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HccnenoBanbl BO3MOXXKHOCTH ONTHMH3ALMK TPOLIECCOB aTOMHO-CJIOBOIO TPaBJICHUS 4Yepes yIpaBJICHHE 3Hepre-
THUYECKMM CIIEKTPOM MOHOB B MHIYKTHBHO CBfI3aHHOW IIa3Me aproHa M €ro cMeceil ¢ kceHoHoM. PaspaGorana
rubpupHas Mozenb B nporpamme COMSOL Ha ocHOBe JaHHBIX 30HHOBOI JMArHOCTHKH. YBEINYCHHE aMILTUTYMBL
HAIpPSKEHNS CMEIICHUs JIMHEHHO IMOBBIIAET CPEIHIOI SHEPrHI0 MOHOB, @ POCT YacCTOTHI CY)KaeT SHEPreTHYECcKUi
criekTp HMOHOB. JloGaBka Xe CHWKAeT CKOPOCTb PACIBUICHHS KPEMHHS, YTO MOXET OBITb KCIOJIb30BaHO IS
YBEJIMYIEHUS] CHHEPIHU B IIPOIIECCE aTOMHO-CJIOEBOTO TpaBjieHMs. MaKCHIMaslbHasi CKOPOCTh JIOCTHTAeTCsl B YUCTOU
aproHOBOi IUIa3Me, OJHAKO LIMPOKOE paclpefesicHHe 10 SHEPrusM IOBBIIACT PUCK NMOBpeXIeHUi. Pe3ysbraTsl
JAEMOHCTPUPYIOT BO3MOKHOCTb IIOJIyYeHHsl (DYHKIMH paclpefesicHHs HMOHOB II0 SHEPrusiM JUId MUHHMH3ALHU
MapasuTHOTO PaCHbUICHHUS B IIPOLECCcax aTOMHO-CJIOCBOTO TPAaBJICHUS.
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JlnHaMIUYHOE Pa3sBUTHE TEXHOJIOTMH MUKPO- M HAHOIJICK-
TPOHHKH, COIPOBOXKMAIONICECS HENPEPHBHBIM YMCHBIICHU-
€M pa3MepoB 3JICMEHTOB HHTCTPAJIBHBIX CXEM, IPEIbSBIACT
HOBHIICHABIC TPEOOBAHMUS K TOYHOCTH M BOCIIPOU3BOIMMO-
cTU mpoueccoB (GopMupoBaHusi HAHOCTPYKTYp. OgHUMU U3
KJTIOUEBBIX TEXHOJIOIHIi, 00eCeYnBalONX CO30aHNE MUKPO-
U HAHOMETPOBBIX 3JICMEHTOB, SIBJIIOTCA ATOMHO-CJIOEBOE
tpaenenne (ALE) [1,2] u ruiasmeHHass MomuHKanusi mo-
BepxHocted [3,4]. Meron ALE, OCHOBAaHHBIA Ha IUKJIHYE-
CKOM 4epefjoBaHNU IOBEPXHOCTHOI MonuduKayy (B BHIE
OCA)X/ICHHS TUICHOK, XUMHYECKOH PeaKIWH WM afiCcoOpOLIN )
U CeJICKTHUBHOTO yHaJIeHUs] MOAU(ULIPOBAHHOIO CJIOSI HOH-
HOI 60MOapIPOBKOIL, 0OecrieurBaeT NPELU3HOHHOE yaase-
HHE MaTepuasa ¢ aTOMapHO# TOYHOCTbIO. MneanusupoBaH-
Helll mponecc ALE xapakrepusyercs OByMsl CBOMCTBaMU:
HACBIILIEHHE CKOPOCTU TPaBJICHUA — JOCTIDKCHUE TPEiesTb-
HOI CKOPOCTH yJaJIeHHsl MaTepuasia, He3aBHCHMOIl OT [IH-
TEJIbHOCTH 3TanoB MoguGMKAlMU U YAaJIeHUs MaTepuara,
1 3p(GEeKT CUHEPrUM — YBEIUYECHHE CKOPOCTH TPAaBJICHUS
3a CYeT MOCJICAOBAaTCIbHBIX XMMHMYECKHX U (PU3MYECcKUX
crapuii. HecMoTpss Ha MHoroob6emaomuye pe3ysbTaTel, I10-
JIydeHHBIE B pa3paboTke nponeccoB ALE uist mpiuMeHeHns B
HOJTYTIPOBOXHUKOBOM IIPOMBINIJICHHOCT! C HCIIOJIb30BAaHIEM
Iy4KOB YacTul, BHeapernne ALE TpebyeT pa3sBUTHS BO3MOXK-
HOCTell peayli3alliy TaKUX IIPOLECCOB B MAaCIITaOUpPyeMbIX
IPOMBIIUICHHEIX HCTOYHHMKAX IUIA3MBI, PACCIUTAHHBIX Ha
00paboTky mactuH auaMeTpoB 10 300 mm. XoTs miasMeH-
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HBIE TOIXOMNBl JOJDKHBI OOECIIEYUTbh BBICOKYIO IPOHU3BOIU-
TEJIbHOCTb, OHU 00JIaJal0T U HEAOCTaTKaMH — OTCYTCTBHE
celnapalyy NOHOB II0 Macce M 10 3HEPrHH, HEJIOKAJIbHOCTD
BO3JCHCTBUA U T.J. DHEPru NajalolluX Ha oOpabaTbiBae-
MYIO IIOBEPXHOCTb MOHOB ONpPEESISAIOT BO3MOXKHOCTb IIPO-
TEKaHUsl FeTEPOreHHbIX HOHOCTHUMY/IMPOBAaHHBIX ITPOLIECCOB.
OTH peakluy Kak MPaBUJIO HOCAT IOPOTOBBIN XapakTep.
Hna pacmupenus npuMmeneHnss ALE B MUKpO3JIeKTpoHU-
K€ C HUCIOJIb30BaHHEM IUIa3MEHHBIX IPOLIECCOB Tpedyercs
KOMIUIEKCHBII MOMIXOfI, OOBbENNHAIOMNI HECKOIbKO HaIlpas-
JieHnit onTuMm3aii [2]. Bo-epBbIX, BaXXHO YBEIHYUTH
CKOPOCTH MIPOIIECCa, COXPAHUB INPH STOM CaMOOTPAHWYH-
BAaIOIMICA MEXaHU3M PEAKLMA, KOTOPBIA JIEKUT B OCHOBE
ALE. Bo-BTopeiX, obOecrieunTh HHU3KHE KOHIIEHTPAIH Jie-
(eKTOB, TPUBHOCHMBIX B HIDKEJICKAIINE CTPYKTYPHI IIOJTY-
MIPOBOTHUKOB W AWMAJICKTPHUKOB, JJISI 4Yero KpaiHe Ba)KHO
UCKJTIOYNTh TOPSYAE XBOCTBHI PpACIpEieICHHs] HOHOB IIO
SHEPrusaM. B-TpeTbux, KpUTHYECKN 3HAYMMBIM CTAHOBHUTCS
CY)KEHHE SHEPreTUYECKOTO CIIEKTPa HOHOB, YYaCTBYIOIINX B
TPaBJICHNH, TTOCKOJIBKY IPH aZeKBaTHOM MOAOOpE XMMHUYe-
CKHUX CBOWCTB, MOIU(UINPYIOMIX TOBEPXHOCTD IUICHOK, 9TO
MO3BOJIIET o0eceunTh A(GEKTUBHOCTh IMara aKTHUBAIH
n m30exaTh peXnMa pachblIeHHs. Bce 3Tm 3amadm TecHO
CBSI3aHBl C HEOOXOOWMOCTBIO IOJIy9YCHHS KOHTPOJIMPYEMOM
Gbyukumm pacnpenenennst noHoB 1o sueprusim  (IEDF).
OHepreTH4ecKuil MPoQIb NOHOB OMNPENEsIfeT, HACKOJIBKO
MIPOIIECC COOTBETCTBYET ,,0kHY ALE“ — y3komy mmamna3sony
SHEpIuii, B KOTOPON MOAM(MDUIIMPOBAHHBIA TOBEPXHOCTHBIN
CJIOH TOJIHOCTBIO YHAJISIETCSs, B TO BpeMs Kak He Momudu-
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[MPOBAHHBIl MaTepHai OcTaeTcsi HeTpoHyThM [2]. Iaxe
HE3HAYMUTEJIbHBIN BBIXO[ 32 IpENeJibl y3KOro 3HepreTude-
CKOTO /IMana3oHa NPUBOOHUT K MApasUTHOMY (GH3MICCKOMY
pacHbUICHHIO, BBI3BIBAIOIIEMY 0Opa3oBaHKe Ne(eKTOB CTPYK-
TypH U HEKOHTpPOJIIpyeMoMy TpasJieHuwo. Mcxons u3 KoH-
LENUH JaHHOTO ,,0KHA“, OCTPO BCTAET 3ajada IOITyYCHUS
y3koro sHeprerudeckoro crnekrpa IEDF, kotopoe mosBossier
MOBBICUTb CUHEPTHI0 MEXTY XUMHYECKUMU U (PU3MYECKUMU
CTagusIMH ITPOIIecca TPABJICHNS U OMHOBPEMEHHO YBEJIMYUTh
CKOpOCTb 00paboTKH I1acTuH Oospiioro auamerpa. CTouT
OTMETHTBb, YTO TOJIydeHHe y3koro pacnpenesnenus IEDF
MO3BOJISIET Peajin30BaTh HAHOPa3MEpHbBIE CTPYKTYPHI C aTo-
MapHO! TOYHOCTBIO M M30€XKaTh NMapasuTHOTO (GU3MYECKOTO
PpacIbUICHHUSL.

B ICP-peakTopax ympaBjieHHE SHEPreTHYCCKHM CIEK-
TPOM HOHOB, JOCTHTIAIOIIMX MOBEPXHOCTH IUIACTUHBI, OCY-
MIECTBIISICTCSI 3@ CYET MPUJIOKEHHUSI BBICOKOYacTOTHOTO (BY)
HAaIpsKEHNs CMELIEHN K MOIJIOKKeE, (POPMUPYIOIIETO 3JIEK-
Tpudeckoe nosie. B peakropax ICP BY cmemenune cunycou-
OaJIbHOM (HOPMBI NIPHUKJIAABIBACTCS K IOUIOKKOIEPKATEIIO
4yepe3 pas3BA3BIBAIOLIYI0 E€MKOCTb M CO3[AacT IepUofnde-
CKH HU3MEHSIOIeecs 3JIEKTpUYeEcKoe Iosie, (hopmupymomiee
CJIOH TPOCTPAHCTBEHHOT'O 3apsfia, Yepe3 KOTOPHIH ABIKYTCS
yckopsieMble MOHBL. B cpefgHeMm, HpH 3TOM, CTOJI, HaXons-
muiics BHYTPH KaMephbl peakTopa Ha KOTOPOM 3aKperieH
TIOMITIOKKOIEPKaTEeNIb, 3apsHKEH OTPHUIATENIBHO, TaK KaK 9TO
GaslaHCHpPYeT TOKU TOPSYMX 3JICKTPOHOB M OTHOCHTEJIBHO
XOJIONHBIX MOHOB. B (paze mosoxkurespHOro mosyneprona
UOHBI YCKOPSIIOTCS B HAIPaBJICHUU TOMJIONKKH, (popMmupys
BBICOKOHEPI€THYECKYI0O KOMIIOHEHTY cIieKTpa. B oTpura-
TeJpHOU (pase mosie MHBEPTUPYETCS, BBI3BIBAs 3aMEIJICHHC
UOHOB M (OpPMHUPYS HHU3KOIHEPreTHYECKYI0O KOMIIOHEHTY.
[TockosbKy mporiecc SBJISICTCS MUKJINIECKUM, B YCTAHOBUB-
IIeMCsl PEeKHNME BO3HHMKAET [Ba CTAaOMJIBHBIX SHEpreTude-
CKHX ITUKa, YTO ¥ IPUBOUT K XapaKTEPHOMY OUMOJAIbHOMY
suny IEDF [1].

