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PaccmoTpeHbl TexHosorMyeckme noaxoapbl, o6ecrneymBatlolime yayyweHe aagresum MeTaaansaumm,
YMeHbLIeHUEe CTPYKTYPHbIX HamMps)XeHUi B MJeHKe B Mpouecce OCAXKAEHUS U CHUXKEHUs
aneKTpoMurpaumm npu ¢GOpMUPOBAHUM KOHTAKTHO-META/UIN3ALMOHHBIX CUCTEM MPU CO34aHUU

3/1IeMeHTOB MHTeraﬂbHOﬁ /IeKTPOHUKMW.

Considered are the technological approaches that provide improved metallization adhesion, reduced
structural stresses in the film during deposition and reduced electrical migration at the formation of
contact-metallization systems when producing integrated electronics elements.

OPMHUpOBaHHE KOHTAKTHO-METaJIIM3AIHOH-

HBIX CHCTeM IIPU CO3LaHUU IIeMEHTOB HHTe-

IPabHOM IEKTPOHUKU SBISETCS CIOXKHOMN
TeXHOJIOTHYeCKOH 3asauell, obyCcI0BIeHHOHN TeM,
4TO penbed IOBEPXHOCTH obpa3yeTcs CTyIeHSIMU
Ha IPpaHHIlaX KOHTAKTHBIX OKOH, a TaKke 3HAYHU-
TeJBHBIM BO3PaCTaHHEM CJIOKHOCTHU IPOodUIS
B MHOI'OYPOBHEBBIX MeXXCOeqHMHEeHUIX U3-3a YBeIU-
YeHMU S YUC/Ia KOHTAKTHBIX OKOH.

®OPMUPOBAHUE KOHTAKTHO-

METAJ/IN3ALLUOHHDBIX CUCTEM

IIpy GOpPMHUPOBAHHHU MHOIOYPOBHEBBIX MeX-
CoeIlUHEHUN MMeIOTCsS CTYIleHH Ha Ilepeceye-
HHUSAX JOPOXKeK MeTa/JIM3alluu Pa3IHYHBIX YPOB-
Hell [1]. [Tpoduab cTyneHH, 06pa30BaHHON HUXK-
HHUM ypOBHeM MeXXCOeJHHEeHUI, ompeJensercs
npoduneM TpaBjleHHUs HHUKHEIO C/10sl MeTajlaHu3a-
LIMH U CTelleHbI0 BOCIPOU3BeJeHHUS ero MexKC/I0H-
HBIM JH37TeKTPUKOM. B 06/1acTu BepxHel IJIeHKH
MeTa/IZIM3allUK TOJNIIKMHA MeXC/IOHHOIO NH3JeK-
TpPUKa MUHHMaJbHa, a BHYTPeHHHe HAIIPSKeHU S

MaKCHMaJIbHBI, H3-32 Yero IPOUCXOAUT pacTpe-
CKHMBaHUe JUIIeKTPHUKA, KOTOPOe MOXKeT BBI3BATh
3aKOPOTOK yPOBHEN MeTa/JIM3alluy UIH 0OPHIBOB
MeTa/UIM3allUH BepXHEro ypoBHS. [I[pHUHHOMN pas-

PBIBOB MOXKeT 6BITh 3¢ deKT "caMo3aTeHeHHUsT MPHU

$OpPMHPOBAHUH IIJIEHKH, BOSHUKAOIMHUN U3-3a pas-

JTUYHS CKOPOCTH ee POCTa Ha INIAAKUX U IIepOoX0Ba-

TBIX IIOBEPXHOCTSAX [2]. PABHOMEPHOCTH I10 TOJIIHHE

Me>KC/IOMHOI0 AHU3JIeKTPUKA U OTCYTCTBHE 3aKOPO-

TOK 1 OOPBIBOB Ha CTYIIEHSIX MOXKHO JOGUTBCS CIIa-

SKUBAHHUEM CTYIIeHYaTOTo pejbeda MOBEPXHOCTHU

MO JIOKKH.

