MOoTeHlMaja Ha MEepBOM ITarie
B MOIEIN HEOOXOOMMO PELIUTh CUCTEMY YpPaBHEHUIA
IMpenunrepa (1) u IlyaccoHna Buaa

2 (e50022) = —aVp = m, (8)

I €g¢ — OTHOCUTENIbHAA IMSJIEKTPUYECKAsA IPOHMU-
LLAEMOCTb Cpellbl; &) — AMDJIEKTPUYECKAs MTPOHULIAE-
MOCTb BaKyyma; N — KOHLEHTpaLKsd NUOHU3UPOBAH-
HBIX JOHOPOB; # — KOHILIEHTPALXS 3JIEKTPOHOB.

JInneapuzaunio ypaBHeHusi IlyaccoHa ocylecTB-
s o Metony HeroToHa.

Ha BTOpOM 3Tame HeOOXOAMMO PEILIUTh TOJIbKO
ypaBHeHMe [llpenuHrepa mjisi 30HbI TPOBOAUMOCTH.
Ha ocHoBe mojiyyeHHBIX BOJHOBBIX (DYHKIIMI pac-
CUMTBIBa€M KO3(P(PULUMEHT MPOXOXIECHUSI. YPOBEHb
®epmu 3amaeTcs nepel HayajaoM pacyera TokKa, Mpo-
XOJSIIErO uepe3 UCCeayeMylo CTpyKTypy. Tok pac-
CUUTBIBaeTCsl Ha ocHoBe (opmynsl Tcy—Ecaku.

PazpaboTtaHHble MOAEAM BKJIOYEHBI B CHUCTEMY
MOIETUPOBAHUS  HAHODJIEKTPOHHBIX  YCTPOMCTB
NANODEYV [9, 13], npeannazHayeHHyto aist [ID9BM.

Pe3yJ'leaTbI MOJCIHPOBAHUA

MogenupoBaHue 3IEKTPUUYECKUX XapaKTePUCTUK
(3aBUCUMOCTb TUIOTHOCTHM TOKa OT HANpSIKEHUS, B
nanbHeiieM npocto BAX) PT/I Ha ocHoBe rpacdeHa
Ha nomnoxkax SiC m h-BN ocyuiectBiasumm ¢ npume-
HEHUEM OIMCAHHBIX YMCIEHHBIX Moaeneii. CTpyKTy-
pa PTJI 1 cooTBeTCTBYIOLIAsl 30HHAS AuUarpaMmma npu
HYJIEBOM NpPUJIOXEHHOM CMelleHMM V mnoka3aHa Ha
puc. 1.

Ha puc. 2 mpuBeneHBl pe3yabTaThl pacuyeToB IO
moxaean 1 BAX PT/ 1 Ha rpadene u nopnoxke SiC.

A
y
A

e

Puc. 1. Crpykrypa PT/I Ha ocnoBe rpadena m snepreTuyeckas aua-
rpamMMa 30HbI npoBoaumMocTH: / — rpadeH; 2 — MoajaoxKa; 3 — KOH-
TaKTbl; d — IIMPUHA KBAHTOBOI SIMBI; Wy — IIUPHHA TTOTCHIUATb-
Horo G6apbepa; H), — BbICOTa MOTEHLUUAIbLHBIX 6apLepOB

Fig. 1. RTD structure based on graphene and conduction band energy

diagram: 1 — graphene; 2 — substrate; 3 — contacts; d — well width;
wy, — barrier width; Hy, — barrier height
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Puc. 2. BAX PT/ 1 na nopnoxke SiC mpu pa3iMyHbIX 3HAYEHHAX
HIMPUHBI KBAaHTOBO# aMbL: d = 8 HM (1); d = 9 um (2); d = 10 uMm (3)
Fig. 2. IV-characteristics of graphene on SiC substrate RTD 1 for
different well widths: d = 8 nm (1); d = 9 nm (2); d = 10 nm (3)
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PTH 1 onucan B pabote [14]. BugHo, 4TO ¢ yBeau-
YEeHUEM IUMPUHBI SIMbl d MPOUCXOAUT YMEHbIIEHUE
KaK MUKOBBIX TIJIOTHOCTEM TOKOB, TaK U MUKOBBIX Ha-
MPSKEHUMA.

Ha puc. 3 maHbl pe3yibTaTbl pacueTOB MO MOJIE-
aam 1 m 2 BAX PTI 2 nHa rpadeHe Ha ITOIJIOXKE

00 01 02 03 04 05 06 07
v,V

Puc. 3. BAX PT/l 2 na noanoxke h-BN, paccuntannbie no mo-
nemn 1 (1) u momenu 2 (2)

Fig. 3. IV-characteristics of graphene on h-BN substrate RTD 2
calculated with the use of model 1 (1) and model 2 (2)

Puc. 5. BAX PT/I 2 na nognoxke h-BN npu pazinyHbIX 3HAYEHHAX
IIHPHHBI TOTEHIMATBHBIX 0apbepoB: wy, = 1,2 um (1); wy, = 1,3 M (2);
w, = 1,4 1M (3)

Fig. 5. IV-characteristics of graphene on h- BN substrate RTD 2 for different
barrier widths: wy = 1,2 nm (1); wy, = 1,3 nm (2); w, = 1,4 nm (3)
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h-BN. PT]I 2 onucaH B pa6ote [5]. OcHOBHBIE mapa-
METpPBI CTPYKTYPHI: IIIMPUHA KBAHTOBOK SIMBI — 3,4 HM;
puHa 6apbepoB — 1,3 HM; LIMPUHA CWIbHO JIETU-
POBaHHBIX MPUKOHTAKTHBIX objacteir — 17 HM. Tlpu
pacuete 3(ppeKTUBHYIO MacCy IJIs1 IBYXCJIOMHOIO Tpa-
(dena 3anaBanu pasHoii 0,041m [15], a BeIcOTY Gapb-
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Puc. 4. BAX PT/I 2 na nognoxke h-BN npu pasinunsix 3Haue-
HUSAX IMPHHBI KBAHTOBO#H ambl: d = 3,4 uMm (1), d = 4,3 um (2),
d= 6,4 um (3)

Fig. 4. IV-characteristics of graphene on h-BN substrate RTD 2 for
different well widths: d = 3,4nm (1), d = 4,3 nm (2), d = 6,4 nm (3)

Puc. 6. BAX PT/I 2 na noayoxke h-BN npu pazinyHbIX 3HAYECHHAX
TemnepaTtypsl okpyxawmei cpensi: 7= 300 K (7); T=77 K (2)
Fig. 6. IV-characteristics of graphene on h-BN substrate RTD 2 for
different temperature: T = 300 K (1); T =77 K (2)




epoB — 3,137 3B [16]. KpuBast I cooTBeTCTBYET pac-
yeTaM Io Mojaenu 1, a kpuBasi 2 — pacyeraM Mo Mo-
nenu 2. 3aMeTuM, YTO pe3yabTaThl pacueTOB II0 MO-
JIenr 1 HeIuIoxo coriacylorcst ¢ JaHHBIMU paboTHI [5],
MOJYYeHHBIMHU, OIHAKO, C NMPUMEHEHHEeM (QYHKIIUHA
I'puna B GamucTryeckoM npudvkeHuu. B To ke Bpe-
M pe3yJIbTaThl, MOJYYEHHBIE C MMOMOILBIO Moneiei 1
u 2 (KpuBble I 1 2 Ha puc. 3), CYLIECTBEHHO pa3jinya-
I0TCSI, UYTO CBUAETEJILCTBYET O NMIPUHIIMITUATIbHON He-
00XOIMMOCTH MCIIOJb30BaHUS mpu pacyete BAX
PT]I Ha ocHOBe rpacdeHa ¢ MPOTSKEHHBIMU TTPUKOH-
TaKTHBIMM OOJIACTSIMU CaMOCOTJIACOBaHHbBIX MOJIEJIEN.

ITo M3NOXEeHHBIM MPUYMHAM TPUBOAMMBIE Jajee
pe3ybTaThl MOJYyYeHbl TOJBKO C MOMOIIbIO CaMOCO-
IJJaCOBaHHOMW Mojenu 2.

Ha puc. 4 npuBeneHbl pe3yabTaThl pacyeToOB 10
monenu 2 BAX PT/l 2 B 3aBUCMMOCTM OT ILUUPUHBI
sIMbl d, KOTOpble KauyeCTBEHHO COTJIacyloTCsl C pe-
3yJbTaTaMu, IIPUBEIeHHLIMU Ha puc. 2 miug PT 1.
Ha puc. 5 npuBeneHbl pesynbTaThl pacueTroB BAX B
3aBMCUMOCTH OT IIMPUHBI 0apbepoB, a Ha puUC. 6 — OT
TeMIIepaTyphl OKpYyXKalollieil cpenpl. 3aMeTUM, YTO pe-
3yJbTaThl KAYECTBEHHO COMIACYIOTCS C pe3yJbTaTa-
MU, TIOJIyYeHHBIMM paHee ISl TIOTOOHBIX CIIyYaeB IS
PT/, Ho Ha apyrux marepuanax [12, 17—19].

3akioueHue

B pamkax ¢opmanraMa BOJHOBBIX (PYHKUMI paz-
paboTtaHbl nBe uMciieHHbie Moaeau PTI] Ha ocHOBe
rpageHa Ha moJjI0XKax pa3inyHoro tumna. C ux npu-
MeHeHueM mnpoBeneHbl pacuetsl BAX PT/l Ha mon-
JIOXKKaxX Kapbuaa KpeMHHUSI U TeKCaroHaJbHOTO HUT-
puga 6opa B 3aBUCHMMOCTU OT pa3UYHbIX (PaKTOPOB.
ITokazaHo, uto a1 PTI ¢ mpoTsKeHHBbIMUA MPUKOH-
TaKTHBIMM 00JIACTSIMU TIPUHLMUIIMAIBHO HEOOXOIUMO
KCTOJIb30BAaTh CAMOCOTIIACOBAHHBIE MOEJIH.

Paboma evinoanena npu purarcosoii noddepiicke
epauma beaopycckoeo pecnyoaukarnckoeo gonda ghynoa-
MeHmanvHuiX uccaedosanuti No D 14-025 u Tocyoapcm-
6EHHOU NPOSPAMMbL HAYUHBIX Uccaedosanull Pecnybauku
benapyco "OynxyuonasvHble U KOMROZUYUOHHbIE Mame-
puanst, Hanomamepuanvt” ("Hanomex").
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Simulation of Graphene Resonant Tunneling Diodes on the Substrates

of Various Types

The article describes the models developed on the numerical solution of Schridinger equation (model 1) and Schridinger and
Poisson equations (model 2). Simulation of the two graphene resonant tunneling diodes on SiC (RTD 1) and h-BN (RTD 2) sub-
strates was performed using the proposed numerical models. The influence of various factors (well width d, barrier width wy, tem-
perature T) on IV-characteristics was investigated. The importance of a self-consistent calculation with the use of model 2 for sim-
ulation of graphene RTD with extended (passive) regions was illustrated.
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el, simulation

Introduction

Graphene due to the unique electrical, magnetic,
optical, thermal and mechanical properties is one of the
most promising nanomaterials for various applications
[1—3], in particular, for development of the nanoe-
lectronic device structures. So, the intensive research
are conducted on instruments on resonant tunneling
effect [3].

The main drawback of graphene, which makes it dif-
ficult to use it in electronics, is an absence of forbidden
energy gap. There are several methods of band engi-
neering for obtaining of the band gap in such structures,
including graphene. The perspective is the use of multi-
layered graphene and substrates of different types [3].

For description of an electronic transportation in
graphene, you need to use the equation of quantum
electrodynamics [4], but in some cases is allowed the
use of a simple equations of nonrelativistic quantum
mechanics [5].

The aim of the work is to model the current-voltage
characteristics (CVC) of the resonant tunneling diode
(RTD) on the basis of graphene on wafers of silicon
carbide (SiC) and hexagonal boron nitride (h-BN) us-
ing the proposed models.

Numerical models

Among the basic quantum-mechanical formalisms
of wave functions, density matrices, Wigner and Green
functions for modeling of RTD, the largest economi-
cal efficiency has the models characterized by formal-
ism of wave functions [6]. It is this formalism is used in
the work.

The proposed model 1 is based on the use of the
Schrodinger equation, namely:

2
Wwo(lo
_n 1 + —

2 ax(m*axw) Uy = Ev, (0
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where the potential energy U was set with the ratio
U=—qd + E, 2)

E characterizes the curve of the conduction band,
which is equal to 0 for the potential well; # — Planck’s
constant, divided by 2n; x — the spatial coordinate;
m* — effective mass of the electron; y — wave (enve-
lope) function; £ — energy of electron; ® — electro-
static potential is determined by the offset applied to the
structure; ¢ — the electron charge.

The finite-difference approximation of the Schrod-
inger equation for the internal nodes of the grid of the
spatial sampling and the points of the interfaces was im-
plemented using the Tikhonov—Samarsky integral-in-
terpolation approach [7]. The obtained ratios are given
in [8, 9].

In modeling of the nanoelectronic devices it is im-
portant to take in the account their interaction with the
environment. The developed model can account exter-
nal boundary conditions of the general view:

Y+ ay = b, 3)
X

where a and b — the coefficients. The approximation of
the boundary conditions can be carried out by various
methods [10]. The developed model can use the ap-
proximation of external boundary conditions, namely:
the method of internal boundary conditions; the meth-
od of fictitious point. The feasibility of this is caused by
the fact that they are characterized by different degree
of approximation.

The approximation in the model of the Schrédinger
equation can be an on a uniform and non-uniform spa-
tial sampling grids. In constructing of the grid, it should
be considered such feature of the resonance-tunnel
structures such as the presence of boundaries between
media. Therefore, the grid of the spatial sampling
should be structured in such a way that the nodes suit




on the interfaces. This condition is necessary in con-
struction of the uniform and the nonuniform grids.

The initial data for calculations of the step of the
uniform grid are the geometric dimensions of the struc-
ture and the initial number of grid steps, which then is
adjusted in the process of calculating of the step. The
main criterion for selecting of the step of the uniform
grid is to break each region on a whole number of steps
at the highest possible total number of steps close to the
initial. The feature of the uniform grid in that, what for
structures, which dimensions of areas differ significant-
ly, the transition is needed to more dense grid, which
leads to a significant increase in computation time.

The model also provides the discretization of the
Schrodinger equation for a non-uniform grid, which
can lead to a significant increase in model efficiency.
The initial parameters for the construction of a non-
uniform grid are the minimum step, the geometric di-
mensions of the structure areas and factor of grid het-
erogeneity, which can range from 1 (transition to a uni-
form grid) to 1,7.

To describe the shape of the barrier, in addition to the
linear, a hyperbolic approximation was used [11, 12].
It was carried out for the barriers and quantum well be-
tween them. As a result, the modified source profile is
described by the relationship:

" @

where Hj, — the height of the equivalent rectangular
barrier, the sign "—" corresponds to the area of the bar-
rier, and the "+" — to the area of the pit; B — coeffi-
cient; w, — the barrier width; x — the coordinate for
the barrier, along with this x € (0, wy). In the boundary
points there are possible division by 0. Therefore, to de-
scribe the profile of the potential in the vicinity of the
boundary points used linear approximation.

As a result of the finite-difference approximation of
the Schrodinger equation, the problem reduces to solv-
ing a system of linear algebraic equations:

AY = F, &)

where A — tridiagonal matrix; ¥ — column vector
comprising y; in the grid points of the spatial sampling;
F — column vector of the right parts. To solve (5), the
method of Gauss (use of three different algorithms is
possible) is used. The results of the decision are the val-
ues of the wave function at the grid points of the spatial
sampling for a given energy of the incident particle and
the applied voltage. The developed model also allows to
calculate the transmission coefficient and on its basis to
calculate the current density for the resonant tunneling
structures with an arbitrary number of barriers.

A combined one-band model of work was used as a
model 2 [12], adapted to the case of the resonant tun-
neling device structures based on graphene. Let’s de-
scribe it briefly. The model takes into account only the
conduction band. Initially, the setting of potential is
possible with the help of several approximations [12]. In
this paper, the approximation of the potential profile
with the average potential at heterointerfaces was used
for the band structure of the bilayer graphene:

Ui= Ui—l+Ui+l’ (6)
2

where U; — the potential of directly at the heterojunc-
tion (the point with index i); U; _ |, U; + | — the po-
tential on both sides of the barrier.

The active region is determined by the choice of in-
terfaces of the "linking" areas, which use semi-classical
and quantum mechanical approaches. For structures
based on graphene, the potential barriers and the quan-
tum well located between come into the active region.

To account the strong-doping of the contact re-
gions, the Boltzmann approximation of Fermi-Dirac
statistics [7] is applied. The electron density is given by:

n= nexp(q(® — Fp)/kgT), (7

where n;, — effective own concentration; F,, — Fermi
quasipotential of electrons; kp — Boltzmann constant;
T — temperature.

To find the potential on the first phase, the Schro-
dinger (1) and Poisson system of equations in a model
is solved:

2 (560 22) = —a(Vp — n), (8)

where eg — the relative dielectric permittivity of the
medium; g, — dielectric permittivity of vacuum; Np —
concentration of ionized donors; # — the concentration
of electrons. The linearization of the Poisson equation
was carried out by the method of Newton.

The second stage solves the Schrodinger equation
for the conduction band. The transmission coefficient
is calculated on the basis of the obtained wave func-
tions. The Fermi level is set before the calculation of the
current, flowing through the structure. The current is
calculated on the base of the Esaki-Tsu formula. The
models are included in the modeling system of nano-
electronic devices NANODEYV [9, 13] for PC.

Simulation results

Simulation of electrical characteristics (current den-
sity dependence on the voltage, further CVC) of RTD
based on graphene on SiC and h-BN substrates is car-
ried out using the described models. The RTD structure
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and the corresponding band diagram at applied zero bi-
as is shown in fig. 1.

Fig. 2 shows the results of calculations for model 1
CVC RTD 1 on graphene and SiC substrate. RTD 1 is
described in [14]. It is seen that with increasing of the
well width d, the peak current densities and voltage
peaks decrease.

Fig. 3 shows the results of calculations on models 1
and 2 of the CVC 2 RTD on graphene on the h-BN
substrate. RTD 2 is described in [5]. The main param-
eters of the structure are the widths: quantum well —
3,4 nm; barriers — 1,3 nm; heavily doped contact re-
gions — 17 nm. When calculating, the effective mass for
the two-layer graphene is equal to 0,041m [15], and
the height of the barriers — 3,137 eV [16]. Curve I cor-
responds to the calculations by the model 1, curve 2 —
to the calculations by the model 2. The results of cal-
culations by the model 1 agree well with the data [5],
however, obtained with the use of Green’s functions in
the ballistic approximation. At the same time, the re-
sults obtained with the help of models 1 and 2 (curves /
and 2, fig. 3) are significantly different, indicating the
fundamental need to use the self-consistent models in
the calculation of CVC RTD based on graphene with
extended near-contact areas.

For the above cited reasons, the given results ob-
tained only by using the self-consistent model 2.

Fig. 4 shows the results of calculations for the mod-
el 2 of CVC RTD 2, depending on the width of the pit,
which are qualitatively consistent with the results
shown in Fig. 2 for RTD 1. Fig. 5 shows the results of
calculations of the VAC, depending on the width of the
barrier, and Fig. 6 — on the ambient temperature. The
results are qualitatively consistent with the results pre-
viously obtained for the similar cases for RTD, but on
the other materials [12, 17—19].

Conclusion

Within the scope of the wave functions, two numer-
ical models of RTD on the basis of graphene on various
types of substrates were developed. The calculations of
the CVC RTD on the substrates of silicon carbide and
hexagonal boron nitride depending on the various fac-
tors. It is shown that for the RTD with extended contact
regions it is fundamentally necessary to use self-con-
sistent models.

This work was supported by the grant of the Belarusian
Republican Foundation for Fundamental Research #
F14-025 and the State Programme of Scientific Research
of the Republic of Belarus "Functional and composite ma-
terials, nanomaterials” ("Nanotech").
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METOAbI KOMIMbIOTEPHOW CTETAHOTPA®UU AASl OBECTTEYEHUA
MHOOPMALIMOHHOM BE3ONACHOCTU CMAPT-MUKPOCUCTEM
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IIpedcmaenensvr memoovl KOMRbIOMEPHOU cme2anozpaghuu 01 obecneveHus UHPOPMAYUOHHOU 6e30NACHOCU CMAPM-MUKDO-
cucmem. Paccmampusaiomes ocobeHHocmu, céa3aHHble C NPUMEHEHUEM 8 CMAPM-MUKPOCUCMEMAX MeXHOA0UU HenpepbiGHOU UH-
hopmayuonroi noddepicku rcuznennozo yuxaa (Continuous Acquisition and Life-cycle Support, CALS), komnbviomepHo2o peur-
acunupurea npoepammuslx cucmem (Computer-Aided Software Engineering, CASE), onepamugHoti anasumuueckoi obpabomku
dannbix (On-Line Analytical Processing, OLAP) u onepamueHoii obpabomku mpausaxyuii (On-Line Transaction Processing,
OLTP). IIpeocmaesnenvl memodsl paccpedomouerus CKpbleaemvix 0aHHbIX N0 00UWUM KOHMEUHEPam U MHO2OKPAMHO20 6A0XHCEHUS
YACMHBIX KOHMEUHEPo8 O CKpbleaemMou UHgopmayuerl, 3auunueHHvie NameHmom Ha uzoopemenue.

Karouegvie caoea: komnviomepras cmeeanoepagpus KC, unghopmayuonnas b6ezonacnocme, cmapm-mukpocucmemst, MITM-ama-
Ka, paduovacmomuasn udenmugpuxayus (RFID), nenpepovienas ungopmauuonnas nodoepyucka ncusnennoeo yukaa (Continuous
Acquisition and Life-cycle Support, CALS-mexnonoeuu), KoMnbviomepHblil peunscurupune npoepammusix cucmem (Computer-Aided
Software Engineering, CASE-mexnonoeuu), onepamuseHnas anasumuyeckas oopabomra daunvix (On-Line Analytical Processing,
OLAP-mexnonoeuu), onepamuenas obpabomka mpanzakyuii (On-Line Transaction Processing, OLTP-mexnonocuu)

Va3sumocTn COBPEMEHHBIX CMApPT-MHKPOCHUCTEM
M TCXHOJIOTMH 3aIIUThI JAHHBIX

CoBpeMeHHbIE CMapT-MUKPOCUCTEMBI, KaK BbICO-
KOWHTETPUPOBAHHbIE CHELMATM3UPOBAHHBIE MHOTO-
(byHKLMOHAJIbHBIE YCTPOUCTBA IS 00pabOTKHU, Xpa-
HEHUS U nepenayu nHbopMaluu (B 3allMIIEHHOM KC-
nojiHeHuH) [1], mMpuMeHsI0TCS ISl LIMPOKOTo Kjacca
3amay, Mpearnoiaraloliux WHTerpaluio B MHOXECTBO
LIETIOYEK MPOU3BOAUTENEN, MOCTABIIMKOB U MOTPEOU -
Tejedt nmpoayKuuu. CoOTBETCTBEHHO, BO3HUKAET He-
00XOAMMOCTb BEIEHUS yuyeTa ABUXKEeHUST MH(pOopMalu-
OHHBIX TMOTOKOB M obecrneyeHuss MX 0e30MacHOCTU
(Hampumep, 3alUThl OT HECAHKIIMOHUPOBAHHOTO MPO-
HUKHOBEHHS B KaHaJl CBS3M U TepexBaTa YIpaBIeHUs
YCTpOMCTBaMM), IIpeamnojarariias aHauu3 (GyHKIUO-
HUPOBAHUSI COOTBETCTBYIOILUMX IOACUCTEM e€lle Ha
cTaauy WX MpoekTupoBaHus. Cpelu MPUUMH YSI3BU-
MOCTU CMapT-MHUKPOCUCTEM MOXHO OCO0O OTMETUTD:
e OTCYTCTBME €AMHOM CKOOPAMHUPOBAHHOM U COTJia-

COBaHHOW MOJIMTUKU MH(pOpPMaIIMOHHOK Oe3onac-

HOCTH (IJIs1 pa3pabOTYMKOB MOICUCTEM);

e TIPUMEHEHME Pa3IMYHbIX (POPMATOB XpaHEHMST UH-
¢dopMalM U TUIIOB UCIOJIb3yEMbIX TaHHBIX;

e UHTErpalus pa3HOPOJHOTO MPOTPaMMHOTO obec-
Me4YeHus1, TPUOOPETEHHOTO y PA3JIMYHBIX TPYII
pa3pabOTYMKOB U MOCPENHUKOB B pa3HOE BpeMs.
B coBpeMeHHBIX CMapT-MUKPOCHUCTEMAaxX HEOOXOo-

IUMBbIIA YpOBeHb WH(MOPMALIMOHHOW O0€30MacHOCTH

MOXET OBITb TOCTUTHYT HE TOJBKO WCIOJIb30BAHUEM

KpunTorpapruecKux MeToA0B LIMMPOBaHUS JaHHBIX

(HampuMep, ¢ OTKPBITHIM KJIIOYOM), HO U C MIOMOILIbIO

cTeraHorpamyecKux METOMOB CKPBITOTO XPaHEHUS
HeoOxonuMbIX cBeAeHUui. [ToueMy OOBIYHON KPUIITO-
rpacduyecKor 3alUThl OIS CMapT-MUKPOCHUCTEM He-
nocrarouHo? Hampumep, npu MITM-atake arakyto-
IIUA CMapT-MUKPOCHCTEMY BCTpaMBaeTCsl B TeJse-
KOMMYHMKAlLIMOHHBIN KaHaJl, epeXBaThiBaeT, OTKPbI-
BaeT U U3MEHSIET COOOILEHUsI, KOTOphIEe TepeaaroTcs
CUMTHIBATEIEM UJIM CMapT-KapToi (OTclola U TEPMUH
"MITM-ataka": "Man-In-The-Middle attack" — ata-
KYIOIIMI TTOCcepenHe KaHala CBSI3M, — MEXIy TpH-
€MHUKOM U TepenatyukoM). Takue aTakul MpUMEHs -
IOTCSI IS CMapT-MUKPOCUCTEM OaHKOBCKOIO 000py-
JIOBaHMSI, B CUCTeMaxX KOHTPOJISI U YIIpaBJICHUS JOCTY-
oM (CKVY/I), B 0XpaHHO-IOCMOTPOBBIX KOMILIEKCAaX,
a Takke Il pagrodactotHoi naeHtnudukannm (Radio-
Frequency IDentification, RFID) o6bekToB, Koraa
xpaHsimecs B cMapT-kaptax 1 RFID-MmeTkax naHHbIe
CUUTBHIBAIOTCS WJIM 3alMCBIBAIOTCSI TTOCPENCTBOM pa-
JHMOCUTHAJIOB, MepeXBaThbIBAEMbIX CTOPOHHUM HaO0JII0-
JatejeM. DKOHOMUYECKHUI yiiepd OT B3joma OaH-
koBckux cuctem, CKVJl 1 oxpaHHO-IOCMOTPOBOIrO
obopynoBaHus, a Takke RFID-xoMmIuieKCoB MOXeET
WCYUCTATBCS B MWIUIMOHAX pyOJieil, HO M OH, corjac-
HO 3KCHEPTHBIM OLIEHKAM, OKa3bIBaeTCsl 3HAUUTEIBLHO
HIUKE, YeM B cllydae aTakKd Ha CMapT-MUKPOCHCTEMY
yepe3 yrnpasiasemble MEMS- 1 NEMS-yctpoiicTsa,
Koraa yaaetcs, HallpuMep, MOJIYyUYUTh YIIpaBicHUE Hall
OECMUIOTHBIM allfapaToM CaMOJIETHOTO, BEPTOJIETHO-
ro, CYXOMyTHOI'0, HaJBOJAHOIO WJIM MOABOIHOTO THUIIA.
ITpun MITM-arake aTtakyloluii, BCTpauBasiCh ITocepe-
JIMHE KaHaja CBSI3M, MepeKIovaeT CUCTeMYy YyIIpaBJiie-
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HUS Ha cebsl, OIOKUpPYeT "BHEIIHUE MPUKa3bl" CUCTE-
Me (CHapy:xXu) U MpeBpaliaeT "0ecrnuIoTHUK" B OpyXue,
HampuMep, ISl COBEPILIEHUS] TEPPOPUCTUIECKOTO aK-
Ta. [TOCKOJIBKY TEXHOJIOTUM B3JIOMa KpUINTOrpaduye-
CKHX CHCTEM M 00OpyIOBaHWE IS HUX HETPEePHIBHO
COBEpIICHCTBYIOTCS (BCTIOMHMM, HaripuMep, O pa3pa-
6oTke B 2012 T. KBAHTOBOr0 KOMIIbIOTEpA KaHAICKOM
koMmmaHueil "D-Wave Systems" co CKOpPOCTbIO BbI-
YUCJICHUI, COIJIACHO NAaHHBIM OIIEHOYHBIX TECTOB, B
3600 6wIcTpee coBpeMeHHBIX DBM) m cTOMMOCTh MX
pa3pabOTKU Ha TMOPSIAKU HUXE OLIEHKM TOTO yllepoa,
KOTOPBINf OHU MOTYT TIPWHECTH, CYIIECTBYIOIINX CHC-
TeM LHUGPOBAHUS YK€ HEIOCTaTOYHO IJis 3allUThI
KaHaJIOB CBSI3M M CUCTEM YIIPaBICeHUs B (DMHAHCOBO-
9KOHOMMYECKOM, OXpaHHO-PO3bICKHOI 1 TPaHCIOPT-
HO-JIOTUCTUYECKOUN oTpacisax. Heobxoaumo MCIosb-
30BaHUE KPUIITOCUCTEM B COYETAHUMU C CHUCTEMaMU
KomIbloTepHO# creranorpadguu (KC), mo3poisioniy-
MM TIOBBICUTH YpOBEeHb MHOOPMAIIMOHHON Ge3omac-
Hoctu miss MEMS- u NEMS-ycTpoiicTs.

ITpumenenune KC onpaBaaHHO Ij1 cMapT-MUKPO-
CHCTEM, TIOCKOJIbKY, B OTJIMYME OT KPHUIITOTpaduu,
oOecreynBaeT (akT COKPBITUSI Tepefayd JaHHBIX,
TPAHCIIOPTUPYS B CTETOKOHTelHepe (CIelralbHOM
daiime-KoHTeitHepe) 3amniaemMyio nHdopmanuio. Ho
€CJIV TIpY CTaINU Pa3pabOTKHU IJIsI KOHKPETHOTO ITOJIb-
30BaTellsd TIpUMEHEHWEe "HAcTpanBaeMBbIX WHIWBUIY-
anbHO" MeTonoB KC st COKpBITUS JAHHBIX He Ipe/-
rojlaraeT HeTaTUBHBIX MOCIEACTBUNA TS pa3paboTdm-
KOB, TO YXe IPpHU OKOHYATEJIbHOM MHTETpallui pa3Ho-
POIHBIX CUCTEM BO3HUKAIOT MPOOIJIEMBI, CBSI3aHHEIC C
0COOEHHOCTSIMU UX PYyHKUMOHMpOoBaHuU. s ux pe-
IIeHnsT TpeOyeTcsl JOTIOTHUTEIbHAS HAaCTpOMKa -
POBaJIbHOro 000PYI0BAHMSI.

Oco0eHHOCTH MPUMEHEHNST TEXHOJIOTHIA
CALS, CASE, OLAP u OLTP

Cpenn mpobjieM MCIOJIb30BaHUS CMapT-MHKPO-
CHCTEM JUISl 3alMThl JAHHBIX HEOOXOAMMO OTMETUTD
aKTUBHO TIpuMeHsIeMbIil B PD 1 3a pybeskoM MHCTPY-
MmeHTapuii CALS-TexHonoruii, ooecrieunBamIInil He-
MIPEPBIBHYIO MH(POPMAITMOHHYIO TTOIACPKKY SKM3HEH-
Horo nmkia (KI) usgenuit (Continuous Acquisition
and Life-cycle Support, CALS). Kaxnggsrii stan 2KII,
XapakTepu3yeTcss HaKOIJIEHHEeM NaHHBIX O TapaMeT-
pax POAYKIIMHN W aHAJIM30M CTETICHN X COOTBETCTBUS
3ampocaM pbIHKa — 3TO HEOOXOIUMO ISl TOTO, YTOOBI
HoBoIN K1 Havaucs KOppeKTUPOBKOU M YTOUHEHUEM
XapaKTePUCTUK U3AEIUIA, BOCTPEOOBAHHBIX HA PbIH-
Ke. JlaHHBIe 0 3aKPBITBIX XapaKTePUCTUKAX JTOJKHBI
CKpPBITHO INepenaBaThcs U3 ogHoro atana XKII B apy-
roii. HeoOXomWuMo yYMTHIBATH, YTO YAaCTO Pa3HBIM
aranaM ZKII COOTBETCTBYIOT pa3juMyHbIe MpPEANpU-
ITUS (TIPOU3BOIMTENH, MTOCTABIMNKN U TTIOTPEONTEN
MEMS- u NEMS-ycTpoiicTB), cucteMbl MHMOPMA-
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IIMOHHOTO COTIPOBOXIEHUS KOTOPBIX HEPEIKO pa3HO-
ponHsbl. [1o aToi MpUYMHE MPaKTUIECKU HEOOXOIUMO
CKPHBITO NepenaBath 1o nemnouke KII coobiueHus ne-
pemenHOU BeJINYUHBI B (hailyie-KOHTeliHepe, UMEIoIEM
pa3IMYHBIA (hOpMaT U MEPEMEHHYIO CTPYKTYpY.

Hanpumep, nmycts umeerca N atamoB XKII, Torma
IUIS CKPBIBAEMOTO COOOILEHUS PasMEPOM 4a; U CTe-
raHorpaguyeckoro aiina-koHrteiiHepa 00beMoM b;
CIIPABEMIMBO CJIENYIOLIEE HEPABEHCTBO:

a;<b, i=1,.., N (1)

Ona obecrnieyeHUsT YCIOBUS CTETOYCTONYMBOCTH
HEPaBEHCTBO MOXHO "yKE€CTOUUTh'

a;<b, i=1,..,N. )

ITpu npumeHeHun KC B pazHOpomHbIX UHMOP-
MAallMOHHBIX CpeAax BO3MOXHBIM BbIXOJIOM U3 CUTYya-
WU SIBIISIETCS WHXUHUPUHT (TIeperpoeKTUPOBAHNE)
CASE-cpenctBamu (KOMITbIOTEpHOE MPOEKTUPOBaHNE
nporpaMMmHbix cuctem — Computer-Aided Software
Engineering, CASE) nHpOpMallMOHHBIX CUCTEM [JIsI
MNpUBEISCHUS K eTMHOMY By (hopMaToB (PaiiJIOB-KOH-
TeWHEPOB WJIH K¢ UTepaTUBHAS MPoLeaypa "COKPBITHUS
JAHHBIX': KaXOblil 3aloJIHEHHBIN cTeraHorpaduue-
cKMit (paiisI-KOHTeHep CTAaHOBUTCS COOOIIEHUEM, TTO-
MelllaeMbIM B CTeraHorpaduyeckuii mycToi aiin-
KOHTelHep Ha clieAylolleM 3Tare (MTepaluu) A0 TexX
op, IMOKa YpPOBEHb "COKPBLITUS JAHHBIX' HE CpaBHS-
ercs (T. €. He OyJeT HUXe) C 3aJaBaeMbiM B Hauaje
MpOLIEeTYPHI.

Peanuzanuu metonoB KC Takke Hepenko MpernsiT-
ctByer ucnoib3doBaHue OLAP-texHonoruii omnepa-
TUBHOM aHAJTUTUYECKOI 00padboTku gaHHbIX (On-Line
Analytical Processing, OLAP), 1o3BoJito11uXx CTpOUTb
MHoromMepHbie nHpopMauroHHeie Kyosl (MUK). Ce-
yeHust MUK obecrieunBaroT mmosiydeHre BbIOOPKU daH-
HBIX T10 3apocy B 3amaBaeMoM paspese (puc. 1).

Ha puc. 1 npeacraBien MUK Ha Tpex KoopauHaT-
HBIX OCSIX, Kaxnas U3 KOTOPBIX — OIHO IoJie Oa3bl
JAHHBIX WHOOPMAIIMOHHOM CMapT-MHKPOCUCTEMBI
(TekcToBas MHMOpMaLIMs KOAUPYETCS C MOMOIIBIO YK -
ceJl, MO3TOMY JII0OOK TEKCT MOXHO TpeICTaBUTh B
BUJIC Pe3YJIbTUPYIOLIETO YKcia, OTKIAAbIBAEMOTO IO
COOTBETCTBYIOIIEN KOOPAMHATHOM OCHU, M TOYKA Ha
pebpe Kyba COOTBETCTBYET KaxkIOMy TEKCTOBOMY 3Ha-
yeHu1o moJs 6a3bl JaHHbIX). B mpumepax Ha puc. 1 u
puc. 2 6aza TaHHBIX U3 TpeX MoJieil B UHGOPMaIMOH-
HOI CMapT-MUKPOCHCTEME COACPXKUT 3HAUCHUS IS
Kaxaoi 3amucu. MakcumaibHble U MUHUMaJIbHbIE
3HAYEHMUS MO KAXKAOMY TOJII0 00pa3yloT rpaHULIbl Ky-
0a, B Ipenenax KOTOPOro COAECPXKUTCS HAbOp TOYEK,
Kaxkmasli M3 KOTOPBIX — 3aIMCh 0a3bl JaHHBIX CMapT-
MUMKpPOCUCTeMbI. Maciutabupysi pa3Mepbl IO KaxKaoi
OCH M BHITIOJNHSS TapaJIeIbHBINA TIepeHoc, TS Ha-
IJISIAHOCTU TIPEACTaBIEHUsI MOXHO MOJYyYUTh (hopmy




Puc. 1. ITocrpoenne Tpexmeproro OLAP-Ky0a u ero ceuennmii: ¢ — 3anpoc 1: HaiiTu x > 4;
b — 3amnpoc 2: Haiitu x < A? y > B; ¢ — 3anpoc 3: Haiitu x < A? y > B? C< z< D

Fig. 1. Construction of a three-dimensional OLAP-cube and its sections: a — Query 1: Find
X > A; b — Query 2: Find x < A?y > B; ¢ — Request 3: Find x < A?y >B?C<z<D

Ky0a, B OJJHOM M3 BEPILIMH KOTOPOTO — Hayajo KO-
opauHart. 3anpochl GOPMYJIMPYIOTCS B BUAE CUCTEMBI
YPaBHEHUI, OMUCHIBAIOIINX CEKYILINE KYO MIOCKOCTH.
Hanpumep, Ha puc. 1 nmpeacraBieHbl TpY 3ampoca, Ka-
XKIOMY M3 KOTOPBIX COOTBETCTBYET 3alITPUXOBAHHAS
obsacTe Kyba. s moiaydyeHMSI OTBETa Ha 3aIpoc K
0ase JaHHBIX MH(OPMALMOHHON cCMapT-MUKPOCHUCTE-
MBI O HAaXOXIICHUM 3aIUCEH CO 3HAYCHUSIMU TOJIEH
OoJibllle MM MEHbIlIe 3aJaHHBIX CTPOSITCSI CEUYEeHUs
OLAP-xy0a 1 minyTcs 3amnucu (TOYKH), OTBeYalollue
3aJlaHHBIM ycioBusIM. Ha puc. 2 mpousuttocTpupoBaH
ClIyyall JUHEWHOM 3aBUCUMOCTY B YPABHEHUSIX

Alx + Bly + Clz < Dl’ (3)

4

IIO3TOMY OTBETOM Ha 3arpoc 4 OyzneT obimacte OLAP-
Ky0a, Haxos1asicsa MeXIy 3aJaBaeMbIMU YPaBHEHUSI -
Mu (3) u (4) cexymumMu KyO miockoctsiMu (N-mep-
HBI Ky0 1151 6a3bl JaHHBIX U3 N OJIeld CTPOUTCS aHa-
JIOTUYHO).

