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MpencraBneHbl pesynbTaThl 3KCNEpUMeHTanbHbIX UCCNeqoBaHUi NPoLECCOB OPMUPOBAHUS HAHOPA3MEPHbLIX CTPYKTYP BOSIb-
dpama meToaaMm 3NEKTPOHHO- N MOHHO-CTUMYNMPOBAHHOTO ocaxaeHns. ChopmypoBaHbl MaccyBbl CTPYKTYP C 3adaHHbIMKU pas-
mepamu oT 10 go 250 HM. YCTaHOBMEHO, YTO MOMyYeHHble pasmMepbl CTPYKTYP OTNINYAKOTCSA OT 3aA4aHHbIX 3HA4YEHUI Ha BEMUYUHY OT
10% po 400%. MokasaHo, YTO TOYHOCTb MEepeHOCca TOMOMOTMYECKOro PUCYHKA NP 3NIEKTPOHHO-CTUMYMMPOBAHHOM OCaXAeHun B 2-5
pas3 BbILLe, Y4eM NPU MOHHO-CTUMYNPOBAHHOM ocaxaeHun. OnpefeneHo, YTo BEMUYMHA OTKIOHEHNSt pa3MepoB CTPYKTYpP OT 3afaH-
HbIX NPU 3NEKTPOHHO-CTMMYMUPOBAHHOM OCaXAEHUM NPAKTUYECKN NOCTOSIHHA U COCTaBnsieT NPMMepPHO 45 HM, 4TO NO3BONAET Npu
dopmupoBaHum cTpyktyp oT 50 Ao 300 HM NMPOM3BOANTL COOTBETCTBYHOLLYIO KOPPEKTUPOBKY Ha aTane hOpMUPOBaHWS pacTpoBbIX
LWaboHOB, YTO NO3BOMUT CYLLECTBEHHO CHU3NTb BENUYMHY OTKNOHEHWS. [onyyeHHble pe3ynbTaTbl MOryT 6blTb MCMONL30BaHbI NpK
pa3paboTke TEXHONOMYECKUX NPOLIECCOB M3rOTOBMEHWS U NMPOEKTUPOBAHNN KOHCTPYKLMKU NPUOOPOB U CTPYKTYP HAHOSMEKTPOHWKU,
MVKPO- N HAHOCUCTEMHOW TEXHUKM.

Knroyeeble crioea: HaHOTEXHONOMMMN; MUKPOINEKTPOHUKA; CbOKyCVIpOBaHHbIVI WNOHHbIN Ny40K; CbOKchIpOBaHHbIVI 3NEKTPOHHbIV
ny4y0K; ocaxgeHune martepuarnos U3 rasoBou Q)a3bl; TOYHOCTb, paspeluarouias CNocobHOCTb.
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The results of experimental studies of the formation of nanoscale tungsten structures by electron and ion-induced deposition are
presented. The formation of structures by electron and ion-induced deposition was carried out using raster graphic patterns formed
in the system control software and defining the trajectories of electron and ion beams. Experimental studies were performed using a
Nova NanoLab 600 scanning electron-ion microscope equipped with a gas-injection system. Silicon SEP-4.5 was used as a sub-
strate. In the course of research, W (CO) 6 gas was injected into the vacuum chamber through an injector, which under the action of
a stream of accelerated particles decomposed into solid tungsten and volatile components. As a result of carrying out the process
with an accelerating ion beam voltage of 30 keV, an ion beam current of 1 pA, an electron beam current of 33 pA, and a beam ex-
posure time of 1 ms, arrays of structures with specified sizes from 10 to 250 nm are formed.

It is established that the obtained sizes of the structures differ from the given values by a value from 10% to 400%. It is shown
that the transfer accuracy of the topological pattern in electron-induced deposition is 2-5 times higher than in ion-induced deposition.

It was determined that the deviation of the sizes of the structures from the ones specified in the electron-stimulated deposition is
almost constant and amounts to approximately 45 nm, which allows, during the formation of structures from 50 to 300 nm, to make
a corresponding adjustment at the stage of forming raster patterns, which will significantly reduce deviations.

The results obtained can be used in the development of technological processes of manufacturing and the design of the devices
and structures of nanoelectronics, micro- and nanosystems technology.

Keywords: nanotechnology; microelectronics; focused ion beam; focused electron beam; chemical vapor deposition; accuracy;
resolution.