O6pBIBEL MeTa/UIM3AL MU Ha CTYIeHIX U 3ddeKT
"caMo3aTeHeHUSs" YyCTPAHSIOT, UCIIOb3Ys PA3IHUY-
Hble TeXHOJIOTUYeCKHe IIpUeMbl, IPU HaHeCeHUH
MeTa/UTH3aLHuH:

* IOBHIIIEHHEe TeMIIepPATyPhl OJIO0KKH U CKOPOCTH
HaHeCeHUs IJIEHKH [J151 YBeTUUeHH S I10JBUKHO-
CTH a/IcCOP6MPOBAaHHBIX ATOMOB ILJIEHKH;

¢ IIpUMEHeHHe Pa3JHYHBIX IPUCIIOCObIeHUN AN
HaHeCeHHUs MeTajlJla IIOJ YIJIOM K IOBEPXHO-
CTH MOAJIOXKHU, 06eCredyHBAOIUX [IONyUYeHHe

®rbOY BO "CeBepo-KaBKa3CKMin rOpHO-METaNYPruiecknii MHCTUTYT (rocyfapCTBEHHbIN TeXHONOrMYeckmin yunepcuTeT)" / North Caucasian Institute

of Mining and Metallurgy (State Technological University), NCIMM (STU).
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K03 dHUIIMEeHTa 3aMl0THeHU I CTIOKHBIX IIpoduIeH,
6/1M3KOr0 K e JUHHUILIE U IP.
MeskKIIOBepXHOCTHBIE CBSI3U B 006/1aCTH KOH-
TaKTa 'IJIEHKA — MOJJIOKKA" UMEIOT CyIleCTBeH-
HOe 3HaueHHe, TaK KaK IIePOXOBATOCTh [IOBEPXHO-
CTH IIOJJIOKKHU CO3/IaeT CHUJIBHYIO MeXIIOBEPXHOCT-
HYI0 MaKPOCKOIIMYeCKYIO CBSI3b Jake IIPU clabom
Me>XKaTOMHOM CBsI3U. Tak IpU HAaNBIJIEHUHU B BaKy-
yMe IIepOXOBATOCTh [IOBEPXHOCTH IO/ IOKKH MOKeT
IIPUBECTH K IOSBIEHUIO PAa3JHUYHBIX CTPYKTYp-
HbIX TedeKTOB THIIA IIYCTOT U BaKaHCHMH, KOTOPbIe
U SIBJISIIOTCS IPUYHUHOM yXYAIIeHUs afre3uu [3].
Hu3kasg anresus MeTa/UIM3ALMH MOXKET OBITh
obycioB/IeHa HeCOrJaCOBAHHOCTBIO CBOMCTB

KOHTAKTHUPYIOUIUX MAaTePHAJIOB, HEIIPABUIBHBIM
BBIOOPOM METOJ OB HUJIU TE€XHOJOTHYECKHUX PesKH-
MOB I0JIy4YeHH S IIJIEHOK, HeKauyeCTBeHHBIM IIpoBe-
JeHHeM ITpoliecca MeTaI/IM3all U HU/IH II0ATOTOBKH
MIOBEPXHOCTHU IOAJIOXKKH, YTO IIPUBOLUT K 06pa-
30BaHHIO bapbepHBIX CJIOeB Ha IPaHHIle pa3fena
U OTPAaHUYEHHOMY B3aHMMOJEHCTBUIO KOHTAKTH-
PYIOLIMX MaTepHaIoB, KOTOPble MOKHO YCTPAaHHUTh
IIPU Me>KOIlePallMOHHOM KOHTpOJIe.

YXyAlleHHe afire3uy MeTa/UIM3alluU IIPU Tep-
MoobpaboTkax MoxkeT OBITH 00YCJIIOBIEHO HeM-
CTBHEeM BBICOKHX BHYTPEHHHX HAIPSIKeHUH
B MeTaJ/UIMYeCKHUX IJIeHKaxX, Tak KakK IIPU 3TOM
B IIJIEHKAaX BO3HHMKAIOT HAINPSIKeHUS CKATHUS,

ormation of contact-metalliza-

tion systems when fabricating

integrated electronic elements
presents a complicated process
task as the surface relief is formed
by steps in the boundaries of con-
tact windows and by a significant
growth of profile non-uniformity in
the multilevel interconnections due
to the increasing number of contact
windows.