HcnonwzoBanue KC-mexaHM3Ma COKpPBITHSI OaH-
HBIX TpeArnoaraetT mnocrtpoeHue aByx OLAP-ky6oB
(OTKPBITOTO M CKPBITOTO), pa3anyalolmnxcs Mo CTPyK-
Type M 4YucIy uaMepeHuii. Tak KaK TeOpeTUYECKU B
creraHorpauyeckom daiine-kKoHTelHepe 151 11000-
ro 00beKTa MOXET ObITh CKPBITO JIIDOOE U3MEpPEHUE,
MoJjyyaeM 3a1ayy MOCTPOEHUsT TUIIEpKyDOa myTeM 00b-
eIMHEHMSI €T0 OTKPHITOM M 3aKphITOM Yacteil. Bos-
MOXHBIM BapUaHTOM MOCTPOECHMUS TUIIepKyOa U3 NBYX
yacTeil SBISETCS TIpUBJICUYCHHE aIrmapata TeOpHUHU
dynakIIMn KomruiekcHoro repeMerHoro (TOKIT), He-
peako ucnosibdyemoro B KC.

E1ie omHUM cBOMCTBOM MHMOPMAITMOHHBIX CMapT-
MUKPOCHCTEM, MpoOJeMHBIM Ipu peanusanuun KC-
METOJ0B, siBJsgeTcsl ucnonb3oBaHue OLTP-texHoso-
T4l orepaTUBHON 00paboTKU TpaH3akuuii (On-Line
Transaction Processing, OLTP), ucnoyb3dyembIx mjst
00paboTKM cuTyalii COBMECTHOTO IOCTyIIa K O0IIIe-
MY MaccHMBY 00JIbLIOTO 0O0beMa JaHHBIX. DTO MO3BO-

Az.x + Bzy + sz > DQ,

JISIeT BBIITOJIHATDL ONIEPATUBHYIO 00-
paboTKy obpanieHuii K Tabiuiam 0a3
JAHHBIX MHMOPMALIMOHHBIX CMapT-
MMUKPOCHCTEM, COAEPXKallluM MUJI-
JIMOHBI 3amuceil U padoTaroIIUM

KPYIJIOCYTOYHO CeMb JHEI B HEAe 0
(HampuMmep, cUCTeMbl OpOHUPOBAHUS
OWIETOB Ha IMoe3/[a U CaMOJICThI,
CHSITHS WJIM 3aYMCIICHUS] HATMYHBIX
Ha KapTouky B OaHKOMare, BbIUMC-
JIeHUsI KOOpAMHAT 4yepe3 CIIyTHU-
koBbie cuctemMbl [JIOHACC/GPS,
MOHUTOPUHI OECIIUJIOTHBIMU CHC-
TeMaMUd ad’pPOKOCMUUYECKOTO TIpo-
CTpaHCTBa). B Takux cucremax ymc-
JIO CTPOK CO CKPBITBIMU JaHHBIMU
COITOCTAaBUMO C OTKPBITOM YacTblo TaOJAMIIBI (HAMpH-
MeEpP, MOXET COCTABJISATh A0 MOJIOBUHBI OT 00111€T0 00b-
eMa JaHHbIX). B aToM ciyyae HeoOxoauma pa3padboTKa
MeXaHu3Ma JJis OBbICTPOro JOCTyIa K COKPBITBIM B
creraHorpaduyeckux daigax-KoHTeiiHepax O00Jib-
UM MHGOPMALMOHHBIM MaccHUBaM. YUWUThIBasi, 4TO
BpeMsI AOCTyNa K JaHHBIM MPOMOPLUUOHAIBHO UX 00b-
eMy, 111 obecrieueHUs1 MHOPMALIMOHHOI Oe3omnac-
HOCTM CMapT-MUKPOCUCTEM HEOOXOIMMO BbIIEICHUE
JOTIOJTHUTEJIEHBIX KOHTEMHEPOB — B HUX OYIyT pacrio-
JlaraTtbcsl Cy>KeOHble CBEEHUST O BOZMOXHOCTU OBICT-
pOTO JOCTyIa K COKPBITHIM JaHHBIM, XpaHUMBbIE B pe-
no3utopun. st cokpeimus AaHHBIX B CIY>XKE€OHBIX
KOHTeliHepax (popmupyeTtcst creroperosuropuii. Maii-
JIbl pa3HBIX TUIOB, BBHIMOJHSIOIIKE POJIb BCIIOMOTra-
TEeJbHBIX KOHTEMHEPOB (HampuMep, OpaiiBEepOB MH-
(hopMalIMOHHBIX CUCTEM), KOHCTPYUPYIOTCSI COOTBET-

Puc. 2. Cnyyaii iuneiinoii 3asucumoctn: OtBer Ha 3anpoc 4 — MHO-
JKeCTBO TOYEK, OTPAHHYEHHBIX CEKYIMMH ILIOCKOCTAMH 3 ¥ 4 BHYTPH
OLAP-ky0a, 3anaBaembix ypaBHenusimu (3) u (4)

Fig. 2. The case of a linear relationship: The answer to the request 4 —
a number of points limited by intersecting planes 3 and 4 within the
OLAP-cube, defined by equations (3) and (4)
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CTByIOLIMM 00pa3oM. Takke BO3MOXHO IIpUMEHEHUE
¢aiioB ¢ pedyeBBIMU COOOIIEHUSIMUA M BHIeOdaiioB
WA aHAJOTUYHBIX UM, CTOMKHX K cTeraHorpaduye-
CKOMY aHaJIu3y.

IlepeunciieHHBIE CBOMCTBA 3aTPYIHSIOT IIPUMEHE-
Hue KC mst cCoOKpbITUSI TaHHBIX B CMapT-MUKPOCUC-
TeMax. B 0OBIYHBIX CHCTEMaX TaKMX IIpoOJieM He BO3-
HUKaeT IO MPUYUHE obwHocmu (GopMaTOB U TUIIOB
TNAHHBIX, 00HOPOOHOCMU CTWJIS TIPOTPaMMUPOBAHUS U
eduHoll TIOIMTUKN MHOOPMAIIMOHHON 0e30IMacHOCTH
DPYKOBOJCTBA MPEINPUSITHS, SKCILUTYaTUPYIOLIETO OHY
CMapT-MUKPOCUCTEMY.

st obecnieyeHns1 MHGOPMALIMOHHOM OGe30MacHO-
cTU cMapT-mukpocucteM Metogamu KC 1ienecoobpas-
HO YCOBEPIIIEHCTBOBAaHME MEXaHU3MOB CKPBITOTO Xpa-
HEHUsI U KOHBEPTUPOBAHUSI MHGpOpMaLUKU 1Jis obec-
MEeYEHUsI CTeroyCTOMUYMBOCTU CKPBHIBAEMbBIX JAHHBIX K
MepexBary B CETSIX KOPIOPATUBHOIO YPOBHS B MpOILIEC-
ce mepenaun [2]. ITlockonbKy KpuITorpauyeckKux
CHCTEeM [UIST 3alllUTBI CMapT-MHUKPOCHCTEM HEIOCTa-
TOYHO, B YCJOBUSIX pazHOGOPMATHOCTH (hailoB-KOH-
TeiHepOB HEOOXOAMMO KOMOMHUPOBAHUE KPUMITOTpa-
(ryeckux u creraHorpaduyeckux METONOB Il CMapT-
MmuKpocucteM. [lpenmaraercs MCIONB30BAaTh METOMBI
paccpeoTayrMBaHUs CKPbIBAEMbIX JAHHBIX MO O0LIMM
KOHTeHEpaM M MHOTOKPATHOTO BJIOXEHUSI YaCTHBIX
KOHTelHepoB. PaccMoTpuM ux noapoOHee.

PaccpenoraunBanue CKpbIBaeMbIX JAHHBIX
1o O0ImMM KOHTeifHepam

ITyctb umeroTcss L cooOllieHUiA — CKpPbIBAEMbIX
JaHHBIX 00beMOM u; (i = 1, ..., L), KoTopble HEOOXO-
JIMMO pacnpeneautb o M creraHorpauyeckum KOH-
TeiiHepaM OOBEMOM v; (j=1, ..., M). OueBUIHO He-
PaBEHCTBO

Lll+U2+U3+...+ML<UI+1)2+U3+...+UM. (5)

B HepaBeHcTBe (5) oTpaxeH TOT (akT, UTO CyM-
Ma 0O0bEMOB CKPbIBA€MbIX COOOILEHUI TOKHA OBbITh
MEHbIIE CYMMbl 00EMOB KOHT€IHEPOB. 3aMETUM, UTO
HepaBeHCTBO (5) cripaBelJIMBO MPU MPUMEHEHUU CO-
BPEMEHHBIX CTeraHoTrpachYeCKUX CUCTEM C BbICOKO

Puc. 3. PaccpenoraunBanue CKpbIBaeMbIX JAHHBIX MO OOMKM KOHTeiHepaM
Fig. 3. Detachment of the hidden data by the common containers
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CTEIIEHbIO CXaTWUsI COOOIUEHMI, MPUMEHSIEMON B
KpunTtorpaduyeckux Metonax. Hanpumep, ucnosb-
30BaHUE d8ykpamHoeo cxXaTusl (MPaKTUYECKU IOITyC-
KaeMoro B MexaHHW3MaX HEKOTOPbIX apXUBaTOPOB IS
(daitnoB psda GopMaToB) MO3BOJSIET B OTIOEIBHBIX
CJIy4asix BBIIIOJHUTh CJIENYyIOlIee HEPABEHCTBO:

U]+H2+U3++LIL>U1+U2+U3++UM,(6)
MPU 3TOM HEPABEHCTBO (5) clieyeT nepenucarb B BUlie
xl+X2+X3+...+XL<U]+02+U3+...+UM, (7)

I X; — PE3YJIbTaT 08YKpamHo20 CXaTus COOOLIEHUS
u, i=1, .., L. Ilpu ucrnoap3oBaHuu creraHorpapu-
YeCKMX CUCTEeM 0e3 BBICOKOIl CTeNeHU CXKaTusl co00-
1IeHUI HepaBeHCTBO (5), MO aHaJoOruu ¢ (2), MOXHO
3arucaTh B BUJIE

u1+u2+u3++uL<<vl+1)2+v3++vM,(8)

TaK KaK CyMMapHBIi pa3Mep COOOILEHUI TOJLKEH ObITh
MHO20 MEHbIIIE CYMMAapHOI0 pa3Mepa KOHTeHHEPOB.
OTMETHM, YTO d8yKpamHoe cCXaTue, Mpearosarae-
Moe TIpu 3arcu Gopmyi (6) u (7), HaIpUMep apxu-
BaTopoM RAR, BBIIIOJIHSETCS CIEAYIOIIUM OOpa3oM.
ITpy MakcumanbHOM CXaTUM OOJBIIOro 4ucia aii-
JIOB pa3HbIX (hOPMATOB, PACIIOIATAIOLINXCS B CUCTEME
MOJAUPEKTOPU (HampUMep, ¢ MepCOHaJbHBIMU JTaH-
HBIMU O BjaAejbliax CMapT-MUKpPOCUCTEM), DOPMUPY-
eTCs apXUBHBIN (paiiyl ¢ "pBIXJION" CTPYKTYpOii, KOTO-
phIii Takke MOXHO cxatb Ha 20...50 %. [1pu ucnomb-
30BaHUM CTeraHorpapuyeckKux CUCTEM C He@biCOKOI
CTeNeHbIO CcxXaTusl cripaBeminBa dopmyna (8). Ipu-
MEp MCMOJIb30BAaHMSI METOlla paccperoTayrBaHUs
CKPBIBA€MbIX JaHHBIX IO OOIIMM KOHTeHepaM Mpu-
BeleH Ha puc. 3. JIjist XxpaHeHUsT JAHHBIX O MOPSIAKE 3a-

TOJTHEHUSI KOHTEHHEPOB EMKOCTBIO v =1, .., M)
6710kaMu cKpbiBaeMoi uHbopmaumu u; (i =1, ..., L)
JOTIOJTHUTESIbHO (hOPMUPYETCSl CTETOpPENnO3UTOPUIA,
MMEIOUIMI KOHTEHHEPBI 00beMOM wy, k=1, ..., N

(Ha puc. 3 oHU He mpuBeIeHbI). JlonmycTumMo u3bupa-
TeJIbHOEe KpunTorpadupoBaHue JTIOObIX OJIOKOB TaHHBIX
JUIs1  cTeraHorpacuyeckux  (aiioB-
KOHTEHEepPOB pa3HbIX (pOpMaTOB.
Meton obGecrniedyeHUsT MHMOpPMa-
LIMOHHOM 0€30IMaCHOCTH CMapT-MUK-
pOCHCTEM OCHOBAaH Ha KOMOWHHUPO-
BaHUM CTeraHOTrpapUIeCKX U KPUII-
TorpadUecKX TPOrpaMM, B TOM

YucCa€ NMp€IHa3HAYCHHLIX OJId Xpa-
HEHUsI JaHHBIX. B uyuncie KPHUIITO-

rpaduyecKknx MmporpaMmm "File-
Assurity Open PGP", "BestCrypt" n
"PGP Personal". Cpeau creraHo-
rpadmYecKuX IPOrpaMM OTMETHUM




"Steganos Security Suite" u "Stego-
zaurus" (COUCKM KpuITorpapuye-
CKHX M cTeraHorpacu4ecKux Ipo-
rpaMM He SIBJISTIOTCSI MCYEPITBIBAIO-
mumn). KoMOMHMpoOBaHWE KPUIITO-
rpadUIecKrX M cTeraHorpapuIecKmx
TPOTrpaMM BBITIOJTHSIETCSI HA OCHOBA-
HUU JTaHHBIX 00 WX npumeHumocmu

K aiinaM pazauunsix GOpPMAaTOB.
Hpyroit MeTton KOMOMHUPOBaHUS

qirq.1)
qhr(q.h) Shi Shi(s,h)

KpuITorpapmyeckux U creraHorpa-
¢buyeckux cucrem ajs obecrieue-
HUS1 WH@OpMallMOHHOM Oe3oIac-
HOCTHU CMapT-MUKPOCHUCTEM B yCJIO-
BUSX pa3HOGMOPMATHOCTU (haiisIOB-
KOHTEMHEPOB COCTOUT B MHOIO-
KPaTHOM BJIOXKEHMM YaCTHBIX CTeraHorpaduyeckux
KOHTEHHEPOB IPYyT B Ipyra.

Mﬂoroxpa'moe BJIOZKCHHE YACTHBIX KOHTeﬁHCPOB

OCHOBHBIMM OTJIMYMUSIMA AAHHOTO MeToja (000-
3HauYuM ero "Merof 2") oT MeToda paccpeaoTaurBa-
HUs 3aKPBITBIX JAHHBIX MO OOIMMM KOHTEeHHEepaM
("meton 1") saBasIOTCST 060CcobAeHHOCMb (MHAWUBUILY-
aJTbHOCTh) KOHTEHHEPOB, B KOTOPHIe CKphIBAeMBIE JaH-
Hble OT APYTUX COOOIIEHUI He 3almuchiBaloTcs (B Me-
ToAe | KOHTeUHephl SBASIIOTCS 00wumu ISl pa3HbIX
COOOLIEHUIT), U MHO20KPAMHOCMb TIPOLIEIYPHl BJIOXKE-
Hus (B MeToje | usnoxeHa o0HokpamHas Tpolienypa).
KpaTtko uznoxum meton obecrnieyeHuss MHGbOPMaLU-
OHHOI1 6€30ITACHOCTH CMapT-MHKPOCHUCTEM TTOCPEICT-
BOM MHOI'OKPATHOIO BJIOKEHMSI CKPbIBAEMOIO CO00-
IIEHUS B CTeraHOrpahMIeCKre YaCTHBIE KOHTEWHEPHI.

dnsa xaxaoro cooOllleHUsT U3 4ucia CBOOOIHBIX
oadMpaTCcs cTeraHorpaguyeckue Gpaniibl-KOHTEe-
HEpBhI, TI0 KOTOPBIM YacTsIMU pachpeaessieTcsi coo0-
leHue. 3an0JHEeHHbIE YaCTSIMU COOOIIeHNUs (Daiibl-
KOHTEHHEPhI 006e0uHsI0Mcs B HOBOE COOOIIIEHUE, KOTO-
poe TakkKe pacIpeaelisieTcsl 10 CBOOOAHBIM (TaK Ha3bl-
BaeMbIM ITyCThIM) (haitiaM-KoHTeitHepaM. [1pu kaxoom
pacmpeneseHUU COOOIIEeHUS IO MyCThIM CTeraHOTpa-
¢duueckum aitaM-KoOHTeliHEpaM MOBBIILIAETCSI €ro
cTeroycToumBocTh. IToBTOpsIETCS Mpolieaypa MHOTO-
KpaTHO, MoKa MapaMeTp CTeroyCTOMUMBOCTH COOOIIIe-
HUSI HE NOCTUTHET 3HAYEeHUsI, YCTAHOBJIEHHOIO IOJIb-
3oBaTeneM. MeToabl pacyeTa CTeroyCTOMYMBOCTH,
roJiyyaeMble TIpU COKPBITUM NAHHBIX B (aiinax pas-
JIMYHBIX (POPMATOB C MOMOILBIO Pa3HBIX CTeraHOrpa-
(bryeckux mporpaMm, Kak M 3HAYCHUS IapaMeTpoOB,
XpaHSITCS B OTAEJIbHOI 0a3e JaHHbIX OTHOM U3 MH(DOP-
MaIlMOHHBIX MOJCUCTEM.

I[Mpumep peanu3an MeTOma MHOTOKPATHOTO
BJIOXKEHUSI YACTHBIX cTeraHorpaduuyeckux Gaiios-
KOHTeHepoB I obecrieyeHUsT MH(MOPMAIITMOHHON
0e30MacHOCTU CMapT-MMKPOCHUCTEM MpPUBEACH Ha

Puc. 4. MHOrokpaTHoe BJI0XKEHHE YACTHBIX KOHTEHHEPOB
Fig. 4. Multiple embedding of the private containers

puc. 4, rae npeacTaBieHbl ABa cooblueHus g 1 s. Ha
MEPBOM YPOBHE OHM PACHPEACNISIIOTCS MO CTETaHO-
rpaduyeckuM (aiinaM-KOHTeiHEpaM ¢, ..., 4; Hg ) ¥
8115 > S1g(s,1) COOTBETCTBEHHO. CreraHorpaduyeckue
(haitbl-KOHTEHHEPBI ABYX TPYIII (¢ U §) OOBEIUHSIIOT-
Csl, Kak TTOKa3aHo Ha puc. 4, 1JIsl X HaJIbHENIIIero pac-
MpefesieHus] B KaueCTBe HOBBIX COOOIICHUI MO KOH-
TeiiHepaM HOBOro ypoBHs. Hampumep, ais ypoBHS A
KOHTEHHEPBI IPYMITbl ¢ 0003HAYAIOTCS Gy, -5 Gy 0.
JUISL TPYIIBL S — Sp1, -.oy Spys,p)- B POIU CTETaHOrpa-
(puueckux daioB-KOHTEHHEPOB MOTYT, B YaCTHO-
CTHU, BBICTYIIaTh OTKPBITHIE (HE CKpbIBaeMbI€) COO0-
mweHus. Ha kaxnoM ypoBHE BO3MOXKHO BbIOOPOYHOE
KpunTorpadupoBaHie BbIOpAaHHBIX OJIOKOB JaHHBIX
JJ11 pa3HO(OpMaTHBIX cTeraHorpaduuyeckux anaos-
KOHTEUHEPOB.

3akiouyeHue

Kpunrorpadus u cpeacrBa KC He SIBISIOTCS €TUH-
CTBEHHO BO3MOXHBIMU TSI obecIieueHuss nHpopMa-
LUOHHOM 0e30ImacHOCTU cMapT-MuKpocuctem. Cyiie-
CTBYeT MHOXECTBO WHBIX IPOTPAMMHO-aIIapaTHBIX
peleHuit (HarmpuMep, MporpaMMHBIE KJTIOUM 3aIlUThI,
cpeacTBa OMOMeTpUM), IPUMEHsIEMble MapajieIbHO U
HE3aBUCUMO OT JIPYrUMX KOMILUIEKCOB 3awuTthl. Ho B
CBSI3U C POCTOM Yyrpo3 isli MH(pOpMaIlMOHHOUN 06e30-
nacHoctu MEMS u NEMS, BcTpanBaeMbIX B Gecriu-
JIOTHEIE aIlmapathl, UTS TIPeIOTBpallleHUs TepexBaTa
VIpaBJICHUS] UMY U TIPpeBpaIleHs B UHCTPYMEHT Tep-
POPUCTUYECKOM aTaKi HeoOXoamMa pa3paboTKa COOT-
BETCTBYIOLIMX CHCTEM Ha OCHOBE cTeraHorpacgpuye-
CKUX MeTomoB. Jpyroil m3 BO3MOXKHBIX OITACHOCTEH,
MPEACTaBISIONIMX YTPO3y YTEUKU KOH(MUIECHIIMATBbHbIX
JIAHHBIX, SIBISICTCST TIPUMEHEHNE CMapT-MUKPOCHCTEM
JUTST IUCTAaHIIMOHHOTO yripaBieHus: cMapT-TB ¢ HecaHK-
LIMOHWPOBAHHOM TIepenadeil aymuo- M BUICOMH(DOP-
MaluM 0e3 BeaoMa IoJib30BaTesieil ObITOBON TEXHUKU
yepe3 BCTPOSHHBIE B COBPEMEHHBIE CMapT-TeJIEBU30-
pbl MUKPOMOHBI U BUAEOKaMepbl. MeTOIbl KOMITbIO-
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TEPHOU cTeraHorpacuu IO3BOJISIIOT TOBBICUTH YpPO-
BeHb MHOOPMAIIMOHHON 0€30MacHOCTU CMapT-MUK-
pocucTeM 11 COOTBETCTBYIOLIMX MPUIOXEeHUI [3].

B 3aBepuieHre oTMETHUM, UTO peryJsspHOe IOIMOoJ-
HeHue (YBeJIMUeHUe) Yrcia cTeraHorpadpuyeckux aii-
JIOB-KOHTEHEPOB (ITPEBOCXOSIIMX 3aKPbIThIE JaHHbIC
0 00BEMY) HECJIOXKHO 00€CIIeUnTh 3a CYET MOCTYILIe-
HUI1 HOBBIX pa3HO(MOpMaTHBIX (haitioB. B aToM ciryuae
pa3HO(OPMATHOCTh  CcTeraHorpadmyeckux  pailioB-
KOHTEMHEPOB CIIOCOOCTBYET pealu3alru PaCcCMOT-
PEHHBIX B MyOJMKALIMM METOJ0B KOMOWHVPOBaHUS
KpunTorpapuuecKux U cTeraHorpacuyecKrux METOIOB

obecrieyeHrs1 THPOPMALIMOHHOI 0€30IMaCHOCTU CMapT-
MUKPOCHCTEM.
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Methods of Computer Steganography for Provision of Information Security

for Smart-Microsystems

The article is devoted to the methods of computer steganography (CS) for provision of information security for smart-microsys-
tems. Also discussed are the features of application in smart-microsystems of the technologies of Continuous Acquisition and Life-
cycle Support (CALS), Computer-Aided Software Engineering (CASE), On-Line Analytical Processing (OLAP) and On-Line
Transaction Processing (OLTP). The article presents the patent-protected methods of data distribution by common containers and
multiple use private containers with secured information. The presented technologies may be used for different file formats and in-
tegrated software, for system protection against Man-In-The-Middle attack, for Radio-Frequency IDentification (RFI1D), distant
control of TV, video or audio systems, for data protection during controlled movement of the unmanned space, air, land, water or
submarine systems, for reengineering of MEMS or NEMS, and other applications. The presented technology also may be used for
enhancing of information security of the Russian and foreign financial enterprises and organizations: banks, holdings, industrial
groups, eftc.

Keywords: computer steganography (CS), information security, smart-microsystems, Man-In-The-Middle attack (MITM-at-
tack), Radio-Frequency [Dentification (RFID), Continuous Acquisition and Life-cycle Support (CALS), Computer-Aided Software
Engineering (CASE), On-Line Transaction Processing (OLTP)

Vulnerability of the smart-microsystems
and data protection technologies

Smart-microsystems as highly integrated multi-func-
tion devices for processing, storage and transmission of
information (ruggedized) [1] are used for tasks that in-
volve the integration into the set of chains of producers,
suppliers and consumers. There is a need for record-
keeping of the information flows and safety and security
arrangements (e.g., protection against unauthorized ac-
cess into the communication channels and intercept of
devices control), involves analysis of the relevant sub-
systems at the stage of their design. Among the causes
of vulnerability of such microsystems can be noted:
¢ lack of a united, coordinated and coherent policy of

information security (for developers of subsystems);
e use of the different formats of information storage

and data types;
o integration of the different software purchased from
different vendors and resellers at different times.
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The necessary level of information security in smart-
microsystems can be achieved not only using the cryp-
tographic encryption of data (e.g., with a public key),
but also via hidden steganographic storing of the nec-
essary data. Why the normal cryptographic protection
of smart-microsystems is not enough? For example, in
the case of MITM-attack, the attacker becomes em-
bedded into the microsystem’s telecommunication
channel, hooks, opens and modifies the messages that
are passed by the readout device or the smart card
(hence the "MITM -attack”" means: "Man-In-The-Mid-
dle attack" — the attacker is in the middle of the link —
between the transmitter and receiver). Such attacks are
used against the smart-microsystems of banking equip-
ment, in the access control systems (ACS), in the se-
curity-inspection systems, foe radio-frequency identi-
fication (RFID) of objects, when the data stored in the
smart cards and RFID-tags are read or written by the
means of radio signals, intercepted by a bystander. The




economic damage from breaking of the banking sys-
tems, access control systems and security-screening
equipment, RFID-systems can run into millions of ru-
bles. According to the expert estimates, it is significant-
ly lower than in the case of attack on the smart-mi-
crosystem through the controlled MEMS and NEMS-
devices when it is possible to gain a control over the
unmanned machine of aircraft-, helicopter-, land-, un-
derwater- or above-water type. In the case of MITM-
attack, the attacker, embedding in the middle of the
communication channel, switches the control system
on itself, blocks the "external orders" to the system and
makes a "drone" into a weapon, for example for a ter-
rorist attack. As the technology of breaking of the cryp-
tographic systems and equipment are being improved
(recall, for example, the development in 2012 of a
quantum computer by the Canadian company "D-Wave
Systems" with the speed of computation, according to
assessment tests, in 3600 times faster than modern per-
sonal computers), and the cost of their development by
the orders lower than the damage, which they can
cause, the existing encryption is no longer enough to
protect the communication channels and control sys-
tems in the financial-economic, security-investigative
and transport-logistics industries. It is necessary to use
the cryptosystems in conjunction with the computer
steganography (CS), which allow to increase the level of
information security for MEMS- and NEMS-devices.

Application of CS is justified for the smart-mi-
crosystems because, unlike to the cryptography, it pos-
sesses hiding of data transfer, transmitting protected in-
formation in a special stego-package (file-container).
But if in the development for a specific user, the appli-
cation of the "individually configurable” CS methods
for data encapsulation does not imply negative conse-
quences for developers, then at the final integration of
the different systems the problems arise related to their
functioning. They require additional hardware config-
uration.

Features of the application of CALS, CASE,
OLAP and OLTP technologies

Among the issues of the smart-microsystems use for
data protection, it should be noted the actively used in-
struments of CALS-technologies, providing continuous
acquisition and life-cycle support (CALS). Each stage
of the life cycle is characterized by the accumulation of
data on the production and analysis of the degree of
their compliance with the demands of the market — it
is necessary that a new life cycle began from the cor-
rection and refinement of performance of the demand-
ed products. The data on the closed characteristics
should be secretly passed from one life cycle stage to
another. It should be noted, that the different stages of
a life cycle often correspond to the different companies

(manufacturers, suppliers and consumers of MEMS
and NEMS-devices), information support systems of
that are often dissimilar. For this reason, it is almost
necessary to pass the hidden messages in the chain of
the life cycle with a variable size in a file-container,
which has a different format and a variable structure.

For example, suppose there are N stages of the life
cycle, whereas for a concealing message with a; size and
steganographic file-container of a volume b;, the fol-
lowing inequality holds true:

a;<b, i=1,..,N (1)
For conditions of stego-resistance, the inequality
can be hardened

a;<b, i=1,.., N (2)

In application of the CS in the heterogeneous in-
formation environments, the possible solution is to re-
design by the CASE-tools (Computer-Aided Software
Engineering, CASE) for reduction of the file-contain-
ers to a single format or iterative procedure of "data en-
capsulation": each filled steganographic file-container
becomes a message being placed into the empty stega-
nographic file-container at the next stage (iteration) as
long as the level of "data encapsulation” becomes equal
(or become not lower) to the specified in the beginning
of the procedure.

Implementation of the CS methods also often pre-
vents the use of OLAP-technologies of Online analyt-
ical processing of data (OLAP), allowing to build the
multidimensional information cubes (MIC). The cross
sections of the MIC provides a samples of data by re-
quest specified by a section (fig. 1).

The MIC is based on the three coordinate axes,
each of which is a single database field of smart-mi-
crosystem (the text information is coded using num-
bers, so any text can be represented as a number, plot-
ted on the corresponding coordinate axis and a point on
the edge of the cube corresponds to the text value of the
database). Fig. 1 and fig. show the 2 database of the
three fields in the information smart-microsystem,
which contains values for each entry. The maximum
and minimum values for each field form cube bound-
aries within which a set of points is contained, each of
which is a database record for smart-microsystem. By
scaling the size of the axes and performing parallel
translation, you can get a cube, the origin of the coor-
dinates is in one of the vertices. The queries are formu-
lated in the form of a system of equations describing the
planes, intersecting the cube. For example, fig. 1 shows
the three requests, each of one corresponds a cube’s ar-
ea. To receive the answer on a query to the database of
an information smart-microsystem about records with
field values greater or less than the specified, the sec-
tions of OLAP-cube become built and the entries
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(terms) become searched, corresponding to the given
conditions. Fig. 2 illustrates the case of linear depend-
ence in the equations

Ayx + Byy + Cyz > D,, 4

so the answer to the inquiry 4 will be area of OLAP-
cube, located between the equations (3) and (4) of
planes intersecting a cube (N-dimensional cube to the
database of the N fields is constructed similarly).

Using of the mechanism of CS data encapsulation
involves the construction of two OLAP-cubes (opened
and hidden), differing in the structure and number of
measurements. Since any measurement can be theoret-
ically hidden for an object in the steganographic file
container, we get the task of building of a hypercube by
combining its opened and closed parts. A possible way
of the construction of a hypercube of two parts is the
use of the theory of function of a complex variable
(complex analysis), often used in the CS.

Another feature of a smart-microsystem, which is
difficult to implement by CS-methods, is the use of on-
line transaction processing (OLTP), used in the situa-
tions of the shared access to the large arrays of data.
This enables rapid processing of requests to the data-
base tables of information smart-microsystem contain-
ing millions of records and working around the clock
seven days a week (for example, the system of tickets
booking for trains and planes, withdrawal or transfer of
cash on the cards in ATM, calculation of the coordi-
nates via GLONASS/GPS satellite systems, monitor-
ing of aerospace area by unmanned systems). In such
systems, the number of rows with hidden data compa-
rable with the open part of the table (for example, may
be up to half of the volume of data). In this case it is
needed to develop a mechanism for quick access to the
large arrays of data hidden in the steganographic file
container. Considering that the access time is propor-
tional to the amount of data, the allocation of addition-
al containers is needed for the information security of
smart-microsystems — they will store the technical in-
formation about the possibility of quick access to the
hidden data stored in the repository. The stegoreposi-
tory is formed to hide data in the service container.
The files performing the role of additional containers
(e.g., drivers of information systems) are designed ac-
cordingly. It is also possible to use files with voice mes-
sages and video or equivalent, resistant to the stegano-
graphic analysis.

These properties make it difficult to use the CS to
hide data in the smart-microsystems. In conventional
systems, such problems do not arise because of the
commonality of formats and types of data, homogene-
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ity of programming style, and unified policy of compa-
ny management, who runs one smart-microsystem.

To ensure the information security of a smart-mi-
crosystems by the CS technique, it is advisable to im-
prove mechanisms of hidden storage and conversion in-
formation to provide the data steganographic resistance
to the interception in the networks of enterprise-level in
transmission [2]. As the cryptographic systems are not
enough to protect the smart-microsystems, it is nec-
essary to combine cryptographic and steganographic
methods for smart-microsystems in the case of in a
multi-format files containers. It is proposed to use the
deallocation of the hidden data by the common con-
tainers and multiple embedding of private containers.
Let us examine them in detail.

Deallocation of the hidden data
by the common containers

Suppose, than there are L-messages of hidden data
with the volume u; (i = 1, ..., L), which need to be
spread by M steganographic containers with the volume
v; (j=1, ..., M). The inequality is obviously

Lll+Ll2+U3+...+LIL<Ul+1)2+U3+...+UM. (5)

In it (5), the fact is reflected that the sum of the vol-
umes of hidden messages should be less than the sum
of volumes of containers. It should be noted, that the
inequality (5) is valid for the application of stegano-
graphic systems with a high degree of compression of
messages used in cryptographic methods. For example,
use of a double compression (practically permitted by
the mechanisms of some archivers for files of a number
of formats), allowing in some cases, the inequality:

ul+u2+U3++UL>U]+U2+U3++UM,(6)
while the inequality (5) should be rewritten as
Xl+XZ+X3+...+XL<UI+02+U3+...+UM, (7)

where x; — the result of a double compression of a mes-
sage u;, i = 1, ..., L. When using the steganographic
systems without a high degree of compression of the the
posts, the inequality (5), by analogy with (2), can be
written as:

Lll+U2+Ll3+...+LIL<<Ul+1)2+U3+...+UM,(8)

as the total message size should be much smaller than
the size of the containers.

It should be noted, that the two-fold compression in
the formulas (6) and (7), such as the archiver RAR,
works as follows. At the maximum compression of a
large number of files of different formats, which are lo-
cated in the subdirectories (for example, personal data
about the owners of smart-microsystems), the archive




file with a "loose" structure is formed, which can be
compressed by 20... 50 %. When using the stegano-
graphic systems with low compression ratio, the formu-
la (8) is valid. The example of use of the reallocation of
hidden data on common containers is shown in fig. 3.
To store data on filling of the containers with a ca-
pacity v; (j=1, ..., M) by the blocks of hidden infor-
mation u; (i = 1, ..., L), the stegorepository becomes
formed having a container volume wy, k = 1, ..., N (not
shown in fig. 3). The selective cryptography of data
blocks for the steganographic container files of different
formats is allowed.

Guarantee of the information security of smart-mi-
crosystems is based on combination of the crypto-
graphic and steganographic programs, including data
storage. Among cryptographic programs we can note
"FileAssurity Open PGP", "BestCrypt" and "PGP Per-
sonal”". Among steganography program we can note
"Steganos Security Suite" and "Stegozaurus” (the lists of
such programs are not full). The combination of cryp-
tographic and steganographic programs is carried out
on the basis of their applicability to various file formats.
Another method of combining of the cryptographic and
steganographic systems to ensure the security of smart-
microsystems in a case of multi-format files containers
consists in repeated embedding of the steganographic
private containers into each other.

Multiple embedding of the private containers

The main differences between the method (2) and
the method of deallocation of the private data on the
common containers (method 1), is a apartness (indi-
viduality) of the containers, which do not record the
hidden data from other messages (in method 1, the
containers are common for different messages) and the
multiplicity of the embedding procedure (method 1 in-
cludes a one-time procedure). Let’s briefly describe the
method of information security of smart-microsystems
through multiple embedding of the hidden message into
the steganographic common containers.

The steganographic files container become selected
among available for each message, which store a mes-
sage by its parts. The files containers filled by message
parts become combined into a new message, which be-
comes distributed on a free (blank) files containers.
Each allocation of a message in empty file container in-
creases its steganographic resistivity. This procedure re-
peats several times until the parameter of steganograph-
ic resistivity of a message reaches the value set by the
user. The methods of calculating of steganographic re-
sistivity in data concealing in various file formats with
the help of various steganographic programs, as well as
at different settings, are stored in a separate database of
one of the information subsystems.

An example of multiple embedding of the private
steganographic files containers for information security
of the smart-microsystems is shown in fig. 4, which
shows the message g and s. On the first level, they are dis-
tributed by steganographic files containers g;, ..., ¢, g, 1)
and syy, -, Sygs 1) respectively. The steganographic
files containers of two groups (¢ and s) become com-
bined for further distribution as new messages by con-
tainers of a new level. For example, for the level 4, the
containers of ¢ group are denoted gy, ..., gyy(g 1) fOr
a group § = Sy, ..., Spy(s, py- 1N particular, the open mes-
sages can serve in the role of steganographic files con-
tainers. At each level, the selectively cryptography of
the selected blocks of data for various formats of steg-
anographic files containers is possible.