BBeaeHune ny4koB c sHepruen 5-30 kaB. Kak npasuno, ans pea-
CoBepLUEHCTBOBAHME COBPEMEHHOW 3NEKTPOHHOMN NiM3aunn MOHHO-CTUMYNMPOBAHHOIO OCaXaeHus npu-
KOMMOHEHTHONM 6a3bl HanpsiMylo CBA3aHO C pas3BUTUEM MEHAIOT My4oK rajnivs ¢ MUHUMasnbHbIM ANaMETPOM
HOBbIX METOZ0B (POPMUPOBAHUS MUKPO- M HaHOpPas- OKOmMo 7 HM, 4YTO, C OOHOW CTOPOHbI, obecne4ynBaeT
MepHbIX CTPYKTYyp. Hapsgy ¢ TpaguuMOHHBIMK Npo- [0CTaTOYHO BbICOKYKO CKOPOCTb pa3fnoXeHus rasa, a, ¢
ueccaMmm OMNTUYECKOW M 3NEKTPOHHO-Ny4eBOW MNUTO- [pYyroun, NPUBOAUT K TOMY, Y4TO B COCTaBe ocaxjaemo-
rpacdun, NEepcnekTUBHbIMU TaKkKe SABMSAIOTCH MeToAbl ro matepuana 6GyneT copepkarbCs HEKOTOpOoe Komu-
nokanbHOro (hOPMUPOBaHMS HAHOPAa3MEPHbLIX CTPYK- yectBo npumecu ranmma [2]. [lpu  3NEKTPOHHO-
TYP, OCHOBAHHbIE HA MPUMEHEHUN (POKYCUPOBAHHBIX CTUMYNMPOBAHHOM OCaX[EHUN CKOPOCTb MpPOTeKaHus
3MNeKTPOHHbIX (P3M) 1 MOoHHbIX nyykos (PUIM) [1]. npouecca CyuecTBeHHO HWxke, 0OAHaKo, 3a CHET MeHb-
MpyHUMN  OpMMpPOBaHUSA CTPYKTYP 3akmyaeTcss B wero avameTtpa nydyka (o1 1 HM) pocturaetcsi Gonee
NOKanbHOM  pPasfoXeHuM MeTanfopraHuyeckux co- BbICOKasi paspelualolias cnocobHocTb npolecca, a
e[MHEHWiA, noaaBaeMblx B BaKyyMHyl Kamepy, nog Takke coaepXaHue MOCTOPOHHUX NpuUMecen B oOca-
gencrememM OOKYCUPOBAHHbIX 3MEKTPOHHbLIX U MOHHbIX Xoaemom Matepuane 6yaeT MUHUMATbHBIM.
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dopmupoBaHne CTPYKTYpP METOAOM 3MEKTPOHHO- U
VNOHHO-CTUMYNNPOBAHHOIO OCaXAEHWs1 OCYLLEeCcTBMs-
eTca Mpu MoMoLM pacTpoBbIX rpaduyeckux Lwabno-
HOB, (POPMUPYEMBIX B MpOrpaMme yrpaBfieHnst TEXHO-
NOTMYECKoW YCTaHOBKM W 3adalomx TpaekTopuu ne-
pemeLleHns CoOTBeTCTBYOLWMX My4koB. OuyeBuAHO,
4YTO paspeluatoLlas cnocobHoCTb mpouecca ocaxie-
HUA onpegendeTcda TUNomMm nyyka, ero guameTpomMm u
TUMOM ra3a-UCTOYHMKA Ocaxpaemoro matepuana [3].
YuuTtbiBas, YTO NPOLIECC PA3NIOXEHNS ra3a Ha TBepable
N neTyyne KOMMOHEHTLI NoA AEeNCTBUEM MOTOKA YCKO-
PEHHbIX YacTuL SIBMNSIETCS [OCTATOYHO CIIOXHbLIM M
MHOrOCTyneH4aTblM, TO OfHO3HaYyHas Koppensums
Mexay AvameTpoMm Myyka, paspeluatolien crocobHo-
CTbI0 M TOYHOCTbIO MepeHoca puCyHka LabrnoHa Ha
NoAJIOXKY MOXET He HabnoaaTbes.

Llenbto gaHHOM paboTbl sBNSETCA nNpoBedeHue
3KCMepUMEHTanbHbIX UCCNefoBaHUiA npoueccoB cop-
MWPOBaHUS HaHOPA3MEpHbIX CTPYKTYp BoOnbgpama
MeTo4amMy 3MEeKTPOHHO- U MOHHO-CTUMYIMPOBaHHOMO
OCaXKAEeHUs1 U aHanM3 TOYHOCTU MepeHoca 3afaHHoro
TONONOrM4eCckKoro pucyHka wabnoHa Ha NOAOJIOXKKY.

MeToauka akcnepmMmeHTa

SKcnepumeHTanbHble uccneaoBaHWs NPOBOAUNUCH
C MCMoNb30BaHMEM PaCTPOBOrO 3MEKTPOHHO-UOHHOMO
mukpockona Nova NanoLab 600 (FEI Company),
OCHAaLLEHHOro  rasoBO-UHXEKUUMOHHOW cucTtemon. B
KayecTBe MOASOXKM Obl MCNONb30BaH KpeMHun KO-
4.5. B xoge uccnefoBaHUn B BaKyyMHYK Kamepy 4e-
pe3 uHxekTop nogasancsa raz W(CO)s, KoTopbln nog
JencTBMeM MOTOKa YCKOPEHHbIX YacTul, pasnarancs
Ha TBepAbln Bonbdpam (ocaxaaeMblin Ha NOAMOXKY) U
neTyyne KOMMOHEHTbI (yaansemble U3 Kamepbl BaKy-
YMHOW CUCTEMOW).

B nporpamme ynpaBnenus cuctemon Nova
NanoLab 600 6bin chopMMpoBaHbl PacTPOBbLINA LLab-
NOH, npeacTaBnsloWwmMn cobort Habop 15 kBagpaTHbIX
CTPYKTYp C pa3mepamu B gmanasoHe ot 10 go 250 Hm.
BbicoTa cTpyKTyp onpeaensanacb BpeMeHeM nposefe-
HMSa npouecca u nogbupanack Takum obpa3om, 4TobbI
AN BCeX CTPYKTYp oHa coctaensana 50120 Hm.

Kak gns aneKkTpoHHOro, Tak U Ans MOHHOMO Mny4ka
BblIOMpanucb MakcumaribHO BO3MOXHbIE  3HAYEHUS
YCKOPSIIOLLLErO HanpshKeHUst U1 MUHUMAanbHO BO3MOX-
Hble 3HaYeHMs ToKa Ny4ka, YTo no3sonsieT obecneynTb
HaMMeHbLUWA AnameTp nyyka, W, COOTBETCTBEHHO,
HannyuyLlyo paspeLlarLlyo cnocobHocTb. Tak, ansd
®UI BbIBpaHHLIM TOK Nyyka coctasun 1 nA, 4To Npu
yckopsitoweM HanpshkeHun 30 kaB obecneumBaeT mu-
HUManbHbIM auameTp nydka — 7 HM. Ons ®3M npu
MWHMMAnNbHOM [OMYCTUMOM 3HA4YeHUW TOKa, paBHOM
7.5 nA, He ypanocb cTtabunusvpoBaTb napamMeTphbl
ny4yka M JobuTbCA ONTUManbHOW (HOKYCUPOBKM, MO-
3TOMy ObINO peELLeHO WCMoNb3oBaThb creaywllee 3a
HUM 3HadeHune Toka ®3II1, paBHoe 33 NA.

Bpemsa Bo3genctemsa nyyka B kaxgon Todke (dwell
time) BbIGMpanocb akcnepMmeHTansbHblM nyTem. beino
YCTaHOBIEHO, YTO Npu 3HadeHuun dwell time, paBHoMm 1
MC, B CIfly4yae WCMNOMb30BaHUS KaK WMOHHOrO, Tak W
3MNEKTPOHHOrO Myyka OCaAeHWe NPOUCXOOUT pPaBHO-
MEPHO C JOCTAaTOYHO BbICOKOW CKOPOCTBIO U HE KOHKY-
pyupyeT C MOHHO-CTUMYNUPOBAHHLIM OCaXaeHuem npu
ucnonbe3oBaHun rannuesoro ®Ur.