Bosmoxnocts ynpasnenusi IEDF B coBpeMeHHBIX Tex-
HOJIOTMYECKMX IIpoLleccaX WrpaeT KPUTHUYECKYIO pOJIb B
MHHUMH3AIN Je(EeKTOB, BO3HUKAIONNX B HAHOMaTeprasiax.
B rmocnenHee BpeMsi O4YCHb AKTHBHO HCCIIEAYETCSl POJIb
IEDF B MexaHm3Max 3amedaTblBaHHA IOpP Ha ITOBEPXHOCTH
B IMAJICKTPHUKAX C YJIbTPAHU3KOH UJICKTPUIECKOI MTPOHHU-
raeMocTbio [3,4]. OcoGeHHOCTh MaHHOTO IMpoliecca 3aKIo-
YaeTcsi B MOIM(HKAINN HOBEPXHOCTHOTO CJI0sI (OKCHIHOTO,
HHUTPHIHOTO WIIH METAJUTHIECKOr0) HU3KOIHEPTreTHIECKIMU
WOHAMU U TPU 3TOM, BHENPEHHBIE HOHBI HE OKa3bIBAIOT
BJIMSIHUSI Ha M3MCHEHME 3HAYCHHSA IUIJICKTPHYECKOH Ipo-
Hunaemoctd. CTONT OTMETHTB, YTO B 3TUX paboTax TaKxke
00OHapy;KeHO BJIMSHIE MacChl HOHOB Ha CKOPOCTb U TTyOHHY
MIPOHUKHOBEHNS. TsKenble HU3KO9HEepreTHIHbIE HOHBI OYCHD
OBICTPO M PaBHOMEPHO MOAM(HIIMPOBATA MOBEPXHOCTHBIHA
CJIOH, TOr[a KakK JIETKHE MOHBI IIPOHUKAJN IIyOxe. BaykHbIM
acriekToM 3ziech sBisgercs: y3koe IEDF, koropoe obecrieun-
BaeT TOYHBIA KOHTPOJIb HaJl IponeccoM. Takasg 0ocOGEHHOCTD
MO3BOJIIET MUHAMHU3UPOBATh CIIy4daiiHble NMOBPEKICHUS Ma-
Tepuayia IPU MOHHOW OOMOAPIMPOBKE 3a CUET OTrPaHUICH-

HOTO pa3dpoca PHEPruil, 4To, B CBOIO OYepelb, FapaHTHPYET
BBICOKYIO BOCITPOM3BOIUMOCTD PE3yJIbTaTOB.

MonemupoBanue IEDF ciay’ut MHCTpyMEHTOM I U3Y-
YeHHs (PU3NYECKNX MEXaHW3MOB, BIMAIOMNX Ha (OPMHUPO-
BaHME SHepreTuyeckux mnpoduieir. B Hacrosmeit pabore
ocoboe BHUMaHHE YHeJseTCsl N3yYCHUIO TUHAMUKHA YaCTHI]
Kak B CJIo€ NIPOCTPAHCTBEHHOTO 3apsia, TaK U Ha I'paHULe
pasnena ¢ 0OpabaTbIBaeMBIM MaTEpHAJIOM.

B Hacrosmeil paboTe ucciefoBaHHE OUHAMHUKU YacTHUIL
B CJIOE TPOCTPAHCTBEHHOT'O 3apsia BBIIOJIHACTCS B paMKax
1 dy3nOHHO-TPEN(OBOro MPUOIMKEHNUS, OIICHIBAEMOTO
ypaBHEHHEM IIJIOTHOCTH TOKa:

J = q(unE — DVn), (1)

IIC TOABIKHOCTD U = q/mVy, ;, kKoaddumment mupdysun
D =kT,/(mvy,;), Vi — TPaHCIOPTHasi 4YaCTOTA HOHOB,
T, — Temmeparypa 3JIEKTPOHOB, 1 — KOHLIEHTPALUs DJIeK-
TPOHOB, g — 3apsijl JICKTPOHA, 1 — Macca YacTHUIB U k —
KoHcTaHTa bonprivana. KimodeBbIM acnieKToM BO3MOKHOCTH
MPUMEHEHHS TAHHOTO MPUOJIMKCHHMS, KaK II0Ka3aHo B psifie
pabor [5,6], CTAaHOBUTCS Yy4YE€T CTOJKHOBUTENIBHBIX IIPO-
neccoB. Jlia obecneueHus] MPUMEHUMOCTH An(pPY3MOHHO-
OpeiioBoil MoeN HEOOXOAUMO BBIIOJHEHHE KPUTEpHs
npeodJiagaHusl CTOJIKHOBUTEIIBHBIX MPOLIECCOB Hal MHEPIIH-
OHHBIMU:

V(nmVV) < nmVv,,;, (2)

e V — CpefHsisi CKOpOCTb.

OpHako Ha MPaKTHKE IS COTJIACOBAHUS TEOPHUH C IKC-
TIEPUMCEHTAIBHBIMHI JaHHBIMHI, OCOOCHHO TPH BBICOKUX 3JICK-
TPHUYECKUX TOJISAX, TPEOYeTCsl y4eT 3aBUCHMOCTH ITO/IBMKHO-
cTH OT oTHomeHud E/p, rae p — nasieHue. Takas Koppek-
TUPOBKA TO3BOJIIET TOYHEE OIKCATh PEasIbHEIE MPOIIECCH B
cJI0€ MPOCTPAHCTBEHHOI'O 3apsiia MPU BBICOKUX 3HAYEHUSX
nosig E/ p.

i peanu3anyy JaHHOTO MCCJICIOBAHUS B MEPBYIO Ode-
penb Oblla NpoBeNeHA 30HAOBAas AWArHOCTHKA IUIa3MBbl,
MO3BOJIUBINAS IOJyYUTb SKCIIEPUMEHTAJIbHBIE JAaHHBIE O
KJIIOYEBBIX [apaMeTpax, TAKMX Kak KOHICHTpauws (n,) U
Temreparypa asekrponoB (7,). Ommcanume SKcrepuMeHTa
comepxuTcss B pasm. 1, a ero pesympratel B pasm. 3.1.
OTn faHHBIC CTAJIM OCHOBOM /ISl KaJIMOPOBKM pa3paboTaH-
HOU T'MIPOIVHAMHUYECKON MOJEJIH, KOTOpas BOCIPOM3BOTUT
YCJIOBHS IUIA3MEHHOIO paspsna HU3Koro jasiieHus. Kammo-
pOBKa Mozes obecreunsia COOTBETCTBAE €€ BBIXOIHBIX ITa-
paMeTpoB peaibHBIM SKCIEPHMEHTAJIBHBIM YCJIOBHSIM, YTO
WCKJTIOYMJIO HEOOXOAMMOCTh [CTAJIbBHOTO MOICIIMPOBAHHUS
Bcero peakTopa. OnrcaHne MOJesd NPeACcTaBIeHO B pasy. 2.
Ha cnenyromem »sTame BO3HHKJIA HOTPEOHOCTb B ydeTe
CTOJIKHOBUTEJIbHBIX IIPOLIECCOB B IUIa3Me, 4TO BBHI3BAJIO
HEOOXOMMMOCTh KOPPEKTHPOBKH KOIP(PUITMCHTOB TTOIBIK-
HOCTH MOHOB Ul COXpaHEHHs afieKBaTHOCTHU MU dy3rnoHHO-
npeii(oBoro NpUOIMAKEHUS B YCJIOBHUAX HU3KOTO NaBJICHUS.
ITogpoGHble pe3ynbTaThl HACTPONKH MOAETM Ui TTONBUX-
HOCTU TpencTaBieHbl B pas3f. 3.2. Ilocie HacTpoiiku Mo-
nesu ObUT BBINOJTHEH NapaMeTPUUYCCKUi aHaIN3 BITMSHUS
TEXHOJIOTHYECKUX MapaMeTpoB, BKovas amiumtyay (Vy)
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U 4actoTy (V,f) HEPEMEHHOrO HANPSKCHHUSA CMEIICHUd,
IaBJIcHHE B Kamepe (p), MomuocTb paspspa ICP (Wi.,) u
cocraB ra3oBoit cmec, Ha popmupoBanue IEDF u ckopocts
pacIibuIeHIs KpeMHUs. Pe3ysibTaTel aHanmm3a JaHHBIX 3aBHCH-
MocCTel IpefcTaBieHsl B pasf. 3.3—3.5. PesynpraTsl Monesnu-
poBaHus npoaeMoHcTpuposaiy, uro IEDF cymectBenHo 3a-
BUCHT OT Macchl HOHOB, TapaMETPOB NIPHUJIOKEHHOI'0 HAIps-
KEHHUS U COCTaBa ILIa3Mbl, YTO IPOSABJIAETCS B U3MEHEHUU
CpenHel YHepruy NOHOB 1 IMNPHUHEI pactipenesieHus. Ocoboe
BHMMaHHE OBUIO Y/ICJICHO BJIMSHHUIO TOOABKH Xe B IUIa3My
Ar, 9TO IPHUBEJIO KaK K M3MEHEHHIO SHEPIeTUYECKOTO CIICK-
Tpa WOHOB, JAOCTUTAIONIMX IOBEPXHOCTH, TaK M CKOPOCTH
pacnbuteHus1. [losTydeHHbIe pe3ysbTaThl U3MEPEHUsl CKOPO-
CTH paclbUICHHs ObUTH COIOCTAaBJIEHBI C SKCIIEPUMEHTaIIb-
HBIMU pe3yJbTaTaMH, MOATBEPAMB XapakKTep MOTy4EHHBIX
3akoHOMepHocTell. ITonpoOHbIe pe3ysbTaThl MPUBOASATCS B
pasn. 3.6.

1. OkcnepumMmeHT

JluarHocTuka WHAYKTMBHO CBA3aHHOM ILIa3MBl IIPO-
BOIUIaCh B YCTAHOBKE IJIA3MOXUMUYECKOI'O TpaBJICHUS
Plasmal.ab 100 (OIPT, Besmko6puranust). [laHHas1 yCTaHOB-
Ka mpenctasiser coboit peaktop ICP ¢ nmmmHapmueckoit
kamepoir (mmamerp 380mm, Beicora 450 mm). Kopmyc
KaMephl BHIIOJIHEH W3 amomunus. [lnasma renepupyercst
IUTHHAPAYECKAM MEIHBIM CIIMPATIbHBIM HHIYKTOPOM, pac-
TOJIOKEHHBIM Ha npubsmsurensHoil BeicoTe 300—400 mm
pabotaronmmM Ha vactote 2MHz, uHayKTOp HaxoguTcs B
aTMocdepe M OTHEJICH OT oObeMa KaMephl LWIMHAPHYE-
CKMM [M3JIEKTPUYECKUM OKHOM M3 BaKyyMHOU KepaMHKU
Ha OCHOBe okcufa amomuHus. OOpabaTbiBaeMasi MOMJIOKKA
(mmamerpom mo 200 mm) pa3MerieHa Ha HIKHEM 3JICKTPOJIe
MpUOJIM3UTEIBHO HA paccTossHNK 315 mm oT Bepxa peakTo-
pa ¢ CHCTeMON OXJIAXICHHS C IIOMOLIBIO a30Ta WJIM aHTH-
¢pusa. Vcrionpayercst BaKyyMHasi CHCTEMa C TYpPOOMOJICKY-
JIIPHBIM HACOCOM ¢ ocTaTouHbIM BakyymoM 107 Torr. Ha-
IIyCK pabouKX ra30B IPOUCXOOUT MPU IOMOLIU PEryIATOPOB
MAaccoBOT'0 Pacxofia ra3oB 0e3 IpeKpalleHus OTKAauKu, [IpU
9TOM [1aBJICHUE KOHTPOJIMPYETCSl KJIAaHOM-3aCJIOHKOM Ha
JIMHUYM OTKa4K® ¢ To4HOCThIO He Xyxke £0.1 mTorr. B xome
MPOBEICHNUS BCEX SKCIICPUMEHTOB ITOACPIKUBAJICS MOCTO-
SHHBIA CyMMapHBI ra3oBbelii moTok B 50sccm, mpu 3TOM
BapbHPyeMbIMHI TapaMeTpaMy ObUIM MOIIHOCTb T'€HEpPaTo-
pa (Wicp = 500—2500 W), naBnenne (p = 5—20mTorr) u
cocraB rasopoil cMecu (Ar wim Ar/Xe). Ilepsas cepus
9KCHEPUMEHTOB ObUIa IOCBSIIEHA HCCJICHOBAHUIO IJIa3MBI
Ar, B KOTOPO# U3MEHSJINCh MOIHOCTD U JaBJICHHE.

B pamkax skcnepuMeHTa ¢ IJ1a3MOi aproHa ObUTH IIpoBe-
IeHbl u3MepeHus n, u T, IpH CIICNYIONMX YCIOBHAX:

e nuana3oH masyiennss B kamepe (5—20mTorr) mpu mo-
crogHHod MomHoctd Wi., = 800 W;

e nmanasoH MomHocTH reneparopa ICP (500—2500 W)
npu ¢ukcupoBanHoM p = 10 mTorr.