Conclusion

The cryptography and CS means are not only pos-
sible to provide information security of the smart-mi-
crosystems. There are other software and hardware so-
lutions (for example, software protection keys, biomet-
ric means) used in parallel and independently from oth-
er complexes. In response to growing security threats to
MEMS and NEMS, embedded in unmanned vehicles,
to prevent interception of management and transfor-
mation into an instrument of a terrorist attack, it is nec-
essary to develop systems based on steganography tech-
niques. Another danger that threaten the leakage of
confidential data is the use of smart-microsystems for
remote control of smart TV with unauthorized transfer
of audio and video data without permission of the users
of household appliances through a built-in smart TVs
microphones and video cameras. The methods of the
computer steganography improve the safety of smart-
microsystems of the corresponded applications [3].

In conclusion we note that the regular replenish-
ment of steganographic files containers (superior pri-
vate data on the volume) can be easily achieved due to
the obtaining of new multi-format files. It promotes the
implementation of methods considered combination of
cryptographic and steganographic methods of the in-
formation security of the smart-microsystems.
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COBPEMEHHbBIE U NMEPCIMNEKTUBHBIE MOHHbIE UCTOYHUKU
AAl CUCTEM C ®OKYCHNPOBAHHBIM MOHHBIM INMYYKOM

Ilocmynuna 6 pedakyuro 02.07.2015

B nacmoswee epems cywecmeyem 6oavuioe HUCAO PA3AUHHBIX MUNOE UOHHBIX UCMOYHUKO8, PA3DA6AMbIEaeMbiX UAU NpUMe-
HAEMbIX 6 cucmemax ¢ QoKycupogannvim uonHoim nyuxom (DPHUII). daumenvhoe epems bosvuuncmeo cucmem ¢ OUII komnaex-
MOBANUCH MOABKO HCUOKOMEMANAUMECKUMU UcmouHuKamu uoroe eaiaus (Ga't). Oonako yoobemeo skenayamayuu @UII-cuc-
mem, NOCMOSIHHO PACUUPAIOWULICA CHeKMD UX NPUMEHEeHUsl, HeOOCMAamKU UOH08 2anus (AKUenmopHas npumecs u op.) u Jceianue
pacuupums cneKmp npUMeHseMblX UOHO8 (8KAIOUAS PeaKMUBHble, NOA0JNCUMENbHble U Op.) NPUBeAU K momy, Ymo 8 Hacmosujee
8pemMs AKMUBHO uccaedyromces, paspadbamolearomes u eHeopsiomces 6 kommepueckue PUII-cucmemovr UCMOUHUKY UOHO8 HOBO2O
muna. B cmamve ocyujecmenena nonvimka KAACCUDUUUPOBAMb COBPEMEHHble U NepCneKmueHbvle UOHHble UCMOYHUKU 045
DUII-cucmem no ux KOHCMPYKMUBHbIM 0CcoOerHOCMAMU. Paccmompenul acudkomemaniuueckue UCOYHUKY (8KAIOMAS UCTOY-
HUKU Ha OCHOBE CHAA608), NAA3MeHHble (6KAI0UAA UCMOYHUKU ¢ UHOYKMUBHO CEA3AHHOU NAA3MOU, HA 0CHOBE INEKMPOHHO-YUK -
JNOMPOHHO20 PE30HAHCA, MHO200CMPUtiHble, ¢ paspsidom [lenHunea u Ha ocHoge 0YOnaa3Mampora), 2a308bie AGMOUOHHbLE, dAeK -
mpoaumuyeckue (8KAI04ASA HA OCHOBE UOHHBIX JCUOKOCMEU U ¢ meepObiM INeKMPOIUMOM), d MAKICe C MACHUMOONMUYECKOU
N08YUKOU.

Karoueevie caosa: goxycuposanmbiil uonHbil ny4ox, ucmoynuk uonos, LMIS, LMAILS, GFIS, ICPIS, ECRIS, MCIS, PTIS,

DPIS, ILIS, SEIS, MOTIS, UCIS, CAIS

BBenenue

B Hacrosiiee BpeMsT MepCeKTUBHBIMU W WHTCH-
CHBHO pa3BUBAIOLIMMMUCS METOIaMU MCCIIeTOBAaHUIA B
MHUKpPO- M HAHOBJIEKTPOHUKE SBJISTIOTCS METOIbI Ha
OCHOBE MpUMeHEeHUsT (OKYCUPOBAHHBIX MOHHBIX ITyY-
koB (DUII). Cucremsr ¢ ®DUIT (DUII-cucremsbl) uc-
TTOJTB3YIOT IIJIST BRICOKOpA3pellalneli CKaHMpYoIIei
MOHHOI MUKPOCKOITNH, JIOKAJTLHOTO MOHHO-JIy4€BOTO
TpaBJicHMS (BKITIOUasl CEJICKTUBHOE) U OCAKICHUS Ma-
TepUAIOB, MOHHOW MMILJIAHTallMU, TIPOTOTUIIUPOBA-
HUS ¥ U3TOTOBJICHUSI MUKPO- ¥ HAHO3JIEKTPOMEXaHM -
yeckux cucteM (MOMC u HOMC) u np.

Cucrema ¢ ®MH coctouT M3 cienymlnx OCHOB-
HBIX COCTaBHBIX YacTeil: HFOHHOTO MCTOYHWKA, HOHHOMU
KOJIOHHBI, paboyeil KaMepbl, BAKYYMHOI CUCTEMBI, Jie-
TEKTOpa BTOPUYHBIX 3JIEKTPOHOB /MM BTOPUYHBIX
MOHOB, CHUCTEM I'a30BOM MHXKEKIIMU U YIPABJISIOLIETO
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KomIpioTepa. Takke cucteMbl ¢ @UIT MoryT OBITH M0-
MOJHUTEIBbHO YKOMILJIEKTOBAHbI 2JIEKTPOHHOM KOJOH-
HOM W/WU JONOJHUTEIbHOU MOHHOW KOJOHHOM.

Lenb maHHo¥ paboOThl — MCCleNOBaHUE MPUHIIU-
MOB MOCTPOEHUSI MOHHBIX UCTOYHUKOB, TaK KaK UMEH -
HO TUIT UICTOYHUKA UOHOB OIpe/e/sieT OCHOBHbIE Xa-
paktepuctuku cucrem ¢ ®UII (paspeuieHue, cnekTp
JIOCTYITHBIX MOHOB U [Ip.).

B Hacrosiiee BpeMsI ICTOYHUKKM MOHOB B CHCTEMax
¢ ®UII MOXHO pa3mennTh Ha CIeIyIOIINe OCHOBHBIC
rpymsl (puc. 1):

e KMIKOMETAINIMYECKNE WCTOYHMKM (aHri. liquid
metal ion source — LMIS);
e TUIa3MEHHbIE UCTOYHMKM (aHTJI. plasma ion source —

PIS);

e Ta30Bble aBTOMOHHbIE MUCTOYHMKM (aHTa. gas field
ion source — GFIS);




Hcrounnxa nonos (Ion sources)

el

T ]

LMIS PIS GFIS MOTIS EIS
| SAT | | ucis | ILIS
ECRIS | CAIS | SEIS

Puc. 1. OcHoBHbIE THIIBI HOHHBIX HCTOYHHKOB B cucremMax ¢ OUII
Fig. 1. The main types of ion sources in systems with FIB

e HCTOYHMKM C MArHUTOOIITUYECKON JIOBYLIKOM
(aHrz1. magneto-optical trap ion source — MOTIS);

e DJIEKTPOJUTUYECKME MCTOUHMKU (aHII. electrolyte
ion source — EIS).

XKunkomeranmmyeckue HCTOYHNKA HOHOB — LMIS

B Hacrosiiee BpemMs LMIS sBnsgercss Haubosee
pacnpocTpaHEHHbIM TUIIOM HCTOYHUKOB HMOHOB LIS
koMmepueckux DUII-cuctem. B ucrouHmkax Turma
LMIS ¢opmMupoBaHue MOHHOrO IMyyka OCHOBAaHO Ha
CcTabMIM3alM ToJIeM KOHyca KMIKOTOo MeTayja, M3
KOTOPOI0 MPOUCXOAUT MCITapeHUEe UOHOB (MUCTIapeHUe
noneM). K BepimHe KoHyca MeTajll IOCTyNaeT U3 pe-
3epByapa 110 TOHKOMY CTepKHIO (amuTTepy). Ilpu no-
Jlaye HamnpspKeHWsI Ha BBITSTMBAIOLIMKA 3JIEKTPOJ Ha
330CTPEHHOM KOHYMKE MUTTEpa (OPMUPYETCS KU -
KoMeTaJinueckuii Konyc Teiisopa, auameTp ocTpus
KOTOporo cocrasisier 5 HM [1—5]. O6aacTh KOoHyca
Teiimopa, 13 KOTOPOIf SMUTHUPYETCS OOJIBLITMHCTBO MO~
HOB, Ha3bIBalOT BUPTYyaJIbHBIM MCTOYHUKOM (puc. 2).
[TocTOSIHHBINT TOK MOHHOTO My4yKa MOAAEPKUBACTCS
Onarogaps GajlaHCy MEXIy CUJIaMU MOBEPXHOCTHOIO
HATSIKEHUS M 9JIeKTpocTaTudeckoi [4].

AnutenpHoe BpeMsl €IMHCTBEHHO IOCTYIHBIMU
LMIS 6buti ucTouHMKM MoHOB rawmst (Ga™), B Ko-
TOPBIX CJIOW XXUJKOTO Tajuiusl HaXOAUTCS Ha MOBEPX-
HOCTU BoJibdpamoBoro crepxkHs [2]. [lupokoe wuc-
MOJIb30BaHUE rajuivs 00YCIOBIEHO PSIAOM MPUUMH:

e HM3KOI TeMnepaTypoii miasiaeHus (~30 °C), koTo-
pasi MUHUMU3UPYET BO3MOXHOCTb BOBHUKHOBEHUS
XUMUYECKUX peaKLMi MEXAY XKMIKUM METALJIOM 1
BOJIb()PAMOBBIM CTEP>KHEM — 3MUTTEPOM;

e BBICOKOI CTaOWUJBHOCTBIO SMUCCUM TIPU TeMIepa-
Type TUIaBJICHMUS;

e BBICOKOI YIJIOBOW MHTEHCUBHOCTBIO TOKA SMUCCUU
[IpY MaJIoM pa3dpoce MOHOB 10 3Hepruu [6].
Ochosnvimu  docmouncmeamu LMIS (Gat) ss-

JISIIOTCSI: BBICOKAasl SIPKOCTh (~106 A/CM2), OoJblIMe

TOKM MOHHOTO mnyuyka (mo 100 HA), MakcuMallbHOE

paspelieHue (oo 2,5 HM), MaJIblii pa3Mep BUPTyajlb-

HOro uctouyHuka (50 HM), OTHOCUTEIBLHO MaJIblil pa3-

6poc mo sHepruu (4...6 3B), yriopass UHTEHCUBHOCTD

(0,02 MA/cp), Bpems ku3Hu uctouHuka (>1000 u).

OCHOBHBIM HEIOCTATKOM SIBJISICTCST "3arpsI3HSIOIINI"

XapakTep Iydyka (MOHBI TaJlIUs SBISIOTCS aKlenTop-

HOM MPUMECHIO TSI KPEMHUEBBIX M3IEITHIA).
XKenanue pacliipuTh CIEKTP MPUMEHSIEMbIX UOH-

HBIX MIYYKOB (BKJTIOYAs 3apsiI MOHOB, COCTaB, BO3MOXK-

HOCTh MCIIOJIb30BaHUS KJIACTEPOB M T. 1I.), a TaKXKe

BO3MOXXHOCTb BEIOOpa HEOOXOIMMOTO0 MOHHOTO ITyYKa

(6e3 UCIoIb30BaHMS JOMOJHUTEILHBIX KOJIOHH ) IIPUBE-

JIO K MOSIBJIEHUIO XKUIKOMETALTMYECKUX UICTOYHUKOB Ha

OCHOBE pa3jMyHbIX cIU1aBoB (aHriI. liquid metal alloy

ion source — LMAIS), BbIOOp HEOOXOAUMOTrO MyYyKa B

KoTopbix ocyuiectBisieTcs: EXB-dunsrpom. KoHct-

pyKkTuBHO UcTouHUKM LMIS 1 LMAIS HemHoro pas-

JIMYAOTCS B 3aBUCUMOCTH OT UCIIOJIB3YEMOTO MeTalljia

WY CIJIaBa, OMHAKO MMEIOT OOIIYI0 CTPYKTYPY.

K cnnaBam, nmpumensiembiM B LMAIS, npeabsiBisi-
eTcsl psia TpeOOoBaHUIA:

e codepicanue HeoOX00UMbBIX UOHO8 U/UAU KAACMEPO8
(00yCIOBJIEHO €CTeCTBEHHOM HEOOXOAMMOCTBIO UC-
MOJTE30BaHMST KOHKPETHBIX WOHOB IS PEIICHUS
BBIOpaHHBIX 3a1a4);

o NOHUJICCHHAas memnepamypa naaeéneHus (00YyCIIOB-
JIEHO HEOOXOAMMOCTBIO MCKITIOUUTD UM MUHUMU-
3MpOBaTh XMMUYECKOE B3aMMOICICTBHE CIUIaBa C
SMUTTEPOM; CILIABBI C TOHKEHHON OTHOCUTEIHHO
€ro KOMIIOHEHTOB TEMIIepaTypoi TIaBJICHUS MOJTy-
YaloT MPY KOHIIEHTPALUIX, 00pa3yIolX 3BTEKTH-
YeCKMIi CIIaB);

e HU3KOe 0asneHue HACLIEeHHbIX Napo8 Npu memnepamy-
pe naaeéneruss (00YCIOBIEHO HEOOXOIMMOCTBIO MU-
HUMU3ALNN €CTECTBEHHOTO WMCIapeHMsI MCTOYHMKA
WOHOB, T. €. YBeJIMYCHUEM €ro "BpeMEHU XKU3HU");

e omcymcmeue Xumu4ecko2o e3aumodeiicmeus mexncoy
KOMNOHEHMAMU CHAA8A U MAmMepuaiom UCMOYHUKA
(00yCJIOBIEHO MCKIIOUEHUEM BIIMSHUS 3JIEMEHTOB
cI1aBa Ha ¢opMy SMMUTTEpa M Ha COCTaB MOHHOTO

Mmy4ykKa).

(Taylor cone)

- BrpTvans Hulif BCTOYHEE
BeiTAraBaonmi 3516 0,

(Extracting electrode)
i
TpaexTopEE HOHOB

(Ton trajectory)

Puc. 2. Cxema XKHIKOMETALINYECKOro HCTOYHMKA noHoB — LMIS
Fig. 2. The circuit of a liquid-metal ion source — LMIS
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B Hacrostiiee Bpems ucciaepoBaHus LMAIS-uc-
TOYHUKOB MPOBEACHBI CO CICAYIOLIMMU CILUIaBaAMMU:
AgGe, AgAuGe, AlGe, AuBeSi, AuBGeNi, AuBi,
AuCeSi, AuCoGe, AuCrGe, AuDyGe, AuDySi,
AuErSi, AuEuSi, AuFeGe, AuGe, AuGdSi, AuGeMn,
AuGeNi, AuGeV, AuHoSi, AuLaSi, AuNdSi, AuSbSi,
AuSiSm, AuSiTb, AuSiTm, BPt, BiGaln, CCe, CoDy,
CuP, CuPPt, DyNi, Galn, GaZn, GeNiTi, HoNi,
AuGeSi, AuSi, CoNd, CoGe, ErNi, ErFeNiCr, SnPb,
InGa, MnGeSi, GaBi, GaBiLi, AlICeC. Takum o6pa-
30M, ucroab3doBanue LMIS- 1 LMAIS-UCTOYHUKOB
MOTEHIIMAJIBHO MO3BOJIIeT (OPMUPOBATL OOJBIIOE
YUCIO pa3HOOOPA3HBIX MTyYKOB MOJOXUTEILHBIX MOHOB

W/WIK MOHHBIX KiactepoB tuma Ge', Ge™ ™, Ag™,

++ + + + + .+ .+
Ag™", Ge,, Ag2’3,4’5, Al", Be", Si', B1375’7’9’11,

Bij s 4567, Mn*, Nit, Sn™, AI" u ap. [7—12].

Kommepuecku noctymmabie @UIT-cuctemsr ¢ LMIS
B HacTosIIIee BpeMsl MPOU3BOISITCS CIEAYIOIIMMU KOM-
nanusimu: FEI Company (CIIA), Zeiss (I'epmaHusi),
Tescan (Yexus1), DCG (CIIA), Hitachi (SImoxHus) n
Jeol (SImonwus). B kauecTBe pabouyero meramia yka-
3aHHbIE KOMITAaHUM UCMOJb3YIOT rauiuii. Kommep-
yecku poctynHeie @UII-cuctemsl ¢ LMAIS B Ha-
cTOsIIIIee BpeMsI IIPOU3BOIUT TOJBKO KoMITaHus Raith
(IF'epmanwus).

T'azoBbie aBTOMOHHBIE MCTOYHUKHM HOHOB — GFIS

I'azoBble aBTOMOHHBIE MCTOYHUKW HOHOB IIpel-
CTaBJISIIOT COOOM 3a0CTPEHHBIN CTEPKEHD (IMUTTED), K
KOTOPOMY MPUJIOKEHO BbICOKOE HAIpsLKeHUEe. ATOMBI
pabouero raza MOHU3YIOTCA B CWJIBHOM 3JICKTpHUC-
CKOM I10J1€ BOJIM3U OCTpUsl (ABTOMOHU3ALIMST WM UOHU-
3anus moneM). Ilepsasg ®UII-cucrema ¢ GFIS-ucrtou-
HUKOM ObLIa mpeacTasieHa pupmoii ALIS corporation
B 2006 1. [13]. B xauecTBe pabodero rasa HMCITOIb30-
BaJicS TeIWii, a MaTepHalioM 3a0CTPEHHOTO CTEPXKHS
sBJsICs BoJibdpaM. HeilTpanbHble aTOMBI Teyus, Mo-
magas B 00J1acTh MAaKCUMAJIBHOTO BJIEKTPUIECKOTO TT0-
JIs1 (OCTpUE 3MUTTEPA), MOHUZUPYIOTCS U YCKOPSIOTCS
B CTOPOHY 3KCTpakTopa (puc. 3).

Puc. 3. CxeMa ra3oBoro aBTOMOHHOr0 McTounuka nonos — GFIS
Fig. 3. The circuit of a gas field ion source — GFIS
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s yMeHBIIIEHUs] YUcia BUPTYaTbHBIX MCTOYHM-
KOB (0bjiacTeif, B KOTOPbIX MPOMCXOMUT MOHU3ALIMS)
OCYIIECTBJISICTCSA TIpolleaypa "3aTtauymBaHUsS" (aHTIL.
sharpeness) amurrepa. [Ipu "3aTaumBaHuu” Ha Tpen-
BapuUTeJIbHO OTpaHeHHYIO (TpH TpaHU) BOJIb(PPAMOBYIO
uriy mnopaetcss Bbicokoe (5...30 kB) HampsikeHue.
ITpu Takux yciioBusix Ha "oCTpbix" Kpasix UCTOYHUKA
(oTOenbHBIE aTOMbI) BO3HUKAET 3JEKTPUYECKOE I10JIe
1o 50 B/HM, 4TO MPUBOAUT K UX UCIAPEHMIO TOJIEM.
Takum obpazom, ocTpue BOJb(GPAMOBOIM UTJIBI "3aTa-
yyBaeTcs" OO0 TpeX aTOMOB Ha KoHie. [Ipu nmoHuxe-
HUY HaIPSKEHMS Ha UIJIe 10 3HAYEHU I, KOTOPBIM CO-
OTBETCTBYET 2JeKTpuueckoe moje 30 B/HM, Boabdpam
He McrmapsieTcsi, a aTOMbI pabo4ero ra3a HOHU3UPYIOT-
Cs HETOCPEACTBEHHO B 00JIACTU OCTPHUSI — TPEX aro-
MOB B IIJIOCKOCTH [14].

Cnenyer otMetuth 4to B ®UII-cucremax ¢ GFIS-
WCTOYHUKOM Ppe3yJIbTUPYIOUIMH (B3aUMOACUCTBYIO-
LM ¢ 0Opa3LioM) MOHHBII My40K (DOPMUPYETCSI HE U3
BCEX TPeX TOUEK, a BbIOMpAETCs CIiellMaJbHOI anepTy-
poii [15] TonbKO M3 OMHOIA.

Cepvesnvimu  docmouncmeamyu paccMaTpUBaEMBbIX
WCTOYHUKOB MOHOB SIBJISIIOTCSI: BBICOKasl SIPKOCTb:
>3,4+10° A/CM2 [16]; manble pa3Mepbl BUPTYaJIbHOIO
ucroyHuka: 0,5 um [17]; MUHUMAaJILHBIA pa3Mep Myd-
ka: 0,25 um [15, 18]; manblii pa3dbpoc MO IHEPrUu:
0,25...0,5 B [16, 19, 20].

K HemocTtaTkaM MOXHO OTHECTH HEOOXOIUMOCTh
OXJIAXKACHUST SMUTTEPA XKUJAKUM a30TOM U PETYJISIPHOE
BBITIOJTHEHUE MPOLEAYPHl "3aTauynBaHUs".

Heo0xonuMo 0TMETUTB, YTO UCCISA0OBAHUS 110 BO3-
MOXHOCTH co3nanus "HeoxnaxnaeMmbix" GFIS nmpoBo-
JUINCh, OJHAKO YITOMUHAHUSI 00 UX NMPUMEHEHUU B
koMmMmepueckux OUII-cucremax orcyTcTByIOoT. TeM He
MeHee, B pabore [21] moka3aHo, YTO MCIIOJIL30BaHME
WPUAVEBOTO 3MUTTEpA ITO3BOJISIET HE MCIOJb30BaTh
OXJTAXKICHNE XUIKUM a30TOM.

CKJIOHHOCTH BOJIb(paMa K OKMCJIEHUIO M CBSI3aH-
HOE C TUM OTpaHWYEHUE Ha MMOTeHLIMaJIbHbIe paboulie
rasnel (TUMbI MOHOB) OOYCIOBUJIM OJHO M3 Hampabjie-
Huit o pazsutuio GFIS, cBs3aHHOEe ¢ HaHeceHUEM
TOHKOTO CJI0s1 0JIarOpOJIHOTO MeTajllla Ha BoJbdpamo-
BoIli sMuTTEep. B MOIEpHU3MPOBAHHBIX YKAa3aHHBIM
cnocooom GFIS mocturaoT octpust SMUTTEPA B ONUH
aroM. Takue GFIS monyunnu HasBaHue "OTHOATOM-
Hoe ocTpue” (aHTd. single-atom tip — SAT) [22]. B pa-
6otre [23] moka3aHB NMpUMEPHI MOJYYSHUS ITYYKOB
MOHOB BOIOpOZA, TelINsl, aproHa U KUCJIOpOoAa C UC-
nonb3oBanueM GFIS tuna SAT — Ir/W (Bonbdpamo-
BBIII DMUTTEP, MOKPHITHIA UPUIUEM).

Takxe crout oTMeTUTh, uTO B ®@UII-cucremax c
GFIS MoxeT NpUMEHSITbCA MCTOYHUK HECKOJIbKUX
noHos, Harpumep He™ u Ne™t [24].

Kommepuecku noctyrmasie @UI-cucremsr ¢ GFIS
B HACTOSIIIIEe BPeMsI IIPOM3BOASITCS TOJBKO KOMITAHU -
et Zeiss (I'epmanust) — cuctema Orion NanoFab [25].




I1na3Mennbie HCTOYHHKH HOHOB — PIS

I11a3mMeHHBII UCTOYHUK MOHOB — PIS mpencras-
JIsIeT co00ii MaJlorabapuTHHIN IIJIa3MEHHBIN NCTOYHUK
C DKCTpakTopoM. B HacToslee BpeMsl ecTb TaHHbIE O
npumeHeHnn B cuctemax ¢ @UIT PIS ¢ mHAyKTMBHO
CBsI3aHHOM 1a3moii (aHri. inductively coupled plasma
ion source — ICPIS) [26] u m1a3Moii Ha OCHOBE 3JIEK-
TPOHHO-LIMKJIOTPOHHOIO pe3oHaHca (aHrd. electron
cyclotron resonance ion source — ECRIS) [27, 28].
Taxoxe cylecTBYIOT JaHHbIe 00 UCCAEA0OBAHUSIX MHO-
TOOCTPUMHBIX (MYJIBTHKACTIOBBIX) NICTOUHNKOB MOHOB
(anr. multicusp ion source — MCIS) [29—35], ucrou-
HUKOB MOHOB ¢ pa3psaom IleHHuHra (aHrji. penning
type ion source — PTIS) [29, 36, 37] ¥ ICTOYHUKOB Ha
OCHOBe AayoruiazamMarpoHa (aHri. duoplasmatron ion
source — DPIS) [38—45].

Haubonee n3yyeHHBIMU U PaCpOCTPAHEHHBIMU B
Hacrogee Bpems sapistiorcst ICPIS, onrrumusnpoBaH-
HBIE JJTSI TeHepallui BBICOKOIIJIOTHBIX MOHHBIX ITYYKOB
C HU3KUM paszbpocoM 1o sHepruu [46]. MoHuzaums
pabouero raza B ICPIS ocHoBaHa Ha MCIIOJIb30BaHUU
SIBJICHUS 3JIEKTPOMAarHUTHOW MHAYKLWU, TIe BO30YXK-
JIeHWe U IMoaiaepxXaHue paspsiga obdecrieunBaioTcs BY
BUXPEBBIM 3JIEKTPUIYECKUM TTOJIEM C 3aMKHYTBIMU CH-
JIOBBIMM JIMHUSIMU, KOTOpble MHayLumpyiotcss BY To-
KOM aHTCHHHBI.

Ha puc. 4 npuBemeHbl cxeMa M U300paxxeHUe
ICPIS, paspaGotanHoro mig npumeHeHunit DOUII.
M cToYHMK COCTOUT M3 KBapLEBO TPYOKU N1MaMETPOM
30 MM ¢ BHelIHel 4-BUTKOBOI aHTEHHOI U OMTHUYe-
CKOI CHUCTEeMBl MOHHOI KOJIOHHBbI. MMOHHBIA My4oK
BBITATUBACTCS IBYX3JCKTPOMXHON CUCTEMOI C aIlepTy-
poit (HampsikeHHe 3KCTpaKTOpa COCTABJISIET €NUHM-
LBl KWJIOBOJIBT [47]). a5t MUHUMU3ALUN €MKOCTHOIO
BJIMSHUSI Ha TIIa3My McIonb3yercs kiaetka Dapanes.
IMpu orcyrctBum kinetku Papamess MOHHBIN TOK HC-
TOYHMKA YBEJIMYMBAETCS 3a CUET €MKOCTHOH CBSI3H,
0JIHaKO pa3dpoc 3HEPTUU UOHOB B ITyUKe TOXKE YBEJIM-
YHBAETCs, YTO MPUBOIUT K YBEJMUYECHUIO XpOMaTHYe-
ckoit ab6epauuu. bonee toro, Bpems xxuznu ICPIS
YMEHbILIAeTCsl U3-3a HalbIJIEHUS TOHKOW MeTalihye-
CKOI TIJIEHKM Ha BHYTPEHHIOIO ITOBEPXHOCTh KBapIle-
BOI1 TpyOKM (13-3a pacIblICHUS 3JeKTpoaoB) [48].

Pasmepnr obmactu renepanyuy noHoB B ICPIS mHO-
TOKPAaTHO TMPEeBbIIIAIOT pa3Mepbl BUPTYaJbHBIX HC-
TouHuKoB LMIS (Bxitouasi LMAIS) u GFIS u coctas-
qstot 10...100 MM B KomMmepueckux OUII-cucremax
[49, 50].

Ocnosnoimu xapaxkmepucmuxamu 1CPIS sBnsiioTcs:
MMOTEHITMATbHAsT BO3MOXHOCTb HCIOJIB30BATh JTIOOBIC
HMOHBI; BBICOKAsI SIPKOCTb: 103...10% A/CM2 [49]; 6oab-
IIe TOKA MOHHOTO IMy4YKa — M0 ¢AMHUI] MIJIJTAAMIIC -
pa [51]; Oonbluast yriaoBass MHTEHCHUBHOCTh (T1apa-
JIETbHBINA Ty40K): 5...10 MA/cp [50]; MUHUMATBHBIN
pasMep myuka 25 HM [49]; pasMep BUPTyaJIbHOTO MC-

I'as (Gas)

\\\\\\\\\\\ _I\;?li"n\‘:l Papajes

(Faraday shield)

Keapuepas TpyoKa
(Onartz tube)

(L]

e
- / l\ IToHHBIIi MY* 10K

(Ton beam)

BakyyMmHuBIH mopT

(Vacuwm port) "\

Puc. 4. Cxema ICPIS, pa3pa6orannoro ans npumenenus B8 @UII-
cucremax [48]

Fig. 4. The circuit of ICPILS developed for application in FIB-systems
[48]

tounuka 10...100 mxm [49, 50]; oTHOCUTENBHO OOJIb-
1Io0i pasbpoc no sHeprum: 2,6...10 3B [46, 48, 49, 51];
manoe Bpems xuzHu ICPIS: 200 u [48].

B nacrosiee Bpems u3BectHbl ICPIS crnemyrommx

MoHOB [27, 50—52]: kcernona (Xet); kpunrona (Kr');
azoTa (N;r ); Kuciopoia (O;r ); TeJus (He+); BOIOPO-

ma (H+, H; ); HEeoOHa (Ne+); aproHa (Ar+). bonpmma-
ctBo ykazaHHbIX ICPIS wmccaenyrorcs mpu co3gaHuu
nporotunos PUII-cucrem. B HacTosiiee Bpems B
KoMMepuecKH JocTyImHbIX ®UTI-crucTemMax UCIob3y-
10T B ocHOBHOM ICPIS-MCTOYHMKM MOHOB KCEHOHA:
FEI Company — Vion PFIB u Tescan — FERA3.

B MHoOTrOOCTpUIHBIX (MYJIBTUKACIIOBBIX) HCTOY-
Hukax moHoB (MCIS) reHepauusi MOHOB OCYIIECT-
BJISIETCSI B MMHUATIOPDHOM pEaKTOpe C MarHUTHBIM
yaepxaHueM 1aasMbl. B nepsbix MCIS miazma dop-
MUPOBAJIaCh TEPMODJEKTPOHHBIM KAaTOAOM MPSIMOTO
Hakana (HUTeBUIHBINA pa3psia) U yaepKuBajaach IojieM
MOCTOSIHHBIX MarHUTOB (PUC. 5, CM. BTOPYIO CTOPOHY
00y10xKkM) [29]. B manbHelilieM B KauecTBe reHeparo-
POB IJIa3Mbl CTAJIM UCCAEA0BAaThCSI BbICOKOYACTOTHBIE
ICP-ucrounuxu [31).

Hassanue "MHoOroocTpuiiHble", WJIKU "MYJIbTHKAC-
noBbie" (aHTJ. multicusp), UCTOYHUKU TIOJYYUTIU OT
KoHdurypauun marHutHoro nosst [30, 32, 33]. Tlo-
CTOSIHHbIE MarHuThbl, KOTOpPbIE YCTaHaBJIMBAIOTCS IO
MepuMeTpy TJIa3MEHHOTO peakTopa C uepenyroleics
MOJIIPHOCTBIO, CO3[AIOT MYJIBTUKACIOBYIO (MYJIbTH-
MOJIBHYIO OCTPOYTOJIbHYI0) KOH(UTYpallii0 MarHuT-
HOro mnoJisi. MarHuTHOE IoJie JOCTUTaeT MaKCUMasb-
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HOTO 3HAYEHMS BO3JIC CTEHKHU Pa3psSOHON KaMepsl U
9KCIIOHEHIIMAJIBHO CIagaeT K UeHTpy [53] mo Hyns.

Ilepen obnacThio AKCTPAKIIMM MOHHOTO My4yKa pac-
MOJIOXKEH MArHUTHBIM (PUIBTP C MOIMEPEYHBIM Mar-
HUTHBIM TOJIeM. DJIEKTPOHBI, O0jajgaiolnine MaJioi
9Hepruel (MeaJeHHbIE BJIEKTPOHBI), MOJ BIAUSTHUEM
MUKPOHEYCTOMYMBOCTEN M CTOJKHOBEHUU B TIJIa3Me
JIeTKo A YHIUPYIOT Yepe3 MarHUTHYIO 3aBecy I10-
MepeK CUJIOBBLIX JIMHUI MOJs, 3alOJIHSIsI 00JIaCTh Me-
XK1y GUIbTPOM M 00JACThbiO AKCTpakuu. B 3Toil 00-
JlacTi oOpasyeTrcs Ila3Ma, He coaepKallasl 2JIeKTpo-
HOB C OOJIBIIIOI dHEPTUEid.

Kak u3BecTHO M3 TeopuU AAJIbHUX B3aUMOJCHCT-
BMI, B CUJTY 3aKOHa Najarolero TpeHus 3¢ GeKTuBHOE
CeUYcHNE B3aMMOICUCTBUS MEIJICHHBIX 3JIEKTPOHOB C
MOHAMU OYIET 3HAYUTEIBHO OOJIBIINM, YEM 3IIEKTPO-
HOB, 00JIagarolInX OOJIBIION 3HEprueii. DTo crocod-
CcTByeT 0ojiee OBLICTPOMY BBIPABHMBAHHUIO TeMIIEpPaTyp
3JIEKTPOHHOM M MOHHOM KOMIIOHEHT B ILJIa3Me, y KO-
TOPOI HET OBICTPHIX 2JIEKTPOHOB, Jieyasl ee OoJiee CIo-
KOMHOUN 1 OMHOPOOHOM, CHUXKAsA YPOBEHb CaMOCOIJIa-
COBaHHBIX MOJIeH B IJIa3Me, SIBJSIOLIMICS OTHUM M3
OCHOBHBIX (haKTOPOB, KOTOPBII OIpeaessieT TeMIepa-
Typy €€ HOHHOM KOMITOHEHTHI.

Ipn B3aUMOAEHCTBUM MEIJICHHBIX 3JIEKTPOHOB C
aToMaMM M MOJIEKYJIaMU pabouero raza obGpasyroTcs
MIPEUMYIIIECTBEHHO MOHBI OXHOTO THIa. Ilmasma xa-
paKkTepu3yeTcsl OMHOPOIHBIM paclipeiesieHueM ILI0T-
HOCTH YaCTHII, MEHBIIIMM YPOBHEM IIIYMOB, B HE I10-
JABJISIIOTCS Pa3IMYHOrO poja IIa3MEeHHbIE HEyCTOM-
YHUBOCTH, YTO TaKXKe CIOCOOCTBYET CHUXKEHUIO TeM-
nepaTypbl MOHOB B Ija3Mme. TakuM 0Opa3oM, MexXIy
GUITBETPOM 1 06JTACTHIO SKCTPAKIIUY CO3IaeTCs IIa3Ma
C MaJIoil TeMITepaTypoif, OMHOPOMHAS IO COCTaBy U
IUTOTHOCTU. [1py 3TOM HU3KO3HEPreTUYHBIC aKCUAThb-
HbIE MOHBI BEITATUBAIOTCS Yepe3 OTKPBITYIO 9acTh pe-
aktopa. TakuM 00pa3oM, MarHUTHbIA (UIBTP OTpa-
JKaeT BBHICOKOHEPTETUYHBIE 3JIEKTPOHBI, YBEIUIMBAs
IUTOTHOCTD ia3Mbl [30] 1 yMeHbIas pa3dopoc sHep-
MY MOHOB B Iyuke [33].

Ocnognvimu xapakmepucmuxkamu MCIS sBISIIOT-
cs: BO3MOXKXHOCTb (DOPMUPOBAHUS MOHHBIX ITyYKOB
pPa3IMYHBIX MaTepUaioB; (POpMUPOBAHNE "He3arpss-
HaoImMX' (aHIJI. noncontaminate) MOHHBIX ITyYKOB
[35]; manbiit pazopoc moHoB 1o sHeprun: 0,7...3 3B
[33, 54]; nuzkas nonHas temmneparypa: 0,1 3B [35];
OoJipllIie TOKM HMOHHOTO TIy4Ka; MaJas SIPKOCTb:
<1,5-10% A/(cm? - cp) [34]; masioe Bpemst xu3Hu MPIS
¢ HuTeBUAHBIM paspsimoM: 100...500 u [33]; manoe pas-
pewrenue: 50 Hm [30]; pa3Mep BUPTYaJbHOIO MCTOY-
Huka: 16,9 (Kr')...40 (He™) um [29].

B nHacrosiiiee Bpemst usBectHol MPIS cienyronmx

noHoB [29, 30, 35, 55, 56]: Bomopona (H+, H; , H;r );

resmst (He™); Heona (Ne'); aprona (Ar"); kucnopona
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(O+); oopa (B+); KCEHOHa (Xe+); docdopa (P+); Me-
I (Cu+); HUKEJISI (Ni+); Xpoma (Cr+); natagust (Pd+);

KPUIITOHA (Kr+); MOJIEKYJISIPHBIE MOHBI (Cgo ). bonb-

IMMHCTBO yKa3zaHHbIx MPIS uccnenyrorcs mpu co3nma-
Huu npototurnioB @UII-cucteM. B HacTosiee BpemMst
KoMMepuecku moctyrmHbie @UTT-cucremsr ¢ MPIS or-
CYTCTBYIOT.