FORMATION OF THE CONTACT-
METALLIZATION SYSTEMS

In forming multilevel interconnec-
tions [1] there are steps situated at
the metallization track intersec-
tions of different levels. The step pro-
file formed by a bottom level of inter-
connections depends on the etching
profile of lower metallization level
and on how the interlayer dielectric
repeats the steps shape. Thickness of
the interlayer dielectric is the low-
est in the top area of a metalized
film but the inner stresses here are
the highest - it leads to cracking of
the dielectric and electrical short-
ing of the metalized levels or inter-
ruption of the top-level metalized
films. These cracks can be caused by
the "self-shadowing" effect occur-
ring when the film is being formed
because of the differences in its
grow rates on smooth and rough
surfaces [2]. The uniformity in the

interlayer dielectric thickness and

the absence of shorts and interrup-

tions on steps may be obtained by
smoothing of the substrate surface
staircase relief.

Interruptions of the metalliza-
tion on steps and the "self-shadow-
ing" effect should be eliminated by
using different technological meth-
ods in the metallization process:

« increasing of the substrate sur-
face temperature and higher
film application rate in order
to enhance the adsorbed atoms
mobility in a film;

« use of various accessories to apply
metal at an angle to the substrate
surface thereby providing for a fill
coefficient of the complicated pro-
files that is close to unity, etc.
Interfacial connections in the

"film-substrate” contact area are

essential because the substrate

surface roughness produces a

strong interfacial macroscopic con-

nection even at weak interatomic
binding. Roughness of the sub-
strate surface at vacuum deposi-
tion can lead to emergence of vari-
ous structural defects like hollows
and vacancies that cause adhesion

weakness [3].

Low level of metallization adhe-
sion can be explained by a non-con-
formity of the contacting material
properties or improper choice of the

methods or processes during prep-
aration of films, or poor metalliza-
tion process regimes and insuffi-
cient quality of the substrate sur-
face which leads to the formation of
barrier layers at the boundaries and
limited interaction of the contact
materials which can be eliminated
at the interoperational inspection
stage.

Deterioration of the metalliza-
tion adhesion at thermal treatment
may be caused by high internal
stresses in metal films due to the
arising compressing stresses caused
by increasing of grain sizes. Thus,
the total mechanical stresses may
be increased or decreased depend-
ing on the sign of the intrinsic
stresses in the films. When the crit-
ical value which is dependent on the
boundary phase contact properties
is exceeded, detachment of the film
from a substrate can be observed.
High inner stresses result in the
detachment of the metal films and
disruptions of the film in the areas
with the maximal stress values.
Diagnostics of these types of fail-
ures is usually complicated because
of the long destruction period and
the increasing static fatigue of the
materials. Semiconductor sub-
strates are fragile and commonly
destruct by detachment without
being preliminary deformed.
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BbI3BaHHBIE yBeJIHUYeHHEM pa3Mepa HX 3epHa.
TakuMm 06pa3omM, B 3aBUCHMOCTH OT 3HaKa cob-
CTBEHHBIX BHYTPEeHHUX HAIPSI>KeHUH B IJeHKe
IIPOMCXOAUT yBeJHUeHHe UIH YMeHbIIeHHe CYyM-
MapHBIX MeXaHHYeCKUX HallpskeHUM. [Ipu npe-
BBIIIEHUU KPUTHYECKOM BeJIMUUHBI, OIIpeieisie-
MOM CBOMCTBAaMH IPaHHUIBI Pa3fena KOHTAKTH-
pyromux ¢as, HabnogaeTCs 0OTCIaMBaHUe [IJIEHKH
OT IOJJIOKKH.

