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The article describes the automated svstem for measuring the impulse of the MID thruster designed for spaceflight.
Light stainless steel disk with a diameter of 50 mm mounted on a thin ceramic tube length of 250 mm. A counterweight and an
aluminum plate | with both ends of which are set optocoupler are installed at the opposite end of the tube. The tube is attached
(o the tungsten filament 1Ll = 0,35 mm in the center of mass. One end of the spring is attached 10 the filament and the other
end is connected to the screw. The screw can be rotated by a stepping motor. Operation of a motor and optocoupler is carried
out by a computer via a control unit NI-600S. Plasma jet defects a disk and spring spins. Stepper motor returns the disk to the
original position using control program. Measurement evror depends on the accuracy to return o its original position. Starting
position is controlled by signals eptocouplers. The compensating force and thrust force are proportional to the number of sieps
N. The calibration apparatus of the engine includes both determination of the zero position , and the power factor motor siep
k: F= kN, A force acting disk plate of about 5 = 10-3 H ( 0.5 grams) is obtained at flow rate 0,2 mg / s and the discharge power
1.8 kW. Moving the disk across plasma jet one can calculate the total thrust of a engine.,

Kev words: specific impulse magneto-plasma-dynamic engine.
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Pu}par’iomm; ONFUYCCKLH MEemoo o:‘?pedeﬂefmﬂ CHIENCHY HOHIZAHUH AOMOKT GMOMOE MERIALIG, HCROIbIVEMN20 s
OCAMCOCHIUA RACHOK & STVOOKUX CVEMUKPOHRBIX CRPYKIVPAY, npusensexslx npu cozdauuu cospemennvix CBHC. Cmenenb wo-
HUIAWUHY ROMORA (dMoMOoe Memaiia 0?’!})9(‘.’({-‘1}1‘8{?’:‘('}{ KOK OMHOMERUE ROMOKA HOROE K ROAROMY HOMOK)Y Mematid, COCTMUAN eSO
uz amoMoe u Honoe, Haviu pd'}pﬂ‘ﬁ(}ﬂf{!ﬂ HOBbI .-'.-1emod ¢ HCHOTB306AHUEM JA3CPHOO UITVHENUA, }1().3({0.-1}1'}()1{{&!‘1} UIMEPHAMb 7Y Hie-
nocpedcmeenio 6 naazve (in sift). SMOmM Memoo 0CHOEaN HA CEOTCINGE MOHKUX MEMALILNECKUX RICHOK, Kozda koxpghuyuenn
OMPANCENTN STUHETIHO 308UCHI O OAUUHBT FLIEHKN, B kauecmee nodaoxNcK HCROTLI06ATACH ApOIPAUHAn Keapfeads HAACHUAG
pazvepo 120x30x20 sar'. Ha nepednioro (obpawgentyio K nidzme) HOGEPXHOCHTD NIGCHNHB! OCANCOAEMCR MEMATIUNECKA ICH-
K. .."Y_Uld HQ-'{L’!’![)O!?OGI:‘HR'(JF;’OZ(J Aazepa RAanpasiLcs na FAOHION NOGEPXHOCHTD FUIACIHNBL, npﬂx()()um Hepes Hee d ompaXcaemc
OM HOGEPXHOCIL, HG KOMOPOT! 0caxedaemes Riekka wemaiid. Borvwias monyuna naacmurst (20 um) ewbupaiacs dis mozo,
YMOBBE BOIMONCHO OThIIE PAZEECI VYL, OMPANCENTIBIE 0N REPEORCT 1 3a0Hel] ROBEPXHOCINET] KEAPYECON NAUCHIIHbL 1, AR
ofpazom, yemparume unmepdpepenytno. Tonyuna Hanviasemot naenky (nopsodxa 10 wat) MHO20 Menbiie OTUHDL GOAHbL, ROIMOMY
uHmephepenyetl 8 RIEHKe MOXNCHO npenebpeus. Veon nadenus nopadka 3°. Tleped nepediell nogepxHOCMbIO RAGCHIWIbL YCmid-
HARIWEACHICA CHCEMd (‘ji‘?_‘ly'.\f CETHOK, HC’._pSCIH CEMKA WMEKMPURECKH U3AHPOsAHd H Haxooumest nod NAAGTHOU{LHM ROMENHATOM
(eco amauenue naxodumea 6 Ouanazone —24 B + -3 B). Hasnavenue 1-01i cemiii — e APORYCKAMD BOTBULVIO HACTL JACKINMPOHOE
FLACAIMBL U IEM CAMBIM YMEHBLUUNTL 603MVHEHUA IAZMbL. 8??’10]7(15-‘ CEMKA U30TUPOBARA oM nepﬁ(mv u om g(l-’!’(h’ﬁlfa. Ha KOmMopoM
cemku 3akpeniensl. Ha smopyio cemy Moxcie nodasams Romesuat é duanazone om (0 do +40 B. Jdanniii wemoo Obli tcnbi-
AN 8 MASHEMPORROM Paspsoe ¢ ROT6IM Kaniodom votghocmbpio (1,54 kBm. Cpasrene pesyismamos, ROAYSEHHbIX ORMUHeckium
MEROOOM U C HOMOLYBIO CEMOYHBIY KGAPYERBIX MUKPOSECOS, NOKA3AR0 cosnadente 6 npedeiax 5 %.