Bropast cepusi u3mMepeHHil IPOBOIIIIACH B TUIA3ME CMECH
Ar/Xe npu ¢uxcupoBanHbX MomHocTd (Wi, = 1500 W) 1
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nassieHnn (P = 10 mTorr), HO ¢ Bapuarueil 101 KCEHOHA B
CMECH.

J1 aHayM3a XapaKTepUCTHK I1J1a3Mbl IPUMEHSIICS 30H0-
BBIf MeTON ¢ mcmosb3oBanueM 30Hma Jlenrmiopa (ESPion,
Hiden Analytical, BenmkoOpuranus). B miasme umcro-
IO aproHa HUCIIOJIb30BAJICS IUIATUHOBBIA 30HI AWAMETPOM
130 um u pymunHo#it 10 mm. Ilpu paborte co cmecbio Ar/Xe
MIPAMEHSIICS BOJIb(PaMOBHIl 30HA auamerpoM 250um un
mmHON 9 mm. O6paboTKa BOJIBT-aMIEPHBIX XapaKTEPUCTUK
(BAX), nMeommx BHI MaKCBEJUIOBCKOTO PAaCIIpE/esICHHUs]
B nmumanaszone 0—10eV, BbIIONHAIACH C IIPEABAPUTEIIBHOM
KOppeKLMell Ha MOHHBIHA TOK, ONPENeJICHHBbIN B PaMKax Teo-
puM orpaHnyeHHOro opouransHoro msmwkenusi (OML) [7],
9TO MO3BOJIMIIO OMPENESIHTh TeMileparypy asekrpoHos (T, )
U KOHLCHTPALHIO JIEKTPOHOB (7,). st obonx 30HIOB B
9KCHEPUMEHTe MX Paiguychl, KaK IOKa3aJ IOCIIeNyIONIUii
pacueT, O/JIM3KU MO MOPAOKY BeJMUYMHBI K minHe J[lebas.
M XOTS 5TO MPOTUBOPEUUT KJIACCHYESCKMM IPEIIIONIOKCHHU-
aM Teopun OML, n3BecTHO, YTO OHa BBHINOJIHAETCH IpPHU
COOTHOIICHHUAX pajuyca 3oHOa K aiuHe JleOasi, OM3KMX
K emuHune [8]. DTo ke MOATBEepIKIacTCs W HabIIIONaeMOM
B HalleM 3KCIIEPUMCHTE KOPHEBOIl 3aBHCHMOCTb TOKa OT
HaNpsKeHUs B HOHHOI yacT BAX: [ ~ V1/2,

B pamkax Hacrosimeil paOOTEl, MOMHUMO JAWarHOCTHUKU
IJIa3Mbl, OBUT TIPOBEACH SKCIHEPUMEHT I10 PACIBLICHHUIO
KpeMHHS B m1a3Me cMmecu Ar/Xe. OCHOBHOH 1IeJIbI0 OBLIO
W3ydYeHHE BIIASHUS [OJIM KCEHOHA B IUTa3MOOOpasylomei
CMECH Ha CKOPOCTb pacmblieHusi kpemHus. I[lapameTpel
IJIa3Mbl OBUTM aHAJIOTWYHBI BTOPOH CEpHUH IUATHOCTUKH
IJ1a3Mbl. BesturHa MOCTOSTHHOTO CMEIEHUsI Ha TOIJIOXKKE,
cosgaBaeMoro reHeparopom cmenienust (DC bias), mon-
CTpamBajlach WHAWBUAY&JIbHO [JI KaXmol momu Xe B
IJ1a3MO00pa3ylolleil cMecH Ha OCHOBE [aHHBIX CpeTHeil
SHEpruM pacnpenenenus E,, ¥ NOTeHIMaua IUIa3Mbl V),
MOJTy4YEHHBIX TIPH MOJEJMPOBAHUM I CO3[aHHMA Ha MOf-
JIOKE MOTOKAa MOHOB C TpebyeMolt sHeprueil. [ist kaxmoit
9KCIIEPUMEHTAIbHON TOYKM Bpems OOpabOTKH BapbHpOBa-
Joch B auamaszoHe 5—10min g HMCKITIOYEHUS BIIMSHUSA
HarpeBa IMOIJIOXKKH U APYTUX HeJIMHEHHBIX 3¢ deKToB, 9TOOH
MOJTYy4UTh AOCTOBEPHBIC JAHHBIE O CKOPOCTU PACIHBUICHHS.
Hns xaxmoit mom Xe B cmecnm Ar/Xe MpOBOOWIIOCH
TPU HE3aBHCUMBIX 3KCIEPUMEHTa IJI1 OLEHKH BOCIIPOU3-
BoAMMOCTH. B KadecTBe 00pa3loB HMCHOIB30BAINCH IIPO-
MBIIUICHHBIC TTACTHHBL KpeMmHusi Ha wusossrope (KHU)
CO CJEeNyIIe CTPYKTYpPOH: KPUCTAJUIMYECKUN KpEeMHUI
(50nm) /oxcun kpemuunst (200 nm) / MOAJIOKKA MOHOKPHU-
crajumaeckoro kpemuusi (750 um). Tonmmua BepxHero
CJIOSl KPEMHHSI M3Mepsyiach J0 M IOCJe SKCIEPHMEHTa 10
pacIbUICHHIO TIPH TOMOIIM CHEKTPAJILHOM 3JTUIICOMETPUN
(c morpemHoctsio He 6Gosee 0.2nm). IlpemmyiuecTBOM
paboTHEl C TAaKUMHU CTPYKTYpaMH ObLIO TO, YTO HU3MEHEHHS
TOJIIMHEI CJI051 KPEMHHUsI KOHTPOJIMPOBAIUCH OYEHb TOYHO.
3axOpOHEHHBII CJIOI OKchaa HE OKa3bBaJl BJIMSIHHAS HU Ha
HalpsbKeHHE Ha cJloe 00BbEMHOrO 3apsifia, HU Ha paclperie-
JICHVE WOHOB.
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2. Mopgenb

B pamkax HacTosiero MCCJICIOBaHUSI pean3oBaHa Ofi-
HOMEpHasi THAPOIMHAMHUYECKass MONEIb CJIOS IPOCTPaH-
CTBEHHOI'O 3apsiia, OCHOBaHHAas Ha MOIU(PHUIMPOBAHHOM
i Gy3noHHO-IPEii(hOoBOM TNPHOIMKEHUN, HCIIOJIB3YIOmast
KaK TEIIOBYIO, TaK U APEi(OBYIO KOMIIOHEHTHI CKOPOCTH [9].
Mopens paspaborana B cpene COMSOL Multiphysics ¢
UCMOJIb30BaHUEM CIELUATIU3UPOBAHHOIO MOOYJNA ,,Plasma‘,
o0ecIeYnBaloOIIero pelleHue ypaBHEeHUi OajlaHca 3apsKeH-
HBIX YaCTUIl ¥ SHEPruy B pamkax aud¢ysnonHo-npeiidosoro
MPUOKCHHUS.

B Mozmenmm WMHIYKTHBHO-CBSI3aHHOM IUTa3Mbl BJIO)KCHHAS
MOIITHOCTh PaBHOMEPHO paclpeiieicHa B IPOCTPAHCTBE.
CrouT OTMETHTH, YTO MPEAINOJIOKEHAE O PABHOMEPHOM
pacIipesie/IeHIH MOIHOCTH sIBJIsieTcs ynpouieHneM. OnHako
(dokyc Hacrosieil paboThl OCHOBaH Ha MPUIIOBEPXHOCTHBIX
addexTax onpenensiomupecs npuiokeHHsM BY cMmemmenn-
€M, a yCpeOHCHHBIC OObEMHBIE IapaMeTphl IIa3Mbl OBbUTH
BOCIIPOM3BE/ICHBI 110 IAHHBIM 30HIOBOI IMATHOCTHKHU B IICH-
Tpe peakTopa. 3HaueHUe apaMeTpa MOIIHOCTHU MTOAOUPAIOT-
csl TakuM 00pa3oM, YTOOBI COOTBETCTBOBATb M3MEPEHHBIM
3HAYCHHUAM 9SJISKTPOHHON KOHLIEHTpAaLMd U TeMIepaTyphl,
HIOJTyYeHHBIM METOIOM 30H[OBOI AMAarHOCTHKU. J{71d ympas-
JICHUs] SHEPreTUYeCKUM CIIEKTPOM HOHOB HAa IOBEPXHOCTH
HOVIOKKM B MOJE/Ib BK/IIOUEH HE3aBHCHUMBIA IeHepaTop
HepEeMEHHOT0 HalPSHKEHUST CMEICHUS:

V =V, cos(2mv,st) (3)

C PeryJaupyeMbeIMH V, s U V., 3afaloluii TPaHMYHOE YCJI0-
BHE, MMHUTHUpYIOLIEeE Pa3BS3aHHBI 110 IOCTOSSHHOMY TOKY
anexTpon. IlpoTuBomosiokHas rpaHMIa MONENU COOTBET-
CTBYET 3a3€MJICHHOH CTEHKe peakTopa. MexaHmsMm (opmu-
POBaHUS HANPSDKCHHSI CMCLICHUSI M €r0 BJIMSHUE HA CPefl-
HIOIO DHEPIUi0 W MIMPHHY PACIPEICICHAS NOHOB NETAIbHO
OPE/ICTaBJICHH B Ipenbiaynmx paborax aBropos [10]. Cro-
UT OTMETHTb, YTO B HacToslieil paboTe He y4YHUTHIBACTCS
nocrositHoe camocMmenieane (DC self-bias), Bo3HuKaromee
W3-32 PasHHIB! IUIOMANCH 3JICKTPOIOB B PEAIbHBIX ACHM-
METPHYHBIX PEAKTOPaX, YTO OTPAKACTCH B CHUMMETPHYHOU
reoMeTpreil MOJIeJT U JOMUHUPYIONIAM BIIASTHAEM Hampsi-
xenusa BY cmemenusa Ha IEDF. Hacrtosmas pabora kaue-
CTBEHHO OLICHHBAeT BIIMSIHUE IapaMeTpoB pas3psga TaKuX
Kak, JaBJICHHE, COCTaB, BJIOXKCHHAs B Pa3psi MOIIHOCTb U
Apyrue, Ha (YHKLHIO PaclpeNiesIeHus] HOHOB 110 SHEpPruu B
OIHOMEpHOI Mofiesii 1 OoJiee ajieKBaTHA IIPU HAIPSKEHUAX
CMEILEHUS] B HECKOJIBKO JECATKOB BOJIBT.

Cucrema ypaBHEHHII, OIICHIBAIONIAs T€HEPAINIO U ANHA-
MHKY IIJIa3MBbl, BKJTIOYACT:

1) ypaBHeHHST HEIPEPHIBHOCTH MIJIsI JICKTPOHOB, HOHOB K
HEUTPAJIOB;

2) ypasHeHue ITyaccoHa iisl pacyera caMOCOrIaCOBaHHO-
IO AJIEKTPUYECKOTO OIS,

3) sHepreTwveckue OajaHCHl, YYMTHIBAIOIINE JBIKCHUE
YaCTHI] B 3JICKTPOMArHATHOM II0JI€ M UX CTOJIKHOBUTECIIBHBIC
MOTEPH.

Bosree mompobHBIE neTay NMpUBEICHH B O(HIHATIbHOM
nokymenraimn COMSOL [11], a cnenu¢pura peamsaruu
IUIs TAHHOM 3a7a4ul packpbita B padore [9]. Cevenust ympy-
I'MX U HEYNPYrHX CTOJKHOBEHHH 3JICKTPOHOB C aprOHOM
(Ar) u xcenoHom (Xe), BKJIIOYAIOIINE PEAKIMH YIIPYTOro
paccesiHusI, BO3OY)KICHHUS, MOHM3ALMU HEUTPAJIbHBIX aTo-
MOB, CTYIEHYaTOH HMOHM3ALMU U XUMHYECKOH HOHU3aLUU
(nonmsamusi Ilennunra) [12-15], obGecneumBaror ¢usmde-
CKYIO aIeKBaTHOCTb MOJIEJIIPYEeMbIX IpolieccoB. [ panuyunbe
YCJIOBHSI HA CTEHKAX PEAKTOpa BKJIIOYATM PEaKUHU IOTEPU
WOHHM30BaHHOTO W BO3OYKICHHOTO COCTOSIHUSI B ILIa3Me
rasa Ar, B3sithie u3 paborel [16], mwis Xe NIpUMEHEHH!
aHaJIornYHele yciosus [6,14,17,18].