BricOKHe BHYTPeHHHEe HAIPSIKeHUS IIPUBOAST
K OTCIAUBAHHUIO MeTaJl/IM3alM1 U1K pa3pblBaM ee
B 06/1aCTSIX C MAKCHMabHBIMU 3HAaYeHUSIMHU BHY-
TPeHHMX HalpsykeHUH. TSKeCTh 3TOr0 BU/a OTKa-
30B 3aK/I0YaeTcs B TOM, UTO IPOI[ecC pa3pylie-
HMS CUJIBHO PaCTSHYT BO BpeMeHHU U BBI3BaH BO3-
pacTaHHeM CTAaTHU4YeCKOH YCTaJ0CTH MaTepHaJIoB.
Hcrmonp3yeMble B KaueCTBe IMOJJIOKEK II0JYIIPOBO-
OHUKOBBIE MaTepHaJIbl XPYIKUe, I/ HUX XapakK-
TePHO pa3pylleHHe OTPbIBOM 6e3 IIpe/IBapHUTeIbHOM
nebopMariuu.

MexaHH4YecKHe HANPsSXKeHUS, BO3ZHHUKAIO-
Imue BCAeACTBHE pa3IM4YUs CBOMCTB MaTepHa-
JIOB IJIEHKH, FPAHULIBI pa3fena "MaeHKa — IOJ-
JoXKa" M CAaMOM IOAJIOXKH MOTYT OBITH 3HAYHU-
TeJIbHO YMeHbIIEHbI IIPH ONpefieIeHHOMN TONIHHe
IJeHKU. IIpy 3ToOM Ha rpaHHIe pa3jena J0IKHBI
OTCYTCTBOBAaTh MHUKPOIIOPHl U ApyTHe AedeKThl,
KOTOpBIe MOT'YT CTaTh KOHI[EHTPAaTOPaMHU BHYTpPeH-
HUX HaIlpsKeHUH. BeluyurHa BHYTPeHHUX HaIIpsi-
JKeHUH B TOHKHX MeTa/I/IMUeCKHUX IIJIeHKaX 3aBU-
CHUT OT TeXHOJIOTHYeCKHX [TapaMeTPOB IIpoIiecca UX
OCaKJIeHH S U IoCaeIyIomux 06paboToxk.

CTPYKTypHBbIe HAIIPSIKeHUS B IIJIeHKe QU3JIeK-
TPHUKa BO3HHUKAIOT B IIpoLiecce OCaKAeHU s IIJIeHKHU
Y OIpeJle/ISIIOTCS YCIOBUSIMH ero IpoBe/leHUs (TeM-
nepaTtypa IOJ/0KKH, CKOPOCTh OCaKJeHHUS U T.[I.).
J71s1 yMeHbIIeHHUSI CTPYKTYPHBIX HAIlPSIKeHU I ITPoO-
BOJSIT TepMo06paboTKy, uTo obecreurBaeT CHUXKe-
HHe IJIOTHOCTU TOYeUHBIX AedeKTOB U yBeaude-
HUe IVIOTHOCTH IIJIEHOK. [leCTBHe 3TOro 3gppexra
YyCHIMBaeTCs I10 Mepe yBelHYeHHUs TeMIepaTypsl
06paboTKHU /10 OnpesieIeHHOIO Ipefiesia B 3aBUCH-
MOCTH OT IIPUPOABI MaTepHaJsa AU3IeKTPUUeCKON
IJIeHKH.

MexaHH13M BO3HHKHOBEHU S CTPYKTYPHBIX HAIIPs-
SKeHUH B IU3TeKTPUUECKUX IIJIEHKAX OIlpefleisieTcst
nercTBieM GaKTOPOB:

* 30deKTOM [1I0BEPXHOCTHOIO HATSIKEHHU S B IIEHKAX;
e IIPUPOMOM KPUCTAIIHYECKUX NedeKTOB;
* PaBHOMEPHOCTbIO KPUCTAIIUYECKON CTPYKTYPHI

I10 TONIIMHE IIJIEHKU U Jp.