Kuouesste c106a; cmeneHs WOHUBAYUE NOMOKA amoMOos, 0CaNCOERNE RIEHOK, MAZHEMPOHKbL Paspad ¢ NOTHLY Kd-
mocom.

r'pn METAIJIM3AIMA CTPYKTYP CYOMHKPOH-  BO3ZHHMKAIOT cepbe3Hble npobiemsl. [lotox pac-
A upix pasmepos u miyGunoi B 3—10 pa3  [bUIGHHOTO MeTajia cOCTOMT mouth Ha 100 %
fonpiue (acmekTHoe oTHoulenue 3—10) ¢ mMoMO- W3 arOMOB, Tak Kak IUia3Ma B 3TOM paspsie co-
MBI UIMPOKO MCIOJB3YEMOTO B JIEKTPOHHOH — CpeloTOueHa BOJM3W MHUIICHH M €e NPOJIOihb-
[IPOMBINJIEHHOCTH OOBIYHOTO MArHeTPOHHOTO  HBIC pa3Mepbl (IIOpsJKa CAHTHMETpPA) CIIHIIKOM
paspsa (¢ MULIEHLIO B BHJIE TUTOCKOrO JMCKA) — Manbl, 94TO0bl HOHW30BaTh aToMbl Merajuia. Mx
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YIJIOBOE PACMpeieeHre B MEPBOM TPUOIHKE-
HUM onuchiBaeTcs Qyuxiuei kocunayca (1o oT-
HOLIEHUIO K HOpMasnK). M3oTponHoe pacnipesie-
JICHUE YaCTHUIL IPUBOIMUT K TOMY, YTO Ha BepXHeH
4acTM CYOMMKPOHHOH CTPYKTYpbl 0Opazyercs
HaBec, a BHYTPH — NojiocTh (puc. la). Utobnl
MPOBCCTH AaHU30TPOIMHYIO META/UTM3ALIUIO Y3KO-
IO OTBEpCTUs, HEOOXOIUM [1OTOK 4acTHL, MpH-
XOASAIUH Ha [OBEPXHOCTb [MOATOXKKH BIOIh
Hopmasid. OAHUM M3 BO3MOKHBIX CITOCOOOB
pelueHus AaHHOU npodnemMbl ABISCTCS HOHH3A-
U PACMBUIAEMOTO METalia, Tak Kak Ha HOHbI
MOMKHO BO3JICHCTBOBATH IEKTPUYECKUM [10JIEM
crnos Tiepes noanokKon (puec. 106). ns yvsenn-
YCHUS BCPOATHOCTH MOHM3AIMU PaclblLIEHHbIX
aTOMOB MHUIIICHN HEOOXOAUMO CO31aBaTh I11a3My
BHICOKOH KOHLIEHTPAIlUK BO BCEM 00BEME MEWKTY
MHIICHBIO W TTOIUIOKKOM.

CyIiecTBYIOT HECKOJIbKO HMCTOYHHKOR,
CHOCOOHBIX CO3ABATH TAKYH) BLICOKOTUIOTHYFO
IJ1a3My Ha OCHOBC CJICIYHOIIMX pa3psi/iOB: COB-
MCIICHHBIH MAarHCTPOHHBIW W WHIYKTHBHO-CBSI-
3aHHbI paspsn [1-3], cBepXBBHICOKOUACTOTHEIH
paspa/l B YCIOBHAX EKTPOH-TIHKIOTPOHHOTO
pe3oHanca [4, 5], MarHeTPOHHBIH paspsaa ¢ no-
M karoaom (MIIK) [6. 7].

bosbiiast creneHb MOHW3AUMH  PacCIibl-
neHHbIX aromoB mMuiieHn B MITK gocturaercs
32 CHCT BBICOKOW KOHIEHTPAlWK I1J1a3Mbl (/10
10"2¢m= npu nasnennu 1-20 mTopp). cosuabae-
moit B o6weme 10°—107 cm~, uTo yBennunBaer Be-
posTHOCTH MoHm3auuu. MITK npumensercs ass
CO3/1aHKUs AAre3UOHHBIX, TU(PQPY3HOHHBIX U 3a-

u f
Lff\o.\'
N/

a)

