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MNpepcTaBieHbl pesysibTaThl paspaboTkv U ONTUMM3ALUKM NAapaMeTpoB 3KCNEPUMEHTaIbHOM YCTaHOBKM
ONS HaHeCeHUS MOKPbITUA U3 Pas/IMYHbIX MATepUasioB, BbIMOJIHEHHOW Ha OCHOBe TM6pUAHOMN
NnaasMeHHOM CUCTeMbl, KOTOpasi COCTOUT U3 MarHeTPOHHOIO U BaKyyMHO-AYrOBOIro pacrbl/IUTe/bHbIX
MCTOYHMKOB, a TaKXe acCUCTUPYIOLLEro Fe/IMKOHHOrO MCTOYHMKA MJ1a3Mbl BbICOKOW MJIOTHOCTM.
MNpuBepeHbl pesynbTaTbl ONTUMU3ALUM UHAYKTUBHOro BY-paspsiga BO BHeLWHEM MarHUTHOM More.
PaccMOTpeHHbIW AuanasoH BHELWHUX NapaMeTpoB re/IMKOHHOro paspsija CooTBeTCTBYeT o6nactu, rae
BO3MOXXHO pe30HaHCHoe BO36yXKaeHue CBSA3aHHbIX MeXAy CO601 reJIMKOHHOM U KOCOW JIeHrMIOPOBCKOM
BOJIH. B KayecTBe OCHOBHOIO MapameTpa, Noajexawero onTMMusaumm, BbibpaHa BeJIMYMHa MOHHOIO
TOKa B TEXHOJIOrMYeCcKon Kamepe. PaccCMOTpPeHO BAUSIHWE KOHCTPYKTUBHbIX 0CO6eHHOCTen rmépuaHom
naasMeHHoW cuctemMbl (TUMA aHTEHHbl, KOHGUIypaLMM MarHUTHOW CUCTEMbI, MaTepuana 3/1eMeHTOB
KOHCTPYKLMWN UCTOYHUKA M1a3Mbl) Ha 3HA4YEeHUSI MIOHHOIO ToKA. MoJly4eHHble pe3y/ibTaTbl UCMNO/b30BaHbI
npu BblGOpe TEXHOIOMMYECKUX PEXMUMOB MarHeTPOHHOro HaHeceHUsl MOKPbITUA C BO3AENACTBUEM
reJIMKOHHOrO paspsaa.

The paper presents the results of development and optimization of parameters of the
experimental facility for coating of various materials based on hybrid plasma system, which
consists of a magnetron and vacuum arc sputtering sources and an assisting high density
helicon plasma source. The results of optimization of an inductive RF discharge in an external
magnetic field are presented. Considered range of external parameters of helicon discharge
corresponds to the area, where the resonant excitation of linked helicon and oblique
Langmuir waves is possible. As the main parameter under optimization, the ion current in the
processing chamber is chosen. The influence of structural characteristics of hybrid plasma
system (antenna type, configuration of the magnetic system, the material of the structural
elements of the plasma source) on the ion current is considered. The obtained results are used
for the choice of operating mode of magnetron sputtering system with the helicon discharge.

03/laHHe MHHOBAIJHOHHOM IIPOJYKLIHUH B paHo- JlecsiTUJleTHe HHTEHCHBHO Pa3BHBAIUCh QU3HKO-
371eKTPOHHKEe, MAIIKMHOCTPOEHHUH, MU UH- XHMHUYeCKHe MeTObl [IOKPBITH S IOBEePXHOCTEH H3/le-
CKOM TeXHHUKe U APYTUX 06/1acTIX, KaK IIPaBUIIO, JIMH CTIOKHOM GOPMBI, CO3JaHbI HayUHble U TeXHO0JIO-

CBsI3aHO C UCITOJIb30BAHHKEM HOBBIX KOMITIO3HMITHMOHHBIX Tu4deckHe IIpearioCcblyIKK AJI1 ITPAKTHY€CKOTO MCITI0/Ib-
B MHOTI'OKOMIIOHEHTHBIX MaTe€pPHaJIOB. B mocnemHee 30BAHUS IKOJOTHYECKU YMCTHIX U Oe30mMacHBIX
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BaKyyMHO-IIJIA3MeHHBIX IIPOLIeCCOB IIPU GOPMHUPO-
BAHUM MHOTOKOMIIOHEHTHBIX [IJIEHOUHBIX CTPYKTYP.
Bonplroe pacnpocTpaHeHHe IIONYUYH/IHA BAKyyMHO-
II7Ia3MeHHbIe CUCTEeMBI Ha OCHOBE MarHEeTPOHHOTIO
U BaKYYMHO-AYTOBOTO ra30BBIX pa3psifoB. OLHAKO
[IPOCTOE IPHUMEeHEHHUe PACIBIIUTEIbHBIX HCTOYHHU-
KOB JIJIS1 OCA>K/IeHHU S IVIEHOK PA3/IMYHBIX MAaTepHaJIOB
He I103BOJISeT LieJleHAIIPAB/IeHHO YIIPaB/ISITh HAHO-
CTPYKTYPOHM U XMMHYECKHM COCTABOM HAHOCHMBIX
cmoeB. It OMTUMH3ALUY TeXHOJOTUYEeCKUX IIPO-
LieccoB TpebyeTcs BBe[leHHe aCCHUCTUPYIOIIe HOHHOM
6oMbOapIHPOBKYU IIOJIOKKH OLHOBPEMEHHO C 0CasKIe-
HHeM Ha Hee IIJIEHOK. MeTox IIpefIionaraeT [IOCTOSH-
HYIO HJIU [IePUOJ N YeCcKy0 60MbapIHupPOBKY YCKOPeH-
HBIMH HOHAMU TOHKHX IIJIEHOK B ITPOLiecce X pocTa,
TO eCTh He0b6X0AMMO CO3/1aTh THOPUAHYIO IIJIa3MeH-
Hy!o cucTeMy (ITIC), B KOTOPOI KPoMe PacIIblIMTeNb-
HBIX UCTOYHUKOB (PH) 10/I5KeH IIPUCYTCTBOBATh HOH-
HBIF UCTOYHUK. Hanbonee 3pGeKTUBHBIMHU SIBIIS-
IOTCS HOHHBIe HCTOYHHKH Ha OCHOBE IVIA3MBI BBICO-
KoM moTHoCTH (IIBII), KoTopyo Haubonee IIpocTo
MOJIYYHUTh C IIOMOIIBIO FeTMKOHHOTO ra30BOr0 pas-
psina, majiee TaKHe MOHHBIE HCTOYHUKH HA3BIBAIOTCS
reJIMKOHHBIMU UCTOYHUKaMU (F'H). [IlpuMeHeHUe
I'TIC, cocTosimen u3 PU u I'M, 1mo3BosisieT IPOBOAUTD
OCasK/eHHe HAHOCTPYKTYPHUPOBAHHBIX IIOKPBITHH
C yIPaBIseMOM CTPYKTYPOM M XMMHUYECKHM COCTa-
BoM. TaKue IIOKPHITHS U IVIEHKH CyIleCTBEHHO YIyd-
IMAIOT XapaKTePUCTHUKU HU3IeJIUN U IIOBBIIIAIT UX
KOHKYPeHTOCIIOCOOHOCTD Ha PBIHKE.

B paborte [1] mpoaHa/lIM3UPOBAHBl Pe3ylIbTaThl
MHOTOYHCJIEHHBIX IKCIIEPUMEHTOB I10 HAHEeCeHHU IO
IIOKPBITUH C ACCUCTUPOBAHKNEM HOHHBIM IIyIKOM.
[Toka3aHo, YTO Hauboslee 3HAYUTE/IbHBIE H3MeHEeHH I

CBOICTB O0Ca’kJaeMBbIX IIJIEHOK IIPOUCXOAST, eC/IU Ha
Ka>KABbIH OCA>KAEHHBIN aTOM IIPUXOAUTCS SHEPrus B
nuarasoHe ot 1,0 7o 100 3B. Hauboabux CKOPOCTeM
OCa’KIeHM S MOKPBITUH B HaCTOsILlee BpeMsd yAaeTcst
OOCTHYb C IOMOIIBIO BAKYYMHO-IYIOBBIX UCTOUHU-
KOB. B pabore [2] /1 MOHHOrO CTUMYJIHUPOBAHUS
BaKYyYMHO-AYTOBOI0 HaHeCeHUsI IIOKPBITHUL, TO eCTh
CO3/aHUS I1I0TOKA UOHOB, BeJIMUKMHA KOTOPOTO COOT-
BeTCTBYeT CKOPOCTSIM OCa’kAeHHUS, IPeAsIoKeHO
HCII0/Ib30BaTh UHAYKTUBHBIK BU-paspsn, momenieH-
HBIM BO BHeIlHee MAarHUTHOe II0Jle C HHAYKIHeH,
COOTBETCTBYIOLIEH YCIOBHUSIM Pe30HAHCHOIO BO36YX-
IeHUs TeIMKOHHBIX BOJIH.

B HacTosImel paboTe mpencTaBIeHBl Pe3yabTaThl
ONTHMHM3AL UK UHAYKTUBHOTO BU-paspsia c BHeI-
HUM MarHHUTHBIM II0JIeM B MakeTe IJIa3MeHHOM
CHUCTeMBbI, He0bXOmUMOI /151 Pa3paboTKu rubpum-
HOM HAINBUIUTEJIBHOU CUCTEMBI C ACCUCTHUPOBAHHUEM
MarHeTPOHHOMY U BaKyyMHO-AyIOBOMY HaIlblJIEHUIO
IIOKPBITUI IIOTOKOM YCKOPEHHBIX MOHOB BBICOKOM
IUIOTHOCTH. PacCMOTPeHHBIN AHAIa30H BHEIIHUX
IapaMeTpoOB pa3psfa COOTBETCTByeT obiacTu, rae
BO3MOSKHO Pe30HaHCHOe B03by>kIeHHe CBI3aHHBIX
MesKIy co60¥ reIMKOHHOM K KOCOM JIEHT MIOPOBCKOK
BOJIH. JJOCTH>KeHHe pe30HaHca [103BOJIsSeT OINTUMMU-
3UPOBATh SHEProBKIaj, B pa3psj U MONIYyYUTh IJIa3My
BBICOKOM IJIOTHOCTH. KpoMe TOro, IpOHHKHOBEHHe
BU-mosiel BHYTPb IIJIa3MBL B 06/1acTH pe3oHaHCa
I103BOJISIET IIOJIYYaTh IPOTSIKeHHbIe 0671aCTH O HO-
POAHOM IIJIa3MBl. B KauecTBe OCHOBHOIO IIapaMeTpa,
[IOJJIeSKAIero OIITUMH3A MU, bbl1a BEIOpaHA BeH-
YHMHA MOHHOTO TOKa B TeXHOJOTHUYeCKOM KaMepe.
PaccMoOTpeHO BIHSHHe Ha 3HAaYeHHS HOHHOTO
TOKAa KOHCTPYKTHUBHBIX ocobeHHocTel I'TIC: Tuma

reation innovative products in

electronics, mechanical engi-

neering, medical technology
and other fields, is usually associ-
ated with the use of new compos-
ite and multi-component materi-
als. In the last decade, the phys-
ical-chemical methods of coat-
ing of surfaces of complex shapes
are intensively developed, scien-
tific and technological prerequi-
sites for the practical use of envi-
ronmentally friendly and safe
vacuum plasma processes in the
production of the complex film

structures are created. Vacuum
plasma systems based on magne-
tron and vacuum-arc discharge
are widespread. However, the sim-
ple use of sputtering sources for
deposition of different materials
doesn't allows flexibly control of
nanostructure and chemical com-
position of the deposited layer.
Optimization of technological pro-
cesses requires the introduction
of the assisting ion bombardment
of the substrate simultaneously
with the deposition of the films.
Method involves the continuous or

periodic bombardment with accel-
erated ions of the thin films dur-
ing their growth. Thus, it is neces-
sary to create a hybrid plasma sys-
tem (HPS), in which besides sput-
tering sources (SS) the ion source
must be used. The ion sources
based on high-density plasma
(HDP), which can be obtained by
using of a Helicon discharge, are
most effective. Further we will call
such ion sources a Helicon sources
(HS). The use of HPS, consisting
of SS and HS, allows deposition
of nanostructured coatings with
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Puc.1. Cxema 3KkcnepumMeHmanbHol ycmaHosKu: 1 — 8akyymHas kamepa; 2 — mypbomoAaexyAsipHbIl Hacoc; 3 — GopeakyymHbill HACOC;
4 - WupoKoOUAnasoHHbIU 0amyuk usmepeHus: dasneHus WRG-S-NW25 S/S; 5 - 30H0bi JleHamiopa; 6 — AuHelika ¢ omeepcrusimu 041 pukcauuu
€8emog0da; 7 - c8emogod; 8 - nosic Po208cKoz0; 9 — emKocmHol deaumenb
Fig.1. Scheme of the experimental facility: 1 - vacuum chamber; 2 - turbomolecular pump; 3 - booster pump; 4 -WRG-S-NW25 S/S wide range
gauge; 5 - Langmuir probes; 6 - ruler with holes for fixation of the optical fiber; 7 - optical fiber; 8 - Rogowski loop; 9 - capacitive divider

dHTeHHBEI, KOHCI)I/II'ypaLII/II/I MarHHUTHOH CHCTEeMBI,
MaTepHajla 3JIEMEeHTOB KOHCTPYKLI MU HCTOYHHKA
IIJIa3MBI. HOJ’IY‘-IEHHBIG Pe3yabTaThl HMCIIOJIb30BAHBI
[J1s1 YTOUHEHH S KOHCTPYKIHH TeXHOJIOTUYeCKOH
IIJIa3MeHHOM CHCTEeMBI, OCHOBAaHHOM Ha IreJ;IMKOHHOM

H MaTHETPOHHBIX pa3psaax.

controlled structure and chemi-
cal composition. Such coatings
and films improve significantly
the performance of products and
increase their competitiveness in
the market.

In [1] the results of numerous
experiments in the field of coat-
ings with the assisting ion beam
are analyzed. It is shown that the
most significant changes in the
properties of the deposited films
occur if every deposited atom has
energy in the range from 1.0 to
100 eV. The greatest deposition
rate is achieved using a vacuum-
arc sources. In [2] for ionic stim-
ulation of vacuum-arc deposition

HAHO MHOVCTPUA #2/6a/2016

TMBPUAHASA NNAZMEHHAS CUCTEMA

U METOAUKA W3MEPEHUH

CxeMa 3KCIIePHMEHTAJbHON YCTAaHOBKH IIOJ-
pobHo omucaHa B [3]. OKcIIepUMeHTa bHBIN 06pa-
3er I'TIC (pI/IC.l) COCTOSIT U3 ABYX HUJIHHIPHYE-

CKHX KaMe€p pa3HOIo JuaMeTpa. BEPXHHH HacCThb

(creation of ion stream, the value
of which corresponds to the depo-
sition rate), it is proposed to use
an inductive RF discharge, placed
in an external magnetic field
with the induction correspond-
ing to the resonance conditions of
excitation of helicon waves.

This paper presents the results
of optimizing of inductive RF dis-
charge with external magnetic
field in the prototype of plasma
system required for the develop-
ment of hybrid sputtering sys-
tem with magnetron and vac-
uum-arc deposition assisted by
a stream of accelerated ions of
high density. Considered range

of external parameters of heli-
con discharge corresponds to the
area, where the resonant excita-
tion of linked helicon and oblique
Langmuir waves is possible. The
resonance allows to optimize
the energy contribution in the
discharge and to obtain a high
plasma density. In addition, the
penetration of RF fields into the
plasma in resonance area allows
to obtain an extended regions of
uniform plasma. As the main
parameter under optimization,
the ion current in the process-
ing chamber is chosen. The influ-
ence of structural character-
istics of hybrid plasma system
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MCTOYHHMKA IJIa3Mbl - rasopaspsgiHas KaMepa
M3 KBaplla - ©UMeja fuaMeTp 10 cM U BBICOTY 25 CM.
HUKHAS 4aCcTh UCTOYHHKA — TeXHOJIOTHYeCKas
KaMepa, TaK>Ke M3rOTOBJIeHHAs M3 KBaplla, KMeja
ngrameTp 46 cm 1 BeIcoTY 30 cM. BBog BU-MoIIHOCTH
OCYIIeCTBJ/S/ICS C IIOMOIIBIO COJIeHOHMAbHOU
AaHTeHHBI UIM aHTeHHBI Nagoya III. AHTeHHa pac-
mosiarajziach Ha 60KOBOI IOBEPXHOCTHU Ira30pas3psij-
HOM KaMephl Ha PACCTOSIHUHU 12-16 cM OT ee Bepx-
Hero Topua. KoHIIBI aHTeHHBI IIOACOeSUHSIINCH
K BBIXOJly aBTOMaTH4YeCKOK CUCTeMBI COIVIaCOBAHUS,
B CBOIO 04epelb, IIOAKIYeHHOU K BU-TeHepaTopy
AE Cesar 1310 c pabover 4acToTo¥ 13,56 MI'L1 M BBIXOZ-
HOM MOIIHOCTBI0 0-1000 BT. [I/151 H3MepeHHU sl TOKa, TeKy-
IIIeT0 I10 aHTeHHe, UCII0Ib30BaJICs I10sIC POroBCKOro.

B paboTe mpuUMeHS/IHUCH ABa THUIIA MAaTHUTHOU
CHUCTeMBI. B IIepBoM cjiy4dae [Ba 3JIeKTPOMArHMUTa,
pacIio/ioKeHHble B BepxXHell U HH)KHel 4acTsX Tex-
HOJIOTMYeCKOM KaMepEHl, II03BOJISIIN CO34aBaTh B
Hell OHOPOAHOe B IIpefie/iax 7% MarHUTHOe IoJe C
I/IH[LyKuHefI no 7 mTn. IIpu aTOM B ra30pa3pﬂ/1H0171
KaMepe BO3HHKaJIO c1abo pacxonsineecss MarHUT-
Hoe mojie. Bo BTopom ciiy4yae ¢ IIOMOIIBIO JOIIOTHHU-
TeJbHOM KAaTYIIKH CO34aBajioCh OLHOPOJHOE Mar-
HHUTHOe II0JIe B ra30pa3psiIHOM KaMepe, B TO BpeMs
KaK B TeXHOJIOTHYeCKON KaMepe BO3HHUKAJIO PacXo-
Iosigeecs 1ose.

JHUarHoCTHYeCKHUH CTeH/| II03BOJIS/ U3MepsTh
MOIIHOCTh BU-TeHepaTopa, OTAaBaeMy BO BHeII-
HIOIO Ilellb, TOK, TeKYIIUK 4Yepe3 aHTeHHY, BU
Hamps>keHHe Ha KOHIIaX aHTeHHBI, CIIeKTpP CBeye-
HH A IIJIa3MBbl M [IPOCTPAHCTBEHHOE pacIpesesieHUe

MHTEeHCHUBHOCTH CBeYEeHM S IJIa3Mbl. CTaHAapTHAA
30H/0Bas METOAMKA I103B0JIs/Ia M3MePATh BAX 30H-
N0B, MOHHBIU TOK HaChIIeHHUsI, KOHLIeHTPalHuIo 1
SHepreTUYecKoe pacrpeaeeHue 3J1eKTPOHOB.

DKCIIEPUMMEHTH BHIIIOJHANHUCE B AHAlla30He
nasieHuH oT 0,7 go 3,0 mTopp, MpH MOLIHOCTAX
BY-renepatopa 150-400 BT u pabouer yacrtoTe
13,56 MT11.

MAPAMETPbI TEJIUKOHHOIO PA3PAIA

B FTMGPUAHON NNIASMEHHOM CUCTEME
JKCIepHMeHTa/llbHble HCCAeJOBAaHUS pa3psfga
B MaKeTe MCTOYHMKA IJIa3MBl, BHIIIOJIHEHHBEIEe
C ABYMS THIAaMH MAaTHHTHBIX CHUCTeM, IIOKa-
3aJIM, YTO HaJO)KeHHEe MaTHHUTHOTIO IO/l IIPHBO-
JUT K CYyIeCTBeHHBIM M3MeHeHHUIMHU IIPOTSKeH-
HOCTH Pa3psAfa, KaK IPHU UCIIOIb30BAHUHU COJICHO-
HMOATbHOTO UHAYKTOPA, TaK U aHTeHHBI Nagoya III.
IIpy1 OTCYTCTBHMH MAarHUTHOIO IIOJS Pa3psif KOH-
LIleHTPHUPOBAJICS B BepXHeU ra3opas3psJHOHN KaMepe.
YBenn4YeHHUe BeJIMYUHB MAarHHUTHOIO IOJIS IIPH
JaBleHUAIX MeHee 1 MTop cHadasa IMPUBOJHUIIO
K IOSIBJIEHHIO IJIa3MBl B BepXHel YaCTH HHUKHEU
rasopaspsHOHN KaMepkl, 3aTeM, B Cjly4dae UCII0/b-
30BaHHUS OJHOPOJHOTO MarHUTHOIO MO/, IJIHHA
MHTEeHCHBHO CBeTsALIeMCs 4aCTH pa3psafa B HHXK-
Hell KaMepe HadyKHaja pacTH, U, HAKOHel], Pa3psf
3aMBIKaJICS Ha HUJKHUU $naHer, GOpMHUPYS IIPO-
TSOKeHHBIN IIJIa3MeHHBIH cTonb (puc.2a). B caydae
MarHHUTHON CHUCTeMBbl, CO3[alollell OLHOPOLHOe
MarHHUTHOe I10jle B TeXHOJIOTHUeCcKol KaMepe, 1Ha-
MeTp I/a3MeHHOro cTojaba NprUMepHO PaBHAICA

(antenna type, configuration of
the magnetic system, the mate-
rial of the structural elements of
the plasma source) on the ion cur-
rent is considered. The obtained
results are used for the choice of
operating mode of magnetron
sputtering system with the heli-
con discharge.

HYBRID PLASMA SYSTEM

AND MEASUREMENT TECHNIQUE
Scheme of the experimental facil-
ity is described in detail in [3].
Experimental prototype of HPS
(Fig.1) consisted of two cylindri-
cal chambers of different diame-
ters. The upper part of the plasma

source is a gas discharge cham-
ber made of quartz, which had a
diameter of 10 cm and height of 25
cm. The lower part of the source
is processing chamber, also made
of quartz, which had a diameter
of 46 cm and height of 30 cm. The
solenoidal antenna or Nagoya II1
antenna was used for input of RF
power. The antenna was located
on the lateral surface of the gas
discharge chamber at a distance
of 12-16 cm from its upper end.
The ends of the antenna were con-
nected to the output of the auto-
matic matching systems con-
nected to AE Cesar 1310 RF gener-
ator with an operating frequency

of 13.56 MHz and an output of
0-1000 watts. The Rogowski loop
was used to measure the current
in the antenna.

Two types of magnetic system
were used. In the first case, two
electromagnets located in the upper
and lower parts of the processing
chamber, allowed to create a uni-
form (within 7%) magnetic field
up to 7 mT. In this case, a weakly
diverging magnetic field appeared
in gas discharge chamber. In the
second case by means of additional
coil a uniform magnetic field in the
gas discharge chamber was created,
while in the processing chamber a
divergent field has appeared.
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a) b)

Puc.2. ®omozpaduu paspsda e cay4ae 00HopodHo20 (a) U He-
00HOP0AHO20 (b) BHELHE20 MAZHUMHO20 N0AS

Fig.2. Photos of the discharge in homogeneous (a) and heteroge-
neous (b) external magnetic fields

OIUuaMeTpy BepXHeH ra3opa3psAgHOHN KaMephl.
I1p1 MCIIONBb30BAHUU B TeXHOJTOTHUYECKOM KaMepe
pacxonsIerocss MAarHUTHOTO II0JISI JUAMeTp IIJias-
MeHHOTO cTo/16a yBenH4YHuBaIcs. 3MeHeHHe KOH-
dUrypanlyu MarHUTHOIO I10JIS II03BOJISIJIO YIIPaB-
JSTH MOJIOKEHHUEeM IIJIa3MeHHOro ctonba, B TOM
YHCJle IOBOPAYMBATH €ro IO YIJIOM, GIH3KUM
K 90° (puc.2).

OLleHKH IIOKa3bIBAIOT, UTO 0bpa3oBaHUe IJa3-
MEeHHOTIO0 CT016a IIPOUCXONUT IIPHU LABIEHUSIX,
Korga AnuHa cBobomHoro mpobera mpeBpimiaer

Diagnostic stand allowed to
measure the power of RF gen-
erator delivered to an external

13.56 MHz.

W and the working frequency of

reoMeTpHUYeckHe pa3Mepbl UCTOUHHKA IIJ1a3MBL.
TakuM 06pa3oM, KaueCTBEHHO II0JIyUeHHBIe Pe3ysIb-
TaThl MOSKHO OOBSICHUTH CllefyomuM obpasom. Tok,
TeKyIIHH 10 aHTeHHe, BO36yKaaeT pa3psil B Bepx-
HeU ra3opas’psHOMN KaMepe, MOSBJSETCS IIIa3ma.
BHelmHee MarHHUTHOe II0JIe IIperndaTCTBYeT ABHIKE-
HUIO 3JIeKTPOHOB IIOIIepeKk MAarHUTHOIO IIOJS, U
OHHU IPEHMYILeCTBeHHO IBHUKYTCS BJOJb CHIOBBIX
nuHuH. Ecnu gnruHa cBobogHOro mpobera 3mekTpo-
HOB OKa3bIBAeTCS JOCTATOUHO OOIBINOMN, 3JIEKTPOHEI
BBIXOJSIT U3 BepXHel KaMepbl, U IOSIBJISeTCS pas-
psin B HUKHeH KaMepe. [Ipu L0CTaTOYHO 6OIBIIHX
OAnHaX cBobomHOro npobera U MHAYKILHUU BHeI-
Hero MarHHUTHOTO IIOJISI pa3psij 3aMbIKaeTcs Ha
HIDKHUH 3a3eMJIeHHBIH QraHel. [JBUKeHHe 3JIeK-
TPOHOB IIOIlePeK MAarHUTHOIO I10JIsl 3aTPyAHEHO,
[I05TOMY B C/ly4dae HUCIIOJb30BAHHUS OJHOPOLHOIO
MAaTrHHUTHOTIO IO/ HaGHIO,ZLaETCH Pe3KO o4YepUeH-
HBIM B paJilMalbHOM HallpaB/JeHUHU IJIa3MeHHBIN
cTonb. UCKpUBIeHHUEe CUIOBBIX TUHUN IPUBOLUT
K U3MEeHEeHHIO TPaeKTOPHUH ABUKeHU S 31eKTPOHOB
Y TIOJIOKeHHU S IIJTa3MeHHOro cTonba. PoCT gaBieHUs
IIPpUBOAUT K YMEHBII€HH IO J/IHHBI CBO6OI[HOI‘O npo-
bera ¥ MCYe3HOBEHHIO IJIa3MeHHOro cTonba. Taxk,
pu gaBieHUsx 6onee 1 MTop He IPOUCXOLUT doOPp-
MHUPOBAHHUS IIPOTSIKeHHOTO IIJIa3MeHHOTo cTo16a,
npyUYeM AJAHHA SIPKO CBETSIeHCs 9YacTH paspsna
C POCTOM [aBJeHHUS YMeHbIIAeTCA.

Ha puc.3 nmokasaHoO M3MeHeHHe aKCHAJBHOTO
pacrpenesieHHs 30HA0BOIO MOHHOTO TOKA HaCHIIIe-
HUS C yBeJIHMYeHHeM HHAYKIUKM MaTrHUTHOTO IO,
M3MepeHHOro IIPU HCIIONb30BAHUHU MAarHHUTHOM

strength at pressures below 1
mTorr first led to the emergence
of plasma in the upper portion

chain, the current through the
antenna, the RF voltage at the
ends of the antenna, the emis-
sion spectrum of the plasma and
spatial distribution of the lumi-
nescence intensity of the plasma.
Standard probe method allowed
to measure current-voltage char-
acteristic of probes, the ion satu-
ration current, concentration and
energy distribution of electrons.
The experiments were carried
out in the pressure range from 0.7
to 3.0 mTorr, with the output of
the RF generator from 150 to 400

HAHO MHOVCTPHA #2/64/2016

HELICON DISCHARGE PARAMETERS
IN THE HYBRID PLASMA SYSTEM
Discharge experimental tests
in the plasma source layout per-
formed with two types of mag-
netic systems showed that the
application of a magnetic field
leads to significant changes
in the length of a discharge in
using both a solenoidal inductor
and the Nagoya III antenna. In
the absence of a magnetic field,
a charge is concentrated in the
top gas discharge chamber. An
increase in the magnetic field

of the lower discharge cham-
ber, then, in the case of a uni-
form magnetic field, the length
of the intensely luminous part
of the discharge in the lower
chamber was beginning to grow,
and finally the discharge ended
with the lower flange by creat-
ing an extended plasma column
(2a). In the case of a magnetic
system, which creates a uni-
form magnetic field in the pro-
cessing chamber, the diameter
of the plasma column is approx-
imately equal to the diameter of
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Fig.3. Dependence of probe ion saturation current on the distance from the top flange at various values of external magnetic field: a - mag-
netic system of the first type, solenoidal antenna; b - magnetic system of the first type, Nagoya lll antenna; ¢ - magnetic system of the second

type, solenoidal antenna

CUCTEeMBI IIePBOr0 THIIA, COTeHOMIAIBHOTO HHAYK-
Topa K aHTeHHBH Nagoya III, a Tak’Ke MaTHUTHOU
CHCTEeMBI BTOPOIO THIIA K COJIeHOHAJIbHOTO UHAYK-
Topa. BUIHO, YTO IIPH OTCYTCTBHU MaTHHUTHOTO
II0JIS1 Pa3psf, COCPef0TOYeH B BepXHe YacTH UCTOY-
HMKA IIJIa3MBI, 110 Mepe YBeJIHYeHH s MATHUTHOTO
I10JIS1 B CJIy4ae MCII0/Ib30BAHM I MAaTHUTHOM CHCTeMBI
[IePBOro THUIIAa MaKCHUMYM HOHHOTO TOKa IlepeMe-
IIaeTCs B HUJKHIOI KaMepy MCTOYHHKA IIJIA3MBI, U

IIpU MAaTHUTHBIX II0JI5X, IIPEBRIIIAINKUX 36 I'c, pas-
PAL JIOKaaN3yeTCsl B HUJKHEHM YacTH MCTOYHHKA.
YKasaHHBIH 3¢ PeKT HabaomaeTcs IPU BCeX PacCMO-
TPeHHBIX MOIIHOCTAX BY-reHepaTopa, npuyem Mak-
CHMaJIbHbIe 3HAYeHH I HOHHOI'0 TOKa PACTyT IPOIIOP-
LIMOHAJIBHO BJIOKEHHOM MOLIHOCTH. Haubonpmue
3HaYeHHU S MOHHOTO TOKA HACHIIEHUS JOCTUTAKTCS
IIPU MCIIOAb30BAHUU COJIEHOUAIbHOM aHTEHHBHI.
[IprMeHeHHe MarHUTHOM CUCTeMBl BTOPOIrO THIIA He

the upper discharge chamber. In
using in a processing chamber
of a divergent magnetic field the
diameter of the plasma column
increased. A change in the mag-
netic field configuration makes it
possible to control the position of
the plasma column and also turn
itatan angle close to 90° (Fig.2).
Estimates show that the cre-
ation of the plasma column
takes place at pressures, when
the mean free path is greater
than the geometric dimen-
sions of the plasma source.
Thus, qualitative results can
be explained as follows. The
current flowing through the

antenna excites a discharge
at the top of the gas discharge
chamber, and plasma appears.
An external magnetic field
interferes with the movement
of electrons across the mag-
netic field, and they mostly
move along the field lines. If
the electron mean free path is
sufficiently large, the electrons
go out from the upper cham-
ber, and a discharge occurs in
the lower chamber. For suffi-
ciently large mean free paths
and the external magnetic field
density the discharge ends with
the lower grounded flange. The
motion of electrons across the

magnetic field is constrained,
so in the case of a uniform mag-
netic field, a plasma column
sharply defined in the radial
direction can be recorded. The
curvature of the field lines
results in a change in the elec-
tron trajectories and position
of the plasma column. Pressure
increases lead to a decrease in
the mean free path and the dis-
appearance of the plasma col-
umn. Thus, at pressures greater
than 1 mTorr an extended
plasma column is not created,
and the length of the brightly
glowing discharge decreases
with increasing pressure.

#2 /64 /2016 NANO INDUSTRY
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Fig.4. Axial profile of the amplitude of the RF field (B,)

[103BOJISIeT IOAYUYUTh BHICOKMI MOHHBIN TOK HaChI-
IIeHHs B TEXHOJOTUUEeCKOM KaMepe.

TakuM 06pa3oM, ONITHUMaJIbHON KOHCTPYKI[HEH
MaKkeTa THOPUIHOM CHUCTEMBI IB/ISeTCS IByXKaMep-
HBIM MHAYKTHBHBIM UCTOYHHUK IJIa3MBl, OCHAIIeH-
HBIH COJMEeHOUJANBHON aHTEeHHON M MAarHUTHOH
CHCTEMOH, I103BOJIAIONIEH CO3aBaTh B TEXHOJIOTH-
YeCcKoH KaMepe OfHOPOAHOe, B IIpefenax 7%, Mmar-

HHUTHOe IoJle C UHAYKIKHeH Ao 7 MT7, a B rasopas-
psAnHOU KaMepe - c1abo pacxopsineecss MarHUTHOe
rosne.

B paccMOTpeHHOM JMamna3soHe MHAYKIUYU BHeI-
Hero MarHuTHoro nons (0-60 I'c) u MoIHOCTeH
BY-reHepatopa (o 600 BT) BEIIIOMHSAETCSI HEpaBeH-
CTBO:

01 j<<W<<O<<W 4, (1)
rme o, 0, Q., 0.~ MOHHAas JIGHTMIOPOBCKas, Kpy-
roBasi pabouasi, 3/IeKTPOHHAs LHUKJIOTPOHHAS U
JIEHTMIOPOBCKAs YacTOThI. TeopeTHYeCKUe MOJeIHU
MHOYKTHUBHOro BY-paspsajga, momMemeHHOTO BO
BHelllHee MarHUTHoOe IoJe [4], mpencKa3bBaIoOT,
YTO IIPHU yCI0BH X (1) BO3MOKHO BO3by kI eHUe I BYX
CBSI3aHHBIX MeXAY cob60M BOJIH: TeJIMKOHHOIIOA06-
HOM U KBa3H3JIeKTPOCTATUUYECKON KOCOU JIEHTMIO-
POBCKOH.

M3mepeHus BU npofo/ibHOM KOMIIOHEHTBI Mar-
HHUTHOTO I10JIs B, MoKa3aau, 4TO IPHU MAarHUTHBIX
nossix 28 I'c U BblIlle B UCTOYHUKE I171a3MBbl JeICTBU-
TeJbHO QOPMHUPYETCSI YaCTU4YHO berymas BoJIHA,
npoduab aMIIMTY/Abl KOTOPOH IIOKa3aH Ha pUC.4.
[ToBhIIeHWE UHAYKIMH BHEIIHEI0 MAarHUTHOIO
[10/151 IPUBOAMUT K YBEJIMYEHHUIO YHCJIa [I0JIYBOJIH 1,
YKJIAAbIBAIOIIUXC Ha JJIMHe UCTOYHHKA IIJIa3MBbl
(prc.26). PoCcT MAarHUTHOTO II0OJISI COIIPOBOKAAETCSI
yBeIMYeHHeM aMIUIMTYABI [10J1s B, B TeXHoJIorHuyve-
CKOM KaMepe.

KOHCTPYKLIMA I'NC
[TosnyyeHHBbIE Pe3YAbTATHI II03BOIU/IN OIITUMHU3HUPO-
BaTbh KOHCTPyKLuHIo ['TIC (puc.6).

Fig.3 shows the change in the
axial distribution of the probe ion
saturation current with the mag-
netic field strength measured in
using the magnetic system of the
first type, a solenoid inductor and
Nagoya III antenna as well as the
magnetic system of the second
type and a solenoid coil. It can be
seen that in the absence of a mag-
netic field, the discharge is con-
centrated at the top of the plasma
source, as long as the magnetic
field is increased in the case of
the magnetic system of the first
type the maximum ion cur-
rent moves into the lower cham-
ber of the plasma source, and

HAHO MHOVCTPHA #2/64/2016

in the magnetic fields exceed-
ing 36 G, a discharge is local-
ised at the bottom of the source.
This effect is observed in all the
above RF-generator power, and
maximum values of the ion cur-
rent increase in proportion to the
input power. The greatest value
of the ion saturation current is
achieved by using a solenoidal
antenna. Application of the mag-
netic system of the second type
does not allow obtaining a high
ion saturation current in the pro-
cessing chamber.

Thus, the optimal design of
the hybrid system layout is a
two-chamber inductive plasma

source equipped with a solenoi-
dal antenna and a magnetic sys-
tem that makes it possible to cre-
ate in the processing chamber
a magnetic field homogenous
within 7% with the induction of
up to 7 mT, and a slightly diverg-
ing magnetic field in the gas dis-
charge chamber.

In the above inductive range of
the external magnetic field (0-60
G) and RF generator power (600
watts), the inequality occurs:

WO <<O<KO <KW, 1
where 0;;, ®, Q,, ®;,are the ion
plasma frequency, circular work-
ing frequency, electron cyclo-
tron frequency and Langmuir
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YcTaHOBKA COCTOUT M3 IBYX 4acTer. OCHOBHAs
YacTh — 3TO MeTa/IM4YecKas KamMepa LUJIHUHIPU-
4yecKoM GopMBI, fHUaMeTpom 500 MM KU BBICOTOH
350 MM. Ha nHe KaMephl pacriojaraeTcs Bpallar-
IIUICS CTOMHK JIJIS1 pa3MelleHusi o6pabaTeiBaeMBbIX
ob6pasuoB. B mpouecce oTpaboTKU TeXHOJIOTUUe-
ckux pexkuMoB I'TIC Ha cTonHKe b6blJIa CMOHTHPO-
BaHa CHMCTeMa 30HJ,0B C LIe/IbI0 KOHTPOJ/IS IlapaMe-
TPOB I171a3MBbl. JIJ1s BBIBOJA CUTHAJIOB Ha PeTHUCTPHU-
PyOIYIO anmapaTypy OpefyCMOTpPeH CIelHallb-
HBIU IIOPT. [IJI IPOBeeHUs CIIeKTPOMeTPHUeCKUX
HCC/IeIOBAHUM NapaMeTpPOB IJ1a3Mbl Haj CTOJIH-
KOM CJIY>KaT Ba OKHA OIITHYeCKOro KOHTPOJIS, pac-
II0JIO>KeHHBIe CTPOTO APYT NPOTUB Apyra. Ha 6oko-
BBIX CTOPOHAaX KaMephl YCTAHOB/JIEHBl MAaTHEeTPOH
UM BaKyYMHO-ZyTOBOX UCTOYHUK. CHH3y OCHOBHOU
KaMepBhl PaCIIOJIOKeH 3JIeKTPOMATHHUT, II03BOJISI0-
LMK [10/1y4aTh HHAYKI MO BHEIIHEro MarHUTHOI O
oJis B 061acTH cToJIMKa - 1o 150 Ic.

B BepXHeH 4aCTH OCHOBHOM KaMephbl CMOHTH-
POBaH KBapLeBbIU LHUJHHIPHUYECKHH HCTOYHHUK
reJIMKOHHOMU IJIa3MBI IVIMHOU 250 MM U JUaMeTPOM
220 MM. CBepxy 06beM HCTOYHHKA 3aKPBIT ITTyXUM
CTeKJISSHHBIM QIaHIleM, a CHHU3y MeTal/Iu4eCKUM
dnaHIeM c oTBepcTHeM, 06eCrieunBaOII UM BBIXOT
[1JIa3MBbl B OCHOBHYIO KaMepy. [lBa 3/leKTpoMarHuTa
obecre4nBaIOT CO3MaHHe MAaTHUTHOIO IO/ B TeX-
HOJIOTMYeCcKOM KaMepe. [lsst Bo36y>KIeHHU S pa3psiga
KCIIOIb3yeTCSl COJIeHOUJa/IbHas aHTeHHA, PacIo-
JI0OKeHHas Ha BHEIIHeH IIOBePXHOCTHU KBapleBOU
KaMephl. KOHIIBI aHT@HHBI Yepe3 CUCTeMYy COIJIaco-
BaHUS MOAKIIOYANNUCH K BU-reHepaTopy ¢ paboueit

frequency. According to the the-
oretical models of the RF induc-

increase in the number of half-

S

P4

10 20 30 40 50 60 70 8
B.I'c|G

Puc.5. 3asucumocmsp YucAa NoAy8OAH N, YKAAObIBAIOWLUXCS HA
OAUHe UCMOYHUKA NAA3Mbl, 0M 8eAUYUHbI UHOYKUUU BHELWHEe20
MA2HUMHO20 N0AS

Fig.5. Dependence of the number of half wavelengths (n) that fit
inside the length of the plasma source on the external magnetic
field induction

4yacToTOM 13,56 MI'Il ¥ BBIXOJHOMN MOIIHOCTBIO IO
1000 Br.

Hng uccnesoBaHUs OOHOPOLHOCTH IIJIa3MBl B
06J1aCTH PacCHONOKEHHUS MOLIOXKKH HA CTOMHKE
OBI7I0 CMOHTHUPOBAHO 25 NPUCTEHOUYHBIX IIJIOCKUX
30H4a. 13 30HA0B pacmoyjarajuch mapajjieabHo
OCH CMMMeTPHUH MarHeTpoHa (gajee - och X) U 12

the processed samples. In test-

tive discharge placed in an exter-
nal magnetic field [4], under
the conditions (1) two intercon-
nected waves, i.e. helicon-like,
quasi-electrostatic and oblique
Langmuir can be excited.

HF measurements of the longitu-
dinal component of the magnetic
field B, have shown that in the
magnetic fields of 28 G or more in
the plasma source a partly trav-
elling wave, the amplitude pro-
file of which is shown in Fig.4,
is really created. An increase
in the induction of the exter-
nal magnetic field leads to an

waves n placed on the length of
the plasma source (Fig.2b). The
growth of the magnetic field is
accompanied by an increase in
the amplitude of the B, field in
the processing chamber.

HPS DESIGN
The obtained results allow opti-
mising the HPS design (Fig.6).

The installation consists of
two parts. The main part is a
metal chamber of the cylindri-
cal shape with a diameter of 500
mm and a height of 350 mm. At
the bottom of the chamber there
is the turntable table for placing

ing the technological modes
of HPS a couple of probes were
mounted on the table in order to
control the plasma parameters.
To output signals to the record-
ing equipment there is a special
port. To carry out the spectromet-
ric researches of plasma parame-
ters, there are two optical inspec-
tion window placed strictly oppo-
site each other above the table.
On the sides of the chamber a
magnetron and a vacuum arc
source are installed. Below the
main chamber there is an elec-
tromagnet which makes it possi-
ble to obtain the induction of the

#2 /64 /2016 NANO INDUSTRY
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b)

Puc.6. Yepmex (a) u pomozpapus (b) ycmaHosku ¢ 2u6pudHoil nAa3meHHoU cucmemol
Fig.6. Drawing (a) and photo (b) of the facility with hybrid plasma system

30H/IOB - [IepIIeHAUKY/ISIPHO el (fanee - ocb y). 14
M3MepeHH s HOHHOTO TOKA HAChIIeHUs Ha 30H/bI
[IO/,aBaJICSI OTPHUIIATEeILHEIN OTHOCHTEIBHO CTEHOK
OCHOBHOM KaMepbl moTeHUHan 60 B. M3nydeHue
IIJIa3Mbl Yepe3 CBETOBOJ IlepenaBaioch Ha BXOM
MoHOXpomaTopa M/P-41, Ha BEIXO[JEe KOTOPOIO pac-
rmosiarancsa ®3Y-100. CurxHan ¢ ®3Y ycuauBaics
U nocTynaa Ha AIIII, BCTPOEHHBIM B KOMIIBIOTED.

CKaHMpOBaHUE CIIeKTPa OCYLIeCTB/ISANIOCH B JHALIA~
30He 400-700 HM. I3MepeHU I ITPOBOJHIKCH B Cpefie
aproHa B [Halla3oHe AaBieHUM oT 0,2 mo 1,5 I1a.

ONTUMU3ALINA PEXXUMOB PABOTDI I'MC

DKCIOepUMeHTAa/IbHbIe HCCIeLOBAHUA pa3psanga
B I'TIC mokasaau, 4TO HaJIOKeHHEe OJHOPOLHOTO
MarHHUTHOIO II0JIS IPUBOJUT K CYIIeCTBeHHBIM

external magnetic field in the
table area, up to 150 C.

In the upper part of the main
chamber a cylindrical quartz hel-
icon plasma source with a length
of 250 mm and a diameter of 220
mm is mounted. Above the vol-
ume of the source is closed by a
hollow glass flange and by metal
flange with an opening providing
access to the main plasma cham-
ber at the bottom. Two electro-
magnets provide a magnetic field
in the processing chamber. For
excitation of the discharge, a sole-
noidal antenna placed on the out-
side of the quartz chamber is used.
The ends of the antenna were

HAHO MHOVCTPUA #2/6a/2016

connected through the matching
system to the HF generator with an
operating frequency of 13.56 MHz
and an output power of 1000 watts.

To study the plasma homoge-
neity in the substrate 25 flat near-
wall probes area were mounted on
the table. 13 probes are parallel to
the symmetry axis of the magne-
tron (the x axis) and 12 probes per-
pendicular thereto (the y axis). To
measure the ion saturation cur-
rent, a potential of 60 V negative
in relation to the main cham-
ber walls were supplied to the
probes. The plasma radiation was
transmitted through the light
guide to the input of the MDR-41

monochromator, at the output
of which the FEU-100 photomul-
tiplier tube was placed. A signal
from the photomultiplier tube was
amplified and fed to the ADC built
in the computer. The spectrum
was scanned in the range of 400-
700 nm. Measurements were car-
ried out in the argon environment
at pressures ranging from 0.2 Pa to
1.5Pa.

OPTIMIZATION OF OPERATION
MODES OF HPS

Experimental investigations of
discharge in HPS showed that
the superposition of a homo-
geneous magnetic field leads
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Fig.7. Radial distribution of probe saturation current along the x-axis (a) and y-axis (b). Argon pressure of 0.75 Pa; lg,=5A; I,=5A

H3MeHeHUAM IIPOTSKeHHOCTH paspasa. Ilpu mar-
HUTHOM II0Jie mopsinKka 40 ['c paspsan 3aMbIKaeTCs
Ha HUKHUN QnaHel, POPMUPYS IMPOTIKEHHBIN
Iaa3MeHHBIH CcTon6. JHaMeTp MJIa3MeHHOIO
cTonba npruMepHO paBeH 20 cM. Ha puc.7 moka3aHbl
pe3yabTaThl U3MePeHUS pafHaabHOIO pacrpeme-
JIeHHSI MOHHOIO TOKa HaChIIeHHd BAO/Ab OCeH X
Uy, IIOJIy4eHHBble IpU paboTe reJIMKOHHOTO Pas-
pAna, MarHeTpoHa B OTAEIBHOCTH U ABYX Pa3psAaoB
COBMeCTHO. Kak BUIHO, COBMECTHAS peaau3aliusl

OBYX pa3psagoB IIPUBOOHT K CyIIeCTBEHHOMY yBe-
JIMYEeHHUIO HOHHOIO TOKa, 3Ha4YeHHe KOTOPOro CTa-
HOBHWTCA BblIlle, YyeM HPOCTaH cymma BeJIN4YHH,
M3MepeHHBIX IIPU OTHEeNbHOM paboTe HHAYKTUB-
HOTO Ie/IMKOHHOro BUY-MCTOYHHKA U MarHeTpPOHA.
OTOT BBIBOJ CIIPaBelJIUB IIPHU BCeX PAaCCMOTPeH-
HBIX YC/NIOBUSAX 3KCIIEPUMEHTOB. POCT maBleHHUS
ot 0,3 mo 0,7 IIa, KaKk ImoKa3ajau 3KCIePUMEHTHI,
OPUBOAUT K CYyIIeCTBEHHOMY yJIyUllleHHUIO OHO-
POAHOCTH paJHaIbHOIO paclpeie/leHUs HOHHOTO

to significant changes in the
length of the discharge. Whit a
magnetic field of about 40 Causs,
the discharge closes on the bot-
tom flange, forming a long
plasma column. The diameter
of the plasma column is approx-
imately equal to 20 cm. Fig.7
shows the results of measure-
ment of radial distribution of ion
saturation current along x and y
axes obtained in the helicon dis-
charge mode, in the magnetron
mode and in the combined mode
of the two discharges. As can be
seen, the joint work of the two
discharges leads to a substantial
increase of ionic current whose

value is higher than the sum
of the values measured in sep-
arate modes for inductive heli-
con RF source and the magne-
tron. This conclusion is true in
all the considered experimental
conditions. Growth of the pres-
sure from 0.3 to 0.7 Pa, as shown
by the experiments, leads to sub-
stantial improvement in the uni-
formity of the radial distribution
of ion current, however, its abso-
lute value declines. Increasing of
pressure to 1 Pa leads to a further
decrease of ion current.

The results presented above
indicate the impact of the mag-
netron on parameters of the

hybrid sputtering system. The
influence of the HS of plasma
on the operation of the mag-
netron with a titanium target
can be estimated on the basis of
spectral studies of plasma. Fig.8
shows a part of the emission
spectrum of the plasma, where
intensive lines of Til are local-
ized, which was measured at a
pressure of 0.3 Pa in the cases of
operation of the magnetron and
of joint operation of the mag-
netron and helicon source. The
experiments showed that when
only the magnetron operates,
spectral lines of titanium are
practically not identified due to

#2 /64 /2016 NANO INDUSTRY
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Puc.8. Yuacmok cnekmpa ceeveHusi pa3psiod, 20e pacnonoXeHbl
UHMeHcugHble AuHuu Til

Fig.8. Part of the emission spectrum of the discharge with inten-
sive lines of Til

TOKa, OLHAKO ero abCcoNI0THAS BeJIMUHHA IIPHU 3TOM
majgaer. YBejlu4yeHHe gaBleHUsd 00 1 [1a mpuso-
OUT K Ja/IbHeHIIeMy MaJeHHI0 3Ha4YeHU K HOHHOIO
TOKa.

Pe3ynbTaThl, IIpeACTaBJIeHHBIe BBIIIE, CBUE-
TeJBCTBYIOT O BAMSIHHUHM paboThl MarHeTpoHA Ha
rapameTpbl THOPHU/IHOM HANIBIIUTEIBHOM CUCTEMBIL.
Bnusuue T'M naasmsl Ha paboTy MarHeTpoHa C
THTAHOBOM MHUIIEHbIO MOKHO OLIeHUTb Ha OCHOBA-

Tabauua. ToAWwUHA nneHoK Al, HanbineHHbIX HA KpenmHuesble N00-
NOXKKU 8 PA3AUYHBIX PeXXUMAX
Thickness of Al films evaporated on silicon substrate in different modes

Homep o6pasua TonwmHa nNaeHKu, HM
Sample number Film thickness, nm
1 280
2 430
3 470

HUH CIeKTPaJbHEIX HCCIeN0BaHUU IJa3sMbl. Ha
puc.8 [IoKa3aH y4YacCTOK CIIeKTPpa CBeYeHHU S IIJIA3MBI,
rje I0Ka/JIM3yI0TCS MHTeHCHBHbIe THHUU Til, n3Me-
PeHHBbIN IpH AaBaeHuu 0,3 IIa B ciiydyae paboTsl
TOJIBKO MarHeTPOHA M COBMECTHOM PaboThl MarHe-
TPOHA U FeJIMKOHHOI'0 UCTOYHHKA. DKCIIePUMEHTHI
MoKa3ajaM, 4To IPH paboTe TOABKO MarHeTpoHa
CIeKTpajbHbIe JUHHUU TUTAHA IIPaKTUYeCKHU He
UOeHTUPUIHUPYIOTCSA B CBA3M C MaJjIbIM KOJIHYe-
CTBOM aTOMOB B pa3psije. OpHaKko npu pabore
rU6pUAHOTO UCTOYHHMKA UHTEHCUBHOCTDb CBeue-
HHUS CIIeKTPa/IbHBIX THHUU aTOMOB TUTAaHa IIOBBI-
IIaeTCsI, YTO TOBOPHUT O POCTE UX KOHLIEHTPALHUU
(puc.8). Kpome Toro, YCTaHOBJIEHO, YTO HHTEHCHUB-
HOCTbh IUHUM THTaHa B 00/1aCTH MOJJIOXKKHU, Ile
IOJIKeH pacIionaratbcsi obpasel;, HEMHOTUM YCTY-
IaeT UHTEHCUBHOCTHU B 06J1aCTH YyCTAaHOBKU MarHe-
TpoOHa.

B Tabnulle npuBeJeHbl 3HaUeHHU I TONIIHUHEL I171e-
HOK Al, HanIbIJIeHHBIX Ha KpeMHHUEeBBIe II0JIJIOKKHU
npu pabore Tonbko MarHeTpoHa (1), Ipu ogHO-
BpeMeHHOI paboTe MarHeTPoHAa U TeJIMKOHA (2), a

small quantity of atoms in the
discharge. However, in hybrid
mode the emission intensity of
spectral lines of titanium atoms
increases that indicates the
increase in their concentration
(Fig.8). In addition, it was found
that the intensity of the tita-
nium lines in the area of the sub-
strate, where should be placed
the sample, is a little less than
the intensity in the location of
the magnetron.

The table presents the thick-
nesses of Al films evaporated
on silicon substrate during the
operation only of the magnetron
(1), during of the simultaneous
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operation of the magnetron and
helicon (2) and during simul-
taneous operation of the mag-
netron and Helicon (3) with the
bias to the substrate. The time of
sputtering in all three cases was
the same. The thickness of the
films was measured on the chips
of the plates using SEM Supra 40.

As can be seen, during the
joint operation of the magne-
tron and helicon the sputtering
rate increases. This is because
the additional helicon discharge,
as shown by the probe measure-
ments, increases the plasma
density. This leads to an increase
of the ion flow that bombarding

the target of the magnetron
and to an increase of the rate of
her sputtering. Apparently, the
bias to the substrate leads to an
increase in the number of alumi-
num ions, which reach the sub-
strate and are involved in the for-
mation of the film. The latter
contributes to further increasing
of the growth rate of the film.

Studies of the samples surface
showed significant differences
in its morphology depending on
sputtering mode (Fig.9).

The Al films were intended for
use as a structural element of the
anode layer for thin-film Li-ion
batteries, in which the developed
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Puc.9. MosepxHocmb 06pa3i08 NAeHKU, NOAYHEHHbIX 8 CAeDYIOLUUX PeXXUMAX: d — MAzZHemMpOHHOe pacnbiAeHue aAMUHUEeol MulleHU;
b - 0dHo8pemeHHas paboma mazHempoHHO20 U 2eAUKOHHO20 UCMOYHUKO8; C — 00HOBPeMeHHAs paboma MdazHempoHHO20 U 2eAUKOHHO20

UCMOYHUKO8 NpU CMeLyeHUU Ha NodA0XKKY

Fig.9. Surface of the film samples obtained in the following modes: a - magnetron sputtering of aluminum target; b - simultaneous opera-
tion of the magnetron and helicon sources; ¢ - simultaneous operation of the magnetron and helicon sources with the bias to the substrate

TaK>Ke IIPU OJJHOBPeMeHHOI paboTe MarHeTpoHa U
reJiiKoHa (3) IPH YCIOBUH, UTO JOIOTHUTENIBHO HA
IIOJIJIOKKY II0JaBaIoCh CMeIlleHKe. BpeMs Hallblie-
HHUSA B TPeX PAaCCMOTPEHHBIX C/Iy4asx COBIIALajo.
To/MUMHBI I1JIeHOK ObIIM 3aMepeHBl 10 CKOY Ijla-
ctuH Ha COM Supra 40.

Kak BUZHO, IPU COBMECTHOM paboTe MarHeTpoHa
M reJIMKOHA CKOPOCTh HaIlbIJIEHU S IIJIEHKH pacTerT.
9TO CBA3aHO C TeM, YTO IIPU BKIKUYEHUHU [LOII0/-
HUTEJIbHOTO Fe/IMKOHHOTO pa3paia, KaK II0Ka3aau
30H/0Bble U3MepPeHHs, IJIOTHOCTh [JIa3MBbl BO3-
pacraeT. DTO HPUBOAMUT K YBeJIMYEHHUIO IIOTOKA
HOHOB, 6oMbapaupyOMIUX MUIIeHb MarHeTPOHA

U YBEJIMYEHHUI0 CKOPOCTH PACIIBIIEHHUS MUILIEHHU,
[Io-BUIUMOMY, 10[jaUa CMeIleHUs Ha IO JIOXKKY
IIPUBOAUT K YBEJIUUEHHIO YHC/Ia MOHOB aTHOMU-
HUS, [I0MIaIAI0NIMX Ha [TOJIOKKY U YYACTBYIOLIUX B
dopmupoBaHUH IIeHKH. [locneHee cr1ocobCcTByeT
IOIIONTHUTEIBHOMY YBeTHUYEHHIO CKOPOCTH POCTa
[JIEHKH.

HccnenoBaHUS IOBEPXHOCTH 06pa3sloB moKa-
331U CyIeCTBeHHBbIe pa3NIHuuus ee Mopdonoruu
B 3aBHCHMOCTHU OT PeKMMa HAIlBIJIEHUS IIJIEHOK
(puc.9).

[IneHku Al mpenHa3HAaYaIUCh B Ka4eCTBE CTPYK-
TYPHOTO 3JIeMEHTa aHOLHOTO CJIOS JIsl TOHKOIIJIE-

morphology of the surface layers
have an important role. As can
be seen, the surface of the three
considered samples of the films
has features of a polycrystalline
structure with "large" blocks.
These polycrystalline blocks are
least pronounced in case of the
joint operation of the magnetron
and helicon discharge. The chip
of the film sample, obtained in
case of bias to the substrate, dif-
fers from other samples because
it is more fine-dispersed, but
with a larger effective area
(Fig.10).

Thus, the experiments demon-
strated that the assisting helicon

discharge allows to increase the
rate of magnetron sputtering.
In addition, the obtained results
indicate good prospects of the
adjustment the film structure by
changing parameters of the heli-
con discharge.

CONCLUSION

The investigation of the parame-
ters of the helicon plasma source
showed the promise of the cho-
sen design of the HPS. The best
solution is a double-chamber
inductive source equipped with
a solenoidal antenna and a mag-
netic system that allows to cre-
ate uniform magnetic field of not

less than 7 mT in the processing
chamber and a weakly diverg-
ing magnetic field in the gas dis-
charge chamber.

The study of plasma parame-
ters in RF hybrid plasma system
based on helicon or magnetron
discharges, showed the mutual
influence of two types of dis-
charge, leading to an increase
in the plasma density and in the
concentration of sputtered atoms.

The project was financially supported
by the Ministry of education and science
of the Russian Federation. Agreement
No. 14.576.21.0021 of 30 June 2014. The
unique identifier of applied research
(project) is REMEFIS57614X0021. |
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Puc.10. Ckonbl 06pa3l0e nAeHoK, NoAyYeHHbIX 8 CAeAYIOWUX pexXUMAX: d — MazHempoHHOe pacnbiAeHue aAloMUHUesol MULLEeHU;
b - 00Ho8pemeHHas paboma MazHemMpoOHHO20 U 2eAUKOHHO20 UCMOYHUKO8; C — 00HO8peMeHHAs paboma MAazHempoHHO20 U 2eAl-

KOHHO020 UCMO4YHUKO8 npu cmelleHuu Ha noa/\o»(Ky

Fig.10. Chips of film samples obtained in the following modes: a - magnetron sputtering of aluminum target; b - simultaneous oper-
ation of the magnetron and helicon sources; ¢ - simultaneous operation of the magnetron and helicon sources with the bias to the

substrate

HOYHBIX Li-MOHHBIX aKKYMY/JISITOPOB, B KOTOPHIX
Ba’KHYIO po/l1b UIpaeT pa3BuTas Mopdosaorus
IIOBEePXHOCTHU CJ0eB. Kak BUAHO, ITIOBEPXHOCTH
TpexX pacCMOTPeHHBIX 06pa3loB IIJIEHOK MMeeT
NPHU3HAKU MOJTUKPUCTATINYECKON CTPYKTYPHL C
"KpynHbBMHU" 610KaMu. Takue MOJTHUKPUCTAJIIN-
yeckHe 6JI0KM HalMeHee BhIpaskeHbl IIPH COBMECT-
HOI1 paboTe MarHeTpoHAa U IeJTMKOHHOTO Pa3psza.
Ckon mIeHKHU obpasua, MoJTy4eHHOro IIPHU IIofade
CMelleHUs Ha IOAJIOXKY, OTIIMYAeTCsI OT CKOJIOB
IIJIEHOK OCTa/IbHBIX 06pa31ioB - oH 6ojee MeJlIKOIU-
CIIePCHBIH, HO C bonbineri 3 PeKTHUBHOM IIJIOMA B0
(puc.10).

TakuMm o6pa3oM, BBIIIOTHEHHBIE 3KCIIEPHUMEHTHI
IoKa3ajy, YTO HaJHu4YHe FeJJMKOHHOIO aCCUCTHU-
pyoliero paspsijia I03BoJsieT yBeTUUUTh CKOPOCTh
MarHeTPOHHOI0 HallblIeHU s IIJIeHOK. KpoMe Toro,
IoJIy4eHHbIe Pe3y/JIbTaThl YKa3bIBAIOT Ha XOPOIILe
MepCIeKTHUBEl YyIIPaBIeHUS CTPYKTYPOM IMJIeHOK
IyTeM M3MeHeHHU s IIapaMeTpPOB e IMKOHHOTO pas3-
psana.

3AKNIOYEHUE

Pe3y/nbTaThl HMCCAeJOBAHUS IIapaMeTpPOB LejH-
KOHHOIO MCTOYHHKA IIJIa3MBbl IIOKa3alH Iep-
CIIEKTUBHOCTH BBIOpPAaHHOM KOHCTpyKuuu ITIC.
ONTUMa/NbHBIM pellleHHeM SIBJASeTCS ABYXKa-
MepHBIM HHAYKTUBHBIK HCTOYHHK, OCHAIleH-
HBIH COJE€HOUTAJIBHOM aHTEHHOM U MAarHUTHOH
CHUCTeMOH, IIO3BOJISAIONIEHN CO34aBaTh B TeXHOJIO-
THYeCKON KaMepe OLHOPOAHOE MAarHUTHOe II0je
C MHAYKIMel He MeHee 7 MTJI, a B ra30pa3psaaHOU
KaMepe - ci1abo pacxonsiieecs MarHUTHOe II0JIe,
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Pe3ynbpTaThl MCC/IeIOBAHU A IaPAMETPOB I1JIa3MBI
B ru6pHaHoﬁ njaasmMeHHoOM BU-cucTeMe, OCHOBAaH-
HOM Ha FeJIMKOHHOM U MarHeTPOHHOM pa3psjax,
II0OKa3aJIu B3aMMHOEe BJIMdHUE LLBYX TUIIOB pa3—
psana, npuBoAsdllee K YBeIHMYEHUIO IJIOTHOCTH
[IJIa3Mbl U KOHIIeHTPAalluH pacIIblIsieMbIX aTOMOB.

Paboma suinonaHeHa npu QuHaHcosol noddepxke
MuHnucmepcmea obpasosanus u Hayku PO. CozaaweHnue
Ne 14.576.21.0021 om 30 utorsa 2014 2. YHUKRAAbHBLIL UudeHmu-
purkamop npuraadublx HayuHblX uccaedosanuil (npoekma)
REMEFI57614X0021.
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