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AHHOTauus. IIpefcTaBaeHBl pe3yabTaThl UCCAeL0BAHM S BIKUSHUS TONIHUHB TOHKOIIJIEHOUHBIX IIOKPBITUH
Ha BeJIMYMHY OCTaTOYHBIX HAIIPSOKeHUE B MHTepderice IJIeHKa-TIOAJI0KKa. B ITpoliecce skCIIepUMeHTa UCII0Nb-
30BaHa Si-IIOAIJIOKKA C TOHKOM IIeHKOU Al,O;, cOOPMUPOBAHHOIM MarHeTPOHHBIM CII0CO60M. BIiepBble moka-
3aHa B3aKMMOCBSI3b GOPMBI MTOJIOKKHU U YPOBHS OCTATOYHBIX HAIIPSIKEHUH B TOHKOIIJIEHOUHOM IIOKPBITHH.
[IprMeHeHa MOJEPHU3UPOBAHHAS METOA KA UCC/IeI0OBAaHMS OCTATOYHBIX HANIPSKeHU I B TOHKOIIIEHOYHBIX
MIOKPBITHSIX, IT03BOJISIIOIIAS OIIPeieIsiTh MeXaHUYeCKHe HallPsiKeHH Sl B IOKQJIBHBIX 00/1aCTSIX TOHKOM IJIEHKH.
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Abstract. The results of a study of the thickness of thin-film coatings at significant residual stresses at the film-
substrate interface are presented. During the experiment, a Si substrate with a thin Al,O; film formed by the mag-
netron method was used. For the first time, the relationship between the shapes of substrates and the levels of
residual stresses in a thin-film coating is shown. A modern technique for studying residual stresses in thin-film
coatings was used, which makes it possible to determine mechanical stresses in local zones of thin films.
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BBE/JLEHUE
CoBpeMeHHbIe TeXHOJIOTYeCKHe pellleHH s B pa3/IMYHbIX
chepax MaIIMHOCTPOEHUSI, poOOTOTeXHUKH, MeULIKHEI
Y APYrux 061acTsX NPOMBIIIIEHHOCTH HEBO3MOXKHO
IIpeCTaBUTh 6€3 CTpeMHUTe/IbHO Pa3BUBalOIIercs 06/1a-
CTH — HaHOMH>KeHepHH, KOTopasi BK/IIouaeT B ce0st TeXHO-
Tor1I0 GOpMHUPOBaHHU I TOHKOIIJIEHOYHBIX ITIOKPBITHH.

[To pyHKILIMOHAIPHOMY Ha3HAUYeHHUIO U 00/1acTsIM
HCII0JIb30BAHUS BBIAEISIOT pa3sHble THIIBI TOHKHX
IIeHOK. Hampumep, npoBogsiiye c1ou GOpMHUPYIOT
B [IeYaTHBIX IIJIaTaX U CHJIOBOK 3/IeKTPOHUKe /)14 Ilepe-
a4l M KOMMYTallMK Harpy3KHU MeKAy 371eKTPOTeXHHU-
YeCKUMH JeTaaaMH [1, 2]. M30/1S1MOHHEIe CJIOU CITy-
>KaT 7151 opMHUPOBaHUS 6apbepHOIo yuacTKa, 3a Ipe-
JlelaMHK KOTOPOTO He IIPOMCXOJUT paclpoCTpaHeHHe
3/IeKTPHUYeCKOM MOIIHOCTH [3]. TOHKHe IJIeHKH, I10BBI-
IIAOIIHe 3alIMTHbIe, aHTUPPUKIIMOHHEIE, CMa304HBIe
1 KOPPO3HOHHOCTOLKHe CBOMCTBA JleTajler HCII0Nb3Y-
I0TCSL [I/151 OCasK/IeHU S Ha pabounie IOBEPXHOCTH PeXy-
Iler0 MHCTPYMeHTa, II0BePXHOCTH BaJIMKOB U 060py10-
BaHUSI, KOTOPOe 3KCIITyaTHPYeTCs B aTr PeCCHBHBIX KHC-
JIOpOACOAepsKAIIMX cpeax [4]. OnTHYecKHe TOHKOILIe-
HOYHBbIe [TOKPBITHS - aHTUOIHKOBBIE, Q/IyopeclieHTHBIe,
OTPa’KAIOIIKe U T.[l. ~ HAILIK CBOe IIPMeHeHHe B pellle-
HMH [I0BCeTHEBHBIX U ITPOeKTHEIX 3a/1ad [5]. TaksKe IeKo-
PaTHBHBIe CTPYKTYPhl aKTHBHO IIPHMEHSIIOTCS /IS CO3-
JaHMs YHUKAJIBHBIX PUCYHKOB U Ha/iIIHcek [6].

CremyeT OTMeTHUTb HPaKTHUYeCKOoe BHeJpe-
HHe HaHOPa3MepHBIX TOHKOIIJIEHOYHBIX IIOKPBI-
THUI, KOTOpOe IIPOUCXOAUT b1aromapst pa3MmepHOMY
3¢ PexrTy - 3dpdeKTy ycuIeHUS YPOBHSI QU3HMULCKHX
IapaMeTpPOB MaTepHasa (3/1eKTPOIPOBOJHOCTH, Mar-
HUTHBIX, ONTHYECKHUX U MeXaHUYeCKUX CBOMCTB)
3a cyeT npeobnafaHus IOBEPXHOCTHOM IIJIOIAIH Hal
BHYTPeHHUM 065eMOM TOHKHX IIJIEHOK, 33a4aCTyI0
MMEIOIIUX TOJNIHMHY OT eJTMHUI] JI0 IeCSITKOB 1 COTeH
HaHOMEeTPOB [7]. |15l KOPPEKTHPOBKH MeXaHHYeCKHX
CBOKICTB TOHKHUX IIJIEHOK K MeMOPaH Ha UX OCHOBE ITPH-
MEeHSIOT HOBYIO TeXHOJIOTHIO yIIPaBJIeHHUs OPHeHTa-
LIMel 3epeH MaTepHasos [8]. Mi3BecTHEI paboTsl 110 $pop-
MHPOBAHHUIO TOHKOIIJIEHOYHBIX KPEMHHEBBIX MeM-
OpaH C MoCIeAyOIUM UCCIeIOBAHHEM MeXaHUYeCKUX
CBOMICTB MaTepuara Si[9].