Si0,

TPaBOYHBIX CJIOEB B KaHABKaX (TPeH4YaX) N MEXK-
CIIOWHBIX OTBEPCTHSIX CYOMHKPOHHbIX CTPYKTYD
HHTErpalbHbIX CXEeM, 4 TAKKe JUIs KPEMHHUEBBIX
CTPYKTYP MHUKPOINIEKTPOMEXAHWICCKUX CHCTEM.,
[ToaToMy ompesieicHHe CTENeHH HOHH3AIHH 110~
TOKa NPEACTABNACT aKTyallbHYIO 3a/1ayy.
Cremnenb HOHH3ALHH ITOTOKA 7 OTIPCICTISA-
€TCs KaK OTHOIICHHC TOTOKA HOHOB [’ K mon-
HOMY TIOTOKY MCTaJiia, COCTOAIIEro H3 aToMOB
1 MOHOB
R I | ey (1)
e [OTOKH aTOMOB W HOHOB MEIH paBHBI COOT-
BCTCTBCHHO

T, =0,25n, |oela r_.=06n_,
TC:M(..u ) (2) U X

rne kﬁ.— KOHCT4AHTA 5{)J'IBLIMB.HB:
M, — macca aroma memn;
T, T — Temneparypa aTOMOB MEJH H DIk~

TPOHOB.

IlJ]H ONnpelac/ICHNA CTCNCHHW HOHM3AOHH
MOTOKA pachblIEHHBEIX ATOMOB Y NPUMEHAITHCH
pasMuHbIe MeTodbl. M3Mepsist TONNHY NISHKH
Ha JHe cyOMHKPOHHOW KaHaBKH (TPCHYA) C TI0-
epedHbiM pasmepom menee (.5 MKM U IiryOuHOI
B 5 n Gonee pa3 Horbiie (acneKTHOE OTHOLICHHE
bonee S5), U Ha MOBEPXHOCTH, MOIKHO BBLIYUCITUTE
¥, C€CJIIH [PHHATL AOHYIIEHHE, YTO HA OHO MpH-
XO/ST TOJTBKO HOHbI MCTaJlld, @ HAd MOBCPXHOCTH
NMOUTOKKH B 00pa3oBaHUMU [UIEHKH YYacTBYIOT
KdK MOHLI, TAK M aroMbl MeTanna. TakoH meTon
npumensiiics B paborax [1, 2]. Yamashita [3] uc-

Cu+Cu

I

RRAs!

0)

Puc. 1. MeTtaanusanus cyOMHKPOHHONH KaHABKH HEHTPaTbHBIMH ATOMaMH MEIH B MAIHETPOHHOM pa3-
pAiJie ¢ JTMCKOROI MUIIIEHBIO a) U HOHAMU MeIH ©)
Fig. 1. Metallization submicron grooves neutral copper atoms in a magnetron discharge with a circular

target a) and copper ions 6)
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[TOJIB30BaJ1 CETOYHBIH AHAJIM3ATOP DHEPTUH nepen
TOUIOKKON M MOTOM M3MEps1 TOMIHMHY TIIEHOK,
OCAKIEHHBIX C TOIMKUTENBHEIM (3aIepiKuBa-
IOLMM HWOHBI) MTOTEHIIMAIOM HA CETKE, KOria Ha
MO/UIOKKY MPHUXOAAT TOJILKO HEHWTpasibHBIE Yac-
THUILIBL, 1 0€3 3a1ep/KUBAOLLIEIO MOTEHIMANA, KOI'-
Jla NIPUXOIAT KaK HEWTpansl, Tak U HOHbI. MeTog,
NO3BOJISIOLUIMH ONPEACHATh BEJMYMHY Y HETOC-
PEeACTBEHHO B 1iasme (/m sifit), MCHONL30BAIIA B
[8]. B 5TOM MeTOnE CCTOUHbIN aHATH3AaTOP yCTa-
HABJIHBAJICA 1IEPEl KBaplIEBbIMM MUKPOBECAMHU.
OCHOBY KBapLEBbIX MHKPOBECOB COCTaBIIET
KBapIIeBas [U1ACTMHA, BhIPE3aHHAS U3 MOHOKPMC-
Tajljia KBapua roj onpejeneHHbM yriioMm. Ceep-
Xy ¥ CHM3Y Ha 9TOH IJIaCTHHE HAHECEHL! 30/I0ThIe
EKTPOIBL. nplr’l NOOAKITHOYEHUH K THM DICKT-
pOJlaM TIEPEMECHHOTO HANPSHKECHUS [JIACTUHA Ha-
YUHACT KOIeDarLes 3a CueT sBieHus 00paTHOro
nee3onddexra. [Ipu onpenenennoi gacrore ne-
PEMCHHOIO HaNpsXKEHWS B Takoi KomeharelbHOH
CHCTEME HacTynaet pe3oHanc. Ilpu ocaxiennu
BCHICCTBA HA [OBEPXHOCTH ITOr0 yCTPOHCTBA
MPOHCXOJAUT W3MECHCHUE PE30HAHCHOW YacTOTbI
MIACTHHbI, HA OCHOBAHUM KOTOPOTO PACCUUTHIBA-
€TCs Macca OCaKIeHHOTO BEIIEeCTRA.

Hamu paspaboran HOBbIH MeTOq ¢ HC-
MOJTB30BAHHUEM JIA3ZEPHOTO H3YHYCHHS, TTO3BOJIsA-
HOUIMH U3MEPATH Y HETIOCPEACTBEHHO B TITa3Me
(in situ). 3TOT METO] OCHOBAH Ha CBOICTBE TOH-
KX MCTAUIMYECKHUX TUICHOK, Koraa koaqduiu-
CHT OTPAXCHHWS JIMHEUHO 3aBHCHT OT TOJILLUHBI

0,20 s e e L
0.18 1 R 1=9.1 A, U=293B.1, =-08A ]
0,16 ] P o i
0,14 P .
0,12 e ]
we ] 157,01 A, U=301 B, 1, =14 A ]
0.10 4 ' -
0,08 - :
0,06 ] ]
0,04 + 1
0.00 aKcnepument 230910
0’06 ] Teopus r=0.3 L 1
002+ ——————— .
0.0 0.2 0.4 0.6 0.8 1.0

Puc. 2. CpagHeHHe TEOPETHYECKUX W IKCIIEPUMEHTAb-
HbIX KPHBBIX Kodhduuuenta R 108 MeIHBIX Iie-
HOK 18 JUTHHBI BOJTHBL 650 HM

Fig. 2. Comparison of theoretical and experimental curves
of the R factor for copper films for a wavelength
ol 650 nm
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[JIEHKH. 3aja4a O B3aUMOJAEHCTBHH 3JIEKTPO-
MAarHMTHOW BOJIHLI CO CJIOEM TMPOBOIALIETO Ma-
TepHasa JIMTEe/bHOE BPEeMs TTpUBIIeKaeT K cebe
BHUMaHHE. DTO CBSA3aHO KaK C TEOPETHUECKHM
MHTEPECOM K 3TOi npobieMe, TaK U ¢ MHOTOYHC-
JICHHBIMM [IPAKTHUYECKUMH [PUIloKeHUsIMH, B
pabore [6] Obuta paccMOTpeHa TCOPHS OTpaKe-
HHA OT TOHKHX IUICHOK CBETA Pa3HBIX 10OJIsIpU3a-
LHH (TapaiiesibHON 1 NepneHANKYIAPHOM MI0¢-
kocTh najganus). [pu yrmax magenus, Onuskux x
HYITH0, KOADOULUMEHT OTPaKCHHUSI OIMHAKOB JIJIS
pasIHYHBIX MOJPH3ALUA.

Ha puc. 2 npuBemeHbl paccHuTaHHBIE
TCOPETUYECKH M BKCTIEPUMEHTAILHBIC KPHUBbIE
KO(p(ULHEHTa OTPaXKEHUS, MONYYECHHbIE /s
MEIHBbIX MIIEHOK pa3HbIX TOJILIHH. _.3}1605 ocChb a0-
CLMCC BbIpaKCHA B OTHOCHUTENBHBIX €IHHULAX:
OTHOUICHUC TOJILUHHBI TINCHKH ! ¥ BEIIHYHUHC
CKHMH-CIJIOS 8, KOTOPBIH BRIpakaeTcs (hopMysioi

0=—F 3
V2ntow ©)

[J1e O — y/eTbHas NPOBOAWMOCTE METAINA;
® — 4acTOTa BOJTHBL.

,[LJ'IH HacTOoT BHIHMMOTIO JHalla3oHa CBCTa
3Ta BEJIMYMHA MMOpsIKa AECATKOB HAHOMETPOB.
W3 puc. 2 BUaHO, 4TO Ha KPHBOW OTpa)KeHUS
MUMEETCA JIMHENHbIA Yy4acTOK 3aBHCHMOCTH KO-
S dUuUeHTa OTpakeHUst OT TOJIIMHBI [IEHKH.

M3mepenue crerneHn HOHH3al|K IPOU3BO-
auTes creayrouum odpaszom (puc. 3). B kauectse
MOJLTOMKH MCIOB30BAJIACH [TPO3pauHas KBapiie-
Bas MjacTuHa pazmepoM 120430420 mm?. Ha rie-
PeHION0 (0OpAalLEHHYIO K [1J1a3Me) MOBEPXHOCTh
MIACTHHBI OCAXKIACTCH METALTMHECKAs TUICHKA.
JIy4 10/1ynpoBOHUKOBOI'O Jla3epa HaMpasJisics
Ha 3aJIHIOK0 MOBEPXHOCTH IUIACTHHBI, MPOXOAMT
YCpe3 HEE M OTPaXKaeTcs 0T NOBEPXHOCTH, Ha KO-
TOPOH OcaKIaeTcs IUIeHKa MeTayuta. bosbiias
TOJILMHA TIacTUHb! (20 mMM) BbIOHpanace s
TOro, ‘—ITOGB] BO3MOXKHO OabIlIe Pa3sBECTH TYUH,
OTPAaXCHHBIE OT NEepeaHeH U 3aaHeH 11oBepXHOC-
TEH KBapUEBOM ILIACTHHBI M, TAKUM 00pa3om, yCT-
panuTE uHTEpdepeHiio. TolluuHa HarbLISeMON
IIeHKH (ropsaka 10 HM) MHOI'O MEHbBLIE JUTH-
HbI BOITHBI, [I03TOMY HHTCpdepeHiIner B MICHKE
MOXHO NpeHeOpeus. Yron nagenus nopsaka 3'.
[Tepen nepeaHeil MOBEPXHOCTBIO TIACTHHBLI YC-
TaHaBIMBACTCH CHUCTeMa M3 ABYX ceTok. [lepsas
CCTKa JIIEKTPHYCCKH H30IIHPOBaHa W HAXOOMTCH
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Puc. 3. Cxema apTOMaTH3HPOBAHHOH CHCTEMBI H3MEPEHHUS CTEIEHH HOHU3ALUK [IOTOKA aTOMOB MeTH
Fig. 3. Scheme automated system to measure the degree of ionization of the flow of the copper atoms

IMOJI TUIABAKOUIMM [OTEHLMANIOM (ero 3Ha4eHHe
HaxoauTcs B quanasone —24 B u —5 B). Haznaue-
HHe 1-0if CeTKH — HE MPOMYCKaTh OOJIBIIYIO 4aCThb
SJICKTPOHOB TJIa3Mbl H TEM CaAMBIM YMCHBIIHWTDL
BO3MYIICHUS Tia3Mbl. Bropas cerka uzonupo-
BaHa OT MEpBOH M OT (hraHIa, Ha KOTOPOM CETKH
3aKperuieHbl. MeKIy CeTKaMu pacrollokeH N30-
JIATOP U3 ciofbl TouHoun 0.8 MM. Ha BTOpYIO
CCTKY MOMKHO rnoaaBars NnoTeHiyan B Aydara3one
ot 0 g0 +30 B, KOTOpBIH TOPMO3UT MOHBI, U [IPH
SHaA4YCHHH, MPCBBIMIAKOIICM TMOTCHUHAII IJ143Mbl,
HE JacT HOHAM MPOXOIHTH HaA MOITIONKKY. Takum
00pa3oM, TIPU TOJIOKUTEIBHOM TTOTEHIHaNe (OT-
HOCHTEJIbHO MOTEHIKAlIA [U1a3Mbl) Ha 2-0i CeTke
Ha TIOIIOKKE OCAXKAIUCH TOJIILKO HEHTpallbHbIC
aTOMBI, & TIPU HYJIEBOM [OTEHIIMAIIE — U aTOMBI U
WOHBI.

TonmuHa OCaKICHHONW TOHKOW TJIEHKH
MeTasla KOHTPOJIMPYETCs 1Mo ee KO3(P(PHIMEHTY
oTpaxkenus. J1Jis 3TOro oTpaKeHHbIH OT TUICHKH
ayd NOJYIPOBOIHAKOBOTO Jazepa (JJMHA BOJI-
HBl 650 HM) yepe3 cBeTOBOA (POKyCHpYETCs Ha
MHTCP(PEPEHIIMOHHbIH  CBETO(QUILIP, KOTOPBIH
0TpE3acT WJTyYEHHE JPYIUX JIMHUI [11a3Mbl, U
fanee peructpupyercs (OTOINNEKTPOHHBIM YM-
Hoxkutenem (@3BY). Curnan ¢ O3V nonaercs
Ha ycunuTens ¥Y5-9, a 3areM Ha OJMH H3 KaHa-
JIOB H3MepHUTENEHON cuctembl. KBapresas ruiac-
THHA 3aKPCIUICHA HA pamKe, KOTOPYH0 MOXKHO
nepeaBurarb 0e3 pasrepMeTH3auN pa3psaHon

KaMepsl. Ha mepeHro MOBEpXHOCTh MIACTH-
Hbl TIPEIBApPUTELHO Oblla HaHeceHa MeHas
[JIeHKA, KOTOpas [ocJie TpaBieHus odpa3yeT jBe
MOJIOCKH [MUPHHOH 10 MM, pacronokeHHBbIC M0
KpasM TUIACTUHKH, a NEHTpalpHas 9acTh TJiac-

o)

Puc. 4. a) kpapueBas [U1aCTHHA € 3-Ms 0CAKIEHHBIMH TLJIEH-
KaMH Ha MOJIBUIKHOH pamke; 0) yerpoiicTso 1A 13-
MEpEHHS CTEICHH HOHU3ALMH [I0TOKA PACHIBLTEHHBIX
ATOMOB MeTaJlIa ONTHIECKAM CIIOCO00M

Fig. 4. a) quartz plate with 3 films deposited on a movable
frame; 6) a device for measuring the degree of
ionization of the metal atoms sputtered flux optically
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Fig. 5. Interface program to measure the degree of ionization of sputtered metal atoms by optical method
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Puc. 6. a) Koadunment orpaxenns ocaxmaemon nnenku Cu kak (yHKIAs BPEMEHH H 3aepwH-
palomero noreanEana cetku. 15 mTopp, W = 2.5 kB, bm = 3,5 A, 20 cm or marserpona,

6) yBenHueHHbIH MacmTad

Fig. 6. a) The reflection coefficient of the deposited Cu film as a function of time and retarding potential
grid. 15 mTorr, W =25 kW, Jem =-3,5 A, 20 cm from the magnetron, 6) zoomed

THHBI TIPEHA3HAYEHA JUIA OCAKACHHA IUICHKH
u3 mna3mol. KpaiiHie 4acTH OCaX/ICHHOH TUICH-
KM KOHTaKTHPYIOT C MEIHBIMH IOJIOCKAMH Ha
CTEKJIE, Yepe3 HAX MPOMCXOIMT CTEKaHHE 3apa/ia
(puc. 4a). Cerkn 3aKpeIUICHB HA TOHKOM MEJ-
HOM (MiaHiEe C OTBEpCTHEM AHameTpom 15 mm.
PaccTosare MeXy CETKaMH H CTEKJIOM 5 MM.
Takum oOpa3om, IUICHKAa HAa CTEKJIE HMEET BHJ
Kpyra Takoro xe juamerpa. [losromy, nepeasu-
ras IUIaCTHHY, MOXHO OCaX/arh 7 IUICHOK TIPH
pa3nMYHBLIX NapameTpax paspsaa 0e3 pasrep-
MeTH3anMH kamepsl. KBapuepas miacTthHa 3a-
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KPLIBAETCA KOXKYXOM JUTS TOTO, 4ToOBI H30exkarsh
3anbUICHUS 3aJHEH noBepXHocTH. Bes KoHC-
TPYKIMA 33KpEIUICHa HAa AJIOMHHHEBOM KOJIb-
nesom duianne auamerpom 200 MM, KOTOpbIH
YCTAaHABJIIABACTCA B KAMEPE HA H30JIHPOBAHHBIX
CTEPXKHSIX.

Ha puc. 40 noka3zana Bcs KOHCTPYKIHS,
yCTaHaBIMBAacMas B PaspajHyi0 Kamepy. Yi-
paBJICHHE 3aJICPKHBAIOIUM HANPHKCHHEM HA
CETKE M PErnCTPalHA JAHHBIX OCYIIECTBIISCT-
€ aBTOMAaTH3HPOBAHHOH HW3MEPHTEIILHOH CHC-
temoi. MHTEpdelc nmporpaMMel NMPHBEACH HA

5 el 11 4
JALCHOM FAVE R
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Puc. 7. a) cTeneHs HOHM3AIMK TIOTOKA ¥ B 3aBUCHMOCTH OT MOUIHOCTH Pa3psia, MoMy4YeHHas ONTHYEeCKAM MeTO/IOM (CBeT-
JIBIE 3HAYKH), U METOIOM CETOYHBIX KBAPIEBLIX MHKPOBECOR (CIUTOIIHBIE 3HAYKH); 0) 3aBHCHMOCTEL KO3 HLIH-
eHTa OTPaKeHUs (TOMIIMHBI MIEHKH) OT BPeMeHH NPH Pa3THYHBIX MOIIHOCTSX paspsaa; B) CKOPOCTh H3MEHEHHS
ko3(puIeHTa oTpaykeHHs { CKOPOCTh POCTa MISHKHN ) Kak (hyHKIIHS MOMIHOCTH pa3psaia; I') CKOPOCTH poCTa IJIeH-
KH B 3aBHCHMOCTH OT MOIIHOCTH pa3psja Mo pe3ylbraraM M3MepPeHHIH CEeTOYHBIMH KBapIeBbIMH MHKDPOBECAMH.

I, =-3,5A, 19 cM oT MarueTpona

Fig. 7. a) the degree of ionization flow y depending on the discharge power obtained by the optical method (open circles),
and the method of mesh quartz crystal microbalance (solid symbols); 6) the dependence of the reflection coefTicient
(film thickness) from time to time in various capacities discharge; B) the rate of change of the reflection coefficient
(the film growth rate) as a function of the discharge power; r) the film growth speed depending on the discharge
capacity as measured by grid quartz microbalance. Jel. = —3.5A, 19 em from the magnetron

puc. 5. ONHOBPEMEHHO PErUCTPUPYIOTCH 2 Ka-
HaJla: Ha MEePBOM — CHTHaN ¢ ycunutens OOV,
Ha BTOPOM — 3aJIep)KHBAIOIIEe HApsKEHHE Ha
cerke.Ha puc. 6 a,06 nokaszana 3aBUCUMOCTE KO-
ypduunenTa orpaxkeHus (MPOMOPIHOHATIBHO-
r0 TOJIIMHE MJIEHKU) OT BPEMEHU HAIlbLICHHUSI.
Koa¢ddpuument nHakinona rpaduka nponopumo-
HaJIeH CKOPOCTH HamnblleHus. YepHoH nuHuen
nokazaH Kod(hOHUIUEHT OTpaKeHUs Ro#g}cm‘.

MpoLEecce POCTA TONLMHDI IIEHKH, CHHEH — 3a-
JCP/KUBAIOLMI HOHBI NIoTeHUMal. BunHo, 410
MPH BKJIOUEHUH 33ePXKUBAIOLIEIO [1OTEHIMa-
J1a CKOPOCTh BO3pacTaHus (HaKkioH) koddduun-
€HTa OTPaXEHHs CYUICCTBCHHO YMEHBIIANIACH.

CreneHb MOHM3ALUMU aTOMOB MeTaJl1a Onpese-
JSIFOT O OTHOHIEHHIO CKOPOCTEW HarbUICHHS
Ha JIByX 3Tamax: TOPMOXEHUE MOHOB M IIpPO-
Xoxjienne nonoB. Toraa, ¥y = 1 — tg(Cu)/tg(Cut
+ Cu"), roe g — TaHreHC HaKJIOHa Romm\. Ha
puc. 7a mpuBeleHa 3aBUCUMOCTb BEIWYUHBI
y=TI. /T, +T,) 1id noroka Meid 0T MOLI-
HOCTH pazpsja Ui pa3ivyHbIX JaBieHuit. Ona
YBEIMYMBACTCSA C POCTOM MONIHOCTH W JaBJe-
HUA pa3psjia, TaK Kak B 3TOM clIydae Bo3pacTa-
€T KOHIIEHTPaIus 3NMeKTPOHOB, KOTOPBIE BBI3bI-
BalOT UOHU3AIMIO aTOMOB. ONTHYECKHI MeTO]
[O3BOJISIET M3MEPATh Y HENOCPEICTBEHHO B
nnasme (in situ).

187



/I CPaBHCHHMSA U KanHMOPOBKH PE3yiib-
TATOB pa3pabOTaHHOIO ONTHYECKOr0 MEeToja
CTeTIeHb WOHM3AllMM TOTOKa Oblna H3Mepe-
Ha JIPYrHM METOAOM — C [MOMOIUIBK CETOYHBIX
KBapLEBbIX MHKPOBECOB. B kauecTBe kBapue-
BbIX MHKPOBECOB HCMONB30BANICH TPOMBIII-
NeHHbId aT4uk (gupMel Inficon (Fepmanns),
nepesn KOTopbiM OBbLIIM YCTAHOBIIEHBI 2 CETKH.
Ha puc. 7a mokasaHbl BETWYMHBI CTEMEHU KO-
HU3aLKHK MOTOKA PACBUIEHHOrO METajlla B 3a-
BUCUMOCTH OT MOLIHOCTH pa3psjoB, U3MEpPCH-
HbI€ ABYMs cTioco0amu. Pe3y1bTaTsl BEJIMYMHEI
Y, TIOMyYCHHBIE JITUM JIATYUKOM, B [peaenax
5 % coBmanu ¢ BETHYNHAMH, H3MEPEHHBIMHA C
NOMOMIBI0 pa3paboTaHHBIX HAMH ONTHYECKHX
MeTosi0B. Kpome T0ro, HaaexkHOCTh MosyyeH-
HEIX PE3YJILTaTOB ObLIa MPOBEpPEHa ¢ TOMOLBIO
npoQuIoMeTpa Mo H3MEPCHHAM TONIIHHbI (16~
HOK, OCaXJICHHbIX 3a OJMHAKOBOE BpeMS IIPH
BKITIOYEHHH 3aJ€p/KUBAIOIICTO [IOTEHIAAla Ha
2-10 ceTKy u 0e3 Hero.

Ha puc. 76 nokaszawel 3aBucuMoctu
KO(pQUIMEHTa OTpakeHUs I PA3THYHbIX
MOIIHOCTEH paspsaga. BugHo, 4to Yem Bbimie
MOIIHOCTh Pa3psiia, TeM OBLICTPEC MPOUCXOMHT
BO3pacTanne KodpPUIHEeHTa OTpaxKeHus, T.e.
TOJIMHEL 1IeHKH, W3 3THX rpadmkoB MOKHO
OTIPCIEIINTL 3aBHCHMOCTD CKOPOCTH OCAMKICHHS
NJIEHKW OT MOIHOCTH (pHc. 7¢). U3 rpaduka
Ha puC. 7C, IOCTPOCHHOIO B TOTAPU(PMUICCKHUX
Macmradax, CIeayer, 4YTo CKOPOCTh OCAKIEHUS
[UIEHKHA BO3PACTAET ¢ MOLIHOCTBIO paspsjia JIu-
HEHHO (KOY(OUIMEHT [pONOPLHMOHATTEHOCTH
1.03). Takas 3aBHCHMOCTb XOPOUIO COIIIACY-
ercs ¢ teopuei [10]. Ha puc. 7r npeacrasie-
Hbl CKOPOCTH POCTA ILIEHKH B 3aBUCHMOCTH OT
MOLIHOCTH pa3spsjia [0 pe3yabTaraM U3MepeHu
CETOYHBIMHU KBapUEBLIMH MHKpoBecaMu. Jlis
Pa3HbIX JIaBJICHUI pa3psiia 3Ta 3aBUCHMOCTD JIN-
Helnas (Ko3(GdUUMEHT TPONOpHHOHANLHOCTH
1.02—1.1), 4To Takke MOATBEPKAAET PE3YTHTa-
Tl OTITHYECKOrO MeTona. [1o npoBenenubIM H3-
MEPEHUAM MMOYYEHEI CNETYIOIIME PE3YIBTAThI:
TPH MOLIHOCTH paspsiaa 3 kBT crenens nouu-
3allMK PaCHbUICHHBIX aTOMOB MEAH JOCTUTAET
35 % npu nasnenwu 10 mTopp, npu nasneHuu
20 mTopp — 60 %.

Paszpaboran MeTO M M3TOTOBJIEHA KOHC-
TPYKIMs yCTPONCTBA Il M3MEPEHUsS CTEre-

188

HH HMOHM3ALIMK TIOTOKA PACTIbUICHHBIX aTOMOB
MeTajlla Y ONTHYECKUM crocoOoM. ITOT Me-
TOJ| TO3BONAET U3MEPATH Y HENOCPEICTBEHHO B
rasme (in situ). HajgexHoCTs M 10CTOBEPHOCTE
Pe3yIBTaToB pa3zpaboTaHHOrO OMTHYECKOrO Me-
TOAa W3MEPEHHs CTEIEHU WOHHW3ALMU TOTOKA
OB1ITH TIOITBEPIKIICHBI M3MEPEHHAMH C TOMOIIBIO
CETOYHBIX KBapLEBbIX MHKPOBECOB U MPOdhHIIO-
METpa.

PaboTa BBEIMONHEHA TIPH [OAACPKKE
LIKTT «[Ina3smMenHBle TEXHOIOTHM MHKPO- U Ha-
HOIMMICHOKY

bubnnorpadpuyecknii cniucox
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MATEMATHHECKOE MOJAETHPOBAHIHI

METHOD FOR MEASURING OF THE IONIZATION FRACTION OF THE METAL ATOM FLUX

Tsar’gorodsev Yu.P., Associate Prof. Department of Physics MFSU, Cand., Poluektov N.P., Professor Dr technical. Sciences
Department of Physics MFSU, Usatov L1, chief engineer Department of Physics MFSU, Evstigneev A.G., chief engineer Department
of Physics MFSU

poluektf@mgul.ac.ru
Department of Physics, Moscow State Forest University 1* Institutskaya street, 1, 141005, Mytischi, Moscow region, Russia

An optical method for determining the degree of ionization of the metal atom flux  used for the films deposition in
deep submicron structures used for the creation of modern VLSI. The degree of ionization of the metal atoms flux is defined as
the ratio of the ion flux to the total flux, which includes atoms and ions. We have developed a new method using laser radiation,
which allows to measure divectly y in plasma (in situ). This method is based on the reflection of the thin metal film when the
reflection coefficient is linearly dependent on the film thickness. On the front of the wafer surface (facing to plasma) is deposited
metal film. Semiconductor laser beam was directed onto the back surface plate and passing through it is reflected from the
surface on which the deposited metal film. Large thickness (20 mm) of the plate was chosen to dilute away beams reflected
Jfrom the front and back surfaces of the quartz plate, and thereby eliminate interference. The substrate used transparent quartz
plate size 120930420 mni'. The thickness of the deposired film (about 10 nm) is much smaller than the wave length, therefore
the interference in the film can be neglected. The incidence angle is about 30. In front of the substrate were installed two grids
with cells of 70 um. The first grid is electrically isolated and has a floating potential fits value is in the range —24 = -5 V). First
mesh does not miss much of the plasma electrons and thereby reduces plasma perturbation. The second mesh is isolared from
the first and flange on which are fixed. In the second grid may be bias to the positive potential from 0 to 30 V. which inhibits
the ions flow and the ions does not take place on the substrate. In this case, the film is deposited by metal atoms only. At zero
potential on the second grid the film is deposited by metal atoms and ions. This method was tested in a magnetron discharge
with a hollow cathode with power of 0.5 — 4 kW. Results obtained by the optical method have an agreement within 5 % with
results hy the gridded quartz microbalance. ;

Key words: ionization fraction of atom flux, film deposition, hollow cathode magnetron discharge.

This work was supported CCU «Plasma technology of micro and nano-films»



