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PA3BUTUE MUKPOHAHO3JIEKTPOHUKHU
FIFTIETH ANNIVERSARY OF MOORE'S LAW:
DEVELOPMENT OF MICRO- AND NANOELECTRONICS

B.BepHep, E.Ky3He10B, A.CaypoB /vdv@tcen.ru
V.Verner, E.Kuznetsov, A.Saurov

B nepsoin 4yactu crtatbm (cm. "HaHouHpgyctpusa', Ne5 (58), 2015, c. 22-38) 6bL1a paccMoTpeHa
ucTopus nosiBieHMs 3akoHa Mypa u ero 3BoJiloLLUM B CBSI3M C MacluTabupoBaHueM. Bo BTopon yactu
paccmaTpuBaeTcs BIMsIHMe 3aKoHa Mypa Ha pasBUTME MUKP- U HAHO3JIEKTPOHMKM U ero BO3AencTBmne

Ha U3MeHeHUs B CTPYKType OTpac/u.

The first part of the article (Nanoindustrie, No.5(58), 2015, p. 22-38) described the history of Moore's
Law and its evolution in connection with scaling. The second part of the article examines how
Moore's Law influenced the development of micro- and nanoelectronics, and what changes it caused

in the structure of the industry.

aKoH Mypa oKka3aj OrpOMHOe BIIMSIHHE Ha Pa3BU-

THe M0y POBOAHUKOBOM 3JIeKTPOHUKH, OIlpe-

JleJINB BBICOKHE TeMIIBl POCTa ee BasKHeHIeHn
COCTaBJISIIONIEeN - MUKPO3JIeKTPOHUKU. B cBOIO oue-
pexnb 3To CrIoco6CTBOBAJIO MOSIBIEHHUIO U PAa3BUTHIO
HOBBIX HaIlpaBJIeHHM, HallpuMep, MHUKPOCUCTeM-
HOM TeXHHUKHU B dopMe MOMC, a 3aTeM U HaHOIIEK-
TPOHUKHU. B pesynbTaTe 3/IeKTPOHUKA CTajla BeAy-
I1el OTPacibio, BO MHOTOM OIlpeJie/isiiolell pa3BUTHe
MHPOBOM 3KOHOMHUKH B LiesioM (puc.1).

B martepuanax SEMI orMmedeHo, 4uTo ¢ 2013 roma
PBHIHOK MHKPO3JIeKTPOHUKH OKOHYATEJIbHO IIPEOA0-
nen Benu4uuHy 300 mpg. gomnt. CIIA [2]. Ho ocBoeHMe
HOBBIX XapaKTePUCTUYECKHX Pa3MepOB IIPOUCXOIUT
6onee memenHo (puc.2) 3.

HecmoTpsa Ha ¢HMHAHCOBBIE CJIOKHOCTH, MHUKPO3-
JIeKTPOHHKA 0CTaeTCs BLICOKO HayKOeMKOL OTPaC/Ibio
U KanpaoxkeHU s Ha HUOKP comocTaBUMBI MU Ja>ke
IIPEBHIIAOT KAIIBIOXKEH U Ha IIPOM3BOACTBO. B 1970~
80 romax 3TH KaIlBJIOXKeHUS COCTABJISIIN 7-8% OT IIpU-
6BLIH, ITOCTOSIHHO POCTAH U JOCTHUIIH MaKCHMyMa
B 2008 rozy - 17,5% [4]. B HacTosillee BpeMsl OHU BHOBb
BO3BpallalTCa K 5-7% [5]. Ho 310 cpenHue LUOPHI.
JIugepsl ©MeIoT 60JIBIION POCT, XOTSI OH MOXKET OBITH
Y He IOCTOSHHBIM U 3aBUCHUT OT HOJTUTUKU GUPMBI
B o61acTu HHUOKP [4].

