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SMUCCHUOHHOM CIIEKTPOCKOIIUH TJIEIOIIETO PA3PSIA
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MynbTHCIIOMHBIE TIOKPBITUSI NPEICTABISIOT OTPOMHBIM HHTEpEC B MPUMEHEHHH B Pa3JIMYHBIX 00JACTSIX TEXHU-
K1, HAUYMHAsl OT ONTHYECKHUX ITOKPBITHH, 3aKaHUMBast 3aIIUTHBIMU. Takke, Kak U JI0ObIe MTOKPBITHS, MYJIbTHCIIOHHBIE
cUCTeMbI TpeOyIOT KOHTPOJIS AErpajallii MaTepualia Ipy ero MCHOJIb30BaHUH, U KOHTPOJISI KauecTBa popMHUpOBa-
HUSI TOKPBHITHHA. OJTHUM W3 METOJIOB, MO3BOJISIOIINX pa3pelarh yJIbTPAaTOHKUE CIOM M IIPU 3TOM HMETh BBICOKOE
rITyOMHHOE pa3pelmieHne, SBISIETCS ONTHYECKas AIMHUCCHOHHAs criekTpoMmeTpus Tietomero paspsaa (OOCTP). Ilpu
pabote ¢ OOCTP cymecTByI0T 0COOCHHOCTH, BIHSIONINE HAa PE3yIbTAaTHl HCCICAOBAaHMA. B maHHO# paboTe mokaza-
Ha pa3paboTKa METOAUKH PACIbUICHHS MYJIbTUCIOHHBIX HOKPBITHI C LEJbI0 y4eTa HePAaBHOMEPHOCTH PACIIBIICHHS,
00yCIIOBJICHHAs] HATMYHEM HHCTPYMEHTAIBHBIX M (QU3NYECKUX apTe(aKToB.

Knioueswie cnosa: mynvrucioiinbie mokpsitus; Zt/Nb; OOCTP; pesxuM pactbLIeHuUs.

METHODOLOGY OF LAYER-BY-LAYER CHEMICAL ANALYSIS
OF Zr/INb MULTILAYER COATINGS BY GLOW DISCHARGE
OPTICAL EMISSION SPECTROSCOPY
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Thin films and coatings are used in various fields of engineering, from microelectronics and optics to protective
coatings against various influences. A number of interesting properties of multilayer systems are caused by the pres-
ence of an unusual structure, multiple interfaces, etc. Optimization of coating deposition processes and determina-
tion of coating failure mechanisms are based on investigations of the microstructure and elemental and chemical
composition using electron microscopy, X-ray structure analysis and photoelectron spectroscopy. However, in this
case, in addition to the technological problems associated with the deposition of a large number of layers, methodo-
logical problems also arise in depth profiling as a result of the physical and instrumental artifacts that accompany the
ion sputtering of ultra-thin and thin multilayer coatings. Thin-film analysis by depth profiling methods is based on
the erosion of surfaces as a result of bombardment by particles with different energies, with the substance being con-
tinuously removed as a function of bombardment time. One such method is glow discharge optical emission spec-
trometry (GD-OES). Considering the high sputtering rates in GD-OES, the main advantage is the possibility to use a
radiofrequency source in pulsed mode, thereby reducing the sputtering rate. The application of pulsed discharges
allows reproducible measurements with improved detection limits and lower self-absorption, allowing the detection
of less material present in thin layers. This study will use the GD-Profiler 2 glow discharge spectrometer. This paper
demonstrates the development of a methodology for sputtering multilayer coatings in order to account for sputtering
unevenness caused by the presence of instrumental and physical artifacts.

Keywords: multi-layer coatings; Zr/Nb; GD-OES; sputtering mode.

Beenenue TEpUEM ONTHUMAIBHOW METOJMKHU PpaCIbLIe-
Pa3zpaboTka METOAMKH PacHbUICHUS MPE- Hus. @opma Kparepa 0JI)KHA UMETh INIOCKOE

CTaBJIsIeT U3 ce0s MoaA0Op OCHOBHBIX Mapa- JTHO ¥ BEPTHKAJIbHBIE CTEHKHU, YTO MO3BOJISET

METPOB PACIbUICHUS: JaBIEHUE, MOIHOCTH JIOCTHYb BBICOKOTO pa3pellieHus Mo riryouHe

paauovactotHoro paspsaa (PU paspsna), U 4yBCTBUTENbHOCTH [1, 2, 3, 4, 5].

KodpduureHTa 3amnonHeHus u yacrtory. [Ipu

pacnbuieHHH o0Opa3yeTcst Kparep, ¢popma Ko- Pe3yabTaThl 3KCIIEPUMEHTA

TOPOTO SIBJISIETCS OCHOBOIOJIAraIOLUM KpH- 3HAUUTENBHO YXY/IIIEHUE JaHHBIX Napa-
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METpPOB BO3HHKACT U3-3a «3pdeKTa Kparepa
(BK)». DK Bo3HHKaET B CHJIy pa3HOTro 3aps-
Jla MIOHOB aproHa ¥ aHOJad, IPU JOCTUKEHUU
Kpasi aHo/ia MPOUCXOJUT OTKIOHEHHE MOHOB
Ha yroi nopsaka 1-2° 3a cuer yero oOpasy-
€TCsl TPaJUEHT CKOPOCTH pACHbUICHUS OT
LEHTpa KpaTepa k ero creHkam (puc. 1). Ec-
1 okoJio 75% nHa KpaTepa MMeeT MOCTOSH-
HYI0 CKOPOCTb pacHbUIEHMs], TO Y Kpas Kpa-
Tepa CKOPOCTh MOKET ObITh Ooubie Ha 35%.

e -,

rnivrimaate®’\ - CreHka kpatepa [l P
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Puc. 1. Cxemarndeckoe m3zobOpakeHne 3¢dexra Kpa-
Tepa, BeIcoTa d MpencTaBiIseT cOO0H PasHOCTh MEKIY
KpaeM KpaTepa ¥ LIEHTPOM JIHa Kpatepa

Fig. 1. Schematic representation of the crater effect,
the height d is the difference between the crater edge
and the center of the crater bottom

[lepBoHayalbHO  TOAOUPAETCS  PEKHUM
pacublIeHud, IPU KOTOPOM CTEHKHU Kparepa
OynyT Haubosiee BEPTUKAIBHBIMH, a JHO
KpaTepa INIOCKHUM.

Tabmuma 1. TlopGop pexumoB pacnbuierus HMC
ZrINb ¢ pa3nuuHO# TOJIIMHOW WHIMBUIYATbHBIX
CJIOCB

Table 1. Sputtering modes selection of NMS Zr/Nb
with different thickness of individual layers

Ne | HMC Zr/Nb Pexxum pacnbuienus

3 ZrNb 100 650 Ia, 20 BT, 4 xI'ny, 25 %

5 ZrNb100 630 ITa, 40 Br, 2 x['11, 12.5%
7 ZrNb 100 700 ITa, 40 BT, 2 xI'y, 12.5%
10 ZrNb50 700 ITa, 40 BT, 2 xI'ny, 12.5%
12| ZrNb 50 650 Ia, 20 BT, 4 xI'ny, 25 %
13| ZrNb50 650 ITa, 40 Br, 1 xI'1, 12.5%
16 ZrNb25 650 ITa, 40 BT, 0,5 ', 12.5 %
18| ZrNb 25 650 Ia, 20 BT, 5 xI'ny, 25 %
19 ZrNb25 650 ITa, 40 BT, 1 xI'm, 12.5%
21 ZrNb10 650 ITa, 40 BT, 1,5 xI'm, 12.5 %
24| ZrNb 10 | 650 IIa, 20 Br, 0,4 'y, 12.5 %
23| ZrNb 10 650 ITa, 40 Br, 1 xI'1y, 12.5%

st onTUMU3AIMKY TOTYYEHHBIX PEXUMOB
pacnbuieHHs] Oblla IpoaHaIU3UpoBaHa Gop-
Ma KpaTepa U npopuIn pacripeaeieHus die-
MEHTOB C MOCTPOCHHEM KapThl JABJICHUS OT
MOIITHOCTH (pHC. 2) ¢ yKa3aHUEM BBICOTHI d.
JanHplii mapaMeTp XapakTepu3yeT CTeleHb
JIerpajlaliuy IJIOCKOCTH KpaTepa OT Hepas-
HOMEPHOI'O paclblUICHHUsS TOBEPXHOCTH [1].
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Puc. 1. Kapra naBnenue — Mmomuocts 111 HMC Zr/Nb
Ha KpEMHHEBOW MoOmNIOXKe. PsmoM ¢ skcnepuMmeH-
TaJIbHBIM 3HAYCHUEM YKa3aH mapameTpa d B HM.

Fig. 1. Pressure-power map for Zr/Nb NMS on silicon
substrate. The d parameter in nm is shown next to the
experimental value.

CornacHo IMOJIYUYCHHBIM KapTaM JaBJICHHUC
— MOIIIHOCTD, ObLIH BLI6paHLI CJICOAYIOIINC
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pexxumbl pacnbuieHus: anss HMC Zr/Nb ¢
TOJNIMHON yepeayromuxcsa ciaoeB 100 am —
pexuMm Ne 7 ¢ HAUMEHBIIMM 3HAYEHUEM I1a-
pamerpa d = 150 um, st HMC Zr/Nb ¢
TOJNIIMHAMH Yepenytomuxcs ciaoeB 50, 25 u
10 aM — pesxum Ne 13 ¢ HaUMEHBIIIUM 3Haye-
HueMm napamerpoB d = 200, 180 u 250 HM,
COOTBETCTBeHHO. Jlanmee oneHuBajics mapa-
MeTp 6W, KOTOpBIH onpeesseT MUPUHY Tie-
pexoa rpaHuIlbl pasjiena IIIeHKA/TIOAI0KKa
U BIMSCT HA pa3pelieHus Mo TIIyOuHe IS
naHHO# mepexonHoi obmactu [2]. [Ipodwunb
pacrnpeenieHds 3JIEMEHTOB O IIyOuHe i
HMC Zt/Nb ¢ TonamuHOi WHANBUAYATbHBIX
cimoeB 100 uM ¢ ykazanueMm mapamerpa 6W
MpeJICTaBJIeH Ha puc. 3.
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Puc. 3. [po¢mmm pacmpeneneHuss 3IEMEHTOB IS
HMC Zt/Nb ¢ TonmmmHO# uepenyrommxcs cioes 100
HM, IMapaMeTpPhbl PACHbUICHHUS U TOJIYyYCHHBIC KpaTephl
yka3aHsl B Tabnuie 1: Ne 7. [llupuHa nepexona mieH-
Ka/moiokka pasaa 6W = 90 am

Fig. 3. The distribution profiles of elements for NMS
Zr/Nb with thickness of alternating layers 100 nm,
sputtering parameters and obtained craters are shown
in Table 1: No. 7. The width of the film/substrate tran-
sition is 8W =90 nm

Ananu3 mapamerpa W mokaszan, 4To mpH
ONTUMAJIFHBIX MapaMeTpax pacHbLICHUS Tie-
pexXoJl TMJIEHKA/TOIJIOKKA CTAaHOBUTCS OoJiee
OCTPBIM M YETKHM, YTO CBUICTEIHCTBYET O
COXPaHEHHE BBICOKOTO pa3pelieHus 1O TIy-
ouHe.

[Ipy yMEHBIIEHWH TOJIIUHBI Yepeayro-
mmxcs cnmoee HMC Zr/Nb nabmromaercs
yBeIMUEHUE 3Ha4YeHWs mapamerpa 6W, 3a
CUeT MEePUOJAMYECKOTO M3MEHEHHS! CKOPOCTU
pacnbuieHus cioeB Zr 1 Nb, yTo NpUBOAUT K
CHIDKCHHUIO paszpelieHus mo riyoune. [anee
aHAJIM3WPOBAIACH 3aBUCUMOCTBH ITapameTpa
OW ot naBnenus [3], pe3yabTaThl MpeACcTaB-
nensl Ha puc. 4 mis HMC Zr/Nb ¢ uepeny-
foutumucd cirossMu ToamuHoH 100 1 50 mwm.

o ™ ZeNbs0

a(a) 6(b)

Puc. 4. 3aBucumocts napamerpa W Ha rpaHuile pas-
Jcjia HHeHKa/HOI{J’IO)KKa OT JaBJICHUSA NPpU paclblIC-
Hu HMC Zr/Nb ¢ TOMIIUHON Yepenyronuxcsl CIIOCB
100 (a) u 50 (6) M

Fig. 4. Pressure dependence of the parameter 8W at
the film/substrate interface in sputtering of Zr/Nb
NMS with the thickness of alternating layers 100 (a)
and 50 (b) nm

B pesynbraTe OBUIO BBISBICHO, YTO IS
HMC Zr/Nb xapakTepHO CHUKEHHE BIUSHUS
naBieHuss Ha mapametrp OW mpu  npu
YMEHBIIEHUU TOJIIMH YEepPEAYIOIINXCS CIO-
eB. Jlanee aHanm3upoBasach 3aBUCUMOCTH
napamerpa 8W Ha rpaHuie pasaena IUieH-
Ka/TIO[JIOKKa OT YacTOThl HMMITyJibcoB PY
paspsaga mpu pacnsuienun HMC Zr/Nb c
TOJIIIMHOMN yepenyromuxcs cinoes 25 u 10 um
[3], pe3ynbTaThl IPEACTaBICHBI HA PUC. O.

YcranosneHo, uyto g nokpeituii HMC
Z1/Nb ¢ TONIMHON WHAWBUIYAIbHBIX CIOEB
0 25 HM HauWjydlllee paspenieHue Mo TIIy-
OuHe Ul TpaHUIBl IUICHKA\IOAJIOXKKA [0~
CTUraeTcss Mpu YacTtore ummynbcoB PY 1
k['u. Ilapamerp 8W pmaer paspeuieHue 1o
rnyOuHe TOJBKO JJIsl TpaHMIbl  IUICH-
Ka/TIOJI0KKA, BBICOKME 3HAUYEHUS JaHHOTO
rapaMerpa CBHUAETEIbCTBYIOT O HEBO3MOXK-
Hoctu aHanu3za HMC c tonmmHoOM depemy-
romuxcs cinoeB MeHee 100 am. [l xapaxre-
PUCTHKHU pa3pelieHus Mo INIyOMHE OTHOCHU-
TenbHO Kaxkzaoro cinos HMC wucnons3yercs
napametp 8z [4], KoTophIii pacCUNTHIBACTCS
o gopmyme [5]:

I./1, = erf(d/vZ5z) (1)

rae d — tommunua ciogs HMC, 1o — ucxon-
Hasi ”HTCHCUBHOCTh CBEYCHUS AJIEMEHTa, s —
MOJIy4YeHHasl B XOJI€ aHAJIN3a UHTEHCUBHOCTb
CBEUCHUS DIIEMeHTa, 8Z — paspemeHue 1o
riryoune ans ompenenenHoro cios HMC.
PacueTs! mpon3BOIMIINCE TSI CI0EB Zf, T10-
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ZINbIO

Y W

a(a) 6(b)
Puc. 5. 3aBucumocts napamerpa W Ha rpaHune pas-
Jciia HHeHKa/HOL[J'IO)KKa OT 4aCTOTbl HMITYJILCOB PY
paspsina mpu pacnsuienud HMC Zr/Nb ¢ TonmuHoN
yepenyromuxcs cinoes 25 (a) u 10 (6) am

Fig. 5. Dependence of the parameter 6W at the
film/substrate interface on the frequency of RF dis-
charge pulses during sputtering of Zr/Nb NMS with
the thickness of alternating layers 25 (a) and 10 (b) nm

CKOJIbKY MHTEHCUBHOCTh WX CBCUCHUS BHIIIIC
Nb. [Ipu onTuMH3aIMK PEKUMOB pacCIIbLie-
HUSl 3HA4YCHHE lo Ompenensioch KaKk WHTCH-
CHUBHOCTb CBEYCHHS IS TIEPBOTO CJOS ZT.
PesynbraTel pacyera paspemieHus IO TIIy-
OuHe 8Z B 3aBUCUMOCTHU OT IITyOMHBI pacibl-
neans s HMC Zr/Nb pa3Hoil TONIIMHBI
MIPEICTaBJICHBI Ha pHC. 6.

ZrNb100 u ZrNb50

a(a)

6(b)

Puc. 6. 3aBUCUMOCTh paspemieHus mo riryoune 8z or
riryounsl pacnsuiennss HMC Zr/Nb npu pasinudHbIX
peXHUMax pachbuleHus. Pe>xuMbl pacnblieHUs yKasa-
HBI B Ta0nuie 1

Fig. 6. Dependence of the depth resolution &z on the
sputtering depth of NMS Zr/Nb at different sputtering
modes. Sputtering modes are shown in Table 1

3akiaouenue
[1o ananu3y COBOKYNHOCTHU BIIUSHUS Ta-

paMeTpoB PACIBUICHHUS Ha OCHOBHBIC Xapak-
tepuctukn ODC-TP npu anammze HMC
Z1/Nb ¢ pa3HO TONIIMHON MOKPHITUH, yCTa-
HOBJICHBI ONTUMaJIbHBIE pexkumbl. s HMC
Z1/Nb ¢ TONIUHONW WHAWBUIYAIBHBIX CIOEB
100 M onTHUMaNBHBIMHM TIApAMETPa SBIISIOT-
cs. masienne 700 I1a, mommuocts 40 Br, 4a-
crota 2 k[, Ko3(pGUIHMEHT 3amoJHEHUS
mia3mel 12.5 %. Jlngs HMC Zr/Nb ¢ tonmu-
HOW MHIAUMBHUAYAJIbHBIX clioeB OT 10 10 50 HM
ONTUMAJBHBIA pexum: nasieHue 650 Ila,
mormHocTh 40 BT, wacrota 1 kI, xoaddu-
[IUEHT 3anoJHeHus 1a3Mbl 12.5 %.
HccnenoBaHue BHIIIOIHEHO 3a CYET IPaHTa
Poccuiickoro nayunoro ¢onnma (mpoext Ne

20-79-10343).
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