YcoBepIieHCTBOBaHUEM MOJEIM CTaJo BKJIIOYEHHE KOp-
PEeKIMH TOABIKHOCTH HOHOB B u(pdy3rorHO-IpeiihoBOM
NPUOJIMKEHAN, 9TO TO3BOJIMAJIO YYECTh HEJIMHEUHBIC (-
(EKTH B NIMPOKOM [IMAIla30HE SJICKTPHYCCKHX TOJICH TpH
MHUHHMAaJIbHBIX BBIYMCJIMTEIIBHBIX 3aTpaTax, 4TO IOATBEp-
KICHO COIJIACOBAaHHMEM PE3yJIbTaTOB C IKCIEPHMEHTaIbHBI-
mu faHHbIME [5]. CTOMT OTMETHTh, YTO HCIOJIb30BAHHE
TaKOro TOIXOHa He Bcerga IO3BOJISIET TOYHO OIHMCATh
MPOLIECCH B CJIO€ M0 CPAaBHEHHIO C ypaBHEHHEM IepeHoca
UMITYJIbCA, HO IO3BOJIAET BHIABUTH TEHICHIMH, BJIMAIOIIMIE
Ha IEDF, koTopple paccMOTpeHb B HacTosmeill paboTe.
Pacyer momBMKHOCTH OT HAIPSHKEHHOCTU 3JICKTPUYECKOTO
TOJIsT PACCYMTHIBAJICS 10 Cliemyloreit hopmyste [5]:

Hy.0

(E) = —H0 4
rae ‘Uy’() — IMOABWXHOCTb HPU HYJICBOM 3JJICKTPUICCKOM
noJje (I/IHI[CKC y 0003HaYaeT TUN YacCTUIBl Tas3a: Ar Wu
Xe), A — KOHCTaHTa, HCIIOJIb3YyEMasd [Jid IIOATOHKH pe-

3yJIbTATOB MOJEJINPOBAaHMA K SKCIIEPUMEHTAJILHBIM JaHHBIM,
p — IaBjieHUE U E HANpPsHKEHHOCTb JIEKTPUYECKOrO IOJIA.
Dopmyria (4) yIuTHBaET 1Ba BO3MOXHBIX pexxknma. [lepBbiit
peXuUM HaOJIIoflaeTcsl, KOrjaa TeIloBas CKOPOCTh YacCTHIL
MpeBBIIAET Apei(oByIo, 9YTO XapaKTEPHO AJIs CIa0bIX JICK-
TpUYECKUX Nosiell. Bropoil pexuM BO3HHUKaeT IpH Ipeodiia-
TaHUH Apei(hoBOil CKOPOCTH MOHOB HAJl TEIUIOBOH. MHBIME
cioBaMu, (hopMyJia ONHCHIBACT HOCTOSHHYIO TOIBIKHOCTB
IIPY HU3KHX 3HAYCHUAX IPUBEICHHON HAIPAXKEHHOCTH DJIEK-
TPUYECKOrO TOJIA M TEPEXOAUT K 3aBUCHMOCTH, 0Opat-
HOW KBaJpaTHOMY KODHIO M3 IIOJIf, IIPU €ro YBEIMYEHHU.
Yuer npeiioBoil CKOpOCTHM HPUBOIUT K POCTY YacCTOTHI
CTOJIKHOBEHUI HMOHOB B YCJIOBHAX 3JIEKTPUYECKOrO MOJIA,
YTO YKa3bIBa€T HA 3HAYUTEJIBHYIO POJIb CTOJIKHOBUTEJILHOIO
YJIeHa B YPaBHEHUHM JBMKEHUSA MOHOB 110 CPABHEHMIO C UHEP-
1oHHBM [18]. TIONBIKHOCTD IPU HYJICBOM 3JIEKTPUYECKOM
TI0JIE PACCUUTHIBAJIOCH 110 (hopMyJie

Hy,0 = a4 _ el = A
Ty, BT g, [
kT, mo\/ KTy

rae Tg — TeMIeparypa ra3a, 0 — CE€YCHUE CTOJIKHOBEHUI
HOHOB C HeﬁTpaﬂbeIMI/I YacTUIIaMHA. BaKHBIM acleKToM
HCCJICHOBaHUA CTAJI0 BBIABJICHHUC pacxomeHHﬁ MEXAY pac-
YETHBIMUA W 3KCHECPUMEHTAJIbHBIMUA 3HAYCHUAMU SJICKTPOH-

(5)

KypHan TexHuyeckoin cousmku, 2026, Tom 96, Bbin. 1
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HOH TeMIlepaTypbl, MOJTyYCHHBIMA METOIOM 30HIOBOW NIH-
arHoctukd. [Ipu mapamerpusanin Mopelu TeopeTHdecKast
OIICHKA TOJIBMYKHOCTH MOHOB NPHBOAWJIA K 3aHWKEHHIO T,
B 2pa3a Kak B YUCTHIX ra3ax, Tak M uX cMmecsx. [Tommumo
pacxoxnennst B 7, Obuto OOHapy»EHO, YTO BapbUPOBAHHUC
KOHCTaHTHL A B CMECH Tra30B MNPHBOOWJIO K Heompere-
JICHHOCTM B OTHOUICHNH IOTOKOB HMOHOB, MHOCTHTAIOIINX
IUTACTUHBL [IJI1 yCTpaHEHUs 3TOi HEONpPENEJICHHOCTH U
pacxoxnennss 1, ObUI TPOBENEH aHAIN3 BIIMSHUS TpPeEX
KJIIOYEBBIX IIApaMETPOB, 3aJI0KEHHBIX B MOJEJIb, @ UMEHHO
HOJBMYKHOCTH MOHOB (I, 0, KOHCTaHThl A, peryJmpyomei
3aBUCHMOCTb TOABWXHOCTH OT HaNpPSHKEHHOCTH 3JIEKTPHU-
4eckoro monis E, m skBuBasieHTHOH Mommoctd Wic,. s
pellleHus] IaHHOM MpoOJIeMBbl HapaMeTpbl, MEPEYUCIICHHbIC
BBIIIIC, BAPHIPOBAIACH TAKIM 00pa3oM, 9TOOBI MOXKHO OBLIIO
BBISIBUTb Pe3y/IbTaT UX BJIUSTHUS HA MOJIEJIb.

Wcnone3oBanue ypaBHeHusi (4) obecreynBaeT BHINOJ-
HEHHE KPHUTEPHEB MPUMEHUMOCTH MOJIEIN B YCJIOBHSX
HHU3KOTO MAaBJICHUS, a TaKKe MOMyCKaeT €€ 3SKCTparoJis-
M0 32 IPEAeIbl WCXOMHBIX OTPaHMYCHUI 10 JABJICHUIO
(< 10mTorr) [11], mockobKY MOTUGHUIIMPOBAHHAS OIBHK-
HOCTb, TIPEIUIOKCHHass B paboTe, ydunThBaeT apeiidoByio
CKOPOCTb Uy Hapsay C TEIUIOBOH u,. YCpEOHEHHasl YacToTa
CTOJIKHOBCHHI ITPUHUMACT BHI

3 9 2
5 U T Uy

: (6)

Vm,i =
AMFP

rae Ampp — IUIMHA cBobomHoro mpobera. [peiidosas cko-
POCTDb B CHJIHOM 3JICKTPHYECKOM Tosie E onpenesseTcs Kak

qAvFp
Ug = E N (7)
n;
rae m; — Macca MOHa. DTO OOBSICHSICTCS TE€M, YTO B CHJIb-

HBIX 9JIEKTPHYECKHX HOJIAX JpeiidoBast CKOPOCTb BUKCHNUS
YaCTHIl 3HAYUTEJIBHO MMPEBBILIACT TEIIOBYIO cKOpocTh. CTo-
UT OTMETHUTh, YTO (OpMy/ia NOABIKHOCTH ObUla HaiiieHa
B pabore [5] Ha ocHoBe Merona Bambe. B pamkax aroro
norxona GopMyJIa JUIf 4acTOTHl CTOJIKHOBEHHI HMPHHAMAeT
CIIEYIOIUHA BU:

3,2 1,2
\/i”rh+“d

\/g 8KT, | q/lntm E

v . . 2 mm;
i AMFP AMFP
o; ,P [12KT KT;
- o + q : E7 (8)
KT, aTm; m;0 Py

I€ py — UMITYJIbC.

OyHKIUA pacnpenesieHus HOHOB 10 3HEPIUsM PacCUUTHI-
BaeTCA METOIOM TPACCHUPOBKHM YaCTHI[ B CaMOCOIJIaCOBaH-
HOM 3JIEKTPHYECKOM II0JIE, ONPENEIAEMOM 4Yepe3 IPafiueHT
noteHaia: £ = —VV. HavanbHele CKOPOCTH HMOHOB 3a-
JAITCA CJIydaifHbIM 00pa3oM B COOTBETCTBHU C MAaKCBEJI-
JIOBCKUM PpAacCIIpeieJICHHEeM, YCPETHCHHBIM Ha PacCTOSHHUU

KypHan TexHuyeckon comsmku, 2026, Tom 96, Bbin. 1

z =15.5cm or nomioxku. JuHaMMKa 4acTHUI[ MOJEIHUPY-
€TCA ypaBHCHHAMH [BYKCHHS:

av, = W 5, 9)

m
Vi(new) = Vi(old) +AV,, (10)
AX = Vi(new)At’ (11)

rae At — BpeMeHHoH mar, a V; — ckopocTb HoHa. [locie
CTOJIKHOBEHHSI MIOHAa C IIOBEPXHOCTBIO €T0 KHHETHYECKast
SHEPTUsl PErucTpUpoBajlach M A00aBisyiack B olmee pac-
TIpe/ieIICHIE.

TpaccupoBka npoucxoqusia ¢ AONOJIHUTEIbHBIMU YCIIOBH-
AMU:

® KOJIMYECTBO Tpaccupyembix dactui; N = 500—2000
(BBIOOp 3aBuCHT OT 4acToThl BY cMmemienus v, s). YBenn-
yerne N > 2000 me3naumtenpHO BimsieT Ha (opmy IEDE,
obecrieunBas JIMIIb CTIIaKABAHIE IITYMOB;

e BpeMeHHOH ~ mar:  t = or2.5-10710s (nos
v,y =2MHz) no 6.66-10"!'s (nma v, = 30 MHz)
7.4-10" s, Hns 00JIBbIIMHCTBA SKCIEPUMEHTOB
UCIOJIb30BajIach vactora v,.r = 13.56 MHz ¢ BpeMeHHBIM
marom 7.4 - 10~

Taxxe B cBA3M ¢ OOJIBINIOI IJIMHOU CBOOOMHOTO Tpodera
HOHOB (Ampp > d),) THE d), — pa3Mep CJI0s IPOCTPAHCTBEH-
HOT'O 3apsa, y4eT CTOJIKHOBEHHMI MOHOB C HEUTpajaMH He
npousBonwics npu pacyere IEDF. Ho crout otmMeTuts, 9To
HPOCTPaHCTBEHHO-BPEMEHHAs 3aBUCHMOCTS E (x, 1) BKITIOYa-
€T BKJIaJ] CTOJIKHOBUTEJIbHBIX IPOLIECCOB Yepe3 M3MEHEHHE
MOTEHIINAIIA TIa3MBblL.

Pacuer IEDF BbeIMONHAETCA MOCJIE HOCTIXKEHUS CTalld-
OHApHOTO COCTOSIHHS, OIPEACISIEMOro IO CTaOMIM3aLiA
TaKUX [1apaMeTPOB Kak: KOHLIEHTPALHs 3JIEKTPOHOB U HOHOB,
TeMmreparypa 3JIEKTPOHOB, IOTOKAa HOHOB M 3JICKTPOHOB
K NOBEPXHOCTH, HaIpsHKEHUS cMelleHus. Kpurepuem cra-
LIHOHAPHOCTU OBLUIO OTCYTCTBUE KaKUX-TMOO M3MEHEHUi
Jn00, TAe U3MEHEHUsI OOBACHAIOTCS BJIUSHAEM HaIPSHKCHUS
CMEIICHNS, NMPUBOAAIIETO K TaKMM HM3MEHEHUSIMH B Tede-
i 0.1 s.