B ucrouHukax noHoB ¢ paspsinom [leHHWMHra —
PTIS — 3axuranue ra3oBoro paspsiia OCylIeCTBIISICT-
cs 3a CYeT IMPoOOS Ta30BOro IMpPOMEXYyTKa KaTom —
aHOJ, MeXIy KOTOPbIMU NMPUKIIAAbIBACTCSI HaMpsikKe-
HUE OT HECKOJIBKMX COTEH BOJILT 10 KMJIOBOJIBT (puc. 6).
HanpskeHue Ha paspsiiHOM MPOMEXYTKE JTOJKHO
OBITh MUHUMAJIBHBIM JIJTSI 30KMTaHUS U MO PKaHUS
CTaOWJILHOTO Ta30BOro paspsiga. ['a3oBblii pa3psia ro-
PUT B TPONOJIHLHOM MarHMTHOM IIOJIe, CO3IaBacMOM,
Kak TMpaBujo, MOCTOSIHHBIM MarHUTOM MEXIYy ABYMSI
KaToJaMM U KOJbLIEBBIM aHOIOM. KaToasl MCTOYHMKA
O0OBIYHO M3TOTaBAUBAIOT U3 ATIOMUHMUS, 2 KOPITYC — U3
MSITKOTO 3Kejie3a ISl 3aMbIKaHUsI MarHUTHBIX JIMHUA.
OMUCCUST BJIEKTPOHOB U3 KaTOAOB ITPOMCXOIUT 3a CUET
nx O0oMOapIMpOBKM MOHAMM paspsima. M3-3a mpuiio-
JKEHHOTO MarHUTHOTO ITOJIsI 3JIEKTPOHBI IBUXKYTCS IO
CIUpajy, 4YTo YBEJUUYMBAECT UX MYTb U YUCJIO UOHU-
3UPYIOLIMX COyJapeHWil Ha MyTH KaToi — aHof, T. €.
TUIOTHOCTD TUTa3MBbl.

BosmoxHocts akcrutyatanuu PTIS tonbko B uMm-
MYyJIbCHOM pexXUMe MpuBeJia K TOMY, UTO B HACTOsIIIIee
BpeMSI UCTOYHMKHU TAHHBIX TUIIOB HE Pa3BHBAIOTCS B
HarpaBiicHUM uxX TpuMeHeHust misg @UIT-npunoxke-
HUI, OIHAKO ITOKAa3aTeIu SIpKocTH (5 * 10% A/ (CM2 *cp)),
TJIOTHOCTHU ToKa (6onee 1 A/CM2 [37]) u BOBMOXHOCTh
bopMupoBaHMS TYYKOB OTPULIATEILHBIX MOHOB Jeja-
10T TIPUBJIEKATEIbHBIM UX MCIIOJIb30BaHUE MPU UCCIe-
JIOBaHUHM HEMPOBOIAIIMX 00pa3ioB [29].
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Puc. 6. Cxema HOHHOrO MCTOYHHKA ¢ pa3psiaom Ilennunra [36]
Fig. 6. The circuit of a penning type ion source [36]
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Puc. 7. Cxema HCTOYHHKA HOHOB Ha OCHOBE ayomnaasmatpona [38]
Fig. 7. The circuit of ion source on the basis of duoplasmatron [38]

B ncToyHmKax MOHOB Ha OCHOBE MyOIIa3MaTpoHa —
DPIS — ma3sma ¢opmupyeTcs B 00JIaCTHA TIPOMEXKY-
TOYHOTIO 3JIeKTpoja ¢ KaroaoM (puc. 7). ITpoMexytou-
HBI 3JIEKTPO/I, U3TOTOBJIEHHbBII M3 MATrHUTHOTO MaTe-
puajna, cyxaeTcs K anepType (IJIs CXKaTWsl IJIa3MBbl),
yepe3 KOTOpYlo IjladMa jJocTuraeT aHoma. Pacrono-
JKEHHBIN BOKPYT IIPOMEXYTOYHOTO 3JIEKTPOIA MAarHUT
co3/1aeT MaKCUMaJbHOE I10JIe Ha BHIXOE TPOMEXYTOU -
Horo 3jiekTpoaa. TakuM o0pa3om, INIOTHOCTh ILJIa3MbI
Ha BbIXOJE MPOMEXYTOUHOTO 3JIEKTPOJA MOBbIIIAETCS
3a CYET €ro reoMeTpUYEeCKUX MmapamMeTpoB U MarHUT-
HOTO T10JIs1, YTO MPUBOAUT K (POPMUPOBAHUIO €€ TBO -
Horo cnos [38].

DJEeKTPOHBI, UCIyCKaeMble KaTOAOM BHYTPHU IpO-
MEXXYTOYHOTO 3JIEKTPOJIa, YCKOPSIIOTCS B CTOPOHY aHOa
MoJiIeM JBOMHOIrO CJIOSi U MOHU3UPYIOT HEeUTpaibHbIe
aToOMBbI cXkaToil MmjasMbl. B pe3ysibTaTte cTeneHb MOHU-
3alIMU IUTa3MbI B KaHayie npubmkaercd K 100 %. B To
K€ BpeMsl IJIOTHOCTh 3JIEKTPOHOB OKOJIO BBIXOMHOM
afnepTypbl YaCTO CTAHOBUTCS CJIMIIKOM OOJIBILION s
a¢hdeKTUBHOI dKCTpakMu. B TakoM ciayyae rpaHuLa
TJIa3Mbl pacCEMBAETCSl Ha BBIXOJE anepTypbl U MPHUOO-
peTaeT BBINYKIYIO GopMy, M3-3a yero ¢hopMupyercs
CUJIbHO PACXOOSIINICSI MOHHBINA ITy4YOK.

ITo oTo¥i MpUUKHE 1IsT YBETUYEHUS SIPKOCTU UOH-
HOTO ITy4yKa KOHTPOJIb IUTIOTHOCTU 3JIEKTPOHOB B 00-
JIACTU BKCTPaKIMU OCYILIECTBISIETCS C TTOMOIIbIO
"pacupuTenbHOM vamm" (aHI. plasma expansion
cup) [39].

Taxxxe DPIS MoxeT ObITb MUICTOYHMKOM OTpMIIa-
TeJIbHBIX MOHOB MPU CJIEAYIOIINX KOHCTPYKTUBHBIX
M3MEHEHUSX:

e 3aMeHe BJIEKTPOoJia BHYTPU MPOMEXYTOUHOIO 3JIeK-

Tpoja Ha TpyOKy C JoOaBJIeHMEM 1Ie3MsI B COCTaB

pabouero raza [40];
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MOXXHOCTb (DOPMUPOBAHUS pa3Iny-
HBIX MOHHBIX ITYYKOB, BKJTIOYAS ITy4-
KU OTPULIATEJbHBIX U MOJOXUTEIb-
HBIX MOHOB; BBICOKAS IPKOCTh MOH-
Horo myuka: 1100 A/(M2Cp * B) (nns
Ar") [42, 43]; MakcuManbHOE paspe-
meHue: 85 HM [42]; GonblIoi pas-
Opoc 1Mo 3Hepruu MoHOB: 5...15 3B
[42, 45]; yrioBasi MHTEHCHUBHOCTD:
10 MA/cp [45]; pasMep BUPTYaJIbHO-
ro mcrouynumka: 36...300 mxm [44];
Masioe BpeMs Xu3HU uctouHuka: 50... 500 u [42].

M3BecTHBI uccaenoBaHUs CO CAEAYIOUIMMU HOH-
HBIMHU ITyYKaMU: aproHa (Ar+), kuciopona (O ), ¢prTopa
(F ), xnopa (CI ), opoma (Br ), itoga (I ), Bogopona
(H™), renmst (He™), asora (NT) [42—44, 57]. B ocHOB-
HoM DPIS ucnonb3yioTcs a1 Macc-CHeKTPOMETPUU
BTOPMYHBIX MOHOB, OJHAKO CYIIECTBYIOT pabOTHI, B
KOTOPBIX YKa3aHHBIN TUI MUCTOYHMKOB MCIOJB3YETCST
ans OUIT-npunoxenuii. Bmecre ¢ TeM, KomMmMepue-
ckre ®UTI-cucTeMbl ¢ MICTOYHUKOM MOHOB Ha OCHOBE
JIyoria3MaTpoHa OTCYTCTBYIOT.

|
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|
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|
|
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|
|
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DJIeKTPOJUTHYECKHE UCTOYHMKH HoHoB — EIS

B Hacrosiee BpeMst eCTb TaHHBIE O TIPUMEHEHUH B
cucremax ¢ OUIT 37eKTPOIUTHIISCKUX MCTOYHUKOB
IIBYX OCHOBHBIX TUIIOB: HA OCHOBE MOHHBIX XMIKO-
creit (aHrd. ionic liquid ion source — ILIS) [29, 58] u
C TBepAbIM 3JieKTpojauToM (aHri. solid electrolyte ion
source — SEIS) [59, 60]. [To KOHCTPYKLIMA U MeXa-
Hu3My smuccun ILIS-ucrounuku aHamornuydsl LMIS-
MCTOYHMUKAM, 32 UCKITIOUeHUEM MaTepuaia — HUCTOY-
HUKa noHoB (puc. 8). B ILIS-ucTouyHMKAaxX UCITOIb3Y-
10T pacIjiaBbl OPraHWYECKUX COJIeit, HaXOISIIrecs B
XKUOKOU ¢ha3e Mpu KOMHATHOM TeMIlepaType 1 obJa-
JAIOIINEe OTHOCHUTENIBHO HU3KUM COIPOTUBJICHUEM
(MoHHBIE XUAKOCTH) [61].

HMoHHas X1IKoCTh TIPEeICTABIISIET COOO0M CMeCh KOM-
TUIEKCHBIX OPraHMYEeCKUX M HEOPraHMYEeCKUX MOHOB,
00J1agaroNyl0 MUHUMAJIbLHBIM JaBJICHHEM HACBIIIECH-
HBIX TIApOB U CJA0bIM MOBEPXHOCTHBIM HATSKEHUEM,
MO3BOJIsIIOIIMM 00pa3oBbIBaTh KOHYC Teiinopa (aHa-
snornyHo LMIS) [29]. HecmoTpst Ha cxoxecTb ¢ LMIS,
ILIS nmeroT ciaenymoolune 0COOCHHOCTH:

e BO3MOXHOCTb (hOPMUPOBAHUSI MYYKOB HE TOJBKO

OTPHMIIATEIBHBIX, HO U TTOJIOXUTEILHBIX MOHOB 3a
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Puc. 8. CxeMa HCTOYHHKA MOHOB HA OCHOBE MOHHOI XKuAKocTH [29]
Fig. 8. The circuit of a source of ions on the basis of ionic liquids [29]

CUYET CMEHBI TTOJISIPHOCTY HATIPSKEHUS KCTPaKTO-

pa (mpuMeHeHHe OTPULATEIbHBIX MOHOB MO3BOJISI-

T MUHUMHU3UPOBATH 3apsiIKy HEIPOBOMSIINX 00-

pa3loB 3a CUeT YpaBHOBEIIMBAHUS BHIXOAAa BTOPUY-

HBIX 3JICKTPOHOB ITAafalOIIMMU OTPULIATETbHBIMU

HOHAMMU);

e TOTEHLMAbHAsI BOBMOXHOCTb UCIIOJIb30BAHUS TS~

SKEJTBIX MOJIEKYJISIPHBIX MOHOB M PEAKTUBHBIX NOHOB,;
o ob0cayxuBaHue ILIS-uctounuka npoie, uem LMIS,

TaK KakK He TpeOyeT BHICOKOTO BaKyyma M TTOIIep-

KaHusl TeMniepatypsl masieHus (ILIS-ucrouHuku

paboTaloT NMpu KOMHATHOM Temmepatype) [29].

OcHosnvimu xapakmepucmukamu 1L1S sBisitotcs: mo-
TEHILIMAJbHAs BO3MOXHOCTb MCIIOJIB30BAHUS ITTOJIOXKHU-
TETBHBIX M OTPULIATSIIBHBIX MOJIEKYISIPHBIX I pEaKTHB-
HBIX MOHOB; BBICOKasl SIPKOCTb — 6 ° 10°...10° A/CM2
[29]; GombIIMe TOKM MOHHOTO ITyyka — 10 600 HA [62];
MHUHUMAaJIBHBIA pa3Mep mydka 36 HM [29]; pasmep
BUPTyaJbHOro UCTOYHMKA 20 HM [29]; OTHOCUTEIBHO
GoutbLIION pa36opoc 1mo sHeprun — 6...8 3B [63, 64]; ma-
noe Bpems xusHu ILIS: menee 100 g [29].

M3BecTHBI uHcCCaenoBaHUS CO CAEAYIOIIMMU WOH-
HeiMu xuakoctamu: EMI-BF,, EMI-IM, EMI-Beti,
C5MI‘(C2F5)3 PF3, C4mlm-1, EMI-GaCL‘_, EMI-
N(CN),, EMI-C(CN);, BMI-FeBry, C4MI-FeBry,
C¢MI-FeCly, BMI-FeCly, EMIF2.3HF, HMI-PFg
[58, 65—75].

Heo6xonuMo OTMETUTb, YTO B HACTOSIIIEE BpeMmsi
koMmmepueckue @UIT-cuctemsl ¢ ILIS oTcyTcTBYIOT.
HccaemoBaaust poBOOATCS ¢ TIPUMEHEHUEM IIPOTO-
TUnoB. OQHAKO IIMPOKUI CHEKTP MOHHBIX KUIKO-
CTeil, KOTOpble MOTYT ObITh UCIOJb30BaHbI B ILIS, mo-
3BOJISIET TPEANONIOXUTh, YTO B OnmKaiilee Bpems
MOTYT IMOSIBUTbCS KOMMepueckue obOpaslibl. Bmecte
C TeM HeoOXOIMMO OTMETUTb, UYTO creuuduyecKre
0COOEHHOCTU MOHOB (pa3Mephl, PEaKTUBHOCTb U AP.)
3aTPYAHSIOT ucnojib3oBaHue ILIS B yHUBepcaabHbIX
npudopax, 4To, CKOpee BCero, MpuBeaeT K MOSIBICHUIO
Y3KOCTICIINAIM3NPOBAHHBIX TTPOMBITIUICHHBIX CHCTEM.

M cTOYHMKM MOHOB Ha OCHOBE TBEPIOTO 3JIEKTPO-
qura — SEIS — B Hacrosiee BpeMs McclieOBaHbI

26 HAHO- I MUKPOCUCTEMHAS TEXHHUKA, Ne 11, 2015

cnabo. M3BectHHI pabotel Escher’a u np. [59], B KoTo-
PbIX MPEIIOKEH M UCCIEIOBAH UCTOYHUK MOHOB Ag’t
st OUII-npunoxeHnii HA OCHOBE TBEPIOTO 3JIEK-
Tposuta (Agl)y s(AgPO3)g 5.

M3BecTHO, YTO B TBEPABIX DJEKTPOIUTAX MOHBI MO-
TYT TIepeMeIaThcsl CBOOOAHO, KaK W B XUAKHX [76].
Ecau tTBepaomMy 371eKTpONUTY MpUIATh HOPMY OCTPUS
M COCIVHUTH €T0 C METAJUIOM — MCTOYHUKOM "pabo-
yux" MOHOB, TO MPU TPUTOXKEHUM TIOJIST MOHBI OYymyT
SMUTHUPOBATLCS C OCTPHS, a 0Opa3oBaBIIEeCs B 3JICK-
TPOJIUTE BaKaHCUU 3aMEIaThCs MOHAMHM U3 MeTaia —
UCTOYHUKA "padounx” MOHOB (pUC. 9, CM. BTOPYIO CTO-
poHy obsioxku) [59].

B npuBenenHbix B [59] uccienoBaHusix ¢ SEIS u3
TBepaoro anekrposnuta (Agl), 5(AgPO3), 5 mokasaHo,
YTO SKCTPAKLIMS HOHHOTO My4Ka HAYMHACTCS TIPU Ha-
npskeHun 15 kB. MakcumamibHbIl TOK Tydyka 1 MKA
nonydyeH nipu HanpspkeHun 20 kB. Mctounuk ctabu-
JieH B TeueHue 20 MUH.

B pa6Gote [60] mpuBeaeHbI pe3yabTAaThl MCCIIEIO0-
BaHMSI UCTOYHWKA Ha OCHOBE TBEPIOTO 3JICKTPOIUTA
RbAg,l5, M3roToBIeHHOro HaHeCEHUEM (TEPMUYECKUM
HWCTIapeHreM B BaKyyMe) 3JIEKTPOJIMTAa Ha 3a0CTPeH-
HbI cepeOpsIHbIN CTEPKEHD C PAANYCOM 3aKPYyIJICHUS
5 MxM. Ilpy KOMHaTHOI TeMmIlepatype W 3HAUYCHUU
BBITSITUBatoLIero HamnpsikeHus: 20 KB mosyyeHsl ToKu
HOHHOTO (Ag+) nyuka ~ 15 nA. IloBellIeHWE TeMIiepa-
Typbl SEIS 10 92 °C npuBeo K yBeJIUUYEHNUIO NIOHHOTO
TOKa 10 ~23 mnA.

B nHacrostiiee Bpemst SEIS B kommepueckux OUII-
CcHCTeMax He MCITONB3YIoTCs. bojiee TOro, OTCYyTCTBYIOT
JaHHBIE O MPOTOTUIIAX MOJOOHKIX cucteM. HecMoTps
Ha TO 4YTO B pabotax [59, 60] uccieaoBaIuCh TOJIBLKO
MOHHBIE My4Yku Ag', aBTOpbl padoTel [60] cumrTaror
BO3MOXXHBIM CO3JJaHHE ITyYKOB Cu+, F,0, un HT wis
CEJICKTMBHOTO JIOKAJTLHOTO TPaBJICHUS B TIEPCIIEKTHUB-
Heix @UII-cuctemax.

M cTOoYHMKH MOHOB ¢ MATHUTOONTHYECKOH JIOBYIIKOM

HMCTOYHMKN WOHOB C MAarHUTOOITHMYECKOM JIO-
BYLUKO# (aHr/i1. magneto-optical trap ion sources —
MOTIS), Ha3biBaeMble TakxKe "YIbTPaxoJOAHbIE HC-
TOYHUKU MOHOB" (aHrI. ultracold ion sources — UCIS),
OCHOBAHBI Ha (DOTOMOHM3AINY OXJIAKICHHBIX (IO TeM-
nepatypsl ~ MKK) 1a3zepamMu aTOMOB, yaep>KMBaeMbIX B
Mmarnuroontuyeckoi jgosyuke (MOJI) [77, 78].

OxJaxaeHue NPOUCXOOAUT B BaKYyMHOM Kamepe
MEXIYy IBYMs 3JICKTpodaMM (OOWH IPO3pavyHbIf I
J1a3epoB, IPYroi ¢ 3epKajbHOM MOBEPXHOCThIO) B 00-
JIACTH, B KOTOPOII TIepeceKaroTcsl IeCTh JJa3ePHbIX OX-
naxparowmux nydeid. M3-3a sadpdekra donnepa aBu-
KYIIAICS aToM TIoTJIoNaeT (POTOHBI JTJa3epHOTO JIyda,
BHEPTUS KOTOPBIX MEHBIIIE SHEPTUU M3JTydyaeMbIX aTo-
MOM (DOTOHOB Ha BEJIMYMHY IOTUIEPOBCKOTO CIIBHTA.
g KoMmeHcalluy TIPUTSKEHUSI C TTOMOIIBIO JIBYX
COJICHOUJIOB CO3[AaeTCsl KBAaAPYNOJbHOE MAarHUTHOE
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Fig. 10. The circuit of a magneto-optical trap ion source — MOTIS [79]

noJjie. CojieHOU bl pa3MeLLIaloTCsl COOCHO Tiepe U To-
cJie o0J1acTy mepecevyeHus Ja3epHbIix Jydeil. TokK B Ka-
TYLIKax Te4yeT B IMPOTUBOIOJOXHBIX HaNpaBJICHUSIX.
Takum 00pa3oM, aToOM IOJIHOCTBIO TEPSIET CBOIO CKO-
POCTb U yIepKuBaeTcsl B MArHUTOONTUYECKOM JIOBYIII-
Ke, KOTOPYIO TlepeceKaeT MOHU3UPYIOIINIA JTa3epHBINA
Jy4. TTonydyeHHble MOHBI BBITATMBAIOTCS Yepe3 arep-
Typy B 3epKaJlbHOM 3JiekTpojae (puc. 10).

Ocnosnvimu xapakmepucmuxamu MOTIS sBnsior-
csI: BO3MOXHOCTb (DOPMUPOBAHUSI MOHHBIX ITyYKOB —
6onee 20 pasIMYHBIX TUMOOB (BKJIIOYAst MUCTOUHUKU
MOHOB HECKOJbKUX TUIIOB) [77, 78]; dhopMupoBaHue
"He3arpsI3HSIIOIINX " MOHHBIX ITYYKOB [79]; Manblii pas-
o6poc no sHeprun: <100 ma3B [77]; pa3pelleHue: MoTeH-
uMaabHo MeHee 1 HM (26,7 = 1 HM, st Li", YCKOpSIIO-
wee HanpspkeHue (YH) — 2 kB, Tok nyuka — 0,7 A)
[77—79]; yrnoBoe pacxoxiaeHue — meHee 10 MKpan
[79]; coBMeCTHUMOCTb C CYUIECTBYIOIIMMU HMOHHBIMU
KOJIOHHaMU; MaJiast IpKOCTb — JI0 103 A/(CMZCp -9B)
[79]; Manble 3HaUeHUST MAKCUMAJIBHOTO TOKA MyvyKa —
mecatku nA [79].

TeopeTnuecku AOCTYMHBI MOHBI (OrpaHUYEHBI BO3-
MOXHOCTBIO JlazepHoro oxiaxmeHusi): Li, Na, K, Rb,
Cs, Fr, Mg, Ca, Sr, Cr, Ag, Cd, Hg, Al, He, Ne, Ar, Kr,
Xe, Er, Yb, Dy [78]. B HacTos1iee BpeMsi KOMMeEpUEeCKH
npoctynHbele cuctembl OUIT ¢ MOTIS otcyreTByIOT.
BMmecTe ¢ TeM CyIIeCTBYIOT JaHHEIE O TTPOTOTHIIAX WC-
TOYHMKOB cirenyiomux noxos: Cr' [79], Li [77].

McTouyHuKYM MOHOB XOJIOAHBIX aTOMOB (aHTJ. cold
atom ion source — CAIS) saBnstoTcsa Monudukaluei
MOTIS 1 ocHOBaHBI Ha (DOTOMOHM3ALMN OXJIAXKICH -
HbeIX (I0 TemnepaTypbl ~ MKK) jazepamMu aTomoB,
yIEPXKMBAEMbIX B MarHUTOONTUYECKOM JoByluKe [80].

OcHoBHbIMU HegocTaTkaMu MOTIS gBnsitorcst or-
paHUYEHUSI MaKCUMaJIbHbIX 3HAYEHUI TOKa MOHHOTO

myyka (IecsITKU HA) U ero sIpKOCTH, YTO CBSI3aHO C Or-
paHMYEHHO# CKOpPOCTHIO "Tiepe3artojHeHus" 00J1acTu
WOHM3AINN OXJIaXIEHHBIMA aTOMaMU M3-3a MaJIOW
ckopoctu ux auddpysuun [81].

Konctpykuus CAIS (puc. 11, cM. BTOpy10 CTOPOHY
00JI0XXKHM) IIO3BOJISIET YCTPAHUTh YKa3aHHBIE HEHdOC-
TaTKu. [TydoK MeJIeHHbIX aTOMOB I'€HEPUPYETCST KOM-
OMHaIMeEN IBYMEPHOU MarHUTOONTAYECKOU JTIOBYIIKHT
(2D-MOJI) 1 cBeTOBO3BpAILAIOLLIETO JA3ePHOrO JIyya,
HamnpaBJI€eHHOro BAOJb TpeThbeil ocu ('Toiakarmoluii”
nyd). "Tonkaromuii" 1y4 IpugaeT UMITYJIbC OXJIAKACH-
HBIM atoMaM Broib ocu 2D-MOJI, co3maBasg my4yok
aTOMOB C YETKO OMpPeIeIeHHON CKOPOCTHIO, TIPOXOISI-
1M Yyepe3 OTBEPCTHE B PETPOOTPAKAIOIIEM 3epKaje.
7151 e3ust ITOTOK aTOMOB B IAHHOM CJTy4ae COCTaBJISI-
er5-1010¢71 nonepeyHast remneparypa ~5 MK, a ak-
cuajgbHast cKopocTb 6...14 M/c (B 3aBUCMMOCTH OT
MoOIIHOCTH "ToJiKatouero” jgazepa) [80].

i yBeIuYeHUsS] MHTEHCUBHOCTU aTOMHOTO ITy4-
Ka UCTOJIb3YeTCsS MATHUTHO-ONTHYECKII KOMITPECCOP
(MOK), yMeHbllIaloOlIMiA paauaibHble pa3Mepbl My4d-
ka. MOK npeacrasnsier coboii 2D-MOJI ¢ rpagueH-
TOM MAarHUTHOTO TOJISI BIOJb aTOMHOTO Itydka. [lo-
repeyHas TeMrepaTrypa aTOMHOTO IyyKa Ha BbIXOAE U3
MOK cocrapnser 100...150 mxK.

[nsg  pganbHEIIero yMeHbIIEHUS TMOMepeyHon
TeMIIepaTypbl aTOMHOIO ITyykKa MCHOJIb3yeTCs IBY-
MepHas onTuuyeckas rnatoka [82]. B cBsi3u ¢ Tem uTO
napa3suTHOE MAarHUTHOE MoJie yMeHbIIaeT 3(pheKTUB-
HOCTb OXJI&XICHUS, JOTIOJIHATEIBHO, Ha Beixone MOK,
pacmnojoXeH MarHUTHBINM 9KpaH (MaTepuall C BEICOKO
MarHUTHON MPOHUIIAEMOCTbIO), OTKJIOHSIOIIMA JIU-
Hum MarHuTHoro 1ot oT MOK. Temneparypa aToM-
HOro MyykKa Iocjie ONTUYECKON MaTOKM COCTaBJISIET
30 + 10 MxK.

B nanbHeiilieM cxXaTblid OXJaXXIE€HHBIA Ty4yoK
aTOMOB TIOIagaeT B 00JacTh MOHM3ALMMU, PACIoso-
KEHHYIO MEXIY IBYMS 3JIEKTPOIAMM, CO3IAI0IINMU
OHOPOIHOE MEKTPUUYECKOE T0JIe, YCKOPSIolee NOHH -
3MpOBaHHEIC aTOMBI B HampaBiieHUH Yamn dapames.
O6J1acTh MOHM3ALMU IPEACTABISIET COOOM Iepeceye-
Hue ABYX (852 u 508 HM [1J1s1 aTOMOB 11€3Us1) JTa3ePHBIX
JIyUeH.

OcrosHvimu docmouncmeamu CAIS aBnsiorest [80]:
MaKCUMaJIbHbIi TOK MOHHOIO My4yka — 110 5 HA; BbI-
COKasl IPKOCTh MOHHOTO IMy4YKa — 107 A/(Mch +3B);
MaJblii pa3opoc no sHeprun — 0,34 3B; makcumanb-
Hoe paspeiieHue — 0,7 HM (Cr+, VH — 30 kB, Ttok
1 nA). B Hacrosiiee BpeMsi KOMMepPUYEeCKU JOCTYIIHbIE
cucteMbl ®UIT ¢ CAIS orcyrcrByior. OgHAKO €CTh
naHHble o npotoTune ucrounuka Crt [80].

3akmoueHne

Pe3ynbTaT aHanm3a pa3IMYHbLIX TUTIOB MOHHBIX MC-
TOYHUKOB JIJISI COBPEMEHHBIX U MepcrieKTUBHLIX ®UTT
CHCTEM CBeIECH B TaOJIUILY.
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Next-Generation and Present-Day lon Sources for the Focused lon Beam Equipment

Currently there are a lot of different types of ion sources designed for the focused ion beam (FIB) equipment. For a long time
most of the modern FIB systems were equipped with liquid metal ion sources (LMIS) of gallium ions (Ga™). However, ease of use
and maintainability of FIB systems, numerous new applications, disadvantages of the gallium ions (gallium is an acceptor dopant
for silicon) and intention to expand the range of the applied ions (including reactive and positive ones, etc.) resulted in an active
R & D in the field of new types of the ion sources. This article presents an attempt to classify the existing and next-generation ion
sources of the FIB system by their design philosophy. Our classification embraces liquid metal ion sources (including liquid metal
alloy ion sources), plasma ion sources (including inductively coupled plasma ion sources, electron cyclotron resonance ion sources,
multicusp ion sources, penning type ion sources and duoplasmatron ion sources), gas field ion sources, electrolyte ion sources (in-
cluding ionic liquid and solid electrolyte ion sources) and magneto-optical trap ion sources (including ultracold and cold atom ion
sources).

Keywords: focused ion beam, ion source, LMIS, LMAIS, GFIS, ICPIS, ECRIS, MCIS, PTIS, DPIS, ILIS, SEIS, MOTIS,
UCIS, CAIS

Introduction type determines the basic characteristics of FIB systems
(resolution, spectrum of the accessible ions).
Sources of ions in FIB systems can be divided into
the following basic groups (fig. 1):
o Liquid metal ion sources — LMIS;
e Plasma ion sources — PIS;
e Gas field ion sources — GFIS;
e Magneto-optical trap ion sources — MOTIS;

Electrolyte ion sources — EIS.

Perspective and intensively developing researches in
micro- and nanoelectronics involve the methods based
on the focused ion beams (FIB). FIB systems are used
for high-resolution scanning ion microscopy, local ion-
beam etching (including selective) and deposition of
materials, ion implantation, prototyping and manu-
facture of micro- and nanoelectromechanical systems
(MEMS and NEMS). *

FIB system consists from an ion source, an ion col-
umn, a working chamber, a vacuum system, a detector
of the secondary electrons and/or secondary ions, gas
injection systems and a control computer. Also FIB sys-
tems can be additionally complemented by an electron-
ic column and/or ion column.

The aim of the given work is research of the princi-
ples for construction of the ion sources, because their

Liquid metal ion source — LMIS

LMIS is the most widespread type of the ion sources
for commercial FIB systems. In LMIS sources forma-
tion of an ion beam is based on stabilization by the field
of a cone of liquid metal, from which an evaporation is
done by the field of ions. Metal arrives to the top of the
cone from the tank via a thin core (emitter). When the
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voltage is supplied to the extending electrode on the

pointed tip of the emitter, a liquid metal Taylor cone is

formed with the diameter of the edge of 5 nm [1—5].

The cone area, from which most ions are emitted, is

dubbed a virtual source (fig. 2). The direct current of

the ion beam is maintained due to the balance between

the surface tension and the electrostatic forces [4].
For a long time LMIS were the only available sourc-

es of ions of gallium (Ga™), in which the layer of the

liquid gallium was on the surface of a tungsten core [2].

A wide use of gallium is caused by a number of reasons:

e Low temperature of fusion (~30 °C), which mini-
mizes a possibility of the chemical reactions between
the liquid metal and the core-emitter;

o High stability of the emission at the temperature of
fusion;

e High angular intensity of the emission current at a
small energy spread of ions [6].

The main advantages of LMIS (Ga™) are: high
brightness (~106 A/cm2), big currents of the ion beam
(up to 100 nA), maximal resolution (up to 2,5 nm),
small size of a virtual source (50 nm), rather small en-
ergy spread (4...6 eV), angular intensity (0,02 mA), life-
time of the source (>1000 h). The main disadvantage is
a "polluting" character of the beam (Ga* is an acceptor
dopant for the silicon products).

The desire to expand the spectrum of the ion beams
(including a charge of ions, composition, opportunity
to use clusters, etc.), possibility of selection of the nec-
essary ion beam (without additional columns) resulted
in appearance of various liquid metal alloy ion sources —
LMALIS, the selection of a beam in which is carried out
by an ExB filter. LMIS and LMAIS differ depending on
a metal or an alloy, however, they have a common
structure.

There are certain requirements to the alloys in
LMAIS:

o The content of the necessary ions and/or clusters (de-
termined by the natural necessity to use concrete
ions for solving of the selected tasks);

o Lower temperature of fusion (determined by the ne-
cessity to exclude or minimize the chemical inter-
action of an alloy with the emitter; alloys with lower,
compared with that of the components’ fusion tem-
perature are obtained at the concentrations, forming
a eutectic alloy);

o Low pressure of the saturated vapors at the fusion tem-
perature (determined by the necessity to minimize
the natural evaporation of a source of ions i.e. an in-
crease of its lifetime);

o Absence of a chemical interaction between the compo-
nents of an alloy and a source material (determined
by elimination of the influence of the alloy elements
on the form of the emitter and composition of an ion
beam).
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Researches of LMAIS sources were done with the
following alloys: AgGe, AgAuGe, AlGe, AuBeSi,
AuBGeNi, AuBi, AuCeSi, AuCoGe, AuCrGe,
AuDyGe, AuDySi, AuErSi, AuEuSi, AuFeGe, AuGe,
AuGdSi, AuGeMn, AuGeNi, AuGeV, AuHoSi,
AuLaSi, AuNdSi, AuSbSi, AuSiSm, AuSiTb, AuSiTm,
BPt, BiGaln, CCe, CoDy, CuP, CuPPt, DyNi, Galn,
GaZn, GeNiTi, HoNi, AuGeSi, AuSi, CoNd, CoGe,
ErNi, ErFeNiCr, SnPb, InGa, MnGeSi, GaBi,
GaBilLi, AlCeC. Thus, the use of LMIS and LMAIS
sources potentially allows us to form a big number of
beams of positive ions and/or ion clusters of the fol-

. + +
lowing types: Ge+, Ge++, Ag+, Ag++, Ge), Agy345>

+ + 4+ .+t .+ + 4+
Al", Be', Si', B13,5,7,9,115 B12,3,4,5,6,7’ Mn", Ni',

Sn*, AI* and other types [7—12].

The commercially available FIB systems with LMIS
are produced by FEI Co., DCG (USA), Zeiss (Ger-
many), Tescan (Czech Republic), Hitachi and Jeol
(Japan). The above companies use gallium as the work-
ing metal. The commercially available FIB systems
with LMAIS are produced only by Raith (Germany).

Gas field ion sources — GFIS

Such a source of ions is a pointed core (emitter), to
which high voltage is applied. The atoms of the working
gas are ionized in a strong electric field near the edge
(autoionization or ionization by a field). The first FIB
system with a GFIS source was presented by ALIS
Corp. in 2006 [13]. As the working gas helium was used,
and the material of the core was tungsten. The neutral
atoms of helium, getting into the area of the maximal
electric field (emitter edge), are ionized and accelerated
towards the extractor (fig. 3).

For reduction of the number of the virtual sources
(areas, in which an ionization takes place) a sharpeness
of the emitter is carried out. High voltage (5...30 kV) is
supplied to a preliminary faceted (three facets) tungsten
needle. Under such circumstances at the "sharp” edges
of the source (separate atoms) an electric field of up to
50 V/nm appears, which leads to their evaporation by
the field. The needle "is sharpened” up to three atoms
on the edge. When the voltage on the needle goes
down to the values corresponding to the electric field of
30 V/nm, the tungsten does not evaporate, while the at-
oms of the gas are ionized directly in the area of the
edge — three atoms in a plane [14].

It is necessary to point out that in FIB systems with
a GFIS source the ion beam interacting with a sample
is formed not out of all the three points, but is selected
by a special aperture from only of one of them [15].

The advantages of the considered sources of ions are
the following: high brightness: >3,4 - 10° A/cm? [16];
small dimensions of a virtual source: 0,5 nm [17]; min-




imal size of a beam: 0,25 nm [15, 18]; small energy
spread: 0,25...0,5 eV [16, 19, 20].

Among its disadvantages are the necessity of cooling
of the emitter by a liquid nitrogen and regular perform-
ance of the procedure of "sharpening”.

It is necessary to point out that the research for de-
velopment of the "uncooled" GFIS were undertaken,
however, there is no mentioning of their application
in the commercial FIB systems. Nevertheless, an irid-
ium emitter allows us not to use a liquid nitrogen cool-
ing [21].

Disposition of the tungsten to oxidation and the re-
lated restriction on the working gases (types of ions) de-
termined one of the directions for development of
GFIS, connected with deposition of a thin layer of a
precious metal on a tungsten emitter. In the modern-
ized GFIS an emitter edge reaches one atom. Such
GFIS were dubbed a single-atom tip — SAT [22]. Ex-
amples of obtaining of the beams of ions of hydrogen,
helium, argon and oxygen with the use of GFIS of
SAT — Ir/W type (a tungsten emitter covered with irid-
ium) [23].

It should also be pointed out that a source of several
ions, for example, He" u Ne™ can be applied in FIB
systems with GFIS [24]. Commercially available FIB
systems with GFIS are produced only by Zeiss Co.
(Germany) — Orion NanoFab system [25].

Plasma ion sources — PIS

PIS is a small-sized plasma source with an extractor.
There is data about its application in FIB systems of
PIS with an inductively coupled plasma ion source —
ICPIS [26] and plasma on the basis of electron cyclotron
resonance ion source-ECRIS) [27, 28]. Also known are
researches of multicusp ion source — MCIS [29—35],
penning type ion source — PTIS [29, 36, 37], and du-
oplasmatron ion source — DPIS [38—45].

The most studied and widespread are ICPIS, opti-
mized for generation of high density ion beams with a
low energy spread [46]. The gas ionization in ICPIS is
based on the use of an electromagnetic induction,
where excitation and charge maintenance is ensured by
a high frequency vortical electric field with closed pow-
er lines, which are induced by a high frequency aerial
current.

The circuit and image of ICPIS for FIB (fig. 4). The
source consists of a quartz tube with diameter of 30 mm,
with an external 4-coil antenna and optical system of
the ion column. An ion beam is extended by a two-elec-
trode system with an aperture (voltage of the extractor
equals to units of kilovolts [47]). For minimization of
the capacitor influence on plasma a Faraday cage is
used. In case of its absence the ion current of a source
is increased due to the capacitive coupling, however the
energy spread of ions in a beam is also increased, which

leads to an increase of the chromatic aberration. More-
over, the lifetime of ICPIS decreases because of a dep-
osition of a thin metal film on the internal surface of
the quartz tube (because of scattering of the elec-
trodes) [48].

The dimensions of the area of generation of ions in
ICPIS exceed the dimensions of the virtual sources of
LMIS (including LMAIS) and GFIS many times and
are equal to 10...100 micrometers in the commercial
FIB systems [49, 50].

The main characteristics of ICPIS are: possibility to
use any ions; high brightness: 103...10% A/cm2 [49]; big
currents of an ion beam — up to units of milliamperes
[51]; big angular intensity (parallel beam): 5...10 mA
[50]; minimal size of a beam: 25 nm [49]; dimensions
of a virtual source: 10...100 micrometers [49, 50]; rather
wide energy spread: 2,6...10 eV [46, 48, 49, 51]; little
lifetime of ICPIS: 200 h [48].