CyInecTBeHHYIO POJIb B pa3BUTHHU Hay4HOro 6asuca
npousBoncTBa MC urpamwT pa3slu4YHbEe GOPMBEI
KOJIJIEKTUBHOTO y4YacTHUsI GUPM B 3TOM IIpoliecce.
Ha HayabHOM 3Talle pa3BUTHS MHUKPO3JIeKTPOHUKH
OHU OBIIM HAITPaBJIeHbI Ha pellleHUe IIpobiieM HHTe-
IPUPOBAHHOIO Npou3BoAcTBa (IDM) HC. M3sMeHeHUe
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CTPYKTYPHI Ipou3BoAcTBa HC, TO eCTh MOSIBIIEHUE
noMuMo IDM HOBEIX popM crienmanusanuu foundry-
fabless, mprBeso K BCTpeUHBIM TeHAEHIIUAM. PUPMBI
IDM cTajIu HCIIoIb30BaTh aneMeHTH foundry-fabless,
a IocjaefHHe CTAJIM OPraHHU30BBIBATHCS B CUCTEMEB,
romobueie IDM [6].

HoBble KOHCOPLIMYMBI CTaJIM BK/IOYATh IIPOHU3-
BoACTBO HIC, mpou3BOACTBO 000PyJOBAHUS U MaTe-
puanos, pa3suTtHe CAIIP. OkugaeTcs BKIIOUYEHHe
B HHX M CHCTeMHBIX KOMIaHHUHU [7]. IIo BbrIpaKe-
HUIO aBTopa [8], HccneoBaHUS Bcerzaa 6111 B JHK
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Fig.1. Comparison of growth of gross world product, electronics
and semiconductors [1]
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Fig.2. Volume production technology node transitions [3]

MHKPO3TeKTPOHUKHU. To/bKO He6OoIbII0e YHCIIO APY-
TUX OTpaciell uMeeT OTM3KUN YPOBEHb OTUHCIIE-
HHUI Ha HayKy OT NPUOBIIH. [IpU 3TOM ABHKYILEH
CHJIOM HCCJIeJOBAaHUM OblI 3aKOH Mypa, KOTOPBIH
BBIPa’Kajicsd "MaHTpOM'": "melleBile, nydlle, 6bIcTpee,
menpme" ("cheaper, better, faster, smaller") [8].

AHaJIOTUYHYIO [IO3UIIHIO 3aHUMaeT IIpe3ugeHT ASML

MapTuH BaH ieH BpUIIK, CYUTAIONIHIL, YTO FOBOPHUTH
0 KOHIIe 3aKOHa Mypa o4eHb HeITPOJyKTUBHO, IIOTOMY
4TO0 PaKTUUYECKHU 3TO IKCTPATIOISAL U [IPOLIIOro; HeT
3aKOHa Mypa, a eCTb MHOIO H/ell MHOTHUX YMHBIX
JIIO[IeH B 3JIeKTPOHHOM IIPOMBIIIIEHHOCTH [9].
Bune-nipesuneHT IMEC Jliono ledepMm [10] oTme-
YaeT, 4TO MOJYIIPOBOLHUKOBAS IIPOMBILIIIEHHOCTb

oore’s Law greatly influ-

enced the development of

semiconductor electron-
ics by setting high growth rate of
its most important component -
microelectronics. Subsequently,
it contributed to the emergence
and development of new areas, for
example, microsystem technology
in the form of MEMS and nano-
electronics. As a result, electron-
ics has become the leading sec-
tor, largely determining the devel-
opment of the world economy as a
whole (fig.1).

According to the SEMI, the mar-
ket of microelectronics defini-
tively went over 300 billion USD in
2013 [2]. However, new characteris-
tic dimensions are developing more
slowly (fig.2) [3].

Despite financial difficulties,
microelectronics remains a highly
knowledge-intensive industry and
the R&D capital expenditures are
comparable to or even higher than
the capital expenditures of pro-
duction. In 1970-80s, the capital
expenditures were 7-8% of the prof-
its, growing steadily and peaking

at 17.5% [4] in 2008. Currently, they
are falling back to 5-7% [5]. However,
these are average figures. The lead-
ers enjoy large growth, which may
be not steady, though, and which
depends on the company’s policy in
the field of R&D [4].