I[Ipu 3ToM AJIs1 IIOBBILIEHU S [TOKa3aTe/lel HalleXKHO-
CTH U OBICTPOJEHCTBHUS B U3/Ie/NUX IPUMEHSIOT KOMOU-
HUPOBaHUe C/10eB, 06Iast CTPYKTYpa KOTOPBIX COCTOUT

INTRODUCTION

Modern technological solutions in various areas of
mechanical engineering, robotics, medicine and other
industrial fields cannot be imagined without rapidly
developing field of nanoengineering, which includes
the thin-film coating formation technology.

Different types of thin films are distinguished
according to their functional purpose and areas of
use. For example, conductive layers are formed in
printed circuit boards and power electronics for load
transfer and switching between electrical parts [1, 2].
Insulating layers serve to form a barrier area beyond
which no electrical power propagation takes place [3].
Thin films that enhance protective, antifriction, lubri-
cation and corrosion-resistant properties of parts are
used for deposition on the working surfaces of cutting
tools, roll surfaces and equipment that is operated
in aggressive oxygen-containing environments [4].
Optical thin film coatings - anti-reflective, fluores-
cent, reflective, etc., have found their application in
solving everyday and design problems [5]. Also, decora-
tive structures are actively used to create unique pat-
terns and inscriptions [6].

It should be noted that practical implementation of
nanoscale thin film coatings, which occurs due to the
dimensional effect - the effect of enhancing the level
of physical parameters of the material (electrical con-
ductivity, magnetic, optical and mechanical proper-
ties) due to predominance of the surface area over the
thin films internal volume, often having a thickness
from units to tens and hundreds of nanometres [7]. To
adjust mechanical properties of thin films and mem-
branes based on them, a new technology for control-
ling material grains orientation is used [8]. There are
known works on formation of thin-film silicon mem-
branes with subsequent study of mechanical proper-
ties of Si [9].

In this case, in order to improve reliability and per-
formance of products, combination of layers is used, the
overall structure of which consists of successively alter-
nating thin metal-dielectric coatings [10]. However,
such a multilayer cluster is affected by residual mechan-
ical stresses, which are distributed both at the film-film
and film-substrate interface and in thin-film structures
thickness [11]. One of the ways to solve this problem is
pretreatment of the surface with an ion beam.
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U3 [10C/Ie/I0BATE/IBHO YePeAYIOIUXCSl TOHKUX TOKPBITHH
MeTa/lT-AU3/1eKTPUK [10]. OnHaKO, TAKOKM MHOTOC/IOMHBIN
KJIaCTep I0[BepsKeH BIMSAHUIO OCTATOUHBIX MeXaHUYe-
CKUX HaIlPSDKEHUE, KOTOPbIe PacIIpeiesioTCs Kak Ha Ipa-
HHUIIe pasfesia IIJleHKa-TJIeHKA U IIJIeHKa-TIOAJIOKKA, TaK
U B TOJIIIMHEe TOHKOIUIEHOYHBIX CTPYKTYp [11]. OnHUM
13 C1I0c0D0B pelleHu s ZAHHOM ITPOb/IeMBI SIBJISIeTCS IIpefi-
BapHUTe/bHas 06paboTKa IOBEPXHOCTH HOHHBIM ITyUKOM.

[Inpokoe IMpUMeHeHMe TOHKOIIJIEHOUHBIe ITOKPHI-
THSI C HU3KOM IIePOXOBATOCTHIO [IOBEPXHOCTH (€I HHULIBI
Y O/TK HAHOMETPOB) IIOJIyYH/IH B cPepax OITUKHU, GoTo-
HUKHU 1 B HAHOIeKTPOHKKe, B 061aCTH J1a3epHOro IIpH-
6OpOCTpOeHMS ¥ THPOCKOIIMH K, B YACTHOCTH, JJISI IIPO-
K3BOJCTBA TPAH3UCTOPOB Ha FUOKOM IOIOKKe. B pabo-
Tax [12, 13] mokasaHo, YTO MeTOAMH BaKyyMHOI'O OCasK-
IeHH s BO3MOXKHO CGOPMHUPOBATH CJIOU C ITapaMeTpaMU
IIepoX0BaTOCTH Sq MeHee 2,5 A 1 Ra meHee 1,0 HM.

Llenbio paboTHI SIBIISIETCSI OLIeHKA BIKSIHUS TOIMHBL
TOHKOIIJIEHOUHBIX IIOKPBITU, GOPMBI K TOIIOTIOTHH T10]I-
JIOKKH Ha yPOBEHb OCTaTOUHBIX HAIIPSIKEeHH .