CKopocTb pacnbUIeHHSI Sy ONPEAesseTcs Kak:

SY = YFi,y, (12)

rae I';, — TMOTOK MOHOB copTa Y Ha MoBepXHOCTb. CToHT
OTMeTHTb, 4TO [, OBUT OICHEH B COOTBETCTBHU C MOJ-
XOIIOM, M3JIOKEHHBIM B [19], misi citosi oGbeMHOTrO 3apsia.
KoHueHTpanusi HOHOB Ha TpaHHIE CJIOSl PACCUUTHIBAIIACH
KaK KOHILICHTpAIMsl JICKTPOHOB B IIEHTPE peaKkTopa AejIeH-
Has Ha OCHOBaHWE HaTypasJbHOro Jiorapupma. CKOpoCTb
WOHOB Ha 9TOH TPaHHIEC NPHUHMUMAIACH MPUOIH3UTEIIBHO
paBHoit 1.6 ckopoctn Boma, corsacHo [19], a wurorossiit
IIOTOK BBIYUCIIAJICA KakK NPOM3BEICHUE KOHIEHTpaLUM Ha
CKOPOCTb.

JJIsl OLIEHKH AEHCTBHsL, MPOU3BOIMMOIO MOTOKOM HOHOB
Ha TIOBEpXHOCTH 0OpabaThiBacMOW IIJIACTHHBI, BBOIUTCS
koapdumment pacmeiieHnss Y, 3apucsmmit ot IEDF, m
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Experimental data of
Langmuir probe
diagnostic (n,, T,)

4 Hydrodynamic model of
plasma in COMSOL:
Equation from [11]: 4.1-4.6
Ion mobility and changes in

\_the model: equation 4-8

Theoretical estimate
of the ion flux
according to [19]

Sputtering yield
[ Self-consistent ) coefficient
electric field data (equation 13)
depending on E
from data [20]
( Kinetic model of ) J
IEDF (python) Sputteripg yield
| Equation 9-11 equation 12

Puc. 1. Cxema Monesm.

onpenenﬂewﬂﬁ KaK OTHOHICHHEC 4YMCJIa aTOMOB 06pa3ua,
TIOKMHYBIIUX €TI0, K YUCJTY yHaBIINX NOHOB:

Y =2gYg yNEy/Nny. (13)

3nech Yg,, — 3Hepro3aBUCHMBbIN KOI(QOHUIMEHT pachblie-
HUS U1 MIOHOB COPTa y, B3ATHI U3 SKCIEPHMEHTAJIBHBIX
manHbIX [20], Ng,, — 4HCIIO HOHOB ¢ 3Heprueit E, Ny, —
obmiee 4nucsio HOHOB copTra y. CTOUT OTMETUTH, YTO B pado-
Te [20] ykasajn Ha 3HAYUTEJIBHBIA BKJIAJl METACTaOWIbHBIX
COCTOSIHMI M BakyyMHOro Y® wu3jyuyeHusi B paclbulcHUE
B OKCIEPUMEHTE C MOHAMU aproHa U KCEHOHa C HHU3KUMHU
sneprusivit (E < 100 eV), KoTopoe MOXKET BJIMSATh Ha IOJTy-
YaeMbIe pe3yJIbTaThl CKOPOCTU PACIIbLIICHHSL.

IlomHoe ommcaHme pa3pabdOTaHHOW THOPWIHOW MOJIEIIH,
OOBEIMHSAIOIIEH THAPOIMHAMUYCCKHN pacyeT IapaMeTpoB
IUIa3Mbl 1 KMHETHYECKOe MOJeIMpoBaHue GyHKIUM pacipe-
nenennst wonoB mo sHeprusiMm (IEDF), mpencraBrieno Ha
puc. 1. Mogesnb BKJIIOYAeT:

1) mpoBeneHKE 30HIOBOI THATHOCTHKHY;

2) runponunamudeckuii 610k COMSOL ¢ Momudumpo-
BaHHOI1 MOJBMYKHOCTBIO HOHOB;

3) xuHeTHYecKuii OJI0K MJIsi TPACCUPOBKU YaCTHI[ B CAMO-
COIJIACOBAaHHOM IIOJIE;

4) pacdeTr CKOPOCTH PacIbLICHHSL.

3. Pe3synbrarsl

PazpaboranHas Moznesb, peaau3oBaHHass B IPOrPaMMHOM
nakere COMSOL ¢ wncnonb3oBaHUEM  CIICIMAIA3APOBaH-
HOTO MOJYJISI TPAaCCHPOBKH YaCTHII B CaMOCOIJIACOBAHHOM
9JICKTPHYECKOM moJie (peanm3oBaHa Ha Python), mosBo-
JIWJIa TIPOBECTH KOMIUIGKCHBI aHaJIN3 BJIMSHHSA KJIIOYEBBIX
napameTpoB Iwiasmel Ha IEDF u ckopocTh pacnbuieHUs

KpeMHMs. B maHHOI Momenm pean30BaHO THAPOIMHAMMIYC-
CKOE OITIICaHME CJIOS] TIPOCTPAHCTBEHHOT'O 3apsifia C YyIeTOM
MOIU(HATIPOBAHHOM TOABIKHOCTH MOHOB Ha OCHOBE JKCITe-
PUMEHTAJIbHO MOJIYYEHHBIX JaHHBIX 1, U n,, SBJIAIOMUXCS
BXOTHBIMH JAaHHBIMUA MOJICJIH.

3.1. 3KcnepumMmeHTanbHble AaHHbie

PesysbTaTsl 30HOOBBIX W3MEPEHHH NPEACTAaBJICHH Ha
puc. 2. Ha puc. 2,a mnokasana 3aBucumoctb 1, W n, OT
nasienusi B auanasone 5—20mTorr. C pocTtoM maBicHUS
HaOJmogaeTcsl JIMHEHHOE YBEJIMYCHUE KOHICHTPALH DJICK-
tporoB ¢ 1.1-10'" o 2.5- 10" em™3. OnnoBpemenHo
9JIGKTPOHHAsI TemIeparypa cHmkaercsa ¢ 3.05 mo 2.5eV,
YTO CBfI3aHO C YBEJIMYCHHEM YacTOTHI 3JICKTPOH-aTOMHBIX
CTOJIKHOBCHHH ¥ TIOTEPEH SHEPIHH JICKTPOHAMIL.

Ha puc. 2,5 nponeMoHCTpHPOBAHO BJIMSHUE MOIIHOCTU
reHeparopa Ha napaMeTpsl IwiasMsl. [Ipy moBeimeHny Mo
Hoctu oT 500 mo 2500W T, ciabo Bospactaer c 2.68
no 3.33eV, a n, yBenuuuBaeTcs MPAKTUYECKU MPOMOPIHU-
oHambHO MommHocth — ¢ 1.0- 10" 1o 3.2-10'em™3.
Takoil poCT MOIIHOCTH NPUBOOUT K YBEJIMYCHUIO SHEPIUH,
nepenaBaeMoil ayiekTpoHam BY mosjem, 4ro ycuiuBaer
HOHM3AIMIO W, KaK CJIC[CTBUE, HE3HAYMUTEJSIbHO IOBBHIIAET
9JIEKTPOHHYIO TeMIlepaTtypy.

Ha puc. 2,c¢ orpaxeHo BJMAHHE YBEJIMYEHUS HOJIM Kce-
HOHa B IuIa3mMooOpasytomeit cmecn Ar/Xe. Ilpn mome Xe
o 6.2 % mabmonaercst peskoe manenne T, ¢ 3.1 mo 2.2¢eV,
o0ycJioBJicHHOe OoJiee HU3KOIM 3HEprueil MOHW3alih Kce-
HOH4, YTO CMeINaeT OajaHC HMOHM3alMu B Moib3y Xe'.
Ipu paspreiimem ysermyennu noiu Xe (> 30 %) pocr n,
samemsiercst (¢ 5.0 - 10! 10 6.0 - 10! em™3).

3.2. HacTtpoiika noaBNXXHOCTU

Kak yxxe ObUIO cKa3aHO paHee [ yCTpaHeHus Heonpere-
JICHHOCTH IIOTOKOB MOHOB U pacxoxaeHus B T, HeoOX0auMo
IIPOBECTU aHAJIU3 BJIMSAHUA TpeX KJIOYEBBIX MapaMeTpoB,
3aJI0’KCHHBIX B MOJIEJIb, & UIMCHHO TIOIBIMKHOCTH UOHOB Ly 0,
KOHCTAHTBHl A, Peryjupymoneil 3aBUCUMOCTb HOIBHKHOCTH
OT HaNpsHKEHHOCTH JIEKTPUYECKOro mojsd E, U HDKBUBa-
JieHTHO! MommHocTH W ,. PesynbraTsl MoneMpoBanus mo-
Ka3ajly, 4TO M3MEpEeHHe BJIOKEeHHOH MomHocTu Wi., 6e3
W3MEHEeHUs] OPYruxX [apaMeTpoB NPUBOAMWIO K CHJIBHOMY
M3MEHCHHIO KOHLICHTpAlMK MOHOB (4eM Oosbine Wicp,, TeM
GosbLIe 1, ), HO TIOYTH HE BJIMSICT Ha JICKTPOHHYIO TEMIIepa-
Typy. Ilpy BapbMpoBaHHMY NMapaMeTpa [y o NP COXPAHEHHU
IpPYTUX TapaMeTpoB ObIJIO OOHAPYXKEHO, YTO IMOABMXHOCTB
perymupyer 7, (4eM BbIIE (9, TeM Bbmme I,), a Ha
KOHIICHTPALIMIO NOHOB BymsieT cyabo. Ilapamerp A B cBoIO
odepeNlb IIOMOraeT COIJIACOBBIBATH MOTOKH HOHOB C 9KC-
HEepUMEHTOM, Korma Wy o U Wi, B MOOeNIH HOmoOpaHBI
TaKUM 00pa3oM, 4TOOBI MOJIyYaIoch HEOOXOMMMOE 3Hade-
nue T, u n,. CTOMT OTMETUTb, YTO HapamMeTp [y o B
CJTydae T'a30BBIX CMeceil BapbHPOBAJICA IS HOHA KaXKIOTO
TUIA TaKUM 00pa3oM, YTOOBI COXPAaHSIOCh MX HCXOTHOE
OTHOIICHUE UAr 0/HXe,0, TIOTYICHHOE MPU TEOPETHYCCKOM
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Pwuc. 2. 3naueHus T, u n, B 3aBUCUMOCTH OT: @ — naBJieHus1 B Kamepe npu Wi, = 800 W; b — momHoctu ICP npu p = 10 mTorr; ¢ —
noym Xe B wiasMoobpasytomieit cmMecu npu p = 10 mTorr, W, = 1500 W.
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Puc. 3. Jlona woHos Xe' B miasMe TpU BapbUPOBAaHUM Mapa-
MeTpa A ¢ coxpaHeHueM Tpebyemoii T, U n, B 3aBUCEMOCTHU OT Ha-
YaJibHOU 1oy Xe B Iu1a3moo0pasytomieit cmecu nipu p = 10 mTorr,
Wiep = 1500 W.

KypHan TexHuyeckon comsumku, 2026, Tom 96, Bbin. 1

pacdere. OCHOBHas CJIOXKHOCTb ObUIa B BapbUPOBAHUH IIa-
pameTpa A B Ta3oBBIX CMecsX, KOIa ObUTO OOHApy:KEHO,
YTO AaHHBI MapamMeTp MOXET BJIMATD Ha COOTHOIIEHHE
MIOTOKOB MOHOB H3-3a 4Yero TpeboBasiaCh MUHHMH3HPOBATh
ero BiusHHE. B Xome pacdyeroB OBUIO OOHApYKEHO, YTO
HACTpO#iKa mapameTpoB Wy o U Wi., B Mofenn HeoOxomuma
TakuM 00pa3oM, YTOOB OHM OBUIM MWHWMAJIBHBIMHA JIJIST
TOCTIXEHUS HeoOxomumoit T, TIpu COXpaHEeHUH 7,. JlaHHBII
TIO/TXO/T TIO3BOJIMJT BaphUPOBATh MapaMeTp A MPOU3BOIBHBIM
00pa3oM W IpU 3TOM IPAKTHYECKU HE BJIUATb Ha IOTOK
HOHOB 3a cueT Hu3MeHeHHs napamerpa A. Takxum ob6pa-
30M, NIPH BapbUPOBAHUM MapameTrpa A B auamaszoHe oT 0
no 103 Pa-m/V He 6bl10 pa3bpoca MOJIM HOHOB Ka)I0ro
copta bosee 4yem Ha 1 %, ecm B mmasMoo0pasyroreil cmecn
6p110 He 6ostee 50 % momm Xe, a mpu GosbIIEM conep)KaHAN
MIOTPEIIHOCTh BO3pacTasia, Kak BUAHO Ha puc. 3. [Ipm atom
THOBIDKHOCTS Ly (E) BappupoBanach B auarnasone 0 10 iy o.
CToHuT OTMETHUTD, YTO JAHHBII AJITOPUTM IOATOHKU IMO3BO-
JISJT MEHSAITh B OOJIBIIMHCTBE CJTy4aeB JIMIIb JBa MapameTpa
13 TPEeX W IpPU 3TOM HE 3aTparmBasi OCTaJIbHBIC CBOWCTBA
IUIa3Mbl B TIEJIOM IS JTOCTIDKCHHS SKCHCPHUMEHTAJIBHBIX
3Ha4YcHUM 7,.