The following ICPIS ions are known [27, 50—52]:

of xenon (Xe™); crypton (Kr"); nitrogen (N;r ); oxygen
(05); helium (He"); hydrogen (H', H,); neon

(Ne™); argon (Ar"). Most of the above ICPIS are in-
vestigated during development of the prototypes of
FIB systems. The commercially available FIB systems
use mainly ICPIS sources of ions of xenon: FEI Co. —
Vion PFIB and Tescan — FERA3.

In the multicusp ion sources (MCIS) their genera-
tion is carried out in a tiny reactor with a magnetic con-
finement of plasma. In the first MCIS the plasma was
formed by a thermionic cathode of direct heat (thread-
like charge) and contained by a field of the constant
magnets [29] (fig. 5, see the 2-nd side of cover). Sub-
sequently high-frequency 1CP sources were investigat-
ed as plasma generators [31].

The sources got their name of "multicusp” from a
magnetic field configuration [30, 32, 33]. The constant
magnets, which are established on the perimeter of a
plasma reactor with an alternating polarity, create a
multicusp (multipole acute-angled) field configuration.
The magnetic field is maximal near a wall of the dis-
charge chamber and exponentially goes down to 0 in
the centre [53].

A magnetic filter with a cross magnetic field is lo-
cated in front of the area of the extraction of an ion
beam. The electrons with small energy (slow) under the
influence of the microinstabilities and collisions in plas-
ma diffuse through a magnetic veil across the power
lines of the field, filling the area between the filter and
the area of extraction. In this area the plasma is formed,
which does not contain electrons with big energy.

As is known, owing to the law of the falling friction,
the effective section of interaction of the slow electrons
with ions will be considerably bigger, than that of the
electrons possessing big energy. This promotes faster
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alignment of the temperatures of the electronic and
ionic components in plasma, which has no fast elec-
trons, making it quieter and homogeneous, reducing
the level of the self-coordinated fields, which is one of
the major factors, which determine the temperature of
its ionic component.

During interaction of the slow electrons with the gas
atoms and molecules, the ions of one type are formed.
Plasma is characterized by a homogeneous distribution
of the density of the particles, lower level of noise, and
the plasma instabilities are suppressed in it, which also
promotes a decrease in temperature of the ions in plas-
ma. Between the filter and the area of extraction a plas-
ma with a small temperature and homogeneous by its
composition and density is formed. At that the low-en-
ergy axial ions are extended through the open part of
the reactor. Thus, the magnetic filter reflects the high-
energy electrons, increasing the density of the plasma
[30] and reducing the energy spread of the electrons in
a beam [33].

The main characteristics of MCIS are the following:
possibility of formation of ion beams of various mate-
rials; formation of noncontaminate ion beams [35];
small energy spread of ions: 0,7...3 eV [33, 54]; low ion
temperature: 0,1 eV [35]; big currents of an ion beam;
small brightness: <1,5- 103 A/(cm? - sr) [34]; little life-
time of MPIS with a threadlike discharge: 100...500 h
[33]; small resolution: 50 nm [30]; dimensions of a vir-
tual source: 16,9 (Kr")...40 (He™) nm [29].

The following MPIS of ions are known [29, 30, 35,

55, 56]: hydrogen (H™, H; , H3 ); helium (He™); neon
(Ne+); argon (Ar+); oxygen (O+); boron (B+); xenon
(Xe+); phosphorus (P+); copper (Cu+); nickel (Ni+);
chrome (Cr"); palladium (Pd™); crypton (Kr"); mo-

lecular ions (Cgo ). Most of the above MPIS are inves-

tigated during development of the prototypes of the FIB
systems. There are no commercially available FIP sys-
tems with MPIS.

In the sources of ions with Penning discharge —
PTIS-ignition of the gas discharge is carried out due to
a puncture of the gas interval of cathode-anode, be-
tween which the voltage from several hundreds of volts
up to kilovolts is applied (fig. 6). The voltage on the dis-
charge interval should be minimal for ignition and sup-
port of a stable gas discharge, which burns in the lon-
gitudinal magnetic field created, as a rule, by a constant
magnet between two cathodes and ring anode. The
source cathodes are usually made of aluminum, and the
case — from a soft iron for bridging of the magnetic
lines. Emission of electrons from the cathodes occurs
due to their bombardment by the discharge ions. Be-
cause of the magnetic field the electrons move along a
spiral, which increases their way and the number of the
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ionizing impacts on the cathode-anode way, i.e. plasma

density.

Possibility of operation of PTIS only in a pulse mode
has led to the fact that the sources of the given types do
not develop in the direction of FIB applications, how-
ever, the indicators of brightness (5 - 104 A/(cm2 * ST1),
current density (more than 1 A/cm2 [37]) and possibil-
ity of formation of beams of negative ions makes their
use attractive for the research of nonconducting sam-
ples [29].

In the duoplasmatron ion sources — DPIS — the
plasma is formed in the area of an intermediate elec-
trode with cathode (fig. 7) from a magnetic material,
which is narrowed towards the aperture (for plasma
compression), through which plasma reaches the an-
ode. The magnet located around the intermediate elec-
trode creates the maximal field at the outlet of the in-
termediate electrode. Thus, the plasma density at the
outlet of the intermediate electrode raises due to its ge-
ometrical parameters and magnetic field, which leads to
formation of its double layer [38].

The electrons emitted by the cathode inside the in-
termediate electrode are accelerated towards the anode
by the double layer field and ionize the neutral atoms
of the compressed plasma. As a result the degree of its
ionization in the channel approaches 100 %. At the
same time the density of the electrons near the outlet
aperture is often too high for an effective extraction. In
that case the plasma border is scattered at the outlet of
the aperture and acquires a convex form, due to which
a strongly diverging ion beam is formed. In order to in-
crease the brightness of the ion beam, the control of the
density of electrons in the extraction area is carried out
by means of a plasma expansion cup [39].

Also DPIS can be a source of the negative ions dur-
ing the constructive changes:

e Replacement of an electrode inside the intermediate
electrode for a tube with caesium added in the com-
position of the working gas [40];

o Displacement of the aperture axes of the intermedi-
ate electrode and the aperture extending the ion
beam [41];

e Application of a magnetic field in the area of the ex-
tending aperture, which plays the role of a magnetic
filter [39].

The main characteristics of the DPIS sources are:
possibility of formation of various ion beams, including
beams of the negative and positive ions; high brightness
of a beam: 1100 A/m2 +sr+V (for Ar+) [42, 43]; max-
imal resolution: 85 nm [42]; a wide energy spread of
ions: 5...15 eV [42, 45]; angular intensity: 10 mA/sr
[45]; dimensions of a virtual source: 36...300 pm [44];
little lifetime of a source: 50...500 h [42].

Researches are known with the ion beams: argon
(Ar™), oxygen (O7), fluorine (F ™), chlorine (C17), bro-
mine (Br"), iodine (I"), hydrogen (H™), helium (He™),




nitrogen (N+) [42—44, 57]. DPIS are mainly used for
a mass spectrometry of the secondary ions, however,
there are works, in which the specified type of sources
is also used for FIB applications. At the same time,
commercial FIB systems with a source of ions on the
basis of duoplasmatron are absent.

Electrolytic ion sources — EIS

There are data about application in FIB systems of
electrolytic sources of two main types: on the basis of
ionic liquids (ionic liquid ion source — ILIS) [29, 58]
and with a solid electrolyte (solid electrolyte ion
source — SEIS) [59, 60]. By the design and the mech-
anism of emission the ILIS sources are similar to the
LMIS sources, except for the source of ions (fig. 8). In
ILIS sources the melts of the organic salts are used,
which are in the liquid phase at a room temperature and
possessing a rather low resistance (ionic liquids) [61].

An ionic liquid is a mix of complex organic and in-
organic ions with a minimal pressure of the saturated
vapors and weak surface tension, allowing to form a
Taylor cone (similar to LMIS) [29]. Despite similarity
with LMIS, ILIS has the following specific features:

e Possibility of formation of beams of not only nega-
tive, but also positive ions due to a change of polarity
of the extractor voltage (application of the negative
ions allows to minimize charging of the noncon-
ducting samples due to balancing of the output of
the secondary electrons with the falling negative
ions);

o Potential possibility of the use of heavy molecular
ions and jet ions;

e Servicing of an ILIS source is easier, than that of
LMIS, since it does not demand a high vacuum and
maintenance of the fusion temperature (they work at
a room temperature) [29].

The main characteristics of ILIS are: possibility of
the use of the positive and negative molecular and jet
ions; high brightness — 6+ 10°...10® A/cm? [29]; big-
ger currents of an ion beam: up to 600 nA [62]; min-
imal dimensions of a beam: 36 nm [29]; dimensions of
a virtual source: 20 nm [29]; a rather wide energy
spread — 6...8 eV [63, 64]; little lifetime of ILIS: less
than 100 h [29].

Researches with ionic liquids are known: EMI-BF,,
EMI-IM, EMI-Beti, CsMI-(C,F5); PF5, C4mim-I,
EMI-GaCly, EMI-N(CN),, EMI-C(CN)5, BMI-FeBry,
CgMI-FeBr,, C{MI-FeCl,, BMI-FeCl,, EMIF2.3HF,
HMI-PFg [58, 65—75].

It should be pointed out that commercial FIB sys-
tems with ILIS are absent. The researches are done with
application of their prototypes. However, a wide spec-
trum of the ionic liquids, which can be used in ILIS, al-
lows to assume, that commercial samples can also ap-
pear. At the same time, the specific features of ions (di-

mensions, reactivity, etc.) complicate the use of ILIS
in universal devices, which will lead to appearance of
highly specialized industrial systems.

Sources of ions on the basis of a solid electrolyte —
SEIS have been investigated poorly. The works are
known [59], in which AgJr source was proposed and in-
vestigated for FIB applications on the basis of a solid
electrolyte (Agl)y 5(AgPO3) 5.

It is known, that ions can move freely in the solid
electrolytes, just like in the liquid ones [76]. If we give
a pointed form to a solid electrolyte and connect it to
a source of "the working" ions, then as a result of ap-
plication of a field, the ions will emit from the edge,
while the vacancies left in the electrolyte will be re-
placed by the ions from the metal-source of "the work-
ing" ions (fig. 9, see the 2-nd side of cover) [59].

In [59] researches with SEIS from a solid electrolyte
(Agl)( 5(AgPOy), 5 it is shown, that the extraction of an
ion beam begins at the voltage of 15 kV. The maximal
current of a beam of 1 mcA is received at the voltage
of 20 kV. The source is stable during 20 min.

In [60] the results are presented of the research of a
source on the basis of a solid electrolyte RbAg,Is made
by deposition (by a thermal evaporation in vacuum) of
the electrolyte on the pointed silver core with a curving
radius of 5 micrometers. At the room temperature and
extraction voltage of 20 kV the currents of ion (Ag™")
beam ~15 pA were obtained. Rise in temperature of
SEIS up to 92 °C led to an increase in the ion current
up to ~23 pA.

SEIS in commercial FIB systems are not used.
There are no data about the prototypes of such systems.
Notwithstanding the fact that in [59, 60] only Ag™ ion
beams were investigated, the authors [60] believe that it
is possible to create beams of Cut, F, O; ,and H" for
a selective local etching in the perspective FIB systems.

Sources of ions with a magneto-optical trap

Such sources of ions (magneto-optical trap ion sourc-
es — MOTIS), dubbed also ultracold ion sources —
UCIS, are based on photoionization of the atoms
cooled by lasers (down to temperature of ~ uK) and
kept in a magneto-optical trap [77, 78].

Cooling occurs in a vacuum chamber, between the
two electrodes (one transparent for the lasers, another
with a mirror surface) in the area, where six laser cool-
ing beams are crossed. Because of the Doppler effect a
moving atom absorbs the photons of a laser beam, the
energy of which is less than the energy of the photons
radiated by the atom by the value of the Doppler shift.
For compensation of attraction with the help of two so-
lenoids, situated in alignment in front and behind the
area of crossing of the laser beams, a quadrupole mag-
netic field is created. Solenoids. The current in the coils
flows in the opposite directions. Thus, an atom com-
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pletely loses its speed and is kept in a magneto-optical
trap, crossed by an ionizing laser beam. The obtained
ions are extended through the aperture in a mirror elec-
trode (fig. 10).

The main characteristics of MOTIS are: possibility
of formation of ion beams — more than 20 types (in-
cluding sources of ions) [77, 78]; formation of "non-
contaminate" ion beams [79]; small energy spread:
<100 meV [77]; resolution: potentially less than 1 nm
(26,7 = 1 nm, for Li*, accelerating voltage — 2 kV, beam
current — 0,7 pA) [77—79]; angular divergence: less than
10 microrads [79]; compatibility with the existing ion
columns; small brightness: up to 103 A/cmz-sr-eV
[79]; small values of the maximal beam current: tens
of pA [79].

Theoretically available are the following ions (lim-
ited by the potential of the laser cooling: Li, Na, K, Rb,
Cs, Fr, Mg, Ca, Sr, Cr, Ag, Cd, Hg, Al, He, Ne, Ar,
Kr, Xe, Er, Yb, Dy [78]. Commercially available FIB
systems with MOTIS are absent. At the same time
there are data about the prototypes of the sources of
ions: Cr* [79], Li" [77].

Cold atom ion sources — CAIS are a modification
of MOTIS, which are based on the photoionization of
the atoms cooled (up to temperature of ~ uK) by lasers
and kept in a magneto-optical trap (MOT) [80].

The main drawbacks of MOTIS are restrictions on
the maximal values of an ion beam current (tens of pA)
and its brightness, which is connected with the limited
speed of "refilling" of the area of ionization by the
cooled atoms because of the small speed of their diffu-
sion [81].

Design of CAIS (fig. 11, see the 2-nd side of cover)
allows us to eliminate these drawbacks. A beam of slow
atoms is generated by a combination of a two-dimen-
sional magneto-optical trap (2D-MOT) and retrore-
flecting laser beam directed along the third axis ("push-
ing" beam), which gives impetus to the cooled atoms
along the axis of 2D-MOT, creating a beam of atoms
with accurately determined speed, passing through the
aperture in the retroreflecting mirror. For caesium the
flow of atoms is 5 - 1010 s_l, the transverse temperature
~5 mK, and the axial speed 6—14 m/s (depending on
the power of the "pushing” laser) [80].

In order to increase the intensity of the atomic beam
a magneto-optical compressor (MOC) is used reducing
the radial dimensions of the beam. MOC is a 2D-MOT
with a gradient of the magnetic field along the nuclear
beam. The transverse temperature of the atomic beam
at the MOC outlet is 100...150 pK.

For the further reduction of the transverse temper-
ature of the atomic beam a two-dimensional optical
molasses [82] is used. Since the parasitic magnetic field
reduces the efficiency of cooling, at the MOC outlet
there is a magnetic screen with high magnetic perme-
ability, deviating the lines of the magnetic field from

MOC. The temperature of the atomic beam after the
optical molasses is 30 £ 10 uK.

Further, the compressed cooled beam of atoms
comes to the area of ionization located between the two
electrodes, creating a homogeneous electric field accel-
erating the ionized atoms in the direction of the Fa-
radey bowl. The ionization area is a crossing of two laser
beams (852 nm and 508 nm for the atoms of caesium).

The main advantages of CAIS are the following [80]:
maximal ion beam current: up to 5 nA; its high bright-
ness — 107 (A/m2 -sr-eV); little energy spread —
0,34 eV; maximal resolution — 0,7 nm (Cr+, UN —
30 kV, current 1 pA). Commercially available FIB sys-
tems with CAIS are absent. However, there are data
about a prototype of the source of Cr' [80].

Conclusion

The results of the analysis of various types of ion
sources for modern and perspective FIB systems are
presented in the table below.
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[MoTpedbHOCTM PHIHKA TOJYIPOBOTHUKOBEIX YCT-
POMCTB HEYKJIOHHO PacTyT M TPeOYIOT BCE OOJIbIIMX
00BeMOB XPAaHWJIUII JAHHBIX W YIYIIICHUS UX DKC-
TUTyaTallMOHHBIX XapaKTepuCTUK. MHAYCTpHs MOIynpo-
BOIHUKOBBIX U3ICIIUI BCETO MUpA — KPYITHBIE TIPE-
MPUSITHUS, TOCYTIapCTBEHHBIC YUPEXKIEHUS, HEOOJIbIINE
fabless-(abpuku BenyT MCCAeAOBaHUSI TI0 pa3paboTKe
HOBBIX ¥ ONITUMU3ALIMHU TTapaMETPOB YXKe CYIIECTBYIO-
LIMX TUIIOB 3allOMUHAOIINX yCTpoicTB (3Y).

Ha cerompsmrauit neHb TPOM3BEIEHBI ECITKU
MWUIMApA0B MUKPOCXEM MaMsITU. Brinmyckaemble BU-
IIBI TIOJTYTIPOBOIHUKOBOM TTAMSITH YCITEIITHO MHTETPH -
pYIOTCSI B MUKPOIIPOILIECCOPHbIE CHUCTEMBI, BBIIOJI-
HEHHEBIE TT0 CAaMBIM COBPEMEHHBIM TOTIOJIOTUYECKUM
HopMaM. Yucio pa3nuuHbIX TUIOB 3Y yXe JaBHO He
roafaeTcs MoacuYeTy. MUHUMM3AINS 3JIeMeHTOB 3Y
1 BOBMOXXKHOCTU MX MacllITaOMpoBaHUsI MPUOOpeTaloT
Bce OOJIbIIYIO aKTyaJbHOCTh. B naHHOM paboTe npea-
CTaBJICHBI 0030p COBPEMEHHOTO COCTOSTHUS WHIYCT-
PUU MUKPODJEKTPOHUKM, TEHACHIIUU €€ Pa3BUTUS U
pe3yIbTaThl aHAJIM3a COBPEMEHHOM 3JIeMEHTHOM Oa-
361 3Y.

Tenmennun pa3BUTHS PHIHKA P -

MHKPO3JIEKTPOHUKH

Ha npoTskeHUM TOCIETHUX
20 et MpoM3BOACTBO U3ASIUI MUK-
PO2JIEKTPOHUKM pa3BUBAETCsl BIIE-
yaTIgoIuMu TeMimtamMu. Ha cero-
OHSAIITHUAN JeHb okoiio 90 % Bcex
WHHOBAIMOHHBIX TEXHOJIOTHIT OCHO-
BaHO Ha MMKPO3JIEKTPOHHBIX pelle-
Husx. [1omynmpoBOTHUKOBBIE YCTPOi-
CcTBa Bce 0OJIbIlIE MHTETPUPYIOTCS B
MOBCEIHEBHYIO ACSITEIbBHOCTD YeJI0-
Beka. [1o JaHHBIM aHATUTUYECKOTO
areHtcTtBa Gartner, o0beM pBIHKA

Tononoruyeckast Hopma
Topology, nm

MUKpO3JeKTpoHUKHU 3a 2011 1. co- Ee e -

craBun 285,8 mupa gomn. (puc. 1,
CM. TPEThIO CTOPOHY OOJIOKKH).
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3a nepuona ¢ 2001 mo 2015 r. HaGaOHAeTCSl HEYK-
JIOHHBI pocT ocHOBHBIX napamerpoB MUMC (puc. 2,
CM. TPETHIO CTOPOHY 00J1I0XKM). CeronaHsi 04eBUIHBIM
CTAaHOBUTCS, YTO (PYHKIMOHAJILHBIE BO3MOXHOCTU
KJIaCCUYECKOM MUKPOIJEKTPOHUKH TOCTUTAIOT CBOETO
npexaena. ToJIbKO ¢ BHEAPEHUEM COBEPIIEHHO HOBBIX
TEXHOJIOTUI BO3MOXEH HAJBHEWUIIMIA ITPOrpeCC B BhI-
YMCJIMTEILHBIX MOIIHOCTsIX. B Tabn. 1 mpeacraBieHa
CpaBHUTEbHAs XapaKTepUCTUKA OCHOBHBIX TEXHO-
norumyeckux mapamerpoB MMC 3a nepuon ¢ 2001 1o
2015 1.

TexHoJ0rH4ecKne 0COOEHHOCTH NMPOU3BOICTBA
cospemennbix UTMC

B nocnemHeli omyOJIMKOBAaHHOKM K HACTOSIIEMY
BpeMeHu MapipyTHoii kapte ITRS-2013 ypoBHu exe-
TOOHO IOCTUTAaEMbIX MUHHMAJIBHBIX Pa3MepoB 3Jie-
MEHTOB M KPUTEPUM MaclITAOMPOBAHUSI MPOTHO3U-
pytorcs g0 2028 r. CornacHo ITRS-2013 npenesniom
MaclITabMpOBaHUsI CTAaHYT MMHUMAaJIbHbIE pa3Mephl
aJleMeHTOB Kilaccuueckux MOII-cTpykTyp, coctaB-
nsromue 11...22 HM (puc. 3, 4).
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Puc. 3. Ilpouecc pa3BuTHs MOTYNPOBOAHUKOBOM 3J1eMEHTHOM 0a3bl Komnanuii Intel u Samsung
Fig. 3. Development of the semiconductor element base of Intel and Samsung




Puc. 4. Tpausucrop Komnanun Intel, BLINOJIHEHHBII IO TEXHOJIOTHH
45 am

Fig. 4. Transistor from Intel made by technology of 45 nm

Puc. 5. MOII-Tpan3ucrop ¢ SiGe Kanajaom
Fig. 5. MOS transistor with SiGe channel

OCHOBHBIMUY TEXHOJOTMYECKMMU PELICHUSIMU B Ha-
CTOsIIIIee BpeMsI SIBJISTIOTCS CIICAYIONINE TPAaH3UCTOPHI:

SiGe-mpanzucmop (mpausucmop ¢ enedperuem SiGe).
ITpumenenue SiGe KaHama yBeJIMUMBaeT CKOPOCTHbIE
XapaKTEePUCTUKHU TPAH3UCTOPA 3a CYET O0Jiee BBICOKOM
MOABMXKHOCTHU ABIPOK (puc. 5).

B unnax ¢ TOMmoJaornyeckoi HopMoit 65 HM TOJIIIM-
Ha CJ1081, U30JMPYIOLLEro 3aTBOP TPAaH3UCTOpa OT Ka-
Hajla, coKkpaTujach 10 1,2 HM, T. €. IO IISITU aTOMOB.
MacuitabupoBaTh IMOA3aTBOPHBIN U30JISITOP Aajibliie
CTAHOBUTCSI HEBO3MOXKHbBIM.

High-k Metal Gate-mpan3ucmop (mpaH3ucmop c
NpUMeHeHueM U30AAMopa ¢ 8biCOKOU OUINEKMPUUECcKol
NPOHUUAEMOCMbBIO U MemAaiiu4eckum 3ameopom). YToobl
MepeiTy Ha TOMOJIOrMYECKY0 HOpMY B 45 HM, moTpe-
60BaJIOCH 3aMEHUTH B TTOA3aTBOPHOM H30JISITOPE M-
OKCHUJ KPeMHMSI Ha MaTepuall ¢ BHICOKOI TUBJIEKTPU-
yeckoilt mpoHuuaemoctblo (High-K), uyto nmoszsonuio
YMEHbILIUTb TOK yTeuku. Marepuansl High-K mmoxo
COYETAIOTCS C MOJIUMKPUCTALINYECKUM KPEeMHHEM, U3
KOTOPOI'0 M3roTOBJsLIM 3aTBOp. ISl pelueHus mpo-
0JIeMBI COYETAaHWSI MAaTEPUAJIOB 3aTBOP CTAJIM M3TOTAB-
JIMBaTh U3 MeTajinyeckoro criaBa Al u Ti. 3a cuer
HCIOJIb30BaHUsI CJIOSI OKCMHUTPUIA KPEeMHUSI-TaHUS
(HfSiON) TomuuHoi 3 HM B TEXHOJIOTMYECKOM TPO-
Hecce 45 HM y1aJ10Ch YMEHBIIUTh yTeuKy Toka B 200 pas.
ConpoTuBieHWE METaUIMYeCKOro 3aTBOpa HUXKE CO-
MPOTUBIIEHUS TTOTUKPUCTAINTNYECKOTO KPEMHUS, UTO
YCKOpsIET MepekIoYeHre TpaH3uctopa. st 60pbObI ¢
TOKAMU YTEUYKHM W YIYYIICHUs TTOIITOPOTOBOM BOJBT-
aMIIepHON XapaKTepUCTUKH TPAH3UCTOPA CYIIECTBYIOT
U OpYTU€ TEXHOJOTMYECKUE PELICHMS.

1. TpaH3ucTOp, MOCTPOEHHBII C UCIOJIb30BAHUEM
TEXHOJIOTMH "KPEMHUI Ha U30J15ITOpe” ¢ YaCTUYHO 00eI-
HeHHbIM KaHanioM (Partially Depleted SOI, PDSOI).

HcToK 1 CTOK BMeCTe ¢ pasfessioliuM WX KaHa-
JIOM TIepeHEeCeHbl C KPeMHUEBOU IMOIOXKHU Ha CJI0i
okcupa. B takmx tpaH3ucTopax HabOmomaercs 3¢-
dexT nnapatolero HanpsixeHus (Floating Body), oka-

Tabnuua 1
Ocnosubie mapametpst UMC no rogam
Table 1
Comparative characteristics of the basic technological parameters of 1C
Tapamerpbl 2001 2004 2007 2010 2013 2015
arameters

Tonosornyeckasi HopMa, HM 130 90 65 45 32 22
Topology, nm
Hanpsikenue, B 1,1...1,2 1...1,2 0,7...1,1 0,6...1 0,5...0,9 0,4...0,9
Voltage, V
Yucno TpaH3MCTOPOB HA KPUCTAIJIE, MJTH HIT. 193 385 773 1564 3092 6184
Number of chip transistor, min
Yucno cnoeB 8...10 9..13 10...14 10...14 10...15 11...15
Layer volume
YcpenHeHHBbIN pa3Mep NPOBOAHUKA, HM 450 275 195 135 95 65
Average conductor size, nm
1/0O curHanst 1024 1024 1024 1280 1408 1472
1/ 0 signal
Yacrora, I'Ti 1684 3990 6739 11511 19348 28751
Frequency, GHz
MaxkcumabHasi MOIHOCTb, BT 130 160 190 218 251 288
Full power, W
06vem DRAM, I'6aiit 0.5 1 4 8 32 64
Size DRAM, GB
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3ddexT nnasaromero
HaNpsAKeERR

Floanng body

BO3pOCIJIO, II0 CPAaBHEHUIO C IUIaHAp-
HBIM TPaH3UCTOPOM, TTOTIEPEUHOE Ce-
YeHUe MHBEPCUOHHOTO CJIOS (Ha cXe-
Me — KpacHbiii). Kak cienctsue,
TPaH3UCTOP CITOCOOEH TPOITycKaTh
OOJIBIIMI TOK, VJIM IIPU TOM K€ TOKE
YMEHBILIAETCST €T0 TUIOTHOCTh BMECTE
C COOTBETCTBYIOLLIMM TOKOM YT€UKHU

Thin silicon layer

B 3aTBOP.
Ha puc. 8 (cM. 4eTBepTyIO CTOPO-
HY OO0JIOXXKHW) TOKa3aHO pacripejie-

Puc. 6. TpanzucTopsl, NOCTPOEHHDbIE C HCMOL30BAHHEM TEXHOJIOTMH "KPEeMHHUI Ha u3ojgTope”
Fig. 6. Transistor constructed with the use of the silicon on insulator technology

3bIBAIOLIMI DJIEKTPUYECKOE BIUSIHME HA MHBEPCUOH-
HBLI ciioit (puc. 6, a).

2. TpaH3UCTOP C MOJHOCTbIO OOEAHEHHBIM KaHa-
nom (Fully Depleted SOI, FDSOI). Toku yreuku Me-
KOy UCTOKOM M CTOKOM TPaH3MCTOpa IMPHU 3TOM YCT-
PaHUTDH YAAeTCs MOJHOCThIO (puc. 6, 6). OTCyTCTBYET
a¢ddekT muaBarwliero HanpsekeHus. Ho njis maHHo
TEXHOJIOTMM HEOOXOAUMBI TIACTUHBI C YPEe3BblYAHO
TOHKHMM CJIOEM H30JISITOpa, YTO BJIEUET YIOpPOXKAHUE
npousBoacTBa Ha 10 %. CyliecTByeT Takxke BTOPOE
nokojieHne High-k Metal Gate ¢ yny4lieHHbIMU Xa-
PaKTEPUCTUKAMM T10 TOKY YTEYKU M MacllTabupyeMo-
CTH 3a CYET HOBBHIX CIUIABOB METAJIOB M BHEIPCHMS
HOBBIX JUBJIEKTPUUECKUX MATePUAIOB.

Tri-Gate (Tpotinoii 3ameop). Ha cxeme TpaH3ucTOpa
Tri-gate (puc. 7, CM. TPETbIO CTOPOHY OOJIOXKKU) BUJI-
HO, YTO Ha KpeMHueBo# nmoajoxke (Silicon Substrate),
OTJ/IeJIEHHOM OT MeTajuinueckoro 3aTBopa ( Gate) ciioem
uzonsaropa (Oxide), MOSIBUIOCH BbICOKOE BEPTUKAJIb-
Hoe pebpo (Silicon Fin — KpeMHUEBbIN MIaBHUK). 3a-
TBOP OKpYKaeT 3To pedpo ¢ Tpex cTopoH. B MecTax co-
MIPUKOCHOBEHMST 3aTBOPA C KPEMHHMEBBIM TIABHUKOM
MpUCYTCTBYET MoazarBopHbiid auasekTpuk High-K. ITo
00€e CTOpOHBI OT 3aTBOpPA B pebpe ITyTeM JIETUPOBAHMS
CO3JAI0TCS UCTOK U CTOK (Source n
Drain). O61acTb MeXIy HUMU BCIIEI -
CTBHME MaJIOW TOJIIMHEI pebpa cra-
HOBUTCS MOJIHOCTbIO OOEIHEHHOI.
@aKTUYEeCKN TaKOUW TPaH3UCTOP
MOHO CUMTaTh UMEIOIIUM HE OJUH,
a TpM 3aTBopa — 10 OOKaM M CBEPXY
pebpa, oTcioma M TIPOMCXOIUT €ro
HazBaHue Tri-gate [1].

ITpeumyiectBom Tri-gate siBJsI-
€TCs YCTpaHEHHBI TOK YTEUKU 3a
CYET TIOTHOCTHIO OOCTHEHHOTO Ka-

KMOIT parunk nsobpamenia
CMON imaging sensor

g Via~5-30 pm

- 50 pm

nenre 'MC ¢ pazauyHbIMU TOIOJIO-
TMYeCKUMM HOpMaMHM B OOIIIEM 00b-
€Me MUKPOIJIEKTPOHHON TIPOAYK-
UM 110 cocTostHUIo Ha 2013 1.

[To manaeM ITRS-2013, yepes
5—10 jetr cTOoUT OXHUIATh ITOSIBIIC-
HUS TIpUOOPOB, PabOTAIOIINX HAa COBEPIICHHO HOBBIX
¢pU3NYECKUX TPUHIIUAIIAX.

HepClIeKTHBHble TEXHOJOTHYE€CKHE peIICHUA
B MHUKPOJJICKTPOHHKE

K xonuy mnepuwonma, 3agBieHHoro ITRS-2013,
2D-macitabupoBaHue JOCTUTHET (hyHIaMEHTaTbHBIX
orpaHMYeHUil. B OTHOIIIEHUM JIOTUKM U 3aIIOMUHAIO-
IIUX YCTPOWCTB M3y4yalOT BO3MOXHOCTb MCITOJIb30Ba-
HUS BepTUKaJIbHOro mMacirtabuposaHusi (3D), koTopoe
peanusyeTcsl IOCPEICTBOM MEXKKPEMHUEBBIX COEIMHE-
Huit (TSV — Through silicon via). Ha puc. 9 npencras-
JIeHbl OCHOBHBIE BMAbI 3D-MaciuTabupoBaHMs pas-
JINYHBIX U3AETUN MUKPODJIEKTPOHUKU.

3HauMTeNbHAs YacTh MCCAEAOBAHUI B HAcTosIIee
BpeMsi cocpenoTroueHa Ha anemeHTax III, V rpynn u
Ge. B 1abn. 2 npeacraBieHbl MEPCIIEKTUBHLIC MOJIY-
MPOBOJAHUKU U UX OCOOEHHOCTH.

MuKpo3eKTpOHUKA YXe CTOJIKHYJach ¢ Mpooie-
MaMU JajbHeHl1lero MaciTabupoBaHus. DTo MocTa-
BUJIO TMepej YYeHbIMU 3ajauy 1o pa3paboTKe COBep-
IIEHHO HOBBIX BUIOB TPAH3UCTOPOB, KOTOPbIE OyayT
CIIOCOOHBI JaTh CTUMYJ IUISI AajibHEWIIein MWHHA-
TIOPU3ALUN 3JEKTPOHUKU Y TTOBBIIICHUST BBIUYMCIIM -

Muoroyposuesesie 3D HC
Mudvi-level 3D IC

Jloruueckne HC
Logic IC

= 4

Via < 10 pm

MHOIOYpOBHEBAA NAMATE
Stacked memory

Via <2 pum

Haja, 4YTo MPUOJU3UIO MOAIOPOro-
BYIO XapaKTEePUCTUKY K UICAITHHON 1
IMO3BOJIMJIO MOBLICUTh CKOPOCTh IIE-
pEeKITIOUeHUsT TpaH3ucTopa. Takke
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Puc. 9. OcHoBHble Buabl 3D-mMacmTadupoBanus
Fig. 9. Principal kinds of 3D scaling




TeJIbHBIX MOIIIHOCTe#. Hike mipeacTaBieHbl epcriek-

TUBHbBIE TUIIBI TPAH3UCTOPOB U UX XapaKTePUCTUKU

(tabm. 3) [2, 3]:

e TPaH3UCTOP Ha yriepoaHbix HaHOTpyOKax (CNFET —
Carbon Nanotube FETs);

o Tpansucrop Ha rpadpeHe (GFET — Graphene FETs);

e TpaH3ucTop Ha HaHompoBojoke (NWFET — Nano-
wire Field-Effect);

e TEpMaHMEBBIC TMOJYIPOBOAHUKOBBIE COEIMHEHUS
N-tumna (Ge-nMOSFET);

e ATOMHBLI KoMMyTaTop (Atomic Switch).
Pa3paboTka HOBBIX MaT€pHaIOB U MEPCHEKTUBHBIX

TPAaH3UCTOPOB CTAHOBUTCSI Bce 0ojiee aKTyalbHOM.

ITRS-2013 mpemiaraer aBa HampaBlieHUS pa3BUTHS,

KOTOpBIe OyayT CIOCOOCTBOBATh peajn3allid HOBBIX
BO3MOXHOCTEl Oymyleil MUKpOIJIEKTpOHMKU. Ilep-
BOE€ COCTOMT B paclIUpeHUM (PYHKLMOHAIBHBIX BO3-
MOXHOCTEN C MOMOUIBIO MHTETPALIMKA HOBBIX TEXHOJIO-
ruii, a BTOpoe — B CTUMYJIMPOBAHUU M300pETEHUI HO-
BBIX ycTpoiicTB. Ha ceromHsiliHuit 1eHb yke co3aaHbl
MPOTOTUIIBI MPUHLUITHAAIBHO HOBBIX TPAH3UCTOPOB U
MaTepUaioB, CIIOCOOHBIX MPOU3BECTU HACTOSIIYIO pe-
BOJIIOLIMIO B MUKPO3JIEKTPOHUKE U TIEPEBECTU €€ Ha
KauyeCTBEHHO HOBBII ypoBeHb. B TO Xe BpeMsi Bedy-
1IKYe MPEeanpusTUs HaXOAsIT HOBble BO3MOXHOCTU U
OPUTHMHAJIbHBIE PEILICHUSI, YTOObl OTOIABUHYTh HACTY-
naroluii peaen Kiaccuueckoil pusuku. CosnaroTcs
MHorocyoitHbie UC, cructemMbl Ha KpUcTajljle, MHOTO-

Ta6auua 2

HepcneKTlmele NOJYNpOBOAHUKH

Perspective semiconductors

Table 2

Marepuan Iupuna 3anpe- CsolicTBa O61acTh TPUMEHEHMS
LIEHHOU 30HBI, 3B
Material Band gap, eV Characteristics Areas of use
GaAs 1,424 Pa6ouas yacrora > 600 I'Tix TpaH3KUCTOPHI, TYHHEJIbHBIE TUOIHI,
Operating frequency > 600 GHz CBETOAMO/bI, JJa3epHble TUOIbI, (hOTO-
TMPUEMHUKU
Transistors, tunneling diode, photo diode,
laser diode, light-detecting device
InP 1,34 JnaneKkTpuyeckasi IpoOHUIIAEMOCTD: CBepXBbICOKOYACTOTHBIE TPAH3UCTOPHI
cratuyeckas — 12,5 3B, BeicokouacTtoTHas — 9,61 5B U JUOJbI
Dielectric capacitivity: Microwave transistors and diodes
Static — 12,5 eV,
High frequency — 9,61 eV
MoS, 1,8 INonBrxHOCTH HOCUTEIIEH 3apsiaa B 2,5 pa3a Bblllie, 4eM B Si. | [leTeKTOpbI, TPaH3UCTOPBI
B 100 000 pa3 meHblee 2HEPronorpediaeHne Sensors and transistors
Charge carrier mobility in 2,5 times more than in Si.
Power consumption is 100 000 times less
Tabnuua 3
ITapameTpbl NePCHEKTHBHBIX TPAH3UCTOPOB
Table 3
Parameters of the perspective transistors
TpaH3uctopsl
XapaKTepUCTUKU Transistors
Characteristics “
CNFET GFET NWFET Ge-nMOSFET ATOMHEL# KOMMYTATOp
Atomic switch
TMoxsuxHocTs Hocuteneit | 10° cm2/V .S > 10° cmz/V .S 10° cmz/V .S 3500 cm2/V .S > 100 cmZ/V- s
Charge carrier mobility
Paboune yacToTsl 1 THz 1,5 THz 2,3 THz 24,5 GHz 3 THz
Operating frequency
DHepronorpedIeHEe < 20uV <15 uV <234V <33V Ix pV
Power consumption
Pa3mepnr anmeMmenTa <1 nm <5 nm < 0,5 nm < 10 nm < 0,5 nm
Feature size
WHTerpupyeMocTh KMOII KMOII KMOIT KMOII KMOII
Intergrability CMOS CMOS CMOS CMOS CMOS
OcobeHHOCTH Cunres Cawmprii mepciek- | GaN, AIN, InP, | ITogB:XHOCTB 3J1€KTPOHOB ITocTpoeHue
Specialty Y-00pa3HbIX | TUBHBII BUI TpaH- GaAs, InAs, B Ge U NHBEPCUOHHOM CJIO€ | 3HEProHe3aBUCUMOI
TpyOOK 31UCTOPOB CdSe, ZnSe, B 2,5 pa3a BbllIe, yeM B Si HaMsITU
1t can be syn- | The most promising | CdS, ZnS, In,O3, | Electron mobility in Ge and Construction
thesized Y-tube| form of transistors Zn0, TiO, an inversion layer is 2,5 times non-volatile memory
higher than silicon
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Puc. 11. Knaccndukanns 3anoMHHAIONIMX YCTPOHCTB
Fig. 11. Classification of the storage devices

SaIepHbIe MPOLIECCOPBI M CBEPXOBICTPBIE MHOTOCIIONM-
Hble 3Y.