Various forms of companies’ col-
lective participation in this process
plays a significant role in the devel-
opment of the scientific basis for
the manufacture of ICs. At the ini-
tial stage of microelectronics devel-
opment, they focused on resolving
the problems of integrated device
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pa3BuBalach 10 3akKOoHy Mypa modutu 50 jer,
HO MOYKeT JIU U OH U JjaJ/ibllle MO Iep>KUBaTh Pa3BU-
tHe? HoBele Texuonoruu (EUV, nepexof K 450 MM),
B IIPUHLIHIIE, MOTYT IIPUBECTH K CHUKEHHUIO I[eHBI
TPaH3UCTOPa, HO IlepBOHAYa/IbHbIE 3aTPaThl Ha 060py-
IOBaHUeE OUeHb BeJIMKU, U HEU3BECTHO KaK OHU OyAyT
KOMIIEHCHPOBaHbI. OlHA 13 BO3MOKHOCTE! CHUKe-
HH S [IePBOHAYAJIBHBIX U3[leP>KeK ~ I POKOe Pa3BUTHe
KOOIIePALIMH, M CIUTAETCS, YTO 6IMKaMIIHe TOIbI
OyoyT C 3TOM TOUKH 3peHHUs] KpUTHYECKUMH, TaK KaK
yPOBeHb KOOIlepalluKl MeK/y IIPOK3BOACTBEHHBIMH,
HCC/IeIOBAaTeIbCKUMHU U TOCYJAPCTBEHHBIMU CTPYK-
TypaMHU Pa3HOTO YPOBHS OIpefeUT TeMIIbl POCTa.
3aKkoH Mypa ycTaHaBIKBas obIIHe 3alauU pa3BUTHS
OoTpaciaud. Bo3MOXXHO, YTO I10 OT/Ie/IbHBIM HaIlpaBiie-
HUSM, Hammpumep, B 3D-uHTerpanuu, 6yayT Bepa-
6oTaHBEl HOBBle KPUTEPHUU Pa3BUTHS, CBOEro pofa
"IIoKasIpHBIN" 3aKOH Mypa.

Ecnu paHbllle Befylire GUPMBI BBLIENSIUCD, IIPe-
>KJe Bcero, obbeMaMHU MPOM3BOJCTBA, TO Ha HOBBIX
3TamaxX Pa3BHUTHUSI MHUKPO3JIeKTPOHUKH OHHU CTalH
obnazmarensimu 6osee MpOJBUHYTHX KOHCTPYKTHBHO-
TeXHOJOTU4YecKUX 6a3MCoB, TAKUX Kak, HallpuMep,
FinFET ¢upmsl Intel. ITo cymecTBy, BO3HUKIIO 60/1b-
Imoe 4uci10 GUPMEHHBIX KOHKYPHUPYIOLUIUX TeXHOJIO-
TUH, a UX BBIOOp, B oIlpeieleHHON Mepe, 3aBUCUT
OT [0/ KOMIIAHUHU Ha PBIHKe.

®upMBI ¢ 601BIIUMHU 06eMaMH MaCCOBOTO ITPOM3-
BOJICTBA OPHUEHTHUPYIOTCS Ha IepeXof K IJIaCTUHAM
450 MM 1 EUV-nuTorpadpuu. KoMnaHuM C MaJbIMHU
U CpeJHUMU o6beMaMU IIPOHU3BOACTBA pacCMaTpH-
BAIOT pa3/IMYHble [ pyrue TeXHOJIOTUH TUTOrpaduH,

BKJ/IIOYasl IIPOJOJIKeHHe UCII0Ib30BaHUS CY6BOIHO-
BOM UMMePCHOHHOM nTuTOrpaduu 193 HM ¢ npume-
HeHHeM MHOTOKpPaTHOro GOpMHUPOBAHHUS PUCYHKA
(multiple pattering) u HOBBIX TeXHOJIOT U IIPSIMOK
camoopranusanuu (directed self-assembly - DSA).
JpyrUM BapHaHTOM MOXeT 6BITh 6e3MacouHasd
nutorpadus (maskless litography - ML2) ¢ ucnons-
30BaHHeM MaTpHIL JIa3epHBIX MM 3JIeKTPOHHBIX
y4KoB [11].