64 P.P. XanunynmuH, B.O. KysbmeHko, A.B. MakoHbkux
a b
[T T ] T T T T T ]
: : 1016 E
1017 3
: ] 100 F E
el [ | |
= I | —_ 10]4 3 é E
21016 = E ~*-Jondensity (V,;=5V) 3
2 H % N o londensity (V,;=35V) 1
S i 3 S 107 g ~o-Jondensity (V,;=75V) 3
4 Al F ) londensity (V,;=105 V)]
’ - Electron density | 1012 E/ —*=Electrondensity (V,y=5V)
1015 F -+ lon density e 24 Electrondensity (V,;=35V)
E - Xe lon jenf ity ] L —— Electrondensity (V,y=75V)
- T fon densily 1 101 Electrondensity (V;y=105V)
| | | | | | | | | 1
0 0.1 0.2 0.3 0 5 10 15 20 25 x107%
x-coordinate, m x-coordinate, m
Puc. 4. PacnpenesneHue 3J1eKTPOHHOH M MOHHOM KoHueHTpaimu npu p = 10mTorr, Wi, = 1500W: a — ssisromieiicss cymMMoit

KOHHCHTpaI.[I/Iﬁ HOHOB Ar 1 Xe; b — B obnactu ciost IPOCTPAHCTBEHHOI'O 3apsAna B 3aBUCUMOCTH OT aMIUIATYAbl HAIIPSKEHUST CMEIICHUSA

npu v,y = 13.56 MHz.

Anamu3 1EDF u ckopocTu pacnbUICHHS! BBISBIUIM OYEHBb
cylaboe BIIMAHUE (I, () Ha CPENHIO SHEPIHIO paclpenelie-
Hust (E,y < 1eV) u umpuny pacnpenenenus (AE < 2¢eV)
0CJIe HOArOHKU Pe3y/IbTaTOB [UIsl YIOBJIETBOPEHHUS [IOCTAB-
JICHHBIX TpeOoBaHuil. KoHewHbIil pe3ysbTaT ompenesieHust
CKOPOCTH PAaCIBUICHUS IIOKa3aJl, YTO MONBHKHOCTH Ly o
[PAKTUYECKH HE BIIMSIOT HAa CKOPOCTb PACIHBUICHHS, IPU
YCJIOBUM PABEHCTBA OTHOIICHUS Ar0/MHXe,0, MOTYYSHHO-
ro mpu Teopernieckom pacuere. Ho B To ke Bpems C
YBEJIMYCHUEM HOIBUKHOCTEH 0, IPH COXPAHCHUM OTHO-
IIEHUA UAr0/HXe,0 PACTET pa3bpoc MONM IIOTOKAa HOHOB
O[THOrO COpPTa Ha IUIACTHHY H3-32 Yero HCIIOJIb30BaJINCh
MUHMMaJIbHbIEe 3HAUEeHHS MOABIKHOCTEH L1y o, HEOOXOIUMBIE
ni1a nomydenuss HyxHoil T,. Taroke mpu HacTpoiike Koag-
(GULMEHTOB UAr 0 M UXeo VI KOKIOTO rasa COXPaHSAJIOCH
HICXO[HOE OTHOLICHHE KO3()(UIMEHTOB IMOJIYYEHHOTO IPH
TEOPETHUYCCKOM pacdeTe Uy o o popmyre (5) ¢ HCIoIb30-
BaHHeM faHHbIX cevennit [11,12,21] npu Temmeparype rasa
T, = 560K. O HeoOGXomMMOCTH KOPPEKIMH IOJBHKHOCTH
[IPH OIPENIeSICHHH TEOPETHISCKON MOABKHOCTH TOBOPHTCS
B paborte [6]. YBeudeHHE ty o B ~ 2—3 paza OTHOCUTEIILHO
TEOPETHIECKUX OLICHOK OBUIO HEOOXOMMMO IS MOJIYYeHHUST
JICKTPOHHON TEMIepaTypbl B KOHLEHTPALUH, [TOTy4eHHOI
B Xofe 9KcrepuMmeHTta. JlaHHOE YBEJIMYECHHE IPOIEMOH-
CTPUPOBAJIO XOPOIIYIO CXOAUMOCTb C IKCIIEPHIMEHTaIbHBIMU
JaHHBIMH, HOATBEP/UB YCTOHYUBOCTb MOJEIIM K BapHaIusM
apaMeTpoB.

3.3. MMnasma Ar un Ar/Xe

IIpn MopmespoBaHMH IUTA3MBEl KaK OXHOKOMIIOHCHTHOTO
rasa Ar, Tak u rasoBoil cMmecu Ar/Xe MOJIy4aluch CTaH-
JapTHEIC IPOCTPAHCTBEHHBIC PACIIPE/IeIICHAS KOHIICHT A
YacTUI] Ta3a U 3JIEKTPOHOB, KaK IIPEACTaBJIEHO B puc. 4, a,

Ha mpumepe rasoBoit cmecu Ar/Xe c¢ 13% posneit Xe B
IJ1a3MO00pa3yloleil cMecd NMpH OTCYTCTBUU HaNpsHKEHHS
cmenieHns. Ha maHHOM pricyHKe BHJIHO, YTO KOHIICHTpAIWS
B IICHTPE COOTBETCTBYET JIAHHBIM 30HIOBOI JMarHOCTHKH, a
cama IUlasMa gBJIdeTCcd KBasMHEUTpaIbHOU. 'a3oBad cMmech
TaKKe MOKa3bIBAET paclpeesicHue KOHIEHTpaluii HOHOB Ar
U HOHOB X€, KOTOpBIE B CyMMe TOKa3bIBAIOT IPOCTPAHCTBEH-
HOE paclpefieJIeHue HOHOB.

Bonee neranbHO 06s1acTh €J1051 MPOCTPAHCTBEHHOTO 3aps-
na (BOJ3M 2JeKkTpoma) Ha puc. 4,a mokasaHa Ha puc. 4, b,
KOTODBIII TOKAa3blBaeT JAHHYIO 00JacTb B HPUOJIMKCHUH.
JIoNOTHNTENTPHO HA 3TOM PHUCYHKE IOKa3aHa 3aBUCHMOCTH
KOHLIEHTPALlMA 3JIEKTPOHOB 7, W HOHOB 7; B CJIO€ IpH
BapbUPOBAHMU AMIUIMTY/bl HAIPSIKEHUA cMelleHuss — V.
Ha puc. 4, b BunHoO, uTo Ipu yBeauveHun V, ; Habmonaercs
YBEJIMYEHHE 00JIaCTH MPOCTPAHCTBEHHOI'O 3apsa, 4To 00y-
CJIOBJICHO POCTOM HAlpsHKEHHOCTH 3JICKTPHYECKOTO TIOJIS B
cioe. DTO TIOJIe HapymlaeT KBasMHEHTPAIbHOCTH ILIA3MBI,
pasnenss 3apsHKEHHBIC YaCTHUIIBL 3JICKTPOHBI BBHITAJIKUBAIOT-
csl BIUIyOb OOBEMHOI IUIa3Mbl, @ MOHBI KOHLEHTPHUPYIOTCSA
BOJIN3HU 3JIEKTPOfA.

Ha puc. 5 nwimocTpupyeTcs cMOAeIMpPOBaHHOE paclipe-
JeJICHUE 3JIEKTPUYECKOro IMOTEHIMala B peakTope, MOKa-
3bIBAIONICE BJIMSTHAC aMIUTUTYIbI IEPEMEHHOTO HaIlpsKeHNUS
Ha [AMHAMHUKY CHUCTEMBL. B pamkax momesm JieBas CTEHKa
(x = 0) momBepraercst BO3ICUCTBHIO CHHYCOUIAIBHOTO CHI-
HaJla ¢ aMIUIUTYynoi 5V, a mpaBasi crenka (x = 315 mm) 3a-
3eMJIeHa. Pe3ynbTaThl aHasIM3a BJIUSAHUS aMIUIATY/BI 10aBa-
€MOr'0 CUTHaJIa CBUJIETEJIbCTBYIOT O COXPaHEHUH IPOCTPaH-
CTBEHHOH CTPYKTYpBI paclpenesieHHsl IMOTEHIMaIa MPH KO-
JIeOaHNAX HANPSDKCHUS CMEIICHUS.

Ha puc. 6,a nokasana BpeMeHHasI 3aBICHMOCTD TIOTCHITH-
aJIOB Ha 3JIEKTPOAe U B IeHTpe peakropa npu V.r = 50 V.

XypHan TexHuyeckol duauku, 2026, Tom 96, Bbin. 1
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Puc. 5. PacnpenencHue 3JIEKTPUYECKOTO MOTEHIMAIA IIPH

p = 10mTorr, Wic, = 1500W, V.y =5V, v,y = 13.56 MHz B Te-
YeHHE OJIHOTO IEepHoa: d — IO [UIMHE peakTopa B IuiasMme Ar,
b — npubsmkeHre B 00J1aCTU IJIa3MEHHOTO CJIOS.

Ilpu oTpunartenabHOH MoNyBoHE V,; NMOTEHLMAN B LIEHTPE
OTpaHMYMBACTCS IUIA3MEHHBIM TOTSHIINAJIOM, TaK KaK 3JICK-
TPOHBI, 00JIAJAIONINE BBICOKON MOJBIKHOCTBIO, MTHOBEHHO
9KpaHupyloT mosne. IIpu monoxuTenbHOH momysosHe V. p
MOTEHIIMAJI B IIEHTPE MOBTOPSICT XapaKTEPUCTHKU ITOTEH-
I1ajia JIeKTPoNa, TaK KaK MACCHUBHBIC MOHBI HE YCIIEBAIOT
pearupoBaTh Ha OBICTpbIE M3MEHEHHsI BBICOKOYACTOTHOTO
TTOJISL.

Ha puc. 6, b nponemoHcTprpoBaHo 3¢ deKkTHBHOE Hamps-
JKeHHe CMeIeHns1, GpopMupyomeecss B Mofesn. ACUMMeT-
pusi HAOJTIOIaeMbIX KOJIeOaHMil BEI3BaHA PA3HOCTHIO TTOIBHNK-
HOCTEi 2JIEKTPOHOB ¥ MIOHOB, M M3-32 YETrO MOJIOXKUTEJIbHbIC
U OTpHLATESIbHBIC TOJIYBOJIHBI MO-Pa3HOMY SKPaHHPYIOTCS
3apsiIoM, OKa3zaBHIMMCs B 0ObeMHOM ciioe. [losydeHHble

a
60 B T T T =
L — Center point i
>0 - Table P
40

Electric potential, V
o
T

0 2 4

Time, s

x10-8

pe3yJsIbTaThl COIJIACYIOTCS C MaHHbIMH pabotsl [1], rme
aHaJIorM4Has acMMMETpusi Oblla IOJydYeHa B XO[E JKCIe-
PMMEHTAJILHOTO MCCIIEIOBaHUS.

3.4. Pesynbratbhl MmogenuposaHusa IEDF B nnasme
rasa Ar

Kak nokasanu pesynbratsl MofenpoBauust (puc. 7,4, b),
aMIUTMTYJa HalpsDKEHHUsl CMelleHUs V. p OKa3biBaeT Cylle-
creenHoe Biuanue Ha IEDF. Yeemaenune V, ot 5 1o 100V
MIPUBOAUT K JIMHEHHOMY pPOCTY CpEIHEd SHEprud HOHOB
E4, ¥ paclIipeHnIo INPHHEL pacnpenesieHus AE npakTude-
CKH JIMHEHHO. DTO CBS3aHO C YCHJICHHEM HaIpsKCHHOCTH
DJIEKTPUYECKOTO nojs E B cnoe dp, YTO yBEJMYUBAET
CKOpPOCTh MOHOB M COKpallaeT BpeMsi WX HpoJieTa depes
CJI0H. YMEHBIIEHUE BpPEMEHH IIPoJieTa MOHA 4epe3 CJIOH U
M3MEHEHHE YCKOPEHHUs B HeM BhI3biBaeT pacmupenue IEDFE
IIpu sTom BriIambiBaeMasi MOIIHOCTb cMmemnieHus W, < 1%
Wicp HE BJMAET Ha IapaMeTphl IUIa3Mbl B 00beMe KaMephl,
YTO IOATBEPXKIAAET JIOKAJIbHBIA XapaKTep BO3NEUCTBUSA V. r.