O6wwee BpeMa npoBefeHWst npouecca onpenens-
NoCb 3HAYEHUsIMM BbIOPAHHBLIX TEXHOMOMMYECKUX na-

pamMeTpoB W COCTaBUNO  ONA  3NEKTPOHHO-
CTUMYITMPOBAHHOIO OCaXAeHWs — OKoro 16 MuH, ans
WOHHO-CTUMYNMPOBAHHOIO OCaXJEHUSA — OKOIO 2 MUH.
Mocne npoBeneHust mpouecca OCaXOeHUs MNOBEPX-
HOCTb MOAMOXKN CO CPOPMUPOBAHHBIMWU CTPYKTYpamMm
uccnegosanacb MeTOAOM pPacTpOBOW  3NEKTPOHHOW
Mukpockonun. Ha pucyHke 1 npegcrtaeneHsl POM-
n306paxeHnss cOOPMMPOBAHHBLIX MaTpuL, NpU 3rek-
TPOHHO- (2) U MOHHO-CTMMYNMpOBaHHOM (6) ocaxae-
HUK BoNbdpama.

HV WD | HFW mode det mag 1 pm -
Nova D-0182

10.00 kV 5.1 mm 3.94 ym SE TLD 65 000 x

HV WD HFW mode det mag
10.00 kV 5.1 mm 5.12 ym SE TLD 50 000 x

Puc. 1. POM n3obpaxeHne maccuBa CTPYKTYp: a — ocaxae-
HVEe 3MEKTPOHHBIM MYYKOM; 6 — ocaxaeHNe MOHHbIM My4KOM

Fig. 1. SEM image of the array of structures: a - electron
beam deposition; b - ion beam deposition

[na nsmepeHua natepanbHbIX reoOMeTpu4eckux pas-
MepoB CHOPMUPOBAHHBLIX HAHOPA3MEPHbIX CTPYKTYP
ncnonb3oBancsa nporpammMHbIn naket SYS Software

Scandium (Olympus).

Pe3ynbTaTthl u ux obcyxaeHue

Ha ocHoBaHUUM pe3ynbTaToB M3MEpPEeHUn Gbinu no-
CTPOEHbI 3aBUCUMOCTU MOMYYEHHOTO W 3afdaHHOro
pasMepoB CTPYKTYp Bomnbdpama Ansi 3NEKTPOHHO- U
WMOHHO-CTUMYJIMPOBAHHOTO ocaxaeHusa (puc. 2). Ha
rpaduk Takke HaHeceHa «TeopeTuyeckasi» 3aBUCU-
MOCTb, koTopasi unnioctpupyet 100% cooTBeTcTBME
NonyyYeHHbIX U 3aaHHbIX Pa3MepoB.
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Puc. 2. 3aBncnmocTu 3HaveHuin 3agaHHoro n akTuyecko-
ro pasmepa CTPYKTYpbl MPU OCaXOEHWU 3NEKTPOHHBIM U
VOHHBIM NyyKamu

Fig. 2. Dependencies of the values of a given and the
actual size of the structure during the deposition by elec-
tron and ion beams

AHanu3 nony4eHHbIX 3aBUCUMOCTEN MOKa3biBaeT,
YTO NpU oCaXAeHUN KaK 3NEeKTPOHHbIM, TaK N MOHHbIM
ny4ykom HabnogaeTcsa npesbilleHne pa3mepoB cdop-
MUPOBAaHHbIX CTPYKTYP OTHOCUTENbLHO 3aAaHHbIX Lwab-
noHoM. OTMeyvaeTcs, YTO OTKIMOHEHWE pacTeT C yBe-
nuyeHneM pasmepa CTPYKTypbl. [pMeHeHne MoHHOro
nyyka NpUMBOOMT K 3HAYUTENbHO BGonblLUeMy OTKIOHe-
HUIO Pas3MepoB CTPYKTYp OT 3adaHHbIX, YeM B crnyyae
NPUMEHEHNs1 3NEeKTPOHHOro nyyka. Takke OTMe4eHo,
4YTO NpU oCaXAaeHWUN I3NEKTPOHHLIM MYyYKOM OTKIIOHEe-
HWe pa3mepa BO BCEM AuanasoHe napameTpoB JKCre-
puMeHTa HOCUT a,q,ELI/ITVIBHbIIZ Xapaktep n B cpegHem
cocTaBnsaeT 45 Hm.