Oco0ennocTn pa3BUTHSA PbIHKA
3aMOMHHAIOIIUX YCTPOIiCTB

OmHUM M3 caMBIX OBICTPO PACTYIIUX CETMEHTOB
PBIHKA MUKPO3JICKTPOHNKH SIBIISICTCST TTOTYTIPOBOIHM-
KoBasi namaATh. B 2014 1. GbU10 MPOU3BEACHO PEKOP/I-
HO€ YMCIO W3OETWA TOJYIIPOBOTHUKOBOM ITaMSTH
(34,6 mapn 1mrt.).

ITpousBoacTBO M BHeapeHue flash-naMsiTu pocio
orpoMHbIMU TemnaMu. B 1998 r. ee o0bemM cocTaBiisii
11 %, B2010T. yXe 33 % nk 2014 r. noctur 40 % mu-
poBoro peiHKa (puc. 10, cM. 4eTBEpPTYIO CTOPOHY 00-
JIOXKKHM).

Ocob0eHHoCTH (PYHKIIHOHMPOBAHUS
MOJIyNPOBOAHMKOBBIX 3Y

Ha paHHBIi MOMEHT co3faHbl IeCSITKU BUAOB 3Y
pa3IMYHOTO Ha3HAYeHMs, MpUHLMIIA padoThl: oT CD,
DVD-nuckoB 10 OpOTOTUIIOB MEMPUCTOPHON ITamsi-
™. Ha puc. 11 npemioxena kiaccudpukauus 3Y mno
psly OCHOBHBIX IMPWHIIUIIOB.

CoBepIIeHCTBOBAHNE TEXHOJOTUYSCKUX ITPOIIeC-
COB M pacTyllye MaclITadbl MPOU3BOACTBA IMOJYIIPO-
BOIHMKOBOM MaMSITH MPUBEJIHN K €€ yICIIeBICHUIO U
JMOCTYITHOCTU Ha MUPOBOM pbIHKE. KOMMaKTHOCTS,
BBICOKAsI MHTETPUPYEMOCTb M HU3KOE SHEPromnoTpes-
JIeHHUe JeIaloT ee He3aMEHUMO TTPaKTUIECKH BO BCEX
COBPEMEHHBIX BBICOKOTEXHOJIOTMYHBIX u3neausx. Ha
puc. 12 npeajoxeHa Kiaccudukaiys moJayrnpoBOIHU -
KOBOW MaMSITU.

DHepro3zaBucrUMas MaMITh 3aHMMAeT OTPOMHYIO
JIOJII0 Ha PbIHKE MOJYIMPOBOJHUKOBOM MaMSITU U SIB-
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JigeTcsl KIoueBbIM KoMmnoHeHToM J1ioosix MC. Ha ce-
TONHSIIHUI AeHb HanboJjiee pacnpoCTpaHEeHHbIMU BU-
JaMM DHEPro3aBUCUMOI TaMSTH SBISIOTCS CTaTUYe-
cKasl MmaMsTh ¢ MPOM3BOJBbHBIM J0oCcTymoM — SRAM
(static random access memory) U IMHAMU4ecKasl IaMsITh
C TIpOU3BOJIbHBIM gocTyrioM — DRAM (dynamic
random access memory).

CraTuueckasl amsiTb ¢ MPOU3BOJIbHBIM JTOCTYIIOM
SRAM — noyiynpoBOAHUKOBAs ONIepaTUBHASI ITaAMSITh,
B KOTOPOM KaXXIblil paspsii XpaHUTCS B cCXeMe C T0-
JIOXKUTEJIbHOM 00paTHOM CBSI3bI0, MO3BOJISIIONIEH MO -
JIep>XK1UBaTh COCTOsSTHUE Oe3 pereHepaluuu, HeoOXoau-
Mol B auHamudeckoil namstu (DRAM). Tem He me-
Hee COXpaHATh AaHHBbIe 0e3 mepe3armcu SRAM Mo-
JKET, TOJIBKO TIOKa €CTh ITUTaHueE.

ITamsitb DRAM mnipeacrabiisieT coboii Habop 3aro-
MMHAIOIIMX SYeeK, KOTOPbIe COCTOSIT U3 KOHIEHCATO-
POB U TpaH3UCTOPOB. [Ipu OTCYTCTBUU MOAAUM BJIEK-
TPOSHEPIUU K MAMSTH 3TOT'O TUTIA TIPOMCXOIUT pa3psii
KOHAEHCATOPOB W MaMsIThb OOHYyJsieTcs. JuHamuye-
CKOe TomAepXKaHWe 3apsia KOHIEHcAaTopa SIBIISIETCS
OCHOBOIIOJIATAIONIMM TPUHIIMIIOM paboThl MaMATH
tuna DRAM. CyliecTByeT HeCKOJbKO BapUaHTOB pe-
reHepalvu: pacllMpeHHbIN, MaKeTHBIN, pacrpeae-
JneHHbl. Hanbonee 5KOHOMUYHOM SBJISIETCSI CKPBITAsT
(TeHeBast) pereHepauus. Ha ¢poHe 001X MHHOBALIMIA
B MUKPOSJIEKTPOHMKE Takxke BeAyTCs pa3paboTKu
nepcnektuBHbx 3Y UC.

BHeIlpﬂeMble THIIbI 3Hepr03asnch0ﬁ naMATH

Tupucmopnas namsame ¢ NPOU3BOAbHBIM OOCMYNOM
T-RAM (Thyristor RAM) — BUJ oniepaTUBHON MaMsITH,
coueralolii B cedbe cuibHbie cTOpoHbl DRAM u
SRAM (BbICOKast CKOPOCTb pabOThl U OOJIBILION 00b-
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Puc. 12. Knaccudukanus nojiynpoBOIHMKOBO NaMsATH
Fig. 12. Classification of the semi-conductor memories

eM). JlaHHas TeXHOJIOTUSI UCTIOJIb3YET STYSKU TaMsITH,
TMPUHIIUTT KOTOPBIX OCHOBAH Ha TEXHOJIOTWU OTpPHIIA-
TeJibHOro auddepeHumranbsHoro conpotusiaeHus (Thin-
capacitively-coupled-thyristor (TCCT)). Hanpuwmep,
kommnaHuss AMD mpennosarajga MCIOJb30BaTh JaH-
HYIO TEXHOJIOTHIO B MPOLIECCOPAX, MPOU3BOIUMBIX MO
HopMaM 32 u 22 HM.

TupucTtopHast MamsiTh C TPOU3BOJBbHBIM TOCTYIIOM
cocTouT u3 gueek namatv Buaa T-SRAM u T-DRAM.
IlepBas Bkitouaet B cebst ogHy stueiiky TCCT u onuH
nosieBoil TpaH3uctop aoctyma (Access FET). Ee (yHK-
LIMOHAJI BKJIIOYAET CIIOCOOHOCTb MOIAEPXKUBATH CO-
CTOSTHUE STYeeK MaMSITH 0e3 pereHepalliy, TaK Xe Kak
n y namsatu SRAM. Ilamsare T-DRAM cogepxut
sk 610k TCCT m BKIIIOYaeT IPOILIECC, CXOXUI C
pereHepauvein namMsaTy, NPpUCYTCTBYIOLIUMA B ITaMSITHU
DRAM [4].

Ilamamo Hyneeoli emkocmu ¢ nPOU3B0AbHbIM QOCHY-
nom Z-RAM (Zero-capacitor), uiv namsiTb HyJeBOU
€MKOCTH C TIPOM3BOJIbHBIM TOCTYIIOM, SIBJISIETCS Tep-
CIMEKTUBHOM TEXHOJIOTMEN B 00JJaCTU 3alIOMUHAIOLIMX
yctpoiictB (puc. 13). CoznmaHueM JaHHOU MamMsiTHU 3a-
HUMaeTcsd KommaHusi Innovative Silicon. TlpuHuumn
(hbyHKLIMOHUPOBaHNS YCTPOMCTBA OCHOBAH Ha 3(dek-
Te "TuaBatoleit” ocHoBHoM yacTu (floating body effect).
[TaMaTh TaHHOTO TUIA HE YCTyMNaeT MO0 CKOPOCTHU A0C-
TYIa K JAHHBIM CTAHIAPTHOM 6-TPaH3UCTOPHOI ITaMsi-
™ SRAM. B To Xe Bpems siueiika namstu Z-RAM

BKJIIOYAET B €051 JUILb OAUH TPAH3UCTOP, TEM CaMbIM
TTO3BOJISIS 3HAYNTETBHO YBEIMYUTD TNTIOTHOCTD YITAKOB-
K1 naMsTu. PacronoxeHue akTUBHOTO KOHAEHCATOpa
B siueiike Z-RAM HenmocpeACTBEHHO HMXE CTPYKTYPHI
TPaH3MCTOPA OMPEIeISIeT NPYTYI0 STUMOJIOTUIO Ha3Ba-
Hus "Z-RAM", KoTtopass IpoOUCXOAUT OT OTpULIATEb-
HOTrO HarpaBJieHUs1 ocu Z.

IMpenmyiectBamu Z-RAM SIBISIOTCS HU3KME T10-
KazaTeau Ilapa3uTHBIX €MKOCTell BOJM3U objacreit

Puc. 13. Kpocc-cexkuus syeiiku namaru Z-RAM
Fig. 13. Cross-section of Z-RAM memory cell
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HAueiika FeRAM
Cell FeRAM

Puc. 14. Ctpyktypa FeRAM -sveiiku
Fig. 14. Structure of FeRAM cell

CTOKa,/MCTOKA, OJM3KMI K MAcaTbHOMY TpaduK 3aBU-
CHMOCTH TTOATNIOPOrOBBIX XapaKTEPUCTUK U TPeXKpaT-
HOe yMeHbllIeHHe paboyeit MOILLIHOCTU siueiiku [5].

Ilamamo ¢ npouszsoavivim docmynom TT-RAM — Bun
3alIOMUHAIOLLIETO YCTPONCTBA, CIOCOOHOTO JOCTUTATh
BBICOKOITPOM3BOIUTEIBLHBIX OTNEpalliil ¢ MaCCUBOM.

Jlornmueckmit "HOJIL" XpaHUTCH 3a CUET SKCTPAKIINN
HaKOITIEHHBIX IBIPOK M3 PerMoHa "TlaBarolieii”" OCHOB-
HOI YaCTH TPaH3UCTOPa XpaHEHUsI TaHHbIX. Y MeHbIIIe-
HHUE HANpPSDKEHMS BIMSET HAa YTEUKY TOKA CTOKOBOM
00JIacTU U CHOCOOCTBYET HAKOIUIEHUIO ABIPOK B 00-
JIaCTM OCHOBHOM yacTu TpaH3ucTtopa. [TosiBasitoniyecs
TOKHM YTEYKH IMOBBILIAIOT MOTEHLMATI 00JacTU XpaHe-
HUST B MOMEHT TIepeIadyn JIormyeckoit "1" mo auHum 6m-
ToB. Onepauuun paboThl ¢ stuelikoil mamsatu TT-RAM
BKJIIOYAIOT YEThIpe pexuMa paboThl: 3alUCh, YTCHUE,
XpaHeHWe U pereHeparus.

B Beaymux MUPOBBIX MHCTUTYTaX M KOMITAHUSIX
HapsIy ¢ UCCIIeAOBAaHUSIMHI SHEPrOo3aBUCUMOM ITaMSITH
BeoyTCsl pa3pabOTKU COBEPILIEHHO HOBBIX TUIIOB HEP-
TOHE3aBUCUMOI TTaMaTu [6].

BHEIlpS[EM])Ie THIIbI 3Hepr0He3aBnch0171 naMATH

ITlamams ¢ npouseoavrvim docmynom FeRAM. Cerne-
ToasnekTpuueckas namsatb (FERAM) no cBoemy yct-
poiicTBy cxoxa ¢ DRAM, HO BMeCTO AM3IEKTpUYE-
CKOTO CJIOSI B HE#l WCITOIb3yeTCs
CJIOI CeTHETORJIEKTPUKA, YTO U TIPH-
BOIUT K 3HEPTOHE3aBUCUMOCTH.

006 uccenoBaTeIbCKUX MTPOEKTax
B obmactu FeRAM 3zagBunu Sam-
sung, Matsushita, Oki, Toshiba, Infi-
neon, Hynix, Symetrix, Kemopumx-
CKMIA yHUBepcUTEeT, TOPOHTCKUI
YHUBEpPCUTET U Interuniversity Micro-
electronics Centre.

Sueiika tuna 1T-1C, paspabo-
TaHHas cnenuanbHO i FeRAM,
cxXoXa II0 CBOEMY YCTPOMCTBY C
TUINIAMU STYEEK, UCIIOJb3yeMbIMU B
namMsati DRAM, u BKiIIO4aeT B
CBOIO CTPYKTYPY 2JIEMEHT XpaHEHUsI
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W OOWH TpaH3UCTOpP BbIOOpa (puc. 14). B xadecTtBe
ajieMeHTa xpaHeHUs B FeRAM-siueiikax nmpuMeHsieT-
csl CTPYKTypa, BKJIOYawllasi B ce0sl CerHeTO3JeK-
TpuK. OOBIYHO €r0 POJib UrPAIOT TAKUE COCTUHEHUS,
kaxk PbZr;_,Ti,O3 u SrBi,Ta,0;.

3anmuch MPOMCXOAUT MyTeM MPOHUKHOBEHUS TIOJISI
Yepe3 CErHETOIEKTPUYECKUIA CITO, OPUEHTUPYS aTO-
MBI BBEpX WIM BHU3, 3a CUYET Yero obecrieumBaeTCs
xpaHeHue "1" wim "0" [7].

Maenumopezucmuenas onepamuenas namsams MRAM
(magnetoresistive random-access memory) — 3allOMU-
Harollee yCTPOMCTBO ¢ MPOU3BOJIbHBIM JOCTYIIOM, KO-
TOPOE XpaHUT MHMOPMAIIMIO C TTOMOLIBI0O MAaTHUTHBIX
MOMEHTOB, a He dJIEKTPUUYECKUX 3apsaaoB [7, 8].

HMudopmaninsi B MAarHUTOPE3UCTUBHONM MaMSITH Xpa-
HUTCSI HE B BUJIE DJIEKTPUUECKUX 3aPSII0B, & B MATHUT-
HBIX 2JIEMEHTax NaMsITU. MarHuTHbIe 3J1eMEeHThI cop-
MUMPOBaHbl U3 JIBYX (eppOMarHUTHBIX CJIOEB, pasfe-
JICHHBIX TOHKUM ciioeM MTJ (magnetic tunnel junction).
OnuH M3 cl0eB MpencTaBisieT coboil MOCTOSTHHBIA
MAarHuT, HaMarHWYEHHBIN B OIpeAesIcHHOM HallpaB-
JIEHUY, 8 HAMarHMYEeHHOCTb IPYIrOro CJI0sSI U3MEHSIeTCS
MO JeCTBUEM BHEIITHETO TTOJIS.

YCTpOMCTBO MaMsIT OPTaHM30BAHO IO TIPUHIIUAITY
CETKH, COCTOSIIIEHN U3 OTACbHBIX STYEEK, COAECPKALIUX
3JIEMEHT MaMsATu U TpaH3UcTop (puc. 15).

AR JENIER

Puc. 15. Crpykrypa siueiikn namsita MRAM
Fig. 15. Structure of MRAM memory cell
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Puc. 16. Kpocc-cexkuus aByx siueek namatu PRAM: ¢ BbICOKMM W HU3KHM CONPOTHBJICHUSIMHU
Fig. 16. Cross-section of two PRAM memory cells: with high and low resistance

CuuTbhiBaHMEe MHOOPMALIMU OCYIIECTBISIETCS W3-
MEpPEHHNEM SJIEKTPUICCKOTO COTPOTUBIICHMS STUCHKU.
BcnencrBue addekra TYHHEIBHOIO MarHeTOCOIPO-
TUBJICHUS] 3JCKTPUUYECKOE COIMPOTHBIICHUE SYCHKU
U3MEHSIETCS] B 3aBUCMMOCTH OT B3aMMHOM OpHUEHTa-
LIMM HAMAarHUYEHHOCTEN B CJOSIX.

CyuwiectByloT u apyrue texHoaorun MRAM: STT
(spin-torque-transfe) — TEXHOJIOTUSI TIepeHOCA CIIMHO-
Boro MomeHTa; TAS (thermal assisted switching) —
TEXHOJIOTHUS TepMUYECKOTro nepexkmoueHuss 1 VMRAM
(vertical transport MRAM) — TeXHONOTUS U3MEHEHUS
MarHMTHON OpPMEHTAIlMU 3a CYET TOKa, MPOXOISILIEro
yepe3 BepTUKATbHEBIE CTOJIOIIHI.

Ilamamp na ocrose pazosoeo nepexoda PRAM (phase-
change memory) OCHOBBIBA€TCS Ha YHUKAJIbHOM IIO-
BEICHUM XaJIbKOTEHWIA, KOTOPBI MPU HArpeBe MO-
>KeT U3MEHSTh CBOE COCTOSIHME (C KPUCTANIMYECKOTO
Ha amopdHoe). B mocnemHux BepcusiX pa3pabOTUMKKU
CMOIJI TOOABUTH €111e 1Ba TOMOJHUTEIBHBIX COCTOSTHYS,
yABOMB MH(MOPMALIMOHHYIO €MKOCTh YMIIOB (puc. 16).

Kpucramimyeckoe 1 aMop(HOE COCTOSIHUS Xajlb-
KOTEeHHUIA Pa3InyaloTcs 3JCKTPUUESCKUM COMPOTUBIIC-
HHUEM, UTO U JIETJIO B OCHOBY XpaHEeHUs MHMOPMaIIUU.
AMoOpGhHOE COCTOSIHME, UMEIOIee BhICOKOE COIMPOTHB-
JIeHWEe, WCTIOB3YeTCs IS TIPEACTaBICHHS] TBOMYIHOTO
HyJISI, a KPUCTAIJIMYECKOEe COCTOsSIHME, oOamaroliee
HU3KUM YPOBHEM COTIPOTUBIICHUSI, TIPEICTABIISICT €M~
Huwy [9].

HecmoTpst Ha pyHmaMeHTabHBIE pa3Inans B pu-
3WYECKUX MPUHLIMIIAX, BHEAPSEMbIe TUITHI SHEPTOHE-
3aBUCUMOI TTAMSITU XapaKTepU3YIOTCS TapaMeTpaMu,
CBOWCTBEHHBIMM BCEM BUIaM MaMsTu (Tadi. 4).

3D NAND flash-namsats

B coBpeMeHHOM TTPOM3BOJACTBE MOJYIIPOBOIHUKO-
BOI1 MaMSITU HalLIO oTpaxeHue u 3D-maciuTabupoBa-
HUE, TOJbKO Ha CYOMUKPOHHOM YypoBHe. CoBpeMeH-
HBIM YCTPONCTBAM C KaXXIbIM TOIOM TpeOyeTcs Bce

JKAIOIIeT0 CO BCEX CTOPOH KaHaJlb-
Hylo  obnacte  (gate-all-around
(GAA)). GAA-TpaH3UCTOPHI I10XO-
XM TI0 CBOEH KOHILENMUUM Ha
FinFET, 3a uckioo4YeHHEM TOrIO,
YTO MaTepuraj 3aTBOpa OKpPYXKaeT KaHaJbHYlO 00JacTh
CO BCEX CTOpPOH. B 3aBUCMMOCTM OT KOHCTPYKLIMU
GAA-TpaH3UCTOPBl MOTYT HWMETh IBa WU YEThIpe
(yHkunoHupytoiux 3arsopa. Ha puc. 17 npencras-
JieHbl pazHoBUAHOCTA 3D NAND-namsaTu.

p-BiCS (Bit-cost scalable) 3D NAND Flash. Toshiba
u Samsung pa3pabaTbiBalOT CpeACTBa CO3AaHUS BEP-
TUKAJIbHON OMTOBOM CTPOKM IJIsI YBEIUUECHMST YMCIIa
sYeeK B CONPSDKEHHBIX 00acTsIX KpemHus. Takas
CTPYKTypa UMeeT NMPEeUMYILeCTBO B TOM, UTO CJIOH ¢

Tabnuua 4
BHenpsiemble THIIBI HEProHE3aBUCHMOIi NAMATH
Table 4
Introduced types of nonvolatile memory
Tunel namaT
ITapameTtpsl Memory types
Parameters
FRAM MRAM PRAM

[wuamazon temmepatyp, C —40...+85 | —40...+125| 0...+70
Temperature band, °C
TexHonornyeckuii 90 32 20
MpoLecc, HM
Technical process, nm
BpeMst uteHus1, HC 60 35 10
Read time, ns
Bpewms 3amucu, He 90 35 50
Write time, ns
CpoK XpaHEeHHUS 10 20 20
uHbOpMaLINH, JeT
Data shelf life, years
Yucto IUKIIOB Iepe3ancyu le + 15 le + 15 le+9
Number of cycles rewriting
Hanpsckenue 1,5/1,5 1/1 1/1
mpu YTeHun/3anucu, B
Voltage of read/write, V
Pazmep sueitku 15F2 6F2 4F2
Cell size
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Puc. 17. OcHoBHbIE TeXHOJIOrHYEeCKHe pelleHus NPH NPOM3BOACTBE
3D NAND

Fig. 17. Basic technological solutions for manufacture of 3D NAND

HUTPHUIOM He M30JIMPOBAH OT KaXXIOTO YITPaBJISIOIIe-
ro 3atBopa. COOTBETCTBEHHO, HET HEOOXOAMMOCTU B
psilie TOTIOHUTEbHBIX STAINoOB MPOM3BOACTBA.
Texnomnorust p-BiCS nmo3BossieT JOCTUYb BbICOKOM
HaZIeSKHOCTH TIPOIIECCOB 3aTTMCH/CTUPAHMS TTIOCPEICT-
BoM TyHHenupoBaHust Paynepa—Hopareitma (FN).
TyHHenupoBaHUe AOCTUTAET OoJiee CUIBHOTO 3 dhek-
Ta BCJIEACTBME KPMBU3HBI M MaJIOTO pamuyca TpyOKH,
HU3KOTO COMPOTUBIICHUST METAJUTMYECKIX TOKOITPOBO-
ISIINX TOPOKEK M KECTKOTO KOHTPOJISI 3aTBOPOB BBI-
6opa (SG) BBUIY HU3KOW TEIUIOBOI MPOBOIUMOCTH.
Hannast apxutekrypa umeer U-00pa3HYIO CTPOKY IS
YMEHBIIEHUS Mapa3uTHOTO COMPOTUBICHMS B HYXKHEN
ee yacTu. Beibmparoiunii 3aTBOp MMeeT aCUMMETPIY-
HYIO CTPYKTYpPY IS YMEHbIlIeHUsI TOKOB yTeuku [10].
TCAT (Terabit Cell Array Transistor). Kak 1 B Tex-
Hojioruu p-BICS, npoliecc HauMHAETCsl ¢ HAHECEHMST
HECKOJIBKUX CJI0€B Ha TTIOBEPXHOCTD MOMIJIOXKH, HO OT-
JIMYaeTcsl YyepeloBaHMEM CJI0eB HUTPUIA KPEeMHHUS U
MTUOKCHIA KpeMHUsI. HUTpua KpeMHMST CITy>KUT B Ka-
YecTBe 3allOJTHUTENS 1 YAaaseTcs, a MecTo, KOTOpoe
OH 3aHUMAaeT, 3aroJIHSIETCS MaTeprajioM TS 3aTBOpA.
Ocob6enHocThio TCAT siBasieTcsl TO, YTO AaHHAs
TEXHOJIOTHSI MEHBIIIe CTeCHEHAa B TOPU3OHTAIBHOMN
IIocKoctu, 4eM texHosiorusd BiCS. Oxupgaercs, 4yTo

910 1103BOJAUT TCAT moOuthecs aydinei mMaciuTaOu-
PYEMOCTH Ha TMpeAcSIbHBIX BO3MOXHOCTSX JUTOTpa-
¢uu [10].

VSAT (Vertical stacked array transistors). Uccneno-
Batemn KammdopHuiickoro yHuBepcuTeTa M300pen
HagexHyio u npocrtyio 3D-crpykrypy — VSAT, ¢ T0-
nonorueid 100 HM IJIST yAbTPaBBICOKOM IIOTHOCTH
yctpoicTB flash-namsatu NAND npu ogHOBpeMeH-
HOM IOBBILLIEHUU TPOUZBOANUTEILHOCTA U MOOUIBHO-
ctu kaHana. TexHosorust VSAT oGpasyeT yHUKasb-
HBI BepTUKAJIbHBINA CIIOCO0 MHTErpallui, UMEET HU3-
Ky10 CTOMMOCTb TMPOU3BOJCTBA, YINPOIIEHHBINH TpO-
1IeCC M3TOTOBJIEHMS, YIBTPABBICOKYIO TUIOTHOCTb U
MPOCTYI0 MHTErpalmio ¢ MepudepuiiHbIMU CXeMaMMU.
ITpennonaraercsi, uto eMKocTb VSAT-mmamMaTu MoXeT
coctaBiaTh 128 I'6aiit, ¢ 16 cI0IMH C TOIIOJIOTUEN
50 um [11].

VG-NAND (Vertical Gate NAND). Ilamsatb
VG-NAND paspabarbsiBaeTcsl KoMOaHUen Samsung
W Ha JAHHBIA MOMEHT NPEBOCXOIWT IPYTUE BUIBI
3D NAND-namsati. OTa TeXHOJOTUS MO3BOJISIET Mpe-
010JieTh pyOexX MaclITabMpOBaHUS STYEHKM MaAMSITU B
20 M. Kommnanusi Samsung yxXe BBIITyCKaeT YMIIbI,
nMeronre 10 16 cioes stueek maMaTH. JlaHHasS TeXHO-
JIOTYSI TIO3BOJISIET pacrojiaraTh JUHUM CJIOB C IIarOM
ymrorpaguu B 37,5 HM, a OUTOBBIC JIUMHUU C 11IarOM B
75 um. KioueBoit ocodeHHocTbio VG-NAND sBnsier-
Cs1 BO3MOXHOCTb MEHSITh HalpaBjieHUe BbIOOpa OMTO-
BBIX JIMHUI 1 CTPaHMUII, TTOBBIIIAsI TAKMM 00pa3oM 3¢-
¢deKTUBHOCTH paboThl MamMsaTu. Criocod ¢opmupoBa-
HUSI KOHTaKTOB OUTOBBIX JIUHUU MO3BOJISIET HE TOJIBKO
CBECTM K MUHUMYMY YMCJIO TEXHOJIOTUYECKUX ITAIIOB
MpU MPOU3BOACTBE, HO U YMEHBIIUTb CTOUMOCTb TTPO-
u3zBoactBa. Ha puc. 18 (cM. 4eTBepTyIO0 CTOPOHY 00-
JIOKKW) TIPEACTaBJIEHbl CYIIECTBYIOIIUE TEXHOJOTUU
3D NAND-namsitu [12], a B Tabs1. 5 — OCHOBHbIE UX
napameTphl.

Tabmuua 5
OcHosubie napaMeTpsl cymecTByomux Bunos 3D NAND-namsta
Table 5
Key parameters of the existing kinds of 3D-NAND memories
TexHoJOrMYeCKHE pelIeHUst
IlapameTpbt Technologycal solutions
Parameters
p-BiCS TCAT VSAT VG
Pasmep stueiiku no ocsim X, Y 6F2(3F*2F) 6F2(3F*2F) 6F2(3F*2F) 4F%(2F*2F)

Cell size in X,Y

Iporiecc pa3MelieHus1 3aTBOpa 3aTBOp B MEPBYIO Ouepeb

3aTBOp B ITOCJICOHIOIO

3aTBOp B MepBYIO | 3aTBOP B MOCIEAHIO0

Possible minimal F

Gate process Gate first ouepenb ouepenb ouepenb
Gate last Gate first Gate last

IIporekaHue Toka U-00pa3Hoe HampaBjieHue BepTukansHoe CuHycoMaIaIbHOE T'opuszoHTagbHOE

Current flow U-turn Vertical Multi-U-turn Horizontal

CTpyKTypa 3aTBOpa 3aTBOpP, OKPYKAIOIIUI 3aTBOp, OKpYXaloluit InanapHas JIBOIIHOI 3aTBODP

Gate shape 00J1acTh KaHasa 00J1acTh KaHaja Planar Double Gate

Gate-all-around (GAA) Gate-all-around (GAA)
MacirabupoBanue > 50 nm > 50 nm > 50 nm > 2Xx nm
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3akiouyeHue

IIpenenom  MaciITabMpOBaHUSI  KJIACCHMYECKUX
MOII-cTpyKTyp CUMTAIOT MMHUMAaJbHbBIE pa3Mepbl
aJieMeHTOB nopsiaka 11 HM. JlaabHele MUHUATIO-
pM3aLus MEKTPOHUKM U TOBBIIICHUE BBIYMCINTEIb-
HBIX MOIIIHOCTEH TIPEeACTaBISIOTCS BO3MOXHBIMHU B
cllyyae paciuvpeHusi GyHKIIMOHaNAa CYLIEeCTBYIOUIEH
3JIEMEHTHOI 6a3bl ¢ TTOMOIIBIO MHTErPalIMi HOBBIX TEX-
Hojoruii. B HacTosImee BpeMsl yxKe CO3MaHbI TPOTO-
TUITHI MPUHLUMINAIBLHO HOBBIX TpaH3ucTopoB (CNFET,
GFET, Ge-nMOSFET), a takxe uUccaeayoTcsi BO3-
MOXHOCTHU TPUMEHEHUSI MEePCIeKTUBHBIX MOJYIpPO-
BogHUKOB (GaAs, InP, MoS,). Benyume muposbie
MPOM3BOAMTENIA YK€ BIUIOTHYIO MPUOIU3UINCH K 3a-
saneHHbIM B ITRS npenenam. Takue koMnaHuu, Kak
TSMC, Intel, Samsung, aHoHcupoBaiau Beimyck UMC
¢ MUHUMaIbHBIMM pazMmepamu 10 HM. TlosiBieHue
TexHosioruu GAA 1 BHeIpeHUE HOBBIX TEXHOJIOTYE-
CKMX IIMKJIOB B IPOM3BOJICTBO JIOTUKM U 3aIIOMUHAI0-
LIMX YCTPOMCTB MOCMOCOOCTBOBAIM CO3MAHUIO U yC-
nemHo nHrerpauun 3D-TexHomoruu B 06J1acTh TMO-
JIyITPOBOJAHUKOBOM NMamMsTv. MaciutadbupoBanue flash-
1 DRAM-niamMsIT IpakKTU4YeCKU JOCTUIIO CBOMX IIpe-
nenoB. Kommanust Micron THULIMAPOBAJIA HAYAJIO TeC-
tupoBaHusi DRAM-niamMsiTu, BBITIOJHEHHON MO TEXHO-
Joruu 10 HM, a KoMOaHus Samsung yxe B OJvxaiilime
TOIbI TUTAHWPYET BBHIMTyCKaTh YUIIHI flash-TiaMsTu ¢ TO-
MOJIOTUYECKOI HOPMOIT 5 HM. AJIbTepHATUBOM CYILIECT-
BYIOLLIUM BuJaM namsTu siBisitoTcst T-RAM, Z-RAM,
MRAM, FRAM, PRAM u np.

HecmoTtps Ha obuiive mepcrieKTUBHBIX BUAOB 3V,
WX COBOKYITHAS IOJISI Ha PhIHKe He TpeBhImaceT 0,5 %.
DTO CBSI3aHO € TEM, YTO pa3paboTKa U MPOU3BOACTBO
HOBBIX BUIOB 3Y TpeOyIOT KOJOCCAJILHBIX CPEICTB.

B cBs13u ¢ 3TUM B OIMKalIIel IepcrneKTUBe He CTOUT
0XMIATh CYIIECTBEHHBIX NU3MEHEHUI B CEKTOPE MHHO-
Bauuii peiHka 3Y. JJOMMHUPYIOUIYIO POJib HA PBIHKE
3V B necsATUIIETHEN MEPCIEKTUBE MO-MPeXHEeMY OyayT
urpathb flash- 1 DRAM-namsru.
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Modern Element Base of the Storage Devices

The article contains a review of the market of microelectronics, the trends in its development and advanced technological so-
lutions in the semiconductor branch, as well as an analysis of the existing and perspective kinds of the storage devices. It also dis-
cusses specific features and offers classification of 3D NAND memory.
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Introduction

The market of the semiconductor devices grows
steadily and demands ever increasing volumes of the
data warehouses and improvement of their operational
characteristics. The industry of the semiconductor
products of the world — big enterprises, official bodies,
small fabless factories are involved in research and de-
velopment of new products and optimization of the
parameters of the already existing types of the storage
devices (SD).

Tens of billions of memory microcircuits have been
manufactured. The produced kinds of the semiconduc-
tor memories are successfully integrated into the mi-
croprocessor systems made in accordance with the most
advanced topological standards. The number of various
types of the storage devices has been countless for a
long time. Minimization of the elements of the storage
devices and possibility of their scaling acquire an in-
creasing urgency. The given work presents a review of
the modern state of the industry of microelectronics,
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trends in its development and the results of the analysis
of the modern element base of the SD.

Trends in development of the market
of microelectronics

Throughout recent 20 years the manufacture of the
microelectronic products has been developing with im-
pressing rates. About 90 % of all the innovative tech-
nologies are based on microelectronic solutions (fig. 1,
see the 3-rd side of cover). The semiconductor devices
are being increasingly integrated into the daily activities
of people. According to Gartner agency, in 2011 the
volume of the market of microelectronics amounted to
285,8 billion dollars.

Fig. 2 (see the 3-rd side of cover) presents the dy-
namics ot growth of the world market of the semicon-
ductor products from 2010 up to 2014.

It is obvious, that the functionality of the classical
microelectronics reaches its limit. Only with introduc-
tion of absolutely new technologies the further progress
in the computing capacities is possible. Table 1 presents
characteristics of the basic technological parameters of
IC in the period of 2001—2015.

Technological features of manufacture
of modern IC

In the recently published ITRS-2013 route chart the
levels of the annually reached minimum sizes of the el-
ements and criteria of scaling are predicted up to 2028.
According to ITRS-2013, the minimum sizes of the el-
ements of the classical MOS structures will be 11...22 nm
(fig. 3, 4).

The basic technologies are.

SiGe transistor with introduction of SiGe. Application
of SiGe channel increases the high-speed characteris-
tics of the transistor due to a higher mobility of the
holes (fig. 5).

In the chips with the topological standard of 65 nm
the thickness of the layer isolating a gate of the tran-
sistor from the channel was reduced to 1,2 nm, i.e.
down to 5 atoms. The further scaling of the subgate in-
sulator is hardly possible.

High-k Metal (the transistor with application of an in-
sulator with high dielectric permeability and a metal gate).
In order to transfer to the standard of 45 nm it was nec-
essary to replace the silicon dioxide in the subgate in-
sulator with a material with high dielectric permeability
(High-K), which allowed us to reduce the leakage cur-
rent. High-K materials are badly combined with the
polycrystalline silicon, of which the gate is made. In or-
der to solve the problem the combination of the gate
materials was made of Al and Ti metal alloy. Due to the
layer of silicon-hafnium oxynitride (HfSiON) with
thickness of 3 nm in the technological process of 45 nm
the current leakage was reduced in 200 times. Resist-
ance of the metal gate is lower than the resistance of the
polycrystalline silicon, which accelerates the transis-
tor’s switching. There are also other solutions, which
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can counter the leakage current and improve the sub-
threshold volt-ampere characteristic of a transistor.

1. The transistor constructed with the use of silicon
on insulator technology with a partially depleted chan-
nel (Partially Depleted SOI, PDSOI).

The source and the drain together with the channel
separating them are transferred from a silicon substrate
on the oxide layer. In such transistors the effect of a
floating body is observed, exerting an electric impact on
the inversion layer (fig. 6, a).

2. The transistor with a completely depleted channel
(Fully Depleted SOI, FDSOI). In this case the leakage
currents between the transistor’s source and drain are
completely eliminated (fig. 6, b). There is no effect of
a floating body. But the given technology requires plates
with an extremely thin layer of the insulator, which in-
creases the manufacture costs by 10 %. There is also the
second generation of High-kMetal Gate with improved
characteristics of the leakage current and scalability due
to new alloys of metals and introduction of new dielec-
tric materials.

Tri-Gate. In the circuit of Tri-gate transistor (fig. 7,
see the 3-rd side of cover) it is visible, that on the silicon
substrate, separated from a metal gate by an insulator
layer (oxide), a high vertical edge (silicon fin) appeared.
The gate surrounds this edge from three sides. In the
places of contact of the gate with the silicon fin High-
K subgate dielectric is present. On either side of the gate
in the edge the source and drain are created by doping.
Due to a small thickness of the edge the area between
them becomes completely depleted. Actually, such a
transistor may be considered to have not one, but three
gates — on each side and over the edge, hence its
name — Tri-gate [1]. An advantage of Tri-gate is that
the leakage current is eliminated due to a completely
depleted channel, which makes the subthreshold char-
acteristic close to an ideal and allows us to raise the
speed of switching of the transistor. In comparison with
the planar transistor, the cross-section of the inversion
layer (marked red in the circuit) also increased. As a
consequence, the transistor is capable to pass a bigger
current, or, in case of the same current, its density de-
creases together with the corresponding leakage curren-
tin the gate.

Fig. 8 (see the 4-th side of cover) demonstrates dis-
tribution of IC with various topological standards in the
total amount of the microelectronic products in 2013.

According to ITRS-2013, in 5—10 years we should
expect appearance of the devices working on absolutely
new physical principles.