Bun IEDF B 3aBMCMMOCTH OT 4YacCTOTHI V,y IEMOHCTDH-
pyeT cuIbHOE M3MEHEHHE IMHUPHHBI pacnpenesieHus AE mpu
ciabom u3menenu E,,. Ismenenue IEDF npu noctosHHON
aMIUITMTY[e HalpsDKEHHUSA CMEIUEHMs V. OT YacTOTHl V¢
HPOEMOHCTPUPOBAHO Ha pHuc. 7, ¢, d. IIpu NoBbIIEHUH V, ¢
ot 2 go 13.56 MHz nmprHa pacrnpeneyieHusi COKparaeTcs
Ha 20 %—50% mnpn HOMOJHUTEIbHON BapHaly HaIpshKe-
HUS CMEIICHHS W [aBJICHUS WU3-32 YCPEIHEHUS JSHEPruu
HOHa 3a mepuop KojieOanus. Peskoe mnamenme E,, mpu
4acTorax v,y > 13.56 MHz 00bscHsA€TCS MHEPLMOHHOCTBIO
MOHOB, KOTOpPBIC HE YCHEeBAIOT 3((EKTUBHO pearnpoBaTh Ha
OBICTPBIC N3MEHEHHS JIEKTPUIECKOr'o TIOJIS B CJIOE C ITOCTe-
HEHHBIM YBEJIMUeHHeM v, ¢. IIpy yacToTax emie BbILE Xapak-
Tep IOBIXKCHUS MOHOB MEHSETCS, IIOCKOJIbKY M3-3a BBICOKOM
UHEpIMU MX IOBECHUE OMPENEIAeTCs] He MIHOBEHHBIMU
KoJIcOaHMSIMH TI0JIS, @ YCPEOHEHHBIM €r0 BO3IEHCTBUS, YTO
criocobcTByeT crabumsanyn E,,,. JlaHHBIA BEIBOZ cOTUIacy-

b
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Electric potential, V
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Puc. 6. Pacripenesnenue Hanpsbxenust cMentenus npu p = 10 mTorr, Wi, = 1500 W, V.p = 50V, v,y = 30 MHz: ¢ — nopaBaeMoro Ha
CTOJI ¢ 00pa3IoOM U B LIEHTpe KaMepsl, b — B CJI0€ MPOCTPAHCTBEHHOTO 3apsfa.
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Puc. 7. Oynxuyn pacnpenesicHusi HOHOB 10 3Heprusm: @ — npu p = 15 mTorr, Wi, = 800 W, v,y = 13.56 MHz; b — B 3aBucuMoCTH OT
V,s TpH pa3yMuHBIX HapaMmeTpax paspsana; ¢ — npu p = 20mTorr, Wi, = 800 W, V,; = 50V; d — B 3aBUCIMOCTH OT V,s HPH Pa3IMIHBIX
nmapaMeTpax paspaga; e — npu p = 10mTorr, v,y =30 MHz, V,; = 50V, f — B 3aBucumoctu ot Wj., IpU pasiIuIHBIX MapaMeTpax
paspsana; g — npu Wi, = 800 W, v,y = 13.56 MHz, V,; = 100 V; 7 — B 3aBHCHUMOCTH OT p IIPH Pa3IMYHBIX IapameTpax paspsya.

eTCsl C JaHHBIMH, TIOJTy4eHHBIME B pabote [22].
Veesmmuenne momnoctu ICP-reneparopa Wi, or 500
1o 2500 W BEI3EIBaCT MPOMOPIMOHATIBHEIA POCT IUIOTHOCTH
IUIa3MBl 7,, U TOBBILICHUE JIEKTPOHHOM Temmepartypsl T,
TospKO Ha 25 %. D70, B CBOIO O4epenb, NPUBOTUT K POCTY

YaCTOTHl MOHU3AUHA 1 N3MEHEHUIO COOTHOIICHHS CTOJIKHO-
BEHHUII 3JIGKTPOHOB C MOHAMU M HEHTPaJbHBIMH aTOMaMH,
YTO CHOCOOCTBYET HE3HAUMTEIIBHOMY CHIDKEHUIO E,, MeHee
gem Ha 10 % (puc. 7, ¢, f). Kpome toro, mmpuna IEDF yse-
smanBaetcst Ha 30 % BcriencTBre M3MEHEHHS pasMmepa CIios,

JXypHan TexHuyeckol cdousuku, 2026, Tom 96, Bbin. 1
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Puc. 8. ¢« — IEDF B ia3me cmecu Ar/Xe u IEDF uncthix ra3os; b — rpadyk cpeHeil SHEPrUd U IHUPHHBL PACIPECICHUsT OT I0JTH Xe
B IU1a3MO00pa3yoleil CMeCH IPH HEM3MEHHBIX IapaMeTpax paspsja U HalpsHKeHUs CMEILEeHHS.

CBSI3aHHOTO C M3MEHEHHEM JUIUHBI Jlebasi, COriacHO 3aKOHYy
Yaitnna—Jlenrmiopa, HNPUMEHMMOCTb KOTOPOTO B CiIydae
BY crost uccenoBana B paGore [1]. YMeHblieHue AIHHBI
Jlebast M3-3a HEMPOIOPLUHUOHAJIBHOCTH 1, U T, TIPUBOAUT K
HU3MEHEHUIO pa3Mepa CJIosl IPUMEPHO B 2 pasa.

Bimsinue naBiieHus p MPOSIBIISAETCS HEMHOTO HMHAYe: IpH
noseiieHnd p ot 5 mo 20 mTorr (puc. 7,g k) naHHbIC
MOJICJIIPOBAHUS TTOKA3bIBAIOT CJIA0YI0 3aBUCHMOCTb E,y H
AE ot naBiieHus. DTO CBSI3aHO C TEM, YTO P MOBBIICHUN
IaBJICHHSI BO3PACTACT KOHIICHTPAIMS YaCTHI B IJIa3Me, 4TO
MPUBOOHUT K YBEJIMYCHHIO YacTOTHl CTOJKHOBCHHI 3JICK-
TPOHOB C HEUTPAIBbHBIMA aTOMaMU M HWOHAMH, TPHBOIAS K
HEeOOJIBIIOMY CHIKEHHUIO 3JICKTPOHHOI TeMIepaTyphl, HO
3HAYUTEJIBHOMY POCTY IUIOTHOCTU IIJIa3MBl, U, KakK CJIel-
CTBHE, COKpAIIECHHWIO TOJIIIMHBI CJI0f OOBEMHOro 3apsja.
Otum ob6wsicHsierca ymupenue IEDF ¢ pocrom naBienHud,
a CHIDKCHHE CPEIHEl PHEPIHH BBI3BIBACTCSI CTOJIKHOBHUTEIIb-
HBEIMH TIOTEPSIMH B CJIO€.

5% JKypHan TexHuyeckon cusuku, 2026, Tom 96, Bbin. 1

3.5. Pesynbtathl MogenuposaHua IEDF B nnasme
cMmecu rasoB Ar/Xe

BBeneHne kceHOHa B aproHOBYyIO IUiasMy (puc. 8,9) BbI-
SIBAJIO CYIIICCTBEHHBIC PA3JIMYMs B TOBEICHNH JICTKAX HOHOB
aproHa Ar" u TsDKeNBIX MOHOB KceHoHa Xe™'. JloGaBiieHune
KCEHOHA B IUIa3My aproHa npuBoguT K ymwmpenuto IEDF
mist Art oor 20 go 34eV u ymwmpenmo miast Xet or 10
1o 22 eV B 3aBUCUMOCTH OT J0JIM Xe B IIa3Moo0pasyomiei
CMECH W3-32 pasjiMyMsi B SHEPrHM MOHW3ALMH W IOBBIIIC-
HUS HaIllPSHKEHHOCTH 2JICKTPUYECKoro mousst B cioe. CTout
OTMETHUTh, YTO HMOHBI Xe' IEeMOHCTpHpYIOT Gosice y3Koe
SHEPreTHYECKOE paclperesieHne u3-3a OOJIbIICH Macchl IO
CpaBHEHHIO ¢ MOHamu Ar' B IU1a3Me ra3oBbix cMeced. Uro
Kacaercsi paBeHcTBa ImupuHbl IEDF uncroil miasmel rasa
Xe u Ar, TO CyKeHHE CIIEKTpa M3-32 MAacchl MOHOB Xe'
KOMIICHCUpYeTcsl 0ojlee TOHKHM cJIoeM U Oosiee BBICOKOM
HalpsHKEHHOCTH TIOJIL B CJIOE BCJICACTBUE W3MEHEHUS [UIN-
Hol [Jlebas. Taxxe Ha puc. 8, BHAHO, 9TO MPOUCXOTHUT
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Puc. 9. ¢ — 3aBUCHMOCTD MOTOKA MOHOB HAa MOBEPXHOCTH IIACTUHBL, b — KOI(P(UIMEHT PACIBUICHUST, ¢ — CMOJE/IMPOBAHHASI CKOPOCTD
pacibutennst Art u Xe™ B 3aBUCHMMOCTH OT Ha4aJIbHOM J0M Xe B IU1a3MO00pasyIolell CMeCH.

najeHue IMUPUHBL pactpenesieHus BOmmsu 20 % nobaBku
Xe B mIa3M0o00pasyoNyl0 CMeCh, MOCKOJIBKY MPOMCXOTUT
Tepepacipeie/icHie [MOTOKa HOHOB B MOJIb3y HOHOB Xe't
(puc. 9,a) B COBOKYNHOCTH C HM3MCHEHHEM OJICKTPOHHOI
TEMITePaTyphl ¥ KOHIICHTPALIHIL

JlnHamyKa IOTOKOB HOHOB (puc. 9,a) IEeMOHCTpHUpYeT
HEJIMHEHHYIO 3aBUCHMOCTD OT COCTaBa ra30BOil CMECH:

o notok Art pesko magaer ¢ 45 - 1013 ecm=2-s7! (uncrhiit
Ar) mo 1910 cm=2s7! mpu 20% Xe, nocne uero
cHKaeTcst juHeiiHo 1o 3 - 101 ecm=2-s71 (63 % Xe);

omorok Xe!t  Bospacraer  mocraToyHo  GBHICTPO:
or 10-10¥em=2s7! (6% Xe) nmo 28-10cm~2.s7!
(36% Xe), ¢ MOCHACAYIOLMM IEPEeXoIoM K ciiabomy
uHeiiHOMYy pocTy oT 28 go 37-108cm~2s™! mpum
YBEMYCHHN [0ad Xe B IUIa3MOOOpasylolell cMecH
6ostee 35 %.

JlaHHOE TIOBEICHHE MOKHO OOBSICHHTH KOHKYPEHIICH
IIPOLIECCOB, BIMSIOIINX Ha MOTOK 3apsDKCHHBIX yacThil. ITpn
Masbix fo6aBkax Xe (< 20%) MOMUHHpYeT MOaBJICHHE
HoHM3aImMu Ar n3-3a GoJiee HU3KOTO MOTEHIINATA HOHM3AIHH
Xe u peskoro cHwkeHus: T,, 4TO YMCHbBIIACT TEHEPALMIO
Ar". TIpu poGaskax Bbuue 35% Xe Hab/OmaeTcss Hachl-

IIeHAE W3MEHEeHHUs II0TOKOB, CBA3aHHOE OoJjiee IJIaBHBIM
M3MEHEHHEM IapaMeTPOB IUIa3Mbl U npeobnananuem Xe't
B 00meM noHHOM noToke (6osiee 80 %).

B cBolo ouepenp TOYHOE YIpaBJICHHE SHEPreTUYECKAM
CIIEKTPOM C IIOMOIIBIO W3MEHEHUs COCTaBa ra3oBOH cMe-
CH TIO3BOJISICT B KOHEYHOM HTOI'C PEryInpoBaTbh MapamMer-
pBl pacnbuieHnsi. KoagduimenTt pacneiieHuss kpeMHus Y
(puc. 9,b), oTpaaromUii BEPOSITHOCTh PACIBUICHHS aTo-
Ma KpeMHHS OJHUM HOHOM, IOJYYeHHBII C HOMOIIBIO
HUHTEPIOJISIMN SKCTICPUMEHTAIBHBIX TaHHBIX 3aBHCHMOCTH
pacrblIeHisE KpeMHUsI OT sHeprud u3 pabotsl [20] u cMmo-
nemuposannbsit IEDF, pacter xak s Xe', Tak um s
Ar", HO Ya, npeBbilaer Yx. B ~ 1.7 pasa us-3a TOro, 4ro
Ar" s¢pdekTrBHEE IIEepeaeT SHEPrui0 aTOMaM KPEMHHSI, TaK
KaK COOTHOIICHHE HUX MacC OJIKe K ONTHMAJIbHOMY MJIS
MaKCHMAaJIbHO mepenavn [23] u u3-3a Toro, 9yro Ar™ mmeer
Gomburyio  ckopoctb. Ckopoctu pacmbuieHusi (puc. 9,c¢)
IEMOHCTPUPYIOT NMPOTHUBOIOJIOAKHBIE 3aBUCUMOCTH OT JIOJIH
Xe B 1uiasMoo0Opasymoomieil cMecH, T.€. CHWKEHHE BKJIajia
Ar™", CKOMIIEHCHPOBaHHOTO POCTOM TOTOKa Xe ', HO obmiast
CKOPOCTb IPH 3TOM MajaeT NPakTUYECKd B 2pasza u3-3a
MeHbIiero Yx.. Ckopocts pacisuieHust 1yt Xe™ Bospacraer

XypHan TexHuueckol dusuku, 2026, Tom 96, Bbin. 1
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B ~ 2.2pa3a npu 20% pnobaBke Xe, 9TO OOBSCHSETCS
CHIDKCHHMEM TMOTEHIIMAIA T1a3Mbl OTHOBPEMEHHO ¢ T, U Po-
CTOM 1,. MaKcMyM CKOPOCTH IOCTUTAETCsl JUTsl 9MCTOro Ar
(=~ 1.5- 10 atom/cm?-s), 4TO KPUTUYHO /ISl HU3KOIHEP-
reTHYECKMX MporeccoB. Ho CTOMT OTMETHTD, UTO NaHHBII
MaKCHMyM PACTbUICHHS COTIPOBOKIAETCS IOTOJTHHTE THHBIM
TIOBPEXK/IEHUEM HIDKEJICKAIIIETO MaTepUaa U3-3a MUPOKOt
(yHKIMM pacTiperiesieHust.

3.6. CpaBHeHMe pe3ynbTaToB MOAENUPOBaHMNA
N 3KCMepuMeHTa B nNiia3Mme CMecu rasos
Ar/Xe

Ha puc. 10 npencrasieHsl pe3ysbTaTsl CPaBHUTEIBHOTO
aHaJM3a MOJICIMPOBaHUSI M HKCHCPHMEHTAJIBHOTO HCCIIe-
IOBaHHUs CKOPOCTH pacmbuicHUs Kpemuus (Si) B IUTasMe
ra3oBOil CMECH aproHa M KCEHOHa, NOJIyYeHHbIE Kak Me-
TOIOM MAaTeMaTHYECKOro MONEJIMPOBAaHMSA, TaK U B XOfe
IKCIICPHMEHTa Ha YCTaHOBKE IUIAa3MOXMMHYECKOTO TpaBJie-
HUA. MonenmpoBaHie NeMOHCTPUPYET YCTONYMBYIO TEH-
OCHIMIO CHIDKCHUSI CKOPOCTH pacHbUIeHHsT Si 1Mo Mepe
yBeJIMYeHUs1 Hoau Xe B Iula3MooOpasymolueil cMecH: OT
0.4 ycioBHBIX equHUIl (a.U.) MPH MHHHMAJIbHOM CONEpIKa-
HIM KceHoHa /10 0.2 a.u. mpy ero BBICOKON KOHIICHTPAIUH.
OKcnepuMeHTaIbHBIC AaHHbBIC TOATBEPKAAI0T aHAIOTHYHYIO
3aBHCHUMOCTb, OTHAKO HaOmomaeTcsi OoJjiee peskoe MajicHue
CKOpPOCTU pacmbulieHus npu nodasieHun MeHee 20% Xe,
YTO HE IOJHOCTBIO BOCHPOU3BOOUTCS MOJENBIO. DTO pac-
XOXIEHHE MOXKET ObITh CBSI3aHO C OI'pPaHUYCHUSMH MOMEIIH,
KOTOpasi HE YYUTHIBAaeT psAn (pusndecknx 3¢pQeKToB, TaKnuxX
KaK BJIMSIHUEC BaKyyMHOTO YJIbTPa(uOIETOBOTO H3JTy9ICHHUS
U BKJIaJa METacTaOMJIbHBIX COCTOSHHMN B IPOLECC PAacCIbl-
JICHHUsI, KaK OTMEYEHO B MpEbIIyIuX uccrienosanusx [20)],
OTCYTCTBHE y4yeTa CaMOCMEIIEHHUS [0 IOCTOSSHHOMY TOKY, a
TaKKe TPYAHOCTEH B M3MEPEHHU PEajIbHBIX MOTOKOB MOHOB
Ha MOBEPXHOCTDb IUIACTUHBEI B KaMepe peakTopa, HeoOXomu-
MBIX IS pacyeTa CKOPOCTH PACIBUICHHUS MO Pe3yJIbTaTaM

1.0 T T T T T T T T T T T 1.0
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5 B experiment
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< £
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Puc. 10. CkopocTtb pacmbuieHUst B 3aBHCHMOCTH OT HadasIbHOM
moiu Xe B IUIa3M006pasyoleil cMecH. DKCIePHMEHT IPOUCXOINIT
npu ycnosusix p = 10 mTorr, Wie, = 1500 W, Ve ~ 30V.
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monennpoBanusi IEDF u3-3a 4ero cKopocTh pacHblICHUS
yKa3aHa B YCJIOBHBIX €IMHHUIAX. Takke CTOMT NPUHATH BO
BHIMaHHE, YTO BKJIa B KO (UIMEHTH pacHbUICHAS MOKET
OTJIMYATbCH OT OJHOH YCTaHOBKHU K Apyroil. CHIKEHUE CKO-
POCTH PacIbIJIEHUS IPU YBEJIMYCHUH JIOJI Xe 00bsCHAETCS
W3MEHCHHEM COCTaBa M JHEPreTHYCCKUX XapaKTEPHCTHK
HOHOB B IUIa3Me: TSDKEJIBIE aTOMBI KCEHOHAa YMEHBINAIOT
93¢ (PeKTUBHOCTD Mepeiauil SHEPIUi NOHAMHU K MOBEPXHOCTHU
Si, 4TO MPUBOAUT K ITOIABJICHUIO MPOIECCa PACIBUICHHUS.

3aknioyeHune

IIpoBenenHoe uccienoBaHue MPOIEMOHCTPUPOBAJIO BO3-
MOoxkHOCTU KoHTposisi IEDF depe3 mapameTpbl Hampsike-
HUS CMEIICHHWS, NaBJIeHWs M MomHocTu reHepartopa ICP
VI ONTHUMHU3AIMU IIPOLECCOB IUIA3MEHHOIO TPAaBJICHUS B
MHKPO- W HaHOIEKTPOHHWKe. PaspaboraHHasi ruOpumHas
MOJI€JIb, COYETAIOMAsl TUIPOANHAMUYECKOE ONUCAHUE CJIOS
npocTtpancTBeHHoro 3apsaaa B COMSOL Multiphysics u xu-
HETHYECKUI METO TPACCHPOBKHU YaCTHII, PEaII30BAaHHBII Ha
Python, no3Bosmu crucTeMHO IPOAaHAIM3UPOBATDL BIIMSHHE
TEXHOJIOTMYECKHX IapaMeTpoOB HA SHEPIETUYCCKHH CIEKTP
HMOHOB M CKOPOCTb PACIBUICHUS B HWHAYKTUBHO-CBSI3aHHOU
mwia3Me. Mopenb Oblla BepuHIUPOBaHa MO SKCIEPUMEH-
TaJbHBIM [aHHBIM 30H/IOBOHM IWAarHOCTHKH W MO3BOJIJIA
nonydats IEDF, Ha ocHOBaHMM KOTOPBIX MOXKHO OILICHHUTD
CKOPOCTb pAacIbUICHHs] NOBEPXHOCTH IpPU YCJIOBHU HaU-
YW DKCIICPUMEHTAIBHBIX ITOTOKOB HOHOB, JOCTHUTAIONINX
MOBEPXHOCTU IJIl JOCTIDKEHUS] Ka4ECTBEHHOI'O COIJIacHUs C
9KCIICPUMEHTOM.

® VYBeJIMYECHHE AMIIIUTYABl HANpsHKEHHS CMelleHus Vs
JITHEHO TOBBINAET CPEHIOI 3HEPrui0 HOHOB E,, W
pacmmpsieT mmpuHYy pacopenesieHnss AE 3a CUeT ycuule-
HHUS HaIpsKEHHOCTH 3JIEKTPUYECKOro moss B cioe. Posb
4acTOThl V,y 3aKmouaerca B cyxenun IEDF Onaromaps
YCPEIHEHUIO SHEPTUH 32 MEPHON KOJIeOaHil, YTO KPUTHIHO
IUT MAHUMU3AIAA 3HEPreTHIeCKoro pa3dpoca B Imporeccax
ALE.

e YBesmmdeHne momHoctd Wi, 1o 2500 W mosbima-
€T 9JICKTpOoHHYyI0 Temmepatypy 7, Ha 25% U mOBHILIACT
IUIOTHOCTh IUIa3Mbl #,, NpUBOAsA K pacmmpenuto IEDF
n3-3a yMeHbIIeHus1 febaeBckoil mmHBL [lpm maBieHMAX
> 10mTorr mepexon B CTOJIKHOBUTEJBHBIN PEXUM YMEHBb-
maet E,, Ha 25 %.

e JTobaBka Xe (> 15%) BembiBact pacumpenue IEDF
mist Art, MeHee BBIPaKCHHOC IO CPaBHEHHIO C paclIMpe-
HueM Juisi Xe', W3-3a TOro, 4TO TSKEJBIE MOHBI JOJIBIIE
IOBIKYTCA depe3 ciioil. Taxke cocTaB ra3oBOil cMeCH CHITbHO
BJISICT HA AWHAMUKY ITOTOKOB MOHOB, IIPUBOAS K PE3KOMY
najfieHuIo MoTokoB Art ¢ go6askoit Xe < 60 % u3-3a nogas-
JieHus1 noHM3auuu Ar B nosibdy Xe. [lpu manbHeiimeit mo-
6aBKe KCEHOHa B IJIa3MOOOPa3yIOIIyl0 CMeCh HaOJIIogaeTcst
JOMHMHHUPOBAaHNN X€ KaK B MOHU3AIMOHHBIX IpoOLeccax, TaK
U B PacHbUTUTEIIBHBIX Ipolieccax. BimsHue cocTaBa razoBoi
CMECH TaKke OKa3blBaeT d((EKT Ha CKOPOCTh PACHBLUICHHUS.
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MakcuMaibHasi CKOPOCTb PACIBUICHHS KPEeMHHsI B SKCIIe-
puMeHTe mocturaercst st gucroro Ar (a2 0.9 nm/min),
HO COIPOBOXIAETCA PUCKOM MOBPEXKICHUSA M3-32 HMIMPOKOU
IEDF. [lo6aBka Xe > 20 % cHimkaeT oOIIylo CKOPOCTh pac-
nbuieHns Ha 40 %, coryiacHO pesysbTaTaM MOIEIMPOBAHUA,
YTO MOXKET OBITh MCIIOJIb30BAHO VISl YBEJIMYCHUS CHHEPTUH
B npouecce ALE 3a cuer y3koit IEDE

Monesnb, mpeacraBieHHas B padoTe, MO3BOJISAET MOJTY-
yatb IEDF mo pesynpTaTam MopeIMpoOBaHUs IUIa3MBI, Ha
OCHOBE BXOIHBIX JIQHHBIX 30HIOBOM IMAarHOCTUKH B pa3-
JIMYHBIX TUTa3MEHHBIX YCTAHOBKaX, a TAKKe B PasJIMYHbIX
MHOTOKOMITOHEHTHBIX T'a30BbIX CMecsX, obecreunBas Kak
ONITHMH3AIMIO dHEpreTideckoro crekrpa it ALE, a tak-
’Ke TepMeTH3aLI0 NOPUCTHIX loW-K-M3JIeKTPUKOB 3a cUeT
KOMOWHAIIMK HU3KO- ¥ BBICOKOPHEPTETHYECKUX NOHOB.

®uHaHcupoBaHue pa6oTbl

Pa6ota BbImoONHEHA B paMKax 'ocynapcTBeHHOro 3a1aHus
HWIIT ,,KypuaTroBckuit UHCTUTYT®.
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