B paMKax pa3BUTHSA MUKPO3JIeKTPOHUKH IIPOUC-
XOIHUT CYyLIeCTBeHHOe Npeobpa3oBaHKe HCCIe0BA-
TeJbCKUX Pa3pabaThIBAIOIIUX U IPOU3BOACTBEHHBIX
CTpPYKTYp [12], co3maHMe HOBBIX IpH6OPOB U Hoee
[I0JIHOE MCIIO/Ib30BaHMe y>Ke BBIIIOJIHeHHBIX pa3pa-
60TOK. B 11e710M aKTUBHO GOPMHUPYeTCs IKOCUCTeMa
MHKPO3JIeKTPOHUKH, BKIIOYAOIAs pa3TUYHbIe 065-
equHeHUus U Gupmsl [13-15].

B 2012 romy mipenmoiaranaock, 4uto MC c HopMamu
15 HM 6yAyT criocob6HBI BBIIIYCKATh MSATh GUPM [5],
HO 1o JaHHEIM 2014 roma uucino upm, paboraro-
XX C HOpMaMH 14/16 HM, B 2013 rofy JOCTHUIJIO CEMH,
B 2014 rogy ux cTasio 26, a B 2015 rony o>KHUAAETCS POCT
1o 33 [6]. B 2013 roxy 26 3aBomoB paboTanu C HOpMaMHU
25/19 HM U 22 IpeAIPUSATHS - C HOpMaMu 32/28 HM [3].

Kak CTpyKTypHBIe, TaK U TeXHOJIOTHYeCKHEe H3Me-
HeHHUSI B MHUKPO3/eKTPOHUKE COMNPOBOXAAIOTCI
06IIHMM POCTOM I10/1YIIPOBOJHHUKOBOM IIPOMBIII/IEH-
HocTH. SEMI oTMedaeT, 4TO POCT KaIlBJOKEHHH
B obopynoBaHue B 2014 rogy B CpefJHEM COCTaBHJIO
20-30% [17]. BiioskeHHSsI HallpaBJieHbl HAa Pa3BUTHe
IIPOEeKTOB II0 CTPOUTEBCTBY U OCHAILleHHUIO IIPOH3-
BOJICTBEHHBIX JINHUU [I/IS1 pa3/IMUHBIX HallpaB/leHUH
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Fig.3. Annual distribution of IC production depending on designs [16]
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I10JIyIIPOBOAHUKOBOM IIPOMBIIIIEHHOCTH (190 IIpoek-
TOB B 2014 romy u 250 - B 2015 rony) [6].

[ToMuMO 06IIUX TeHOEHIIHUH, MeHee SIBHO 3aKOH
Mypa BauseT Ha OTAe/IbHbIe HAIlIPAaBIeHHS Pa3BUTHA
[IOJIYIIPOBOJHHUKOBOM IPOMBIIIJIEHHOCTH, CTUMYJIH-
PYs KOHKYPEHIIMIO BeAYIHX QUPM.

Haubosnee akTUBHYIO MO3ULHI0 B 060CHOBAaHUHU
NpOJOAKeHUS NeHUCTBUA 3akoHa Mypa, BIJIOTH
10 XapaKTepUCTHUYeCKUX pa3MepoB (N-node) 7-5 HM,
3aHuMaert Intel [18]. B ompeneneHHON Mepe 3TO CBSI-
3aHO C 00BSBIeHHBIM B HOsi6pe 2013 roga mepexo-
noMm Intel k mozmenu foundry, Ho He06XOZUMEL U APY-
rHe MpeAIOoChIIKHU, obecrieunBapoLUie IperuMyLie-
CTBa Ilepel KOHKYpPeHTaMH, IIpesxkIe BCero, mnepefn
TSMC [19]. Intel mpu 3ToM cchlIaeTcst Ha CBOE THJIEP-
CTBO B TeXHOJIOTHH.