Perspective technologicsl solutions
in microelectronics

By the end of the period declared by ITRS-2013, the
2D scaling will reach its fundamental limits. In relation
to the logic and storage devices a feasibility is studied of
the use of a vertical scaling (3D), which is realized by
means of the intersilicon connections (TSV — Through




silicon via). Fig. 9 presents the principal kinds of 3D
scaling of various products of microelectronics.

A considerable part of the research is concentrated
on IITI—V materials and Ge. Table 2 presents the per-
spective semiconductors and their features.

The microelectronics already faces problems of the
further scaling. This has set the task of development of
absolutely new kinds of transistors, which will be capa-
ble to give impetus to the further miniaturization of
electronics and to increase to the computer capacities.
Perspective types of the transistors and their character-
istics (table 3) are presented below [2, 3].

Perspective transistors:

e on carbon nanotubes (CarbonNanotube FETs);

o on graphenes (Graphene FETs);

o on nanowires (Nanowire Field-Effect (NWFETs));
e germanium semiconductor compounds of N type;
e atomic Switch.

Development of new materials and perspective tran-
sistors becomes more and more topical. ITRS-2013 of-
fers two directions for the development, which will
contribute to realization of opportunities for the future
of microelectronics. The first one is expansion of the
functionalities by means of integration of new technol-
ogies, and the second is encouragement of inventions of
new devices. Prototypes have already been created of
essentially new transistors and materials, which can
revolutionize the microelectronics and transfer it to a
qualitatively new level. At the same time the leading en-
terprises find new opportunities and original solutions
in order to remove the approaching limits of the clas-
sical physics. They develop multilayered IC, systems-
on-crystal, multinuclear processors and superfast mul-
tilayered storage devices.

Features of development of the market
of storage devices

Semiconductor memory is one of the most quickly
growing segments of the market of microelectronics.
In 2014 a record number of products of the semicon-
ductor memory were produced (34,6 billion pieces).
Fig. 10 (see the 4-th side of cover) presents versions ot
the semiconductor memories and their share in the
world market in 2014. The flash memory is divided into
NAND and NOR, accordingly, in relation of 37 to 3 %.

Manufacture and introduction of the flash memory
grew with huge rates. In 1998 its volume was 11 %, in
2010 it was already 33 % and by 2014 it reached 40 %
of the world market.

Features of functioning of the semiconductor
storage devices

Tens of kinds of the storage devices with different
operating principles have been developed, varying from
CD and DVD discs up to the prototypes of the mem-
ristor memory. Fig. 11 offers a classification of the stor-
age devices by a number of the main principles.

Improvement of the technological processes and the
growing scales of manufacture of the semiconductor
memory resulted in reduction of its price and wider
availability in the world market. Its compactness, high
integrability and low energy consumption makes it ir-
replaceable practically in all hi-tech products. Fig. 12
presents a classification of the semiconductor memory
products.

Volatile memory has a huge share of the market of
the semiconductor memory and is a key component of
any IC. Its most widespread Versions are SRAM, static
memory with a random access, and DRAM, dynamic
memory with a random access.

SRAM, static random access memory, is a semicon-
ductor memory, in which every category is stored in the
circuit with a positive feedback, allowing to support the
state without a regeneration, necessary for the dynamic
memory (DRAM). Nevertheless, SRAM can keep data
without rewriting, while there is a power supply.

DRAM memory is a set of remembering cells, which
consist of condensers and transistors. In absence of a
power supply a discharge of condensers occurs to the
memory and the memory is zeroed. A dynamic support
for a condenser charge is the basic principle of oper-
ation of DRAM. There are several versions of regen-
eration: expanded, package and distributed. The most
economic one is the latent (shadow) regeneration.
Against the background of the general innovations in
the microelectronics the development of perspective IC
storage devices is also going on.

Introduced types of volatile memory

T-RAM (Thyristor RAM), thyristor memory with a
random access. This kind of memory combines advan-
tages of DRAM and SRAM (high speed of operation
and big volume). The given technology uses the mem-
ory cells, the principle of which is based on the tech-
nology of negative differential resistance — Thin-Ca-
pacitively-Coupled-Thyristor (TCCT). For example,
AMD Co. proposed to use the given technology in the
processors made by 32 and 22 nm standards.

Thyristor memory with a random access consists of
the memory cells of T-SRAM and T-DRAM Kkinds.
The first one includes one TCCT cell and one field tran-
sistor of access (Access FET). Its functional includes
ability to support the state of the memory cells without
a regeneration, just like SRAM. T-DRAM memory
contains only a TCCT unit and includes a process sim-
ilar to the memory regeneration, present in DRAM [4].

Z-RAM (Zero-capacitor) memory of zero capacity
with a random access is a promising technology in the
sphere of the storage memories fig. 13). It is a product
of Innovative Silicon Co. The principle of operation of
the device is based on the floating body effect. By the
speed of the data access the memory of this type does
not concede to SRAM standard 6-transistor memory.
At the same time the memory cell of Z-RAM includes
only one transistor, thereby allowing us to increase con-
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siderably the density of memory packing. The arrange-
ment of the active condenser in Z-RAM cell directly
below the transistor structure determines another ety-
mology of Z-RAM name, which is derived from the
negative direction of axis Z.

The advantages of Z-RAM are low parasitic capac-
ities near the drain/source areas, close to ideal schedule
of dependence of the subthreshold characteristics and
triple reduction of the working capacity of a cell [5].

TT-RAM memory with a random access. TT-RAM is
a kind of a memory capable to reach high-efficiency
operations with an array.

The logical "zero" is stored due to extraction of the
saved holes from the region of the "floating" basic part
of the transistor of the data storage. Tension reduction
influences the current leak of the stock area and pro-
motes accumulation of holes in the area of the basic
part of the transistor. Leakage current raises the poten-
tial of the area of storage at the moment of transfer of
logic "1" in the area of bits. Operations with a memory
cell of TT-RAM include four operating modes: record-
ing, reading, storage and regeneration.

Along with research of the volatile memory, the
world’s leading institutes and companies continue de-
velopment of new types of nonvolatile memory [6].

Introduced types of nonvolatile memory

FeRAM memory with a random access. By its design
the ferroelectric memory (FeRAM) is similar to DRAM,
but using a layer of a ferroelectric material instead of a
dielectric layer for nonvolatility.

FeRAM projects were announced by Samsung, Mat-
sushita, Oki, Toshiba, Infineon, Hynix, Straetrix, Cam-
bridge and Toronto Universities, and Interuniversity Mi-
croelectronics Centre.

A cell of IT-IC type, developed for FERAM, is sim-
ilar by its design to both types of the cells widely used
in DRAM memory, including the structure from one
element of storage and one transistor. As a storage
element it applies the structure including a ferroelec-
tric. Usually its role is played by such compounds as
szrl _xTixO3 and SrBi2Ta203.

Recording occurs by a field penetration through a
ferroelectric layer during charging of the electrodes, fo-
cusing atoms upwards or downwards (depending on the
polarity of a charge), due to which storage "1" or "0" [7]
is ensured.

MRAM (magnetoresistive memory). MRAM is mag-
netoresistive random-access memory, which stores in-
formation by means of magnetic moments, instead of
electric charges [7, 8].

In the magnetoresistive memories information is
stored not in the form of electric charges, but in the
form of magnetic memory elements. They are formed
from two ferromagnetic layers separated by a thin layer
of MTJ (magnetic tunnel junction). One of the layers is
a constant magnet, magnetized in a certain direction,
while magnetization of another magnet changes under
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the influence of the external field. The memory device
is organized by the principle of a grid from the separate
"cells" containing a memory element and a transistor
(fig. 15).

Reading of information is carried out by measure-
ment of the electric resistance of a cell. Owing to a tun-
nel magnetoresistance the electric resistance of a cell
changes, depending on the mutual orientation of the
magnetizations in the layers.

There are also other MRAM technologies: spin-
torque-transfer-STT — carrying over of the spin mo-
ment, TAS-Thermal Assisted Switching — thermal
switching, and VMRAM -vertical transport MRAM —
change of the magnetic orientation due to the current
passing through the vertical columns (table. 4).

PRAM memory on the basis of phase transition.
Phase-change memory (memory on the basis of phase
transition) is based on the behavior of chalcogenide,
which due to heating can "be switched" between the two
states: crystal and amorphous. In the latest versions two
more additional states were added, doubling the infor-
mation capacity of the chips. Fig. 16 presents a cross-
section of two cells of PRAM memory.

The crystal and amorphous states of chalcogenide
cardinally differ by the electric resistance, and this un-
derlies the information storage. The amorphous state
with high resistance is used for presentation of the bi-
nary zero, while the crystal state, with its low resistance,
represents a unit [9].

3D NAND flash

3D-scaling also found its reflexion in modern man-
ufacture of the semiconductor memory, but only at a
submicronic level. Each year the devices require ever
increasing memory sizes, at that, the demands to the
sizes and characteristics of IC also increase. This re-
sulted in appearance of 3D NAND memory, capable to
store huge amounts of information. Integration of 3D
technologies was achieved due to the dimensions of
scaling and new production cycles. Successful con-
struction of 3D NAND memory was promoted also by
creation of the Gate-all-around (GAA) technology.
GAA transistors are similar in their concept to FinFET,
except that the gate material surrounds the channel area
from all sides. Depending on the design, GAA transis-
tors can have two or four functioning gates. In fig. 17
are presented varieties of 3D NAND flasf.

p-BiCS (Bit-cost scalable) 3D NAND Flash. Toshiba
and Samsung develop a vertical bit line of NAND flash
in order to increase the number of bits in the interfaced
area of the silicon. This structure has an advantage —
the layer with nitride should not be isolated from each
control gate. Accordingly, there is no necessity for
etching in the vertical direction.

The technology of flash-P-BiCS reaches a high level
of reliability of recording and deleting by the method of
Fowler — Nordheim tunneling (FN). Tunneling reach-
es a stronger effect due to the curvature and small radius




of a tube, low resistance of the metal current-conduct-
ing paths and rigid control of the select gate (SG) owing
to a low thermal conductivity. The architecture has a
U-line to reduce the parasitic resistance in its bottom
part. The select gate has an asymmetric structure in or-
der to ensure reduction of the leakage currents [10].

TCAT (TerabitCell Array Transistor). Just like in
BICS designs, here the process begins with deposition
of several layers on the surface of CMOS substrate, but
in TCAT the process begins with the alternating layers
of the nitride and silicon dioxide. Silicon nitride serves
as a filler and is removed, and the place, which it oc-
cupied, can be filled with a material for the gate.

A specific feature of TCAT is that the technology is
less constrained, than BiCS, in the horizontal plane.
It is expected, that this will allow TCAT to achieve bet-
ter, than BiCS, scalability on the limiting possibilities of
a lithograph [10].

VSAT (Vertical stacked array transistors). In Cali-
fornian University they invented a reliable and simple
3D-structure of VSAT made by 100 nm topology for ul-
trahigh density devices of NAND flash memory with an
increase of productivity and mobility of the channel.
VSAT technology provides a unique vertical way of in-
tegration. It is characterized by low production costs,
simplified process of manufacturing, ultrahigh density
and simple integration with the peripherals. It is ex-
pected that VSAT capacity may reach 128 GB with
16 layers by 50 nm topology [11].

VG-NAND (Vertical Gate NAND). VG-NAND-
memory is being developed by Samsung and it surpasses
other kinds of 3D-NAND memories. The technology
allows us to overcome the boundary of scaling of a
memory cell of 20 nm. The company already produces
chips having up to 16 layers of the memory cells. The
given technology allows us to have word lines with a
lithograph step of 37,5 nm, and bit lines with a step of
75 nm. The key feature of VG-NAND is the ability to
change the directions of the bit lines and pages for the
opposite ones, thus increasing the efficiency of the
memory operation. The new way of formation of con-
tacts of the bit lines allows us not only to reduce to a
minimum the number of the production stages, but also
to simplify the manufacture process. Fig. 18 (see the
4-th side of cover) presents kinds of 3D-NAND mem-
ory [12]. Table 5 offers a classification of the reviewed
kinds of 3D-NAND memory.

Conclusion

It is considered that the limit of scaling of the clas-
sical MOS structures is the minimal size of the elements
of about 11 nm. The further miniaturization and in-
crease of the computing capacities is possible with ex-
pansion of the functional of the existing element base
by means of integration of new technologies. Prototypes
of the essentially new transistors (CNFET, GFET,
Ge-nMoSfEt) have already been created, and possibil-
ities of application of the perspective semiconductors

(GaAs, InP, MoS,) are also being investigated. Already
now the world’s leading manufacturers are close to the
limits declared in ITRS. Such companies as TSMC, In-
tel and Samsung announced a release of IC with the
minimal sizes of 10 nm. Appearance of GAA technol-
ogy and introduction of new technological cycles in
production of the logic and storage devices promotes
development and successful integration of 3D technol-
ogies in the field of the semiconductor memory. Scaling
of Flash and DRAM memories has practically reached
its limits. Micron initiated the beginning of testing of
DRAM memory by 10 nm technology, while in the
next coming years Samsung plans to produce chips with
a topological standard of 5 nm. An alternative to the ex-
isting kinds of memory are T-RAM, Z-RAM, MRAM,
FRAM, PRAM, etc.

Notwithstanding the abundance of the perspective
kinds of the storage devices, their share in the market
does not exceed 0,5 %. This is explained by the fact that
development and manufacture of the new kinds of the
storage devices demands enormous money. In this con-
nection in the immediate future we can hardly expect
essential changes in the sector of innovations of the
market of the storage devices. The dominating role in
the market of the storage devices will still be played by
Flash and DRAM memories.
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BBenenue

MuKpoIaTInKy MPUMEHSIOT B Ta30BOM U OMOXU-
MMYECKOM aHAJIN3aX, MeAUIIMHCKUX UBMEPEHUSIX, TIPU
ornpeneSeHUr TOMIMHHOCTA TMpoaykTra. OCHOBHBIM
3[eCh SIBJSIETCS YJIbTPAuyBCTBUTEIbHBIN MUKpOMeEXa-
HUYECKMI CIoco0 C HCIOJIb30BaHWEM KOHCOJIBHBIX
MaTpull. OOTHOI 13 aKTyaJbHBIX 3aJa4 B OMOMEIUIIH -
CKOM JMarHoCTUKe sIBseTCsl oOecrieyeHre BbICOKOM
YyBCTBUTEJIbBHOCTU Y U30MpaTeIbHOCTH aHaIu30B. B Ka-
YecTBE BELIECTB IJII METKM aHTUI€HOB HCIOJb3YIOT
opranuueckue ¢ayopoxpomsl. IlapaienbHo ¢ pa3Bu-
THEeM (QIIyOPECLIEHTHBIX METOK M METOIMK UMMYHOJIO-
IMYEeCKOro aHaan3a MPOUCXOIUT MEPEXo Ha JJa3epHbBIe
HWCTOYHUKU BO30OYKIEHUS W ONTOBOJOKOHHBIE CUCTE-
MBI MiepeJayn curHaia. BHeapeHre 3TUX 2JIEMEHTOB B
COYETaHUM C KOMITbIOTEpHOU 00paboTKoN MHGbOpMa-
LIMKA OTKPBIBACT IIMPOKUE MEPCIIEKTUBDI IJIsI CO3AAHUS
KOMIMAKTHBIX perUCTPUPYIOLIUX YCTpoicTB. Paspabort-
Ka (PU3UKO-TEXHOJOTMYECKUX OCHOB CO3IaHUSI MpPU-
0opa sKCcIpecc-MHANMKAIUM BO30yauTesIei 3a0oJieBa-
HUA, 6e3yCIOBHO, aKTyajlbHa JJI1 OMOTEXHUUYECKUX U
0COOEHHO TMATHOCTUYECKUX IIEJICH.

Ileav nacmosweld pabomsr — aHANU3 NATEHTHOU U
Hay4YHO-TEXHUYECKOI MH(bOpMaLMK O paboTe U Mpu-
MeHeHUu MOMC-01oaaTuMKOB, a TaKXKe pa3padoTKa
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CTPYKTYPHOIN CXeMbl M KOHCTPYKILIMHM MPUOOpa 3KC-
MpecCc-MHINKAIMA MUKPOOPTaHM3MOB U BO30OYIUTE-
Jieit 3a0oyieBaHMIA YeJIoBeKa B MCCIEIyeMOM OObeMe
AHAIM3UPYEMOM XUAKOCTU IJis TIpeIBapUTEIIbHOM
MEIMIIMHCKON MUAarHOCTUKM B JOMAIIHMX YCIIOBMSIX.
OCHOBHbIE pe3yabTaThl PabOTHI CBA3aHbI ¢ pa3padoT-
KOM CTPYKTYpPHOM, (PYHKIIMOHAJIBLHON M BJIeKTpuYe-
CKOl MpUHIUINMAIBHONW cxeM mpubdopa. Mukpobmo-
JaTYMKU TIPUMEHVMBbI ISl JUarHOCTUPOBAHUS U U3-
MepeHUsT pa3BUTUSI 00JIe3HU WU 3D GHEKTOB JeUeHUs.

Nuaukanus Bo30yauTeIeii 3a00J1eBaHMii YeI0BEKa
C HCIOJIb30BAHUEM MHMKPOIJICKTPOMEXAHMYECKUX
YCTPOWCTB M CHCTEM

KoHconu mnpeacraBisitoT coboil MPSIMOYTOJbHbIE
MMKPOIIOJIOCKM KPEMHUS TOJIIUHON MeHee 1 MKM
(puc. 1). AacopOLusi MOJIEKYJ pa3IWYHbIX BEIIECTB
(3a cueT B3aMMOICICTBHS STUX MOJIEKYJI C MOJIEKYJIaMU
peliernrtopa) MpUBOAUT K U3rudy mukpokoHcoau (MK)
BCJICACTBME MOBEPXHOCTHOIO HampspkeHus. M3rubd pe-
TUCTPUPYETCS OTKJIOHEHUEM JlazepHoro Jiyya. KoHcoJb-
Hbie onomatunku (Kb/I) ucrnonb3yloT B pa3inyHbIX Cpe-
Jlax: BaKyyme, ra3ax WiIM XUIKOCTSX. [ J1aBHbIE TTpeuMy-
mectBa Takux Kb/l — ux HeGob1IoM pa3Mep, ObICTpoe
BpeMsl OTKJIMKA, BbICOKasl YyBCTBUTEJIbHOCTb, MPeoo-
pa3oBaHUE CUTHAJIOB 0€3 MHAWKATOPHBIX METOK [1].




Puc. 1. Konconbnas matpuna [1]
Fig. 1. Console matrix [1]

ABTOpPBI pa0bOTHI [ 1] UCMOJIB3YIOT MAaTPUILY U3 BOCh-
mu MK. Kaxnas MK mokpeiTa 4yBCTBUTEJILHBIM CJIO-
eM JJIs1 o0ecrnedyeHMs] BbICOKOCTIeM(UIYECKOTro MoJie-
KYJIsSIpHOTO B3auMmoaeicTBus. CrucreMa MOXeT (hUKCU-
pOBaTh OJHOBPEMEHHO HECKOJIBKO KapTWUH JJIs1 pa3iny-
HBIX aHaM30B. 1 3Toro Kaxayo n3 MK nokpeiBaoT
pPa3HBIMU YYBCTBUTEJIbHBIMU CJIOSIMU. B razoobpaszHoit
cpene KOHCTPYKIIMS MCMOJb3YeTCsl KaK MCKYCCTBEH-
HbI HOC [IJ1 aHaIM3a ObICTPOUCTIAPSIONIMXCS TTApOB U
3aIaxoB.

JatyrkaMu yrpaBisiloT B CTaTUYECKOM, AWHAMM-
YECKOM U TEIJIOBOM pexxumax. B craTuyeckom pexxu-
M€ TMPOUCXOAUT MexaHuueckuit oTkiauk MK mocie
azcopOLMU MOJIEKYJ U3 aHaIM3upyemoil cpenbl. [1o-
BEpPXHOCTHOE HampsiKeHWe MpUBOAUT K u3rnoy MK ¢
oTkioHeHueM ~10 HM [1]. B nmHaMu4yeckoM pexnme
MK konebaercss B 4aCTOTe pe30HaHCa C MCMOJIb30Ba-
HUEM IMbe302JIeKTpUUecKoro npusona. st onpenesne-
HUS MoJieKya aHaimuTta MK mokpeiTa creuuaabHbIM
YYBCTBUTEJbHBIM MOJIEKYISIpHbIM cjioeM. [locne an-
cOpOLMHU ONPEAENISIEMOrO BELLIECTBA YaCTOTA PE30HAH-
ca MK ymensbiiaercs [1]. U3MeHeHHe 4acTOThI pe30-
HaHca B 1 'l COOTBETCTBYET U3MEHEHMUIO MACChI afl-
copbupoBaHHoro Ha MK ananuta nmpuMepHo B 1 mr.
B TermoBoM pexume paznuuue B KoadduimeHTax
JIMHEMHOIO paclIMpPEeHMUs] KOHCOJIbHOIO MaTepuaja
(HarpuMep, MOHOKPUCTA/UIMYECKUI KPEMHUM U Me-
TaJ1 ToauHoui 100 HM) BbI3bIBAET U3TMO KOHCOJIbHO-
ro gaTymka (OMMeTaJIM4ecKoi CTpyKTyphl). Temnepa-
TypHble u3MeHeHus 5...10 K BbI3bIBaIOT OTKJIOHEHME
MK B HECKOJIbKO HAHOMETPOB, KOTOPbIE MOTYT OBITh
u3MepeHs! [1].

HNmeeTcst HEOOXOAUMOCTh OOHAPYKEHUS U UACH-
TUGUKALIUY XUMUUECKUX U OMOJIOTMYECKHX BEIIECTB,
TaKHUX KaK HYKJIEWHOBBIE KMCJIOThI, OEJIKM, HAPKOTH-
KU, B3pbIBYAThIE BElLIECTBA, TOKCUHBI, (hapMalieBTUYE-
CKHe Tpernaparbl, KaHILIEPOTeHHbIe BEIeCTBa, SIIbI,
ajyepreHbl U MHGUUMPoBaHHbIe KieTkU [2]. TTpose-
JleHUe KJIMHMYECKMX HMCCIeNOBaHUM TpeOyeT crelu-
aJlbHON TOATOTOBKM JAa0OPAHTOB M MCMOJIb30BAHUS
crielMagbHoro obopynosaHus. CyliecTBylolue j1abo-
paTopHble METOJbI aHAM3a UCTOJb3YIOT Ta30BYIO XU/ -
KOCTHYIO XpoMorpaduio u/Wik Macc-CreKTPOCKOIMUIO;

OHM TpPeOYIOT MHOTO BPEMEHM U SBISIOTCS ITOPOTO-
crosimu. ITostomy KB/, criocoOHbie TOUHO U 3h-
(beKTUBHO OOHAPYXUTh/MOKA3aTh XUMUYECKHUE U OUO-
JIorMyecKue BelllecTBa, odbecrneyar CyleCTBEHHYIO Bbl-
roay B CTOMMOCTH M BPEMEHM aHaJIM3a.

Paspaboran merom mpeoOpa3oBaHUSI OUOMOJEKY-
JISIPHBIX peaKlUiA B HAHOMEXaHMYECKOE NEHCTBUE C
WCIOJIb30BAHUEM B3aMMHOW CBSI3U MEXIY OBYMs SIB-
JneHusiMu [2]. C ogHOM CTOPOHBI, 3TO U3MEHEHHUE IO~
BEPXHOCTHOT'O HaIpsIKeHUsI, BOSHUKAIOIIETO BCJIEACT-
Bue coeauHenus1 JHK u 3akperieHus1 peuenTopoB-
Jurana Ha MK, ¢ apyroii CTOpoHBI, 3TO HaHOpa3Mep-
Hoe oTkiIoHeHue MK. MonekysipHasi cuia, siBJsO-
1asicsl pe3yabTaToM aicopOLMU MOJEKYJ, BbI3bIBAET
NoBepXHOCTHOe HampskeHue. MK crubaerca B pe-
3yJbTaTe Heclneuuduuyeckon aacopOuuu 6enkoB [2].
Meton He TpeOyeT mnpuMeHeHMsT (IyOpPeCLEHTHBIX
METOK, ONTUYECKOTO BO30YKIAEHUS U OTHOCUTCS K Me-
TOAAM CBSI3bIBAaHMSI IUTAHIOB B XXUAKON cpene. B atux
cydasix ucrnoJjibdyetcs npouHass MK. Dto o3Hauaer,
yto 1160 MK umeeT 00b10i pa3mep, 1100 MaTepu-
aj, U3 KOTOPOTO OHAa WM3TOTOBJIEHA, UMEET OTHOCU-
TeJIbHO 00JIbIIOK MOoayIb ynpyroctu FOHra. bosbline
MK MoryT yxyaiaTh 4yBCTBUTEIbHOCTb MTPU OOHAPY-
KEHUW MaJIbIX KOJMYECTB LIEJEBBIX BeulecTB. Kpome
toro, Takasa MK 3auacTyio TpeOyeT IJIUTEIbHOIO BO3-
JNEUCTBUSI aHAIUTA JJI1 HAKOIUJIEHUs MOIAIOIIErocs
00HApYXXEHUIO KOJIUYECTBA ITOrO BEIIECTBA.

ITpumMeHeHMe OMOAATYMKOB JUISl 1MarHo3a v JieueHust
6osne3nm ommcaHo B pabote [3]. Crioco0 Mmo3BoisieT
OIpeJeUTh COCTAB BEIECTBA B XXUIKOCTSIX, BKIIIOYast
KPOBb, W MIPOMYKTHI IbixaHus1. OnrcaHbl OMOIATYMKU,
KOTOpBIE TIOMPaXaloT €CTECTBEHHO ITPOMCXOMSIINM
peakuusaM B Kietkax (Hanmpumep, B PHK-nenu Hyk-
JieoTu10B). BrogaTyMku MCIoOab3yIOT B KOMOMHALIUU
C CUTHaJIbHBIMU areHTaMu, YToObl 00EeCIeYUThb MOKa3
Ha 3KpaHe OMoMapKepoB, MIPUCYTCTBYIOIINX B BBIIOX-
HYTOM Bo3ayxe. B kauecTBe OMOIaTYMKOB UCIIOJIb3YIOT
anTamepsbl, Kak HauboJjee 3(h(heKTUBHBIE ONIPEACIUTE -
JIM eAVHNYHBIX MoJieKyn [3]. Oum oOmamaior Oojee
BBICOKOH CIelM(pUYHOCTbIO U HAIEXKHOCTBHIO, YEM OC-
HOBaHHbBIE HA aHTUTEJIaX OTMAarHOCTUYECKUE TEXHOJIO-
M. ATITAaMEPHI CITOCOOHBI U3MEPUTh TAKME KOHIIEH-
Tpaluu JIMIIKAA, KOTOpble Ha HECKOJbKO IOpPSIIKOB
HUXKE, 4YeM TMpU MCIIOJAb30BAHUM THArHOCTUYECKUX
TECTOB C aHTUTeIaMu. 111 anTaMepoB 3TO OfHa AeTeK-
THpyeMasl MOJIEKyJla Ha TPWIITMOH WJIM JaXe CEKCTHII-
JIMOH Apyrux Mojekya [3]. B ornuume or aHTUTEN,
MPOU3BOJICTBO KOTOPHIX OCHOBAaHO Ha XMBOTHBIX
WU/WIW KyJIbTYpajlbHbIX TE€XHOJIOTUSIX, MPOU3BOJCTBO
arnTaMepoB MPOMCXOAUT B mpobupke. CMHTE3 arrTa-
MepoB aelleB [3], ux Mmoay4yaroT peakiueil ¢ yyacTueM
nosuMepasbl. Jlanee, Kak TOJbKO MOCIeA0BaTEIbHOCTD
LIEMOYKM M3BECTHA, OHU MOTYT OBbITh CUHTE3UPOBaHBI
U3 OTACJbHBIX €CTECTBEHHBIX W/WUIW CUHTETUUYECKUX
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HYKJICOTUAOB. ATITaMephbl YCTONYMBHI K IJIATEILHOMY
XpaHEHUIO MPU KOMHATHOM TemIiepaType.

buomapkep npeacrapisieT co00ii OMOXMMHYECKOE
BEIIECTBO, Y KOTOPOTO €CTh OIpeieieHHasl crieupu-
yecKast MOJIEKYJIIpHask 0COOEHHOCTh. DTO JAeaaeT Ouo-
MapKep NPUMEHUMbIM JJI1 AMAarHOCTUPOBAHUS U U3-
MEpEeHMsT pa3BUTHS 00JIe3HM WIM 3(PdEeKTOB eye-
HUs. MeTaboJuThl U1 OMoMapKephl, HaliIEHHbIE B JbI-
XaHUY 4YeJoBeKa, BKITIOYAIOT OMNpeAe/icHHbIe BelllecTBa
(tabm. 1). B pa6ote [3] ormmcaH OMOIOTrMYECKIIT METO,
aHanu3a oOpa3loB (IbIXaHUWE W KPOBb). AHAJIU3 3a-
KJIIo4aeTcsl B 0OHApyKeHUU aHAJIUTOB (OMOMapKepoOB)
B (hM3UUYECKUX KUAKOCTSIX YETTOBEKA, UMEIOLIMX OTHO-
LIeHWE K pa3INYHbIM XKU3HEHHBIM YCJIOBUSAM WK 00-
JIE3HSIM, TAKMM KaK OINlbsiIHEHUE, paK, 00JIe3Hb ITEYEHH,
Moyek ujiu auaber.

Crioco® oOHapy>KeHUsT MOJIEKY/ISIPHOM CBSI3U U/WIIU
UASHTU(MWKAIIKA 1IEJIEBBIX BEIIECTB ITyTeM MOHUTO-
puHra otkjaoHeHuit MK (puc. 2) ¢ KoHTposeM obpart-
HOM CBsI3U omnucaH B padote [4]. B tabn. 2 npencras-
JIeHbl METOAbl OOHAPYXXEHUSI MOJIEKYJISIPDHBIX CBSI3Eil.
I'pynma 1 obecneunBaeT HanboJiee BHICOKYIO CeJIeK-
TUBHOCTh W UyBCTBUTEIBLHOCTb NP MIACHTU(UKAIIN
OHMOMOJIEKYISIPHBIX BElECTB [4].

YCeTpoiACTBO M TEXHOJIOTUSI OIpeAeeHUsT MacChl
BellleCTBa, OCHOBaHHAsl HA PErMCTPallMK YacTOT Pe30-
Hupytomeit MK, onmmcansl B padote [5]. MK mokprita

Tabauua 1
MeTta00auThl B OHOMAPKEPDI, HAli/ICHHBbIE B ABIXAaHHHM Y€JIOBEKA
MeTaboanTsl
Wunukatop JunarHos
1 OroMapKepbl
Anbaerun DTaHoa OrnbsiHEHUE
AlleToH Conb aMuHOKUCIIOTH | JInabeT
AMMuak AMMHOKHCJIOTBI Ypemus
" 00JIe3Hb TIEYCHU
Oxwuce yraepona | [ToBeiueHHslil mpo- | BHyTpeHHee
uent CO 3arpsisHEHUE BO3IyXa
Xnopodopm lanorenusupoBan- BHyTpeHHee
HbIE BelllecTBa 3arpsisHEHUE BO3IyXa
Juxnopbenson | [ajoreHu3upoBaH- BuyrpenHee
HbIE BEllleCcTBa 3arpsisHEHNUE BO3IyXa
JvsTunaMuH XonmH Kueunsrit
OakTepuaNbHBII pocT
Bonopon ['a3bl KMIIEYHUKA HerepnumocTts
K JIAKTO3€
W3zonpen KupHas kuciora Mertabonnueckoe
HaTnpsoKeHue
Meranatuon Mertuonur Kuireunsrit
OaKkTepuaabHbI POCT
Metunatunke- | 2KupHasi Kuciora BHyTpeHHee
TOH 3arpsi3HEHUE BO3IyXa
O-TomonnH Mertaboaut Bponxorennast
KallMHOMBI Kapuuoma
Cynbbuast [MepokucneHHbII Hudbapxr Muokapaa
MeHTaHa JIATIA]T
CepoBopopon Metabonuszm [MepuonoHTanbHas
60J1e3Hb
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TpagweHT notenymana
Potential gradient

Puc. 2. Cxema o0HApyXKeHHS MOJEKYJISPHO# CBA3M MYT€M MOHHTO-
PHMHIa OTKJIOHEHHI KoHcou [4]

Fig. 2. Circuitry for detection of a molecular bond by monitoring of the
console deviations [4]

(buKCUpOBaHHBIM KOHTPAreHTOM, CIIOCOOHBIM B3aUMO-
JIEAICTBOBATh C OMNPEEISIEMOM KJIETKOU WM MOJIEKY-
Joit. OnpenensieTcs MCxoaHas yactora pezoHaHca MK,
MOKPHITOl (PMKCUPOBAaHHBIM KOHTpareHToM. B pe-
3yJIbTaTe OOpabOTKM PacTBOPOM, KOTOPLI B3aMMO-
JIelicTByeT ¢ KoHTpareHToM, mMacca MK Boapacraer.
Peructpupyercst BTopast yactota pe3oHaHca. PazHuua
B YaCTOTax JaeT OCHOBaHUE 3asIBUTh, YTO OOHApyKeHa
lieJieBasl KjieTkKa Wiad Mosiekysaa. YacToTHbIe XapaKTe-
puctuku MK onpenessiorcs onTUYeCKUM METOIOM C
TMOMOILBIO OTPaXKEHHOTO CBeTa U ABYX (POTONETEKTO-
pOB 100 MHTEP(HEPEHIITMOHHBIM METOIOM C TTOMOILBIO
ofHoro ¢oTomeTeKTopa.

B pabGote [5] ommcaHbl BBICOKOYYBCTBUTEJIbHbBIE
KBJI nnst onpeneneHUsT XUMUYECKOTO MJIM OMOJIOTH -
yeckoro BellecTBa. Eciau paHee ObIIO OOCTaTOYHO
U3MeEpSITh KOJIMYECTBO BellleCTBa TMOpsiaKa MUKpPO-
rpamMma, TO CEroiHs1 Hayka U MPOMBILIJIEHHOCTb UMe-
I0OT MOTPEOHOCTh B OOHAPYXXEHUU OTAEJIbHOW KJIETKU,
BHYTPUKJIETOUHOI'O 3JIEMEHTa WJIM BellecTBa Maccoi
MopsIKa 1075, Hanpumep, B nU1eBOI MTPOMBIIILIEH-
HOCTH JaXKe HUYTOXHO MaJible KOJMUeCTBA HEKOTOPBIX
TOKCHHOB OBITh MOTYT BPEIHBIMUA U OMACHBIMU TS JIIO-
neit. [lpumep — OGaktepusi Escherichia Coli (E. Coli).
IMoBbiieHHoe BHuManue CMM ycunmiao BoJHEHUE
norpeoduresieit K npucyrctBuio E. Coli B MSICHBIX TIPO-
JIyKTax, sSI0JIOUHOM COKe U IoOerax JIIoLepHbI (KOpM
JIJIST KOPOB).

Cucrema [5] BKiIIOYaeT UCTOYHUK cBeTa, MK 1 ¢o-
toauon. OavH koHel, MK HemoaBMXXKHO 3aKperieH,
JIPYroy KOHELl Pe30HUPYET I10J ACUCTBUEM BHEIIHEH
cpenpl. YacTtora pe3oHaHca 3aBUCHT OT mMacchl MK.
®oronnon reHepupyeT curHaa. OTpakeHHbIN OT Bep-
mwrHbl MK cBet sBiisieTcs (pyHKLMER 4acTOThl BUOpa-
1 MK. TTosepxHocTh MK mokpbITa KOHTpareHTOM
JUJIST CBSI3BIBAHMSI C OINpPeAeICeHHbIM aHaJIU3UPYyeMbIM
BeliecTBoM. OcaauBlieecsl BELIECTBO YBEJIUYUBAET




maccy MK. IIpoueccop coenuHeH ¢ GoToAMOa0M, BbI-
TTOJTHSIET TIPOrpaMMy OIpeAeICHUS MacChl aHATU3HPYe-
MOrO BellleCTBa, YIep>KUBAeMOTO CBSI3YIOIIMM KOHTP-
areHtoMm. /iimna MK 0,5...1000 mxm. MK pa3zpaboraHa
JIIs1 OOHApY>XKeHUs BellleCTBa, BKJIHOYAIOIIETO MaToreH,
MUKPOOpPTraHu3M, 0akTepuio, BUPYC WIM HEKOTOPYIO
rpynmny u3 31oro. CBsI3bIBAIOLIUNA KOHTPAreHT MOXET
BKJIIOUATh B ce0S1 aHTUTENO, KOTOPOE COEIUHSIETCS C
TaKMMM OOBEKTAaMM, KaK KJieTKa, ()parMeHT KIJIeTKHU
WJIM €€ DJIEMEHT.

KB/ nnst o6HapyXeHUsI ra30B U MapoB OMUCaHbI B
pabote [6]. [TokpwIThIe CITeIIMAIBHBIMU BEIECTBAMU,
MK mnoaBepraloTcsi XMUMUYECKOMY BO3IACHCTBUIO He-

CKOJIbKO 4YacoB. M3MepeHMsI MPOBOAAT IO MOMEHTA
nosiBjeHus noreHuuana Jlennapaa—/IxoHca (cocen-
HHUE MOJICKYJIBl OTTAJKMBAIOTCS, a HA OOJBIINX pac-
CTOSIHMSIX TIpUTsruBatoTcsi). Bo MHorux ciyvasix ao-
copO1ust MojeKyJsl Ha noBepxHocT MK mMoxkeT ObITh
HamnpapjeHa B O0paTHYIO0 CTOPOHY IyTeM MPOCTOro Ha-
IpeBaHUs CUCTEMBI WIM MOMEIIEHMS €€ B BaKyyM.