METO/VKA U3MEPEHWUS OCTATOYHbIX HAMPSKEHUIA
OcTaTouHble MeXaHHUUYeCKHe HaIlPSIKeHUS SIBISI0TCS
MHOro$aKTOPHBIM CBOMCTBOM TOHKOIIJIEHOUHBIX IIOKPbI-
THUH. [I/1 PacyeTOB BeJIMUHHbI OCTATOUHBIX HAIIPSIsKe-
HHUH 3349aCTYI0 IPUMeHsI0T GopMysibl CTOHH (Stoney) [14]
115 CTyyaeB MaJIbIX TOJIIMH I/IEHOK 6e3 BIIKSIHU S BHEII-
HUX haKTOpOoB Iporecca (1):

_E& 1(1 1
Of_G(I_Vs) df(Rn Ru]’ Ha W

IJle 0p~ BeTMYKMHA MeXaHUUeCKUX HallPsoReHUH, T1a;
E; - Mmopynb FOHTa MaTepHraJa IJIACTHUHEL, I1a;
dy- TonmmMHA JIACTHUHEL, M;
v, ~ Ko3ddrmenT [TyaccoHa MaTeprara IVIAaCTUHEL, 6/p;
d¢- ToIIMHA HAHECeHHOTO CTI0sI, M;
R;, R, - pamuyc KpUBH3HBI I0OBEPXHOCTH I1JIaCTHHBI
IIOC/Ie U 10, M,

u [15] nns Momener IPHU OCaKAeHHUH MOKPBITHH
C HarpeBOM IOJIOKKH (2):

o = 6E, (a; —a)d,nT
£ (1-v)(3d,-4d,)

Ila, (2)

e 0~ BeJTMYKMHa MeXaHUUeCKUX HaIIpsDKeHUH, [a;

E; - Mopynbs FOHTa MaTepHraJa IJIACTHUHEL, I1a;

g, Oy ~ TeMIIepaTypPHBIA KO3QPULIMEHT pacIlpeHHUs
IIOKPBITHSL U IJIACTHHEL, 1/°C;

d, - TONIIMHA IUIACTHHBIL, M;

AT - TeMmIiepatypa ocaskaeHus, °C;

V, ~ KoapduiyeHT [TyaccoHa MaTepHasia IIACTUHEL, M/M;
d¢- ToNIIMHA HAHECEHHOTO CJIOS, M.
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Thin-film coatings with low surface roughness (units
and fractions of nanometres) are widely used in optics,
photonics and nanoelectronics. In particular, the fields
of laser instrumentation and gyroscopy and, in partic-
ular, for the production of transistors on flexible sub-
strates. It was shown in [12, 13] that it is possible to form
layers with roughness parameters Sq less than 2.5 A and
Ra less than 1.0 nm by vacuum deposition methods.

The aim of this work is to evaluate influence of thin
film coating thickness, substrate shape and topology
on the residual stress level.

RESIDUAL STRESS MEASUREMENT TECHNIQUE

Residual mechanical stresses are a multifactorial
property of thin film coatings. To calculate residual
stresses, the Stoney formulae [14] are often used for
small film thicknesses without the influence of exter-
nal process factors (1):

_ Ed} 11 1
Gf_(:’(l_vs) df(Rn R}l]’ e W

here o;- mechanical stress value, Pa;

E, - Young’s modulus of the plate material, Pa;

d, - plate thickness, m;

v, - Poisson’s ratio of the plate material;

d¢-layer thickness, m;

R, R, - radius of curvature of the plate surface after
and before, m, and [15] for models for coating deposi-
tion with substrate heating (2):

_ 6E (a;-a,)d,nT

S T-v)Bd,-ad,) @

here g;- mechanical stress value, Pa;

E, - Young’s modulus of the plate material, Pa;

ag, o, - temperature coefficient of expansion of the
coating and the plate, 1/°C;

d, - plate thickness, m;

AT- deposition temperature, °C;

v, — Poisson’s ratio of the plate material;

d¢-layer thickness, m.

The analysis of the formulas shows possibility of
obtaining empirical values of mechanical stresses by
measuring the curvature radius of the plate, as well as
obtaining data by means of analytical calculation on
the thermal stresses influence.

There is a variety of factors for appearance of
mechanical stresses in thin films, which depend on
the film structures thickness [16], on the temperature
regimes of formation [17], on the methods of formation
(magnetron sputtering [18, 19], atomic layer deposition
by ion assisted deposition [20]).
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AHanu3 $opMyJl IIOKA3bIBAET BO3MOKHOCTD IIOTyUe-
HHUSI SMIIMPUYECKUX 3HAaUeHU I MeXaHUYeCKUX HaIlps-
SKeHUH ITPH M3MePeHHH paikyca KPUBHU3HBI IUIACTHHBI,
a Tak>Ke MOJydeHHe JaHHBIX C IIOMOIIbIO aHATUTHYe-
CKOT'0 pacyieTa 0 BIMSIHUM TePMHUYEeCKUX HaIlIPSsKeHU .

CymecTByeT MHOroobpasue paKkTOPOB MOSIBJIEHUS
MeXaHMYeCKHX HaIIPsSKeHUH B TOHKHX [IJIeHKaX, KOTO-
pble 3aBUCST OT TOJNLIMHBI [IJIEHOYHBIX CTPYKTYP [16],
OT TeMIIepaTypHBbIX pexkHuMoB GopmupoBaHuUs [17],
OT MeToZ0B POpMHPOBaHUS (MarHeTPOHHOE PacIIbl-
yneHue [18, 19], aTOMHO-C/I0eBoe OCaKAeHMe C MIOHHBIM
accucTupoBaHueM [20]).