Ins KadecTBa GOPMHUPOBAHHUSA KOHTAKTHO-
MeTa//IM3allMOHHBIX CHCTeM HeMaJOBa>kKHO siBje-
HHe 3JIeKTPOMUTPALIUU. SIBlleHHe 3JIeKTPOMHUTIpa-
LMK, CBSI3aHHOE C IepeHOCOM MacChl MaTepHala
Me>KCoeMHEeHUH 10, AeMCTBUeM BHEIIHEro 3JIeK-
TPHUYECKOTO I10/151 K BBI3BAHHOI'0 3THUM II0/IeM TOKa,
HUrpaeT CyIeCTBEHHYI POJib B MHOTOYPOBHEBBIX
CUCTeMax Me>XCcoeqUuHeHUH [4].

JlJ1sl TIOBBIIIEHUSI COIIPOTUBJIEHUS 3IeKTPOMHU-
TPallMK UCII0JIB3YIOT METO[] JIETHPOBAaHUS MeTall-
JIOB Pa3IUYHBIMHU IIpUMecsiMU (bepUIIUN, Mefb,
MaTHUH), SBASOMUMUCST 30eKTUBHEIMHU bapbe-
paMHU MaccolepeHOCa MaTepuana. ITH NPHUMeCH

Mechanical stresses arising due
to different film properties, and
"film-substrate" boundaries and the
substrate itself may be significantly
reduced at a certain film thickness.
In addition, micropores and other
defects on the boundaries which
may concentrate inner stresses must
be absent. The inner stress value
in the thin metal films depends
on technological parameters of its
deposition and followed treatments.

The structural stresses in a dielec-
tric film arise at film deposition and
are dependent on the conditions
of fabrication (substrate tempera-
ture, deposition rate, etc.). Thermal
treatment is necessary to decrease

structural stresses for increasing
film density and decrease of the
point defects density. This effect
becomes more pronounced as the
treatment temperatures grows up
to the definite point depending on
the nature of the dielectric film
material.

Structural stresses arise in the
dielectric films due to the follow-
ing factors:

« surface-tension in the films;

« nature of crystalline defects;

« uniformity of the crystalline
structure across the film thick-
ness and others.

The important role to ensure good
quality of contact-metallization

HAHO MHOYCTPHA Tom 13 Ne 2 (95) 2020

systems is played by electrical
migration. The electrical migra-
tion phenomena connected with
a transfer of the mass of the inter-
connection materials under the
influence of the external electrical
field has an important role in the
multilayer interconnections sys-
tems together with a current which
is produced by this field [4].

In order to raise the electrical
migration resistance, metals are
doped with different impurities
(beryllium, copper, magnesium)
which present effective barriers
for mass transfer. These impuri-
ties have a relatively high bound
energy of the vacancies. Use of
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HUMeIOT OTHOCHUTE/IbHO BBICOKYIO SHEPIrHUI0 CBS3U
BaKaHCHUH.

JpyruM MeTOLOM CHHUIKeHHS SIBJIEHUS 3JIeK-
TPOMUTIPALIMU SABJISLETCHI MCIIOJb30BAHME 3aIMUT-
HBIX JU3MEeKTPHUUYECKUX MOKPBITHUH, UTPAIOLHUX
ponb MexaHHUUYecKoro bapreepa. IIpu 3TOM poCT
TOJILMHBL JH3/IEKTPHUYECKOIO IOKPHITHUS YBeIH-
YHBaeT BEPOSITHOCTHh 0OPa30BAHUS MeJIKHUX XOJI-
MHKOB Ha BCeH IOBEPXHOCTH MeTallIH3alLlUH,
a He OTHe/IbHBIX BBICOKMX IIHUKOB. MCII0/Ib30BaHUE
IIEHKHU OKcHuza anoMuHus Al,O, monydeHHOMN
AHOLUPOBAaHHEM IIOBePXHOCTHU aJIIOMHUHUHEBOIO
NpPOBOJHHUKA, obecrneynBaeT HafeXHYIO 3aIIUTY
OT 3JIeKTPOMUIPAILIUU U yJydlllaeT OJHOPOLHOCTD
CJ104 JU3JIeKTPUKA.