[Ons 6onee TOYHOW OLIEHKU BO3HMKAIOLLEFO OTKIO-
HeHus1 pa3mepoB Obin BBeAeH napameTp O, onpene-
NSAOLWNA OTKNOHEHUE 3HAYEHUSA NOMyYEeHHOro pasMepa
OT 3ajaHHOro B NPOLIEHTAX:

5170
0
rae O — OTKNOHeHue, lo — 3agaHHbIA pa3Mep CTPYKTY-
pbl, | — NONy4YeHHbI pa3mep CTPYKTYpPbI.
Ha pucyHke 3 npeacraBneHa 3aBUCMMOCTb OTKIO-
HEeHMs1 OT 3a0aHHOro pasmMepa Mpu OCAXOEHUN dnek-
TPOHHBLIM U MOHHBIM MY4YKOM.
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Puc. 3. 3aBMCMMOCTM 3HAYEHUI OTKIOHEHWUS pa3mepa CTPyK-

TYpbl Npn oCaAeHNN 3NEKTPOHHbIM 1 MOHHbIM Ny4YKamMu

Fig. 3. The dependence of the values of the deviation of the

structure size during the deposition of electron and ion beams

AHanua nony4YeHHoM 3aBMCUMOCTM MOKa3bIBaEeT,
4YTO ONs CTPYKTYp pasmepom mMeHee 40 HM npu oca-
XOEHUM 3NEKTPOHHLIM Ny4ykoM M MeHee 100 HM npu
OCaXAEHUN WMOHHLIM NMYYKOM OTKMOHEHWe cocTaBnsieT
6onee 100%. Owwubka Takke NpUCYTCTBYET U Npu
(POpMUPOBaHUN CTPYKTYp Haubonbluero pasmepa B
BblOpaHHOM auanas3oHe (250 Hwm). Tak, OTKnoHeHue
AN 3NEKTPOHHO-CTUMYJIMPOBAHHOIO OCaXOEHUs CO-
cTaBnseTt OKOMno 10%, ansa MNOHHOrO0-
CTUMYNNPOBAHHOIO ocaxaeHus - 50%.

3aknroyeHue

B paboTte npoBeneHbl 3KCNEpPUMEHTarbHbIE UC-
crnefoBaHMsa NpoLeccoB hoOpMUPOBaHNA HaHOpa3Mep-
HbIX CTPYKTYp Bonbdpama MeToAaMu 3NEKTPOHHO- U
MOHHO-CTUMYNUPOBaHHOro ocaxaeHus. CcpopmupoBa-
Hbl MacCuBbI CTPYKTYpP C 3aAaHHbIMK pa3mepamu ot 10
00 250 HMm.

YCTaHOBMEHO, YTO NOMYyYEHHbIE pa3Mepbl CTPYKTYP
OTNNYaIOTCA OT 3afaHHbIX 3HAYEHUV Ha BENUYMHY OT
10% po 400%. lMokasaHo, 4TO TOYHOCTb MepeHoca
TOMONOrM4YecKoro pucyHKka npu 3NEKTPOHHO-
CTUMYNUPOBAHHOM OCaXaeHuu B 2-5 pas Bbllle, Yem
npy MOHHO-CTUMYNMPOBAHHOM OCaXAEeHUM.

OnpegeneHo, 4YTO BenMYUHA OTKMOHEHWUs pasme-
pOB CTPYKTYp OT 3afaHHbIX TMpPU  3NEKTPOHHO-
CTUMYINMPOBAHHOM OCaXXAEHUWN MPAKTUYECKUN MOCTOSAH-
Ha 1 cocTaBnsaeT NpUMepHO 45 HM, YTO NO3BONSAET NpU
copmupoBaHum cTpyktyp ot 50 go 300 HM npomnsso-
OVUTb COOTBETCTBYHLLYIO KOPPEKTMPOBKY Ha aTane
(PopMUPOBaHUS pacTpoBbIX LIAGMNOHOB, YTO MO3BOMNUT
CYLLECTBEHHO CHU3NTb BENTUYMHY OTKIMOHEHNSI.

BnarogapHocTu

PeSyJ'IbTaTbI Obinu nony4yeHbl C UCNONb3OBaHNEM
obopynoBaHusas  HayyHo-o6pasoBaTenbHOro  LeHTpa
«HaHoTexHonorun» HOxHoro depepansHoro YHuBep-
cuTeTa. MccnegoBaHue BbLINOMHEHO 3a CYeT rpaHTa
Poccuiickoro HayyHoro coHaa (npoekt Ne18-79-
00175).
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