Pa3paboTka npudopa aJia onpeaesieHHs KOHIEHTPAIMA
HAHOYACTHIL 0 HHTEHCHBHOCTH (DJIyOpeCHEeHIUI

[TpoBeneHHble uccaenoBanus [7, 8] mo3BoIMIM
pa3paboTaTh U M3rOTOBUTH MAKETHHIM oOpasel mpu-
0opa JJ1s1 3KCMpecc-AUarHoCTUKU B JOMAIITHUX YCJIO-

Ta6auua 2

Mertonbl 00HApYKEHHSI MOJIEKYJISIPHBIX CBsI3€i

Ne mi/m I'pynma meTomoB

IMpuHIIMT pabOTHI

Monudukanun

1 OOHapyxeHue XxuMuyie-
CKUX CBsI3el (MOJIEKYJT)
MyTeM KOHTPOJISI 3a 3Ha-
YEHUSIMU OTKJIOHEHM It
MK. ®ukcupoBaHHOE OT-
KJIOHEHUE KOHCOJIU COOT-
BETCTBYET OIpeeJIeHHO-
MY XUMUYECKOMY B3aUMO-
NEWCTBUIO (BELIECTBY)

st o6HapyXeHUsT KOHKPETHBIX MO-
JIEKYJISIDHBIX CBSI3€l OTIpeie/ieHHbIE
BelIECTBA MPUKPETUISIIOT K OXHOM
wim HeckonbkuM MK. Hammaue uc-
KOMOTO BellleCTBa MPUBOAUT K 00pa-
30BaHUI0 XUMMUYECKUX CBsI3eil (HO-
BBIX XUMWYECKUX COCMMHEHUIT) U K
oTKJIOHeHUSIM MK, oTKJIIOHEeHUSs
GuUKCcHpyeT O6JIOK perucTparun

B Mukpocucteme MOXeT ObITh MCIOJb30BAaH UCTOUYHUK YpaB-
HOBEUIVBAIONIEH CUJIBI U TIPUBENCHUSI KOHCOJIA B U3HA-
yajbHOe TTosioxkeHue. Crila MOXeT ObITh MAarHUTHOM, 3JIEKT-
PUYECKOI WM PaTuallMOHHOM. BIoK 0OHapyXeHUsT 1 Mexa-
HU3M, KOTOPBIA TeHEpUPYET YPABHOBEIIUBAKOIIYIO CHITY, CO-
€IMHEHbI ¢ 6JIOKOM 00pabOTKM M KOHTPOJISI MH(pOpMALIUY.
Kommbrotep peryiupyeT o6paTHbIe CBSI3U, MOMIEPXKUBAIOIINE
KOHCOJIb B (DUKCHPOBAHHOM ITOJIOKEHUU MyTeM OajlaHCUPOB-
KW CWJIBI OTKJIOHEHUSI ¥ YpaBHOBEIIMBaoIeil cviibl. KoH-
LIEHTPaLlMsl UCKOMBIX BELIECTB B 00pa3lie pacCUMTHIBAETCS] Ha
OCHOBAHWM 3HAYECHUS] YPABHOBEIIMBAIOIICH CUIIBI

2 AHaJIN3 Ha OCHOBE aHTH-
ten. JIroboe coenrHeHue,
MOJIeKyJIa WJIM UX TPYIINa,
IIJIST KOTOPBIX CO3aHO aH-
TUTEJIO, MOTYT OBITh 00-
HapyXeHbl Pa3IMUHbIMU
rpueMaMy UMMYHOJIOTH-
yeckoro aHanuza (ELISA,
BECTEPH-O0JIOTTUHT U T.1.)

Hckomoe BellecTBO (aHTUTEH) WU aH-
TUTEJIO K UICKOMOMY BEILECTBY MPUCO-
€IMHEHO K HEMOIBMXKHOW OIope
(MpeaMETHOMY CTEKITy, CTeHKE Tpo-
OMpPKM). AHTUTENIO K KICKOMOMY Bellle-
CTBY MPEIBAPUTESILHO MOMEYAETCS
GiryopeclieHTHOM, (pepMEHTHOM WJIN
npyroit MeTkoil. TakuM criocobom Mo-
XKeT ObITb OOHAPYKEHO MPUCOEIUHE-
HME aHTUTeIa K ICKOMOMY BEIIECTBY
(psiMoit UMMYHOGhEPMEHTHBII WITH
MMMYHOMITYOPECUEHTHBII aHa13)

Ecnu aHTHTEI0 MPUCOEAMHEHO K OIOpe, TO MPUCOEIMHEHNE
WCKOMOTO BEIIECTBA K HEMY MOXET ObITh OOHApPY>KEHO C UC-
0JIb30BAHUEM €llIe OJHOTO MEYEHHOTrO aHTUTea (TPeXclIoii-
HBII aHAJIU3 I HETIPSIMON MMMYHOMIIyOpPeCLICHTHBIN aHa-
Jn3). AHaJIM3 HAa OCHOBE aHTUTEJ MOXKET MHOTIA IMOKa3hbIBaTh
HEMPUEeMJIEMO BbICOKME YPOBHU HEBEPHBIX MO3UTHUBHbBIX U He-
TaTUBHBIX Pe3yJIbTaTOB BCJEACTBHUE MEPEKPECTHOM peakTHUB-
HOCTU aHTUTEHOB C Pa3IMYHBIMU aHTUTEJIaMU, HU3KOM aHTHU-
FEHHOCTH MCKOMOTO BellleCcTBa (Beaylleil K HU3KOM 4yBCTBU -
TEJbHOCTHU aHaIU3a), HecrelM(pruuecKoit ancopouu aHTUTEN
K pa3M4YHbIM MMOBEPXHOCTSAM M T.A. MeTon apdeKTruBeH npu
BBICOKMX KOHLIEHTpaLMsIX NCKOMOTIO BELIECTBA

3 AHanu3 Ha OCHOBE CKpe-
LIMBAHUSI OJIUTOHYKJIe-
OTHUIOB IS OOHAPYXKEHUST
LIEJIEBBIX OJIMTOHYKJIMOTH -
OB, MH(MOPMALIMOHHBIX
PHK, renomnoii THK

U T.A.

I1po6a onuroHykieoTuaa, KOTOpoit
TMOMEYEHO LIeJIEBOE BELECTBO, CKpe-
1IMBaeTCs ¢ 00pa3LoM, KOTOPBIA MO-
JI03pEBAETCsl Ha COAEPXKAHUE Liesie-
BO HYKJIEMHOBOM KHUCJIOThI

Bbrutn pazpabotanbl JIHK-uumbl, KoTopble conepkaT COTHU
WU JaXe ThICSYM MHAWBUIYATbHBIX OJIUTOHYKJIEOTUIHBIX
mpo6. CKpelMBaHKe 1LIeJIeBOM HYKJICMHOBON KUCIOTHI M MPO-
OBl OJIJUTOHYKJIEOTHIa MOXKET ObITh OOHAPYKEHO MPU UCTIOb-
30BaHUU (DIYOPECLIEHTHBIX METOK, PaAMOAKTUBHBIX METOK

u T.0. CyLIecTBYIOT OrpaHUYEHUs, CBSI3aHHbIE C UyBCTBUTEIb-
HOCTBIO U/WIK CIeln(PUIHOCThIO aHan3a. DTO CBSI3aHO C
TEM, U4TO CKpellMBaHUE HYKJIEMHOBOU KUCIOThl MOXET MpPO-
U30UTU MEXIY MOCIeN0BATEIbHOCTSIMUA, KOTOPbIE B TOYHOCTHU
JOTIOJHSIIOT APYT Apyra yepe3 HeyoauHoe CKpellMBaHKue, Be-
Qyliiee K HEBEPHBbIM MO3UTUBHBIM pe3yJibTaTaMm

4 AHanIn3 akKTUBHOCTU
9H3UMOB ((h€PMEHTOB)

OrnpeaessiioT CKOPOCTh, ¢ KOTOPOi
SH3UMbI KATAIU3UPYIOT Ty WIK UHYIO
ouoxumuyeckyio peakuuio. OHa, B
CBOIO OuYepe/ib, UBMEPSIETCS CKOPO-
CTBIO MpeBpalleHus cyocTpara Ui
CKOPOCTBIO HAKOIIJICHUSI TIPOIYKTOB
peakuuu

Inst onpeneneHust GepMEHTATUBHOM aKTUBHOCTU UCIOJIb3YIOT
cieayolme MeTobl. XUMUYECKUI — KOJUYECTBEHHOE OIpe-
JiefieHre cyocTpara Ui MPOAYKTOB C MOMOIIBIO XUMUYECKUX
peareHTOB. CreKTpo(OTOMETPUYECKUI — U3MEPEHUE CKO-
pocty hepMEHTATUBHOM peakliMK MO M3MEHEHUIO TIOTJIONE-
HMSI cyOCcTpaTa Mpy XapaKTepUCTUUECKOW [UTMHE BOJHBI. Ma-
HOMETPUYECKUIT — OMpeaesieHue KOJMYECTBA Ta3a, BbIACISIO-
merocs B npouecce peakuuu. [lonasipumerpuueckuit — buk-
CUpYyeTCsl U”3MEHEHUE ONTUYECKOrO BpallleHHsl. XpoMarorpa-
(brueckuit — KOIMYECTBEHHOE OIpenesicHue cyocTpara Win
MPOAYKTOB C MOMOIIbIO PA3IMYHBIX BUIOB XpoMmarorpaduu
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Fig. 4. Circuitry for detection of the cells marked by nanoparticles

BUSIX 3a00jieBaHUI yeaoBeKka. [Ipubop BKIIIOYAET: ja-
3ep Ik BO30YXaeHUs (hbayopecLeHIINM MapKepoB (Ha-
HoYacTull); (HOTOAETEKTOP IJIsI PErucTpaluyd YPOBHS
MHTEHCUBHOCTU (pyopecLeHLIMY HaHOYaCTUIl; MUK-
DPOKOHTpOJLIEP.

MUKpOKOHTpOJUIEp HMCIOJb3YyeTCs ISl pacuera
KOHILIEHTpallM aHAJIM3UPYEMOTIo BElleCTBA 110 MHTEH-
CUBHOCTHU (hJlyOpecLeHIIUU, IJIs1 KaTuOpOBKU Nprbo-
pa, I pacyeTa KOHIIEHTpalUUW HAHOYACTUILL M/WIN
OMOJIOTMYECKOTO MaTeprajia M sl 0OeCIIeueHNsT CBSI-
31 C TIEPCOHAJLHBIM KOMIIbIOTEpOM (puc. 3).

ITopucras memOpaHa (puc. 4) mportycKaeT yepes3 Mno-
PBI pacTBOP ¢ OMOJTOTUYECKUMU KOMIIOHEHTaMU U 3a-
JIepXUBAeT UCKOMBIN NEeTeKTUPYEMbI areHT (Hampu-
Mep, KJIeTKy). Ha 3ToM Groornyeckom areHTe (Ha ero
SIIUTOIIAX) aACOPOMPYIOTCSI HAHOYACTULIBI, CBSI3aHHEIE
C aHTUTEJIaMU K JIEeTeKTUPYEMOMY OHMOJOTMYECKOMY
areHty. Bo30OyxneHue ¢ayopecLeHIMN HaHOYACTUIL
OCYILLIECTBIISIETCS TTOTYITPOBOIHUKOBBIM JiazepoM. iu-
Ha BOJIHBI JIa3epa U JTMHA BOJIHBI (DIIyopecLieHIINY Ha-
HOYacTull paszauyarorcs. Mexny hoToaeTeKTopoM U
nopucToii MeMOpaHoii (puc. 5) pa3MelllaeTcsl CBETO-
(GUIbTp, MPOMYCKAOIIUN CBET ¢ IJUHON BOJHBI, W3-
JlydaeMoli HaHOYAaCTULIAaMHU. DTO TO3BOJISIET BbIpE3aTh
U3 OOLIETO CIEKTpa CBET, BO3HUKAIOIIUI B Pe3yJibTaTe
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¢bayopecueHIUM ~ OMOJOTMYECKUX

KOMITOHEHTOB. HMHTEeHCUBHOCTD
CBeTa, pErucTpupyemMoro dorome-

TEKTOPOM, 3aBHUCUT OT KOJMYCCTBA

CBeToANOAHbIN
VNHAMKaTOp
LED indicator

Bronorudeckan xiuerka

- T~ _— Biological cell
= ITopucraa memOpaHa
Porous membrane

|

|

|

|

|

|

| HaHoO4YaCTHUL Ha ITOBECPXHOCTU IIO0-
: pI/ICTOﬁ MeM6paHH. HOCJ'[CZ[HQG, B
|

|

|

|

|

|

USB-uHTepdenc
USB-interface

CBOIO O4YeEpenb, OydeT 3aBUCETb OT
KOJIMYECTBA IETEKTUPYEMBIX OMOJI0-
TMYECKUX KOMITOHEHTOB.

Ha ocHoBaHWUM CTPYKTYpHOIt
CXeMBbI pa3paboTaHa cxeMa 2JIeKTpHU-
yecKas TPWHIWNHMAIbHAS TIproopa.
Ona Bxmoyaer USB-moct CP2102,
MUKpoKoHTposutep Picl6f887 u do-
tonpueMHuk TSL257. ®otomnpu-
eMHHK oOecIieuynBaeT PErrCTPaINio
M3MEHEHUSI MHTEHCUBHOCTHU CBeTa
: 2,93 MKBT/CM2 Ha Kaxnaele 2 B pu
| JUIMHE BOJHBI 560 HM.
| PazpaboTtaHbl ajroput™ pabOThI
1 MPOrpaMMHOro o0ecreyeHusT MUK-
| POKOHTpOJLIepa M alropuT™ obpa-
|
|
|
|
|
|

60TKHM npepbiBaHMii (puc. 6 u 7). Ha
OCHOBAaHUM OJIOK-CXEM aJITOPUTMOB
pa3paboTaHO HporpamMMHoe obec-
TeYeHne ¢ MCITOJIb30BAaHUEM SI3bIKa
nporpammupoBanus C, cpeaa pas-
pabotku MP LAB.

ATpobansi MakeTHOro obpasna
npudopa 111 onpeaeacHus KOHIEH-
Tpalli HAaHOYACTUII 10 WHTEHCHB-
HOCTU (JIyOpecLieHIIMU ocylllecTBIeHa B MHCTUTYTE
XUMMU HOBBIX MaTepuanoB (r. MuHck). Jlist anpo6a-
LIMM MaKeTHOIro oopa3slia Ipudopa OblIa coOpaHa 3KC-
TepUMEHTaTbHAs YCTAaHOBKA C (DIIyOpeCIIeHTHBIM MUK-
pockoniom Planar MV1 (benapycs). B cnot nis uudg-
poBoro ¢oToarnmapaTa ObIT ITOMelleH (OTOACTEKTOP.
®nyopecueHTHOe M3nyyeHue HaHouacTul CdSe/ZnS
MPOXOAIIO Uepe3 cBeTodmibTp 560 HM. Ha mpemmMert-
HOM CTOJIE MMUKPOCKOIIa pa3Melllai CTeKJa ¢ Karuis-
MM KOJIJIOMIHOTO pacTBopa HaHodacTwil. [l ampoba-

MopucTtasa membpaHa
Porous membrane

‘ [
: - doToaeTekTop |:> ﬁgg :
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Puc. 5. Cxema npudopa 1,14 onpenejieHns: KOHIEHTPAIUN HAHOYACTHI

Fig. 5. Circuitry of the device for determination of the concentration of
nanoparticles
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Puc. 6. Biok-cxema anropurMa paGoThl IPOrPAMMHOTO 00€eCTIeYeHNS
MHKDPOKOHTpOJLIEpa

Fig. 6. Unit circuitry of the algorithm for operation of the software of the
microcontroller

[MpepbiBaHuA
Interrupts

[MpeobpaszoBaTthb B LPOBOE 3HAYEHUE
curHan garyumka
The digitized sensor signal value
¥
OTnpaBuTb 3HA4YEHWE NO BHELLHEMY
NHTEpENCYy KOHTponnepa
Send value on the external interface
controller

T

BbiBECTYU TEKYLLEE 3HAYEHWE HA MHOMKATOPE
Output current value of the indicator

HactpouTb nopThl 1 paboune perncTphbl
Configure ports and working registers

Bbixon 13 npepbiBaHust
Out of Interrupt

Puc. 7. Biok-cxema aaropurMa o0pabOTKHA NpepbIBAHHS MPOrpaM-
MHOT0 o0ecneyeHHsi MUKPOKOHTpOJLIepa

Fig. 7. Unit circuitry of the algorithm for processing of an interruption
of the software for the microcontroller

Tabnuua 3

Pe3ynbTaThl anpodanyu MakeTHOro o0pasina npudoopa
Table 3

Results of approbation of the model sample of the device

KoHueHTpauus
HaHOYACTUII, MT/MJI
Concentration of the
nanoparticles, mg/ml

ITokazanust mpubopa,
yci1. ell.
Indicators of the device,
standard units

Ne o6pasiia
Numbers
of the samples

1 0,5 854
2 0,125 218
3 0,03 52
4 0,008 15
5 0,002 4

LIMM MCIIOJIb30BaIN IISITh 00pa3loB. Pe3ynbTaThl n3me-
PEHUI MHTEHCUBHOCTHU (PJIyOPECUEHTHOTO U3JTyYeHUsI
HaHouactull CdSe/ZnS ¢ Mcnonb30BaHMEM HU3TOTOB-
JICHHOTO MaKeTHOro obpaslia mpubopa MpuBeIeHbl B
Tabm. 3.

PesynbraThl anpobaimy MakeTHOro obpasiia Mmpu-
Oopa IUIs1 ompeleseHrs KOHLEHTPAUUMU HAHOYACTULL
M0 MHTEHCUBHOCTHU (PJIyOpECLIEHLIMU MTOKa3au ero pa-
0GOTOCITOCOOHOCTL, a TakXe HEOOXOAMMOCTb W BO3-
MOXHOCTb JaJIbHEHUIIEH Hay4HO-UCCIEeI0BATEIbCKOMN
U OMBITHO-KOHCTPYKTOPCKOWM paboThl MO pa3paboTKe
KOHCTPYKIIMH, KAIMOPOBKE M N3roToBjieHn0 MOMC-
BepCUM Mpubopa sl SKCIpecc-nHAMKAIIMK 3a001eBa-
HUW YEJI0BEKA.

HepCIleKTHBbl PA3BUTHA TCXHOJIOTHH

Pa3paboTaHHbBII TEXHUYECKMI MOAXO MOXKET ObITh
MpYMEHEeH 151 u3rotorieHus: MOM C-ycTpoiicTBa 3KC-
npecc-IMarHoCTUKM 3abojieBaHUlA yejgoBeka. B aTom
clyyae B CTPYKTYPHYIO CXeMY MUKPOYCTPOWCTBA He-
00XxonuMo 100aBUTh MUKPOHACOC [IJII TPOKAYMBaHMS
KUIKOCTU Yepe3 MOPUCTYI0 MEMOpaHy M MUKpPOKJIa-
TaHbI IS YIIpaBJIeHUs TTogadeil XuIKoCcT! (aHaIu3u-
pyemasl XXUAKOCTb WM XUIKOCTb C aHTWTEJaMHu) Ha
HOpUCTYI0 MeMOpaHny. IIpoBeaeHue peaBapUTeIbHBIX
aHaJIM30B B JOMAIIIHUX YCJIOBUSIX MO3BOJISIET YCKOPUTh
mpoiecc 0opbOBI C 3a00/IeBAHUEM M YMEHBIIUTD KOJIU-
YeCTBO aHAJIM30B, MPOBOIUMBIX B KIMHUYECKHUX J1abO-
patopusix. [IpuMepoM aHanM3a B TOMAIIHUX YCIOBUSX
SIBJISIETCS YCTPOMCTBO JISI ONpeAesieHUsI UHCYJIMHA B
KpOBHU IS T0Jielt ¢ caxapHbIM auabetoM. Poccuiickue
YUeHbIe pa3padoTanu 3KCIPECC-TECT IJIs1 AMAarHOCTUKU
uHcyabTa [9]. OnHaKo TakuX MPHUMEPOB OYEHb MaJlo.
ITpoBeaeHMe KIMHUYECKON TUATHOCTUKU TPeOYeT 10-
pPOroCTOSIIIEro 000PYIOBaHMS U CIIELIMATUCTOB BBICO-
Kot kBanmubukauuu. ITocToOsIHHO BO3HUKaeT MoTped-
HOCTb B CO3IaHUU HOBBIX METOAWK W YCTPONCTB IJIsI
MpoBeAeHUsT OBICTPOU 3KCIIpecC-AUarHOCTUKU B J1O-
MalllHUX YCJIOBUSX, MOCKOJIbKY MHOTHE COBPEMEHHbBIE
METOIMKN MMMYHOAHajln3a JOCTaTOYHO XOPOIIO OT-
pabotans [10].
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3akimouyenue

PaspaboraHa cTpykTypHas cxema mpuOopa 3KcC-
Mpecc-uHAMKAlMU BO30yauTeieil 3a00eBaHuil Yeso-
Beka. PazpaboraHbl (pyHKLIMOHAIbHAS U 3JIEKTpUYe-
CKasl MPUHIIMITAATbHAS CXeMBI TIPUOOpa 3KCIpecc-MH-
JUKalMy Bo30yauTeseil 3adoneBaHuii. IIpoBeneHo Mo-
JeMpoBaHre pPaboThl MpUOOpa ¢ MPUMEHEHUEM CUCTEM
aBTOMaTUUYECKOro MpoeKTupoBaHusi. M3rorosiieH sKc-
MepUMEHTabHbII 00pa3el] mpubdopa 3KCIpecc-uHAN-
KalMu Bo30ynuTesielt 3aboseBaHUII 4eloBeKa B IIO-
MAalIHUX YCJIOBUSIX.
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MEMS for Pathogens Diagnostic

A concept was developed of a device for express diagnostics of human diseases in home conditions. The device consists of a laser
Jfor excitation of the fluorescence of markers (nanoparticles); a photodetector for recording of the level of the intensity of the nan-
oparticles’ fluorescence; a porous membrane for fixing of the analyzed agents; a micropump for pumping of the analyzed liquid
through the membrane; microvalves for control of the supply of the analyzed liquid on the porous membrane; a 560 nm light filter
Jfor separation of the light resulting from the fluorescence of the biological components from the total spectrum. It would be expedient
to use the proposed concept for development and production of the microelectromechanical devices for the express diagnostics of hu-

man diseases.

Keywords: cantilever biosensor, micro-beam, indication of pathogens, metabolites, biomarktrs. aptamers, express diagnostics

Introduction

Microsensors are applied in the gas and biochemical
analysis, medical measurements, and for determination
of the authenticity of products. The ultrasensitive mi-
cromechanical method with the use of the console ma-
trixes is the basic method. One of the topical problems
of the biomedical diagnostics is to ensure high sensitiv-
ity and selectivity of the analyses. At that, the organic
fluorochromes are used as antigene markers. In parallel
with the development of the fluorescent markers and
techniques of immunological analysis there is a transi-
tion to the laser sources of excitation and fibre-optical
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systems of signal transmission. Their introduction in
combination with computer data processing opens
prospects for development of compact recording devic-
es. Development of the physicotechnological bases for
a device for express indication of the pathogens is top-
ical for the biotechnical and diagnostic purposes.

The aim of the work is analysis of information con-
cerning application of MEMS biosensors, development
of the operating principle and design of the device for
express indication of microorganisms and pathogens of
human diseases in the investigated volume of the ana-
lyzed HquidTor preliminary diagnostics in home con-




ditions. The basic results of the work are connected
with development of the structural, functional and elec-
tric circuitry of the instrument. The microsensors are
applicable for diagnostics and development of illnesses
or effects of treatment.

Indication of the pathogens of human diseases
with the use of microelectromechanicas devices
and systems

Microconsoles (MC) are rectangular microstrips of
silicon with thickness less than 1 micrometer (fig. 1).
Adsorption of the molecules of various substances (due
to their interaction with the receptor molecules) results
in a bend of MC owing to the surface stress. The bend
is recorded by a deviation of a laser beam. The console
biosensors (CBS) are used in vacuum, gases or liquids.
Their main advantages are their small size, quick re-
sponse time, high sensitivity, and transformation of sig-
nals without display markers [1].

The authors [1] use a matrix of eight MC. Every MC
is covered with a sensitive layer for a highly specific mo-
lecular interaction. The system can record simultane-
ously several pictures for various analyses. Each of MC
is covered with different sensitive layers. In a gaseous
environment the design is used as an artificial nose for
analysis of the quickly evaporating vapors and smells.

The sensors are controlled in the static, dynamic and
thermal modes. In a static mode there is mechanical re-
sponse of MC after adsorption of the molecules from
the analyzed environment. Surface stress leads to a
bend of MC with a deviation of ~10 nm. In a dynamic
mode MC fluctuates in the resonance frequency with
the use of a piezoelectric drive. For determination of an
analit MC is covered with a sensitive molecular layer.
After adsorption of the determined substance the reso-
nance frequency of MC decreases. Its change of 1 Hz
corresponds to a change of about 1 pg of the mass of the
analit adsorbed on MC. In the thermal mode the dif-
ference in the factors of linear expansion of the con-
sole material (for example, monocrystal silicon and
metal with thickness of 100 nm) causes a bend of a sen-
sor (of the bimetallic structure). Temperature changes
of 5...10 K cause deviation in MC of several nanome-
ters, which can be measured [1].

There is a necessity of detection and identification
of the chemical and biological substances, such as nu-
cleinic acids, proteins, drugs, explosives and cancero-
genic substances, toxins, pharmaceutical preparations,
poisons, allergens and the infected cells [2]. Clinical re-
searches demand special preparation of the laboratori-
ans and use of special equipment. The existing methods
of analysis use gas and liquid chromography and/or mass
spectroscopy; they demand a lot of time and money.
Therefore CBS, which can effectively detect/demon-
strate chemical and biological substances, will ensure
essential benefit in costs and analysis time.

A method was developed for transformation of the
biomolecular reactions into a nanomechanical action
with the use of the interconnection between the two
phenomena [2]. This change of the surface stress is due
to connection of DNA and fastening of the ligand re-
ceptors on MC and a nanosize deviation of MC. The
molecular force, resulting from adsorption of the mol-
ecules, causes a surface stress. MC is bent due to a non-
specific adsorption of the proteins. The method does
not demand fluorescent markers and optical excitation,
and belongs to the methods of ligand linkage in a liquid
environment. A strong MC is used. That means, that
MC has a big size or the material, of which it is made,
has higher Young modulus. Bigger MC can worsen sen-
sitivity to detection of small quantities. Besides, such
MC demands long influence of an analit for accumu-
lation of the quantity of the substance allowing its de-
tection.

Application of biosensors for diagnostics and treat-
ment of diseases is described in [3]. The method allows
us to determine composition of substances in liquids,
including blood, and breathing products. The biosen-
sors are described, which imitate naturally the reactions
in cells (in the RNA chain of nucleotides). Biosensors
are used in combination with signal agents in order to
ensure display on the screen of the biomarkers, which
are present in the exhaled air. As biosensors aptamers
are used as effective determinants of individual mole-
cules. They have higher specificity, than the diagnostic
technologies based on antibodies. Aptamers can meas-

Table 1
Metabolites and biomarkers found in human breath
Metabolites . . .
and biomarkers Indicator Diagnosis
Aldehyde Ethanol Intoxication
Acetone Amino acid salt Diabetes
Ammonia Amino acids Uraemia and illness

Carbon oxide
Chloroform
Dichlorobenzene
Diethylamine

Hydrogen
Isoprene
Methane etiol

Methyl ethyl ketone
O-toludin

Sulphides of
pentane

Hydrogen sulphide

Raised percent of
(¢f0)

Halogenated
substances

Halogenated
substances

Choline

Gases of intestines
Fat acid
Metionit

Fat acid

Metabolite of carci-
noma

Peroxidated lipid

Metabolism

of liver
Internal air pollution

Internal air pollution
Internal air pollution

Intestinal bacterial
growth

Intolerance to lactose
Metabolic tension

Intestinal bacterial
growth

Internal air pollution

Bronchogenic carci-
noma

Myocardium heart
attack

Periodontal illness
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ure such concentrations of lipid, which are lower by
several orders than in diagnostic tests with antibodies.
For aptamers it is one detected molecule per billion or
even sextillion of other molecules. Unlike the antibod-
ies, the production of which is based on animal and/or
cultural technologies, the production of aptamers takes
place in a test tube. Synthesis of aptamers is inexpen-
sive, they are obtained due to reaction with participa-
tion of polymerase. When the sequence of a chain is
known, they can be synthesised from separate natural
and/or synthetic nucleotides. Aptamers can be stored at

a room temperature.

A biomarker is a biochemical substance, which has
a specific molecular feature. It makes it applicable for
diagnosing and measurement of development of an ill-

ness or the effects of treatment. Metabolites and bi-
omarkers found in human breath include certain sub-
stances (table 1). In [3] a biological method of analysis
of the samples (breath and blood) is described. The
analysis consists in detection of analits (biomarkers) in
the physical liquids of persons, related to various vital
conditions or illnesses: intoxication, cancer, liver and
kidneys illnesses or diabetes.

The method for detection of the molecular bonds
and/or identification of the target substances by mon-
itoring of MC deviations with a feedback control is de-
scribed in [4]. Table 2 presents the methods for detec-
tion of the molecular bonds. Group 1 ensures the high-
est selectivity and sensitivity in identification of the bi-
omolecular substances [4].

Table 2

Methods for detection of the molecular bonds

Ne Group of methods Principle of operation Modifications
1 | Detection of chemical For detection of the molecular bonds | A microsystem may employ a source of a counterbalancing force
bonds (molecules) by the certain substances are attached to for returning of the console in the initial position. The force can
method of control over the | one or several MC. Presence of the | be magnetic, electric or radiative. The unit for detection and the
values of MC deviations. required substance leads to formation | mechanism, which generates the counterbalancing force, are con-
The fixed deviation of the | of the chemical bonds (new chemical | nected with the unit for information processing and control.
console corresponds to a compounds) and to MC deviations; | A computer regulates the feedback supporting the console in a
certain chemical interac- the deviations are recorded by the re-| fixed position by balancing of the force of deviation and the coun-
tion (substance) cording unit terbalancing force. The concentrations of the substances in a sam-
ple is calculated on the basis of the counterbalancing force
2 | Analysis on the basis of an-| The required substance (antigene) or | If the antibody is attached to the support, then connection of the
tibodies. The compound, antibody to the required substance is | required substance to it can be revealed with the use of one more
molecule or their group for | attached to the fixed support (subject | marked antibody (a three-layer analysis or indirect fluoroimmu-
which the antibody was glass, test tube wall). The antibody is | noassay). An analysis on the basis of antibodies can sometimes
created, can be detected by | preliminary marked with a fluores- show unacceptably high levels of incorrect positive and negative
the methods of immuno- cent, fermental or other label. In results owing to a cross reactance of the antigenes with various
logical analysis (ELISA, such a way one can detect connec- | antibodies, low antigenicity of the required substance (leading to
western-blotting, etc.) tion of an antibody to the required low sensitivity of the analysis), nonspecific adsorption of the anti-
substance (direct immune-enzyme bodies to various surfaces, etc. The method is effective with high
analysis or fluoroimmunoassay) concentrations of the required substance
3 | Analysis on the basis of A sample of oligonucleotide, by DNA chips were developed, which contain hundreds or thou-
crossing of the oligonucle- | which the target substance had been | sands of individual oligonucleotide samples. Crossing of the target
otides for detection of the | marked, is crossed with the sample, | nucleinic acid and a sample of oligonucleotide can be detected
target oligonucleotides, in- | suspected for the content of the tar- | with the use of the fluorescent and radioactive marks, etc. There
formation RNA, genomic | get nucleinic acid are restrictions connected with the sensitivity and/or specificity of
DNA, etc. the analysis. This is connected with the fact that crossing of the
nucleinic acid can be possible between the sequences, which exactly
supplement each other through an unsuccessful crossing conduc-
ting to incorrect positive results
4 | Analysis of the activity of The speed is determined, with which | For determination of the enzymatic activity the following meth-
the enzymes the enzymes catalyze this or that bio-| ods are used. Chemical method — a quantitative determination of
chemical reaction. It, in turn, is a substratum or products by means of chemical reagents.
measured by the speed of transforma- | Spectrophotometric method — measurement of the speed of the
tion of a substratum or the speed of | enzymatic reactions by the change of absorption of a substratum
accumulation of the products of re- | at a characteristic wavelength. Manometrical method — determi-
action nation of the quantity of the gas escaping in the course of a reac-
tion. Polarimetric method — the change in the optical rotation is
recorded. Chromatographic method — determination of a sub-
stratum or products by means of various kinds of chromatography
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The device and technology for determination of the
weight of a substance based on recording of the fre-
quencies of the resonating MC are described in [5]. MC
is covered with a fixed counteragent. capable to interact
with a cell or a molecule.

The initial frequency of the resonance is determined
of the MC, covered with the fixed counteragent. As a
result of processing by a solution, which interacts with
the counteragent, the weight of MC increases. The sec-
ond frequency of the resonance is recorded. The dif-
ference gives the reason to declare that the target cell or
a molecule has been found. The frequency character-
istics of MC are determined optically by means of the
reflected light and two photodetectors, or by means of
the interference method with the help of one photo-
detector.

In [5] there are descriptions of high-sensitivity CBS
for determination of a chemical or biological substance.
If earlier it was enough to measure the quantity of a
substance of about a microgram, today science and in-
dustry need detection of a separate cell, an endocellular
element or a substance with weight of about 1072 g. For
example, in the food processing industry even insignif-
icantly small quantities of toxins can be dangerous for
people. For example — Escherichia Coli (E. Coli) bac-
terium. Special attention of the mass-media alarmed
the consumers about the presence of E. Coli in meat
products, apple juice and lucerne (forage for cows).

The system [5] includes a light source, MC and a
photo diode. One end of MC is motionlessly fixed, the
other end resounds under the influence of the environ-
ment. The resonance frequency depends on the weight
of MC. The photo diode generates a signal. The light
reflected from the top of MC is the function of the fre-
quency of MC vibration. The surface of MC is covered
with a counteragent for its binding with a certain ana-
lyzed substance. The deposited substance increases the
weight of MC. The processor is connected to the photo
diode and carries out the program of determination of
the weight of the analyzed substance kept by the bind-
ing counterpart. The length of MC is 0,5...1000 um. MC
was developed for detection of substances including
pathogens, microorganisms, bacteria, viruses or their
certain groups. The binding counteragent may include
an antibody, which is connected with such objects as
cells, their fragments or elements.

CBS for detection of gases and vapors are described
in [6]. Covered with special substances MC is exposed
to a chemical influence during several hours. Measure-
ments were done before occurrence of Lennard-Jones
potential (the neighbouring molecules are pushed off
from each other, and at big distances they are drawn to
each other). In many cases the absorption of the mol-
ecules on the surface of MC may be oriented in the op-
posite direction by simple heating of the system or its
placing in vacuum.

Development of a device for determination
of the concentration of nanoparticles by the intensity
of the fluorescence

Researches [7, 8] allowed us to develop and manu-
facture a model sample of the device for the express di-
agnostics of human diseases in home conditions. The
device includes: a laser for excitation of the fluores-
cence of the markers (nanoparticles); a photodetector
for recording of the level of the intensity of their fluo-
rescence; and a microcontroller.

The microcontroller is used for calculation of the
concentration of the analyzed substance by the inten-
sity of the fluorescence; for device calibration; for cal-
culation of the concentration of the nanoparticles
and/or biological material and keeping of connection
with a personal computer (fig. 3).

The porous membrane (fig. 4) lets through a solu-
tion with biological components and detains the detect-
ed agent (for example, a cell). On this agent (on the
epitopes) the nanoparticles are adsorbed: connected by
the antibodies to the detected biological agent. Excita-
tion of the fluorescence of the nanoparticles is carried
out by a semi-conductor laser. The wavelength of the
laser and the wavelength of the fluorescence of the na-
noparticles differ. Between the photodetector and the
porous membrane (fig. 5) there is an optical filter,
which lets the light with the same wavelength as radi-
ated by the nanoparticles pass through. This allows us
to separate the light resulting from the fluorescence of
the biological components from the total spectrum. The
intensity of the light recorded by the photodetector de-
pends on the quantity of the nanoparticles on the sur-
face of the porous membrane. The latter, in turn will
depend on the quantity of the detected biological com-
ponents.

The basic electric circuitry of the device was devel-
oped. It includes CP2102 USB bridge, Picl6f887 mi-
crocontroller and TSL257 photodetector, which en-
sures recording of the change of the intensity of light of
2,93 ch/cm2 per each 2 'V at the wavelength of 560 nm.

Algorithms were developed for operation of the soft-
ware for the microcontroller and processing of inter-
ruptions (fig. 6 and 7). On the basis of the unit circuitry
of the algorithms a software was developed with the use
of C language and in MP LAB environment.

Approbation of the model sample of the device for
determination of the concentrations of nanoparticles by
the fluorescence was carried out at the Institute of
Chemistry of New Materials (Minsk). For this purpose
an experimental installation was assembled with Planar
MVI1 fluorescent microscope (Belarus). A photodetec-
tor was placed in the slot for a digital camera. The flu-
orescent radiation of CdSe/ZnS nanoparticles passed
through an optical filter of 560 nm. On a subject table
for a microscope the glasses were placed with drops of
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a colloidal solution of nanoparticles. Five samples were
used for approbation. The results of the measurements of
the intensity of the fluorescent radiation of CdSe/ZnS
nanoparticles with the use of the manufactured model
sample of the device are presented in table 3.

The results of determination of the concentration of
nanoparticles by the intensity of the fluorescence dem-
onstrated the operability of the device, and also neces-
sity and possibility of the further research and develop-
ment of the device, its calibration and manufacture of
a MEMS version of the device for an express indication
of human diseases.

Prospects for development of the technology

The developed approach can be applied for manu-
facture of the MEMS device of express diagnostics of
human diseases. The microdevice unit circuitry should
be complemented with a micropump for pumping of
liquids through the porous membrane, and microvalves
for control of the supply of the analyzed liquid or a lig-
uid with antibodies to the porous membrane. Prelimi-
nary analyses in home conditions will allow us to ac-
celerate the struggle against the diseases and reduce the
quantity of analyses in the clinical laboratories. An ex-
ample of the analysis in home conditions is the device
for determination of insulin in the blood of people suf-
fering from diabetes. The Russian scientists have devel-
oped an express test for diagnostics of a stroke [9].
However, such examples are very few. Clinical diag-
nostics demands expensive equipment and qualified
professionals. There is a constant need for new tech-
niques and devices for the express diagnostics in home
conditions, because many modern methods of immu-
noassay are developed well enough [10].

Conclusion

Circuitry of a device for an express indication of the
pathogens was developed, the functional and electric
circuitry of a device for the express indication of the

pathogens. Modelling was done of operation of the de-
vice with application of the systems of computer-aided
designing. An experimental sample of the device for the
express indication of the pathogens in home conditions
was manufactured.
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