OCHOBHBIM He/IOCTaTKOM HaJIHWYHS HalpsKeHHUH
SIBJISIeTCSI COCTOSIHHe PelaKCalluH, B Pe3y/ibTaTe KOTO-
poro obpa3syroTcsi iedeKTbl CTPYKTYPbl TOHKOH IJIEHKH.
B KauecTBe TaKUX ePeKTOB BBIIESIOT: paCTPeCcKH-
BaHMe U CerMeHTalUI0 (Halps>KeHUs pacTsiKeHHU ),
OTCJIOeHHe U KopobyeHHe (KaK HAIIPSSKeHHUS PacTs-
SKeHHSI, TaK U CKaTHs), ToppUpoBaHHUe (HaIlpsiKe-
HHUS CKaTHA), a TaKKe JeGOopMallOHHBIN penbed (Kak
HaIPsUKeHUS PacTsKeHMs, TaK U CKaTus) [21].

BblzieNI 10T C/leflyIolyie IPUYHHbBI 06pa30BaHM S OCTa-
TOYHBIX HAIPSKEHHUH B CTPYKTYPaX: HECOOTBETCTBHE
pelIeTKH U MOHO3IIMTaKCHA/IbHBIX C/I0€B IIJIEHKH (13-3a
penakcaliuy CTPYKTYPhl); IOBEPXHOCTHOE HATSI’KeHHe
OCTPOBKOBBIX 3epeH (MosiB/IeHHe CKMMAIOIKX HaIlpsKe-
HMUI); KOaJIeCLIeHIIM sl OCTPOBKOB (II0SB/IeHHe PacTATH-
BAIONIMX HalpsDKeHUHN); AUGPy3HOHHAsI IIOJBUKHOCTD
aZlaTOMOB; IOsIBJIeHHe U aHHUTUJIMPOBaHUe ledeKToB
(13-3a BAKAHCHH, AUCIOKALIH); Ga30Bble IIpeBpallleH s
(M3-3a IeTHPOBaHU S, BHeJpeHHU s IpHUMeceH) (22, 23].

Ha puc.1 mokasaHa oco6eHHOCTb GOPMUPOBAHHS
HaIIPSI’)KeHUI B TOHKOM IIJIeHKe Ha TOJCTOM KpeM-
HHEeBOH I0JJI0KKe. [IoBepxHOCTHBIe 3QDeKTHl BHO-
CST CKMMampIiye (OTpUIlaTe/bHbIe) MeXaHHUYeCKHe
HAIPsOKeHUS Ha PaHULE [O0JJIOKKA/IIIEHKA Oy,
3aTeM B 06'beMe IJIEHKU GOPMHUPYIOTCS IIOJIOKUTEIIb-
Hble MeXaHHu4YeCKHe HAIPSIKEeHUS Oyg,qy, IPHUEM
ob1iee HaTPsSKEHUE B IUIEHKE Oy poyy ~ 9TO CYMMa Ty,
U Oygpen- 12K KaK CHCTEMA IIOJJIOKKA/IIJIEHKA HaX0-

JAHTCs B COCTOSIHHH IIOKOs, TO 0 a

mneHKH . Y TmacTUHEL

TEXHO/IOMMYECKOE OBOPY/I0BAHUE
dopMUpOBaHHE TOHKOIJIEHOYHBIX IIOKPBITHE IIPOBO-
OAT Ha ycTaHoBKe MBTVY-11-1MC (puc.2), pacIionosxkeH-
HOM Ha Kadezipe "INeKTPOHHbBIE TEXHOJIOTMU B MaIlIH-
HocTpoeHHUH MITY nmenu H.D.BaymaHna [24].

LHunuHApHUYecKas MeTa/IMuecKas KaMepa o6be-
MOM 22 J1 C [BYXCTYIIeHYaTOM CUCTEMOM OTKauKHU [103BO-
7seT NPOBOAUTH OYHUCTKY U IIOATOTOBKY IIOAJIONKEK
C mocenyomuM GopMUPoBaHHeM GYyHKIIMOHATBHBIX
C/I0eB B eIMHOM BaKyyMHOM IIHKJIe, UTO obecrieurBaeT
be3medeKTHOE KauecTBO CTPYKTYP.

MarHeTpoHHas CcHCTeMa C pa3MepoM
MuIeHH 50,8 MM paboTaeT OT UCTOYHHUKA [IUTAHHUS

OHHEHKM

iz iz

Puc.1. Cxemamu4yHoe npedcmasneHue MexaHu4eckux Hanpsi-
JKeHul 8 cucmenme No0A0XKKA/nAeHKa

Fig.1. Schematic representation of mechanical stresses in the sub-
strate/film system

The main disadvantage of presence of stresses
is relaxation state, which results in formation of
defects in the thin film structure. Such defects
include: cracking and segmentation (tensile stresses),
delamination and warping (both tensile and com-
pressive stresses), corrugation (compressive stresses),
and deformation relief (both tensile and compressive
stresses) [21].

The following reasons for residual stresses forma-
tion in structures are identified: mismatch between
the lattice and monoepitaxial film layers (due to relax-
ation of the structure); surface tension of island grains
(appearance of compressive stresses); coalescence of
islands (appearance of tensile stresses); diffusion
mobility of adatoms; appearance and annihilation of
defects (due to vacancies, dislocations); phase trans-
formations (due to doping, introduction of impurities)
(22, 23].

Figure 1 shows peculiarity of stress formation in a
thin film on a thick silicon substrate. Surface effects
introduce compressive (negative) mechanical stresses
at the substrate/film boundary o,. Positive mechani-
cal stresses 0,4, are then generated in the film vol-
ume, with the total stress in the film 0 ., being the
sum of g, and @ Since the substrate/film system
isatrest, g

obbem*

a

IIJIGHKH =" IIJIAaCTUHBIL*

PROCESS EQUIPMENT

Formation of thin film coatings is carried out on the
MVTU-11-1MS unit (Fig.2) located at the Department
of Electronic Technologies in Mechanical
Engineering of Bauman Moscow State Technical
University [24].
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Puc.2. TexHonozu4eckoe 06opydosaHue
Fig.2. Technological equipment

C YyCTPOMCTBOM aBTOMAaTHYeCKOTO COIJIACOBAHUS
Ha pe’kHMe BBICOKOYACTOTHOM Ia3Msl (13,56 MI).
CucTeMa HOHHO-Ty4eBOk 00paboTKI COCTOUT K3 LIKJIMH-
IO PUYeCcKOro UCTOYHHKA HOHOB C XOJIOJHBIM KaTOIOM,
OHaMeTp IyuyKa KOTOPOro 23 MM, U UCTOYHHKA MTUTa~
HHS, PaboTaloIIero B pe>kkMe CTabHIH3alMK ToKa.

YcTaHOBKa obecrieurBaeT TpeboBaHH I COBpeMEHHBIX
nabopatopuri: 6e3Mac/ISTHBIH BEICOKHE BAKyyM, THOKast
CHCTeMa yIIpaB/IeHHs], Majloe BpeMsI X0JI0CTBIX XO/I0B
Y OTKa4KH.

AHAJIMTUMECKOE ObOPYAOBAHUE
B KauecTBe M3MePUTEeIbHOI0 000PYA0BAHK S HCIIO/Ib3Y-
eTcs onTHu4ecKu mpoduomerp WYKO NT9300 (pric.3),
npefHa3HaYeHHBIH J1/11 6eCKOHTaKTHOIO M3MepeHUs
IapaMeTpoB LIEPOXOBATOCTH IIOBEPXHOCTH, JIHHEU-
HOM ToIlorpaduu BIO/b OCEH X, Y U Z Ha HaMeTpe I10J-
JIOKKHU 10 200 MM C OTHOCHUTeJIBHOM ITOIPEeIIHOCTBIO +2%
C IleperalaMHy BBICOTHI 710 10 MM U TPexMepHOH BH3ya-
NMHU3allM{ [TOBEPXHOCTH TBePAOTEIbHBIX 00BEKTOB
€ Ko3pduiimeHTOM OTpaskeHHUsI bonee 1% OIITHYECKHUM
METOZOM, OCHOBAHHBIM Ha MHTeP(EpPeHILIMH CBETOBBIX
IIY4KOB, OTPasKeHHBIX OT 3€pKajia U 0T MUCCJIelyeMOro
obpasia. [IpefenbHOe BepTHKAJIPHOE paspelleHue IIpo-
¢unomerpa cocrasiser 0,1 HM.

HccnemoBaHM s ITPOBOAUIINCH B peskuMe VSI (Vertical
Scanning Interferometry) B 6es10m cBeTe.

METOAWUKA NMPOBEAEHWUSA SKCMEPUMEHTA
TexHOMIOTMYeCKHUH MapHIPyT paboThkl TeXHOJIOrHuYe-
CKOTO M aHaJIHUTH4YeCcKoro o6opymoBaHHUs IOKa3aH
Ha puc.4.

TexHO/IOrMYeCKH I LIUKII CO3IaHHUS CTPYKTY Pl HAUH-
HaeTCsl C IIpeJ]BapUTe/IbHOM KU KOCTHOM OYHUCTKH IO/
JIOKKH B y/IBTPa3ByKOBOM BaHHe. [1be30371eMeHThI, 0be-
CIleuHBalolKe Bo30y>KIeHHe yIbTPa3ByKOBOM BOJIHBI,
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Puc.3. AHanumuueckoe 060pydosaHue
Fig.3. Analytical equipment

A cylindrical metal chamber with a volume of 22
litres and a two-stage pumping system allows clean-
ing and preparation of substrates with subsequent for-
mation of functional layers in a single vacuum cycle,
which ensures defect-free quality of structures.

The magnetron system with a target size of 50.8 mm
operates from a power supply with an automatic
matching device in the high-frequency plasma mode
(13.56 MHz). The ion-beam processing system consists
of a cylindrical ion source with a cold cathode, with a
beam diameter of 23 mm, and a power supply operat-
ing in current stabilisation mode.

The machine fulfils the requirements of modern
laboratories: oil-free high vacuum, flexible control sys-
tem, short idle and pumping times.

ANALYTICAL EQUIPMENT
As measuring equipment we use optical profilome-
ter WYKO NT9300 (Fig.3), designed for non-contact
measurement of surface roughness parameters, lin-
ear topography along x, y and z axes on the substrate
diameter up to 200 mm with a relative error of +2%
with height differences up to 10 mm and three-dimen-
sional visualisation of solid objects surface with reflec-
tion coefficient more than 1% by optical method based
on interference of light beams reflected from the mir-
ror and from the sample under study. The ultimate ver-
tical resolution of the profilometer is 0.1 nm.

The studies were carried out in VSI (Vertical
Scanning Interferometry) mode in white light.

EXPERIMENTAL PROCEDURE
The technological route of technological and analytical
equipment operation is shown in Fig.4.

The technological cycle of the structure forming
starts with preliminary liquid cleaning of the sub-
strate in an ultrasonic bath. Piezoelements that pro-
vide excitation of the ultrasonic wave operate at a
frequency of 120 kHz. The bath is also equipped with
the possibility of heating the cleaning solution,
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HUSI CMpPYKMypbl 0ONMuYecKum npopuAomempom

Fig.4. Technological route for measuring mechanical stresses of
the structure: a - initial substrate before the technological cycle;
b - final cleaning with an ion beam; ¢ - deposition of an aluminum
oxide coating; d — measurements of the structure with an optical
profilometer

pabotaroT Ha yacToTe 120 KI'1]. Tak>Ke BaHHa 060py-
JlOBaHa BO3MOKHOCTBIO HarpeBa pacTBOpa OYMCTKH,
KOHTPOJIS U HOAJePKaHUSA 3aJaHHBIX [IapaMeTPOB.
[TpeBapuTe/IbHOE XMMHUYeCKoe 06e35KpHUBaHUe IIPO-
HCXOOUT B aMMHa4yHOM pacTsope H,0,:NH,OH:H,0
(2:1:10) Bo3mercTBHEM KaBHUTALIUM YJIbTPa3BYyKOBOK
BaHHBI IIpu TemIiiepatype 40 °C B TeueHUe 4 MUH.
[1s1 06e3BOKMBAHHUS ITIOBEPXHOCTH IOJJIOKKH IIPO-
HCXOQUT OUMCTKA B U30IIPOIIMIOBOM CIIMPTe 0co60k
YHCTOTHI 99.8% B TeueHHe 2 MUH.

OUHUIIHAAL OYMCTKA M MOLATOTOBKA IIOMJIOXKEK
K OCa>KJeHHIO CTPYKTYp IPOMCXOAHUT B BAaKYyMHOM
KaMepe, OTKa4YMBaeMOM [0 JaBIeHUS 9,0-1073 Ila.
3aTeM moAIoKKa 06pabaTeiBaeTCst BbICOKOIHEpreTHye-
CKHM I1y4KOM HOHOB pabouero rasa (aprota) Ipu ycko-
psromeM HanpsikeHHH 10 3000 B 1 Toke paspsiga 30 MA
IIpH JaBJAeHWH Bakyyma 1,1-10 I1a.

MeTooM MarHeTPOHHOIO PaCIIblIeHU s IIPH YacToTe
HamnpskeHUs 13,56 MI'TL ¥ MOLIHOCTH T/ICIOLIEr0 pas-
psina 60 BT popMupyeTCs IMOKPHITHE K3 LIe/IbHO-KOMIIO-
3uTHOM MueHU Al,0;. TonmuHa mieHku Al,O; ore-
HMBAeTCs ¥ KOHTPOJIUPYETCS 10 IIOIePeYHOMY CKOILY
obpasua-cBueTeNsI Ha CKAHUPYIOIeM 3/1eKTPOHHOM
MHMKPOCKOIIE,

METOAUKA UCCNEAOBAHMA
B KayecTBe MeTOHA MCCIeIOBAHUS U OLIEHKHU BeIU-
YUHBl MeXaHUYeCKUX HAIPSIKEHUM KCIIONb3yeTC s

Puc.5. KpemHuesas nodaoxka 6e3 nokpeimus (a) u co croem
Al,O; (b). JluHUAMU NOKA3AHbI HANPABAEHUS U3MepeHUl na-
panaeabHO (CNAOWHAS) U nepneHdUKYASIpHO (WMpuxnyHKmup-
Has) 6azoeomy cpesy

Fig.5. Uncoated silicon substrate (a) and with an Al,O, layer (b).
The lines show the measurement directions parallel (solid) and
perpendicular (dashed) to the base section

controlling and maintaining the set parameters.
Preliminary chemical degreasing is carried out in
ammonia solution H,0,:NH,OH:H,0 (2:1:10) by cavi-
tation of the ultrasonic bath at 40 °C for 4 minutes.
To dehydrate the substrate surface, it was cleaned in
isopropyl alcohol of 99.8% purity for 2 minutes.

Final cleaning and preparation of substrates for
deposition of structures takes place in a vacuum
chamber pumped to a pressure of 9.0-107 Pa. Then the
substrate is treated with a high-energy ion beam of
the working gas (argon) at an accelerating voltage of
up to 3000 V and a discharge current of 30 mA at a vac-
uum pressure of 1.1-107 Pa.

A coating of all-composite Al,O, target is formed by
magnetron sputtering method at a voltage frequency
of 13.56 MHz and 60 W glow discharge power. The
thickness of the AL, O, film is evaluated and controlled
by cross-sectional chipping of the witness sample on a
scanning electron microscope.

RESEARCH METHODOLOGY

The algorithm [25], which is based on Stoney’s formula
(1), is used as a method to study and estimate the mag-
nitude of mechanical stresses by calculating the cur-
vature radius of the substrate before and after coating
formation.

The 76 mm diameter monocrystalline silicon sub-
strate is measured with an optical profilometer mid-
way along the base slice of the substrate and across
before (Fig.5a) and after deposition of the Al,0; coat-
ing (Fig.5b).

VoL.17 No.6 2024 NANO INDUSTRY
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Puc.6. Pe3yabmam pacyema 3Ha4eHUl MexaHUu4eckux HanpskeHul: a — peabed nodAoXKKU; b -

Kpusu3sHa N0OAOXKU; C = npusHeceH-

Has KpugU3Ha N00A0XKKL NOCAe 0CaXKOeHUs NAeHKU; d — pacnpedeAeHue HanpskeHul
Fig.6. The result of calculating the values of mechanical stresses: a - relief of the substrate; b - curvature of the substrate; ¢ - introduced

curvature of the substrate after film deposition; d - stress distribution

aJITOPUTM [25], B OCHOBY KOTOPOTO B3sTa popmyia
Cronu (1) - pacyeT pafguyca KPUBHU3HBI IIOAJIOKKH [0 U
rocsie GOpMHPOBAHUSI TOKPBITHSL.

ONTHYeCKUM IIPOPHUIOMETPOM H3MepsieTCs IIOJ-
JIOKKa MOHOKPHUCTA/IIMYeCKOr0 KPeMHHUS JHaMe-
TPOM 76 MM II0CepeJHHe BIoJb 6a30BOr0 cpe3a Ioj-
JIOKKH M IIoIlepeK [0 (puc.5a) U mocyie ocaskmeHHU s
nokpsITHs Al,O; (puc.5b).

B xome m3MepeHHUN GopMHUpyeTCs KapTHHA
penbeda MOAIOKKHU M3 MHOXKeCTBA Todek (pHc.6a),
KOTOpasi IePeCYUTHIBAETCS B KPUBU3HY ITOJIOXKKH
(puc.6b). AHaIOTHYHBle U3MePeHU s IIPOUCXOASAT
I10CJIe BAKYYMHOTO0 OCaK/IE€HUS IJIeHKH. [IIsl afiek-
BAaTHOCTH pacyeTa yYUTHIBAETCS IIPUBHECEHHAs
KPHUBH3HA IOJIOXKH (PHC.6C), TepecuUThIBaeMas
B CpeJIHHe 3Ha4YeHUs I10 ByM HAaIlpaBIeHUSIM H3Me-
PEeHHUE pacIpesie/ieHUs] HAIPSSKeHU S 10 IIOMJIOKKE
(puc.6d).

HAHO MHAVCTPUA Tom 17 Ne6 2024

The measurements generate a pattern of sub-
strate topography from multiple points (Fig.6a),
which is converted to substrate curvature (Fig.6b).
Similar measurements take place after vacuum depo-
sition of the film. For the adequacy of the calculation,
the introduced substrate curvature (Fig.6c) is taken
into account, which is recalculated into the average
values along the two measurement directions of the
stress distribution across the substrate (Fig.6d).

The uniqueness of this calculation method lies in
calculation of mechanical stresses in the local region
of the plate.

These studies qualitatively evaluate the shape
of the substrates used. It is revealed that polished
and prepared substrates have convex and concave
shapes, which should also be taken into account in
the development of technology for thin film coatings
deposition.
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YHUKA/NIBHOCTh JAHHOTO MeTOoa pacdeTa 3aKIva-
€TCs B pacueTe MeXaHHYeCKUX HaHpSDKEHI/II;I B JIOKAJIb~
HOI 06/1aCTH IJIaCTUHBEL.

JlaHHBIe UCCIeJOBAHUS KaueCTBEHHO OLIeHUBAIOT
(l)OpMy HCII0/Ib3yeMBbIX ITOIJIOKEK. BrIsIBIIEHO, UTO I10TU-
POBaHHbIE H IIOATOTOBJIEHHBIE II0AJIO’KKH HMEIOT BBIITY-
KJIy10 1 BOTHYTY1O (bOpMI)I, YTO TaK>Ke HeOﬁXO,III/IMO y4aH-
ThIBATb IIpU pa3pa60TKe TeXHOJIOTHH II0 OCaA’KOeHHIO
TOHKOITJIEHOYHBIX HOKPBITI/Iﬁ .

PE3Y/IbTATbI U UX OBCYXXAEHUE

B pesynbraTe IIUK/Ia SKCIIEPUMEHTAIBHOIO UCC/IeI0Ba-
HHUS GOPMHUPYETCst 3aBUCMOCTb MeXaHHUYeCKOro HaIlpsi-
>KeHH S B IIJIEHKe OT TOJIKHEI c110s1 Al O; (puc.?).

Jl7151 3KCIIepHMeHTaIbHOIO HCCIeJOBAHUS UCIIOIb
30Ba/IMCh MOHOKPHUCTA/IMYECKHe IOANIOKKH KpeM-
Hus (puc.7,a-d) TonmuHoM 370+10 MKM. AHaIN3 podu-
JIOrpaMM II03BOJIMJI Pa3fie/IuThb IIOJI0OKKH Ha I'PYIIIIbI
1o popme: BBIIIYK/IYIO U BOTHYTYI0. 3aMeTHO, 4TO C yBe-
JUYeHHeM TONIINHBI IUIEeHKH CTelleHb BAKSHUS UCXO/-
HON GOpPMBI [TOBEPXHOCTH KPeMHHEBOM IMOJIOKKHU
yMeHbIIIAeTCs.

OTpullaTe/IbHble 3HAUeHUS BeIMYKH HaIlpPsiKeHU I
CBUIETEIbCTBYIOT O HAIIPSOKEHUSIX CKaTUS. JlaHHBIe
KOppenupyeTcsi c paboTaMu (26, 27], B KOTOPBIX ITIOKA3aHBL
pe3y/IbTaThl U3MePeHH I MeXaHHUYeCKUX HaIlPSKeHUH
11p1 GOpPMHUPOBAHUH AUIEKTPUUECKHX CTPYKTYP.

AHa/u3 pe3y/1bTaToB U3MepPeHUI I10Ka3bIBaeT, YTO
MIOBEPXHOCTHBIE 3QPeKThl BHOCAT CKUMaromue (0TpU-
LlaTe/IbHBle) MeXaHUYeCKHe HAIIPSIKeHU s Ha TPaHHUIle
Mo IokKa - IJIeHKA". 3aTeM B o6beMe IIeHKH Gop-
MUPYIOTCS IIOJIOKUTEIbHbIe MeXaHHUYecKHe HaIps-
>KeHHs. JlaHHBII XapaKTep 3aBUCHMOCTH COBIIaJaeT
C TeHJeHIUSMHU, MOJyYeHHBIMHU B APYrux paborax
IIJISI TOHKOIICHOYHOI'O a/IIOMUHU S U MOJIHOaeHa [8].

B pesynbraTe aHaaM3a TOHKOIJIEHOYHOH CTPYK-
Typbl C IPUMeHeHUEeM IpeJBapUTelbHON HOHHOMU
OYHCTKHU OBL/IO BBISIBJIEHO, YTO LIEPOXOBATOCTD (pHUC.8)
KpeMHHS yMeHbInaercsa ¢ 12,6x0,1 go 9,5+0,1 HM,
a IIepoXoBaTOCTb CTPYKTYPHI Si-Al,0; yMeHbIaeTcs
c17,8+0,2 1013,9+0,2 HM.

3AK/TIIOYEHME

OLleHKa MeXaHUYeCKUX HallpsiKeHHUH I103BO/ISIET BbIS-
BUTb HEKOTOpbIe K/IIoueBble 0CODeHHOCTH, 3aKOHOMEP-
HOCTH 1 cpOPMHUPOBATh PeKOMEH/IALINH 10 TEXHOJIOTUH
BaKyYMHOI'0 OCa>KJ,eHH S TOHKOIIJIEHOYHOIO ITOKPBITH S
AL O;. B pe3ynbrate paboThl alipo61poBaH MeTOI MUHU-
MM3alMH IIePOXOBATOCTH IIOBEPXHOCTH 3a CUeT IpefBa-
PUTeIPHOL 06pab0oTKU I0BEPXHOCTH BBICOKOSHEPreTHYe-
CKHM HOHHBIM ITy4KOM. [IpeicTaB/IeHO pacIpesie/ieHue
MeXaHHYeCKHX HaIlPSsKeHHU I B TOHKOM IIJIeHKe OKCHA
aTIOMHUHUS [10 KpeMHHEBOH IUIacTHHe. [Ipu ucciesno-
BAaHHU MIOBEPXHOCTH Ha ONTHUYECKOM ITPOdUIOMEeTpe
OBL/IO BBISIBJIEHO, UTO Y CTPYKTYPBL C HOHHOI OUMCTKOK
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Puc.7. 3asucumocmb MexaHu4eckux HanpsykeHud om moAuu-
Hbl nAeHKU Al,O5 Ha KpemMHUesbIX N0dA0XKKax ebinykaoli (a, b)
u gozHymoli (c, d) popmbi

Fig.7. Dependence of mechanical stresses on the thickness of
the Al,O; film on Si substrates of convex (a, b) and concave
(c, d) shapes

RESULTS AND DISCUSSION

As a result of experimental study cycle, the depen-
dence of the mechanical stress in the film on the
Al,0; layer thickness is formed (Fig.7).

Single-crystalline silicon substrates (Fig.7a-d) with
thickness of 370+10 pm were used for experimental
study. The analysis of the profilograms allowed us to
divide the substrates into groups according to their
shape: convex and concave. It is noticeable that with
increasing film thickness, the degree of influence
of the initial shape of the silicon substrate surface
decreases.

Negative values of stress values indicate compression
stresses. The data correlate with [26, 27], which show
the results of measuring mechanical stresses during
dielectric structures formation.

Analysis of the measurement results shows that
surface effects introduce compressive (negative)
mechanical stresses at the substrate/film boundary.
Then positive mechanical stresses are formed in the
film volume. This character of dependence coincides
with the trends obtained in other works for thin film
aluminium and molybdenum [8].

The analyses of the thin film structure using
preliminary ion cleaning revealed that the roughness
(Fig.8) of silicon decreases from 12.6+0.1 to 9.5+0.1 nm
and roughness of Si-Al,0; structure decreases from
17.8+0.2 t0 13.9+0.2 nm.
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3HAa4YeHHe IIepPOXOBATOCTH YMEHDBIIAETC. C yBejln4de-
HHeM TOJIIIKHEI ITJIEHKHW CTeIIeHb BIIMSAHUSA HCXO,Z[HOfI
(l)OpMI:I IIOBEePXHOCTH IIOAJIOKKH KPeMHHU I CHHKAETCA.

BJIATOAAPHOCTU

PaboTa BhbIIIOJIHEHA NPH GUHAHCOBOM IOJJepPsKKe
Poccurnickoil ®Pemepanuu B JHLle MUHHUCTePCTBA
HayKH U BbIcIIero obpasoBaHus (cornamenue Ne 075-
15-2021-1350 ot 5 okTsibps 2021 roma, BHYTPeHHHUH
Homep 15.CHIH.21.0004).

NHOOPMALIUA O PELLEH3NPOBAHNK

Penmakiys 671aroqapuT aHOHMMHOTO pelleH3eHTa (peLieH-
3eHTOB) 3a UX BKJIa/l B pelleH3UPOBaHUe 3TOH paboTsl,
a TaK>Ke 3a pa3sMellleHHe CTaTed Ha CaHTe XKypHaja
U I1epefavy Ux B 3/IeKTpoHHOM Bu/ie B HOE eLIBRARY.RU.

Jexknapauus o KoHpAuKme uHmepecos. Asmopbl 3as84atom 06
0MCymcmeuu KOHPAUKIMOB UHMEpecos UAU AUMHBIX OMHOUEHUL,
Komopble MozAu bbl nosAUAMb Ha pabomy, npedcmasAeHHyt 8 0aHHOLL
cmanbe.
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CONCLUSIONS

Evaluation of mechanical stresses allows to reveal some
key features, regularities and to form recommenda-
tions on the technology of vacuum deposition of AL,O;
thin film coating. As a result of the work, the method
of surface roughness minimisation by means of surface
pretreatment with a high-energy ion beam has been
tested.

Distribution of mechanical stresses in a thin film
of aluminium oxide over a silicon wafer is presented.
By examining the optical profilometer surface, it was
found that the roughness value decreases for the ion-
cleaned structure. As the film thickness increases, the
degree of influence of the initial surface shape of the
silicon wafer decreases.
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