Jnsi CHU>KeHU S 37IeKTPOMUTPALIUM HMCIIONIb3YIOT
TYroI/aBKHe MeTaJlIbl: MonubaeH, BoibdpaM,
XpoOM, TUTAH U Ip., KOTOpble, IOMKMO BBICOKOH
TeMIIepaTyphl IIJIaBJIeHHS B [IepeKpUCTA/IIM3aLl U1
[I0 CPaBHEHHIO C AJIIOMUHUEM U APYyrumu bonee
JIETKOIIJIABKM MU CHCTeMaMU, UMeIOT MeHblllee 3Ha-
yeHHUe KodpdunmenTa nuddys3un u bonee BICOKOE
3HaYeHHe dHePIruM aKTHBALMU caMogudPysuu,
YTO CBHU/ETENBCTBYET 06 OTCYTCTBUU IIOJBEPKEH-
HOCTH 3JIeKTPOMUT PALIUH.

BbIBOAbI

JleficTBHe BBICOKHMX BHYTPEeHHHUX HAIPSKeHUU
B MeTa/I/IMYeCKHUX IIJIeHKaX 3aBHUCUT OT TeXHO-
JIOTUYeCKHUX IIapaMeTpoB IIpoliecca UX OcCakie-
HUS U IoCaenyoImuX 06paboTok 1 obycmaBaiuBaeT
yXyALIeHHe afre3uu npu TepmoobpaboTke, 4TO

IPUBOAUT K OTCJIAUBAHUIO MeTa//IM3allUU UJIH ee
paspeiBaM. [l ylydlleHUs afre3ny MeTasJiu3a-
MU obecrevyrBalOT COIJIACOBAHHOCTh CBOMCTB KOH-
TAaKTUPYOIUX MaTepHaloB, IPABUIBHO BHOU-
PaIOT TeXHOJIOTHUYeCKHUI PesXKUM II0ydeHUs Ile-
HOK U MOATOTOBKH IIOBEPXHOCTHU IOJJIOXKH.
YMeHblIeHHe CTPYKTYPHBIX HAIIPSOKeHUH B IIIeHKe
OU3/IeKTPUKA B IIpoLiecce 0CaXKAeHU s JOCTUIaAeTCs
TepMoo6paboTKkoi, 4To obecrmedynBaeT CHHUXKe-
HHe TOYeYHBIX AeeKTOB U yBeJHUYeHHe III0THO-
CTH IIJIEHKH. J{JIs CHUKeHH S 3JIeKTPOMUTpalu K
KCIIO/IB3YIOT TYTOIIJIABKKe MeTaJI/Ibl.
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the protective dielectric coatings
as a mechanical barrier is another
method to decrease electrical
migration.

At that, a greater thickness of
the dielectric coating increases a
probability of little hills formation
across the entire surface to be met-
alized, not of the individual high
peaks only. Usually, uniformity of
the dielectric layer is improved by
the use of an aluminum oxide film
Al,O;obtained by anodizing of the
aluminum conductor surface and
ensures reliable protection against
electrical migration. To reduce
electrical migration, high-melt-
ing metals are used: molybdenum,

tungsten, chromium, titanium,
and others, which, in addition to
a high melting point in recrystal-
lization as compared to aluminum
and other more fusible systems,
have a lower diffusion coetficient
and a higher value of the self-diffu-
sion activation energy, which indi-
cates lack of exposure to electrical
migration.

CONCLUSIONS

The action of high internal
stresses in metal films depends
on the technological parameters
of the process of their deposition
and subsequent processing and
causes deterioration of adhesion

during thermal treatment, which
leads to detachment of metalli-
zation or its rupture. To improve
adhesion of metallization, con-
sistency of the contacting mate-
rials properties is to be ensured,
the technological mode of pro-
ducing films and preparation of
the surface of the substrate are to
be correctly selected. Reduction
of the structural stresses in the
dielectric film during the deposi-
tion process is achieved by ther-
mal treatment, which reduces
point defects and increases the
film density. High-melting met-
als are used to reduce electrical
migration. [ |

Vor.13 No. 2 (95) 2020 NANO INDUSTRY