JU3MeKTPUKHU C BBICOKUM K, ocBoeHue SiGe HaIps-
skeHHOro KpeMHHUs1, HKMG u Tri-Cate ¢upma Intel
Ipouija B CpegHeM Ha 3,5 rofa paHblle KOHKYypeH-
ToB (TSMC, GlobalFoundries, Samsung, IBM) [18, 19].
Ho KOHKpeTHOe IIperMYIecTBO MOKeT 06ecIednTh
CHMKeHHe LIeHbl TpaH3ucTopa MC npu mepexope
K 6oslee Ma/JIBIM XapaKTepPUCTHYECKHUM Pa3MepaM.
Kak u3BecTHO, 0 28 HM LieHa CHHKAJIach IpUOIH3H-
TeIbHO Ha 30% Ha Ka>KIBIM LIUKII.

Ha puc.4, KOTOPBIH AONIKeH IeMOHCTPHUPOBATH IIPO-
rpecc Intel B pamkax 3akoHa Mypa, OTpaskeHBI COOT-
BeTCTBYIOL[HEe BeKTOPHl pa3BUTHS [18]. JIMHeHHBIH
xapakTep rpaduka (puc.4a) OTHOCHTEJIBHOTO CHU-
SKeHHU S LIeHbl TPaH3UCTOpa IIpH IIepexone oT 65 HM
10 10 HM I103BOJISeT OLLEHUTh YMeHbIIeHHEe L[eHbI
3a OUKI B 20%. 3TO MeHbllle, YeM yKa3aHHbIe BhIIIe

30%, HO CHM>KeHHe LIeHbl IIpoucxXoguT. Hamo oTrme-
THUTb, YTO 3TOT GaKT BhI3bIBAeT COMHEHHe Y MHOTHX
KPHUTHKOB, TaK KaK OHU He BUAST OCHOBAHUMU /14
CHHMKeHH S LIeHBl IIPOM3BOACTBA B HACTOsIIee BpeMs,
a C y4eToM pacTyIiel LieHsl 060pyJoBaHUS — U B Oymy-
meM. Tem 6ojee, YTO U TeXHHUYECKHUE XapPaKTEpHU-
CTUKU MeHS0TCI 60ojlee MeIjIeHHO, YeM 3TO CJIeJI0-
Bas10 ObI 13 3akoHa Mypa. Tak, f1s1 BcTpoeHHBIX CO3Y
(embedded SRAM) mtomab ’4€MKH IIPU XapaKTepH-
CTHYeCKHX pasmepax 22-20 HM cocTasisieT 0,09 MKM?,
apu 11-10 HM OHa YMEHBIIKUTCS TOABKO H0 0,06 MKM?,
WJIH BCero Ha 30% BMecTo deThlpex pa3s (1o 0,02 MKM?)
COTJIACHO IPaBUIy FeOMeTPHUUECKOro MacIITabrpoBa-
HU4 110 Mypy [20].

B [21] oTMedeHO, YTO 10 OCHOBHOMY PHIHOYHOMY
IoKasaresio, lieHe BeHTH 14 (Gate Cost), FINFET ycTy-
maeTt 06’BEMHOMy KMOII, Tak Kak 1eHa FInFET BblIIe
B MHTepBase ¢ 2015 1o 2017 roapl, a TEMIIBL TOJOBOLO
CHY>KeHMS LIeHBbl IIPU 3aIlyCKe B IIPOU3BOICTBO -
HuKe. O6macTe NprMeHeHUs FINFET - BBICOKOYPOB-
HeBOe 3JIeKTPOHHOe 060pyoBaHMe BBHICOKOM IJIOT-
HOCTH. [I71s1 MaccoBoro peiHKa FinFET HC Hesdek-
THUBHBI 110 LleHe. AHAIUTUK GupmEl IBS X. JI>KOHC
cdopmynupoBa 3To Tak: "FINnFET - He ny4mias Kpem-
HueBas gopora” [21].

Ocoboe 3HaueHHe MMeeT KOHKypeHLHs FInFET
U FD-SOI B obsactu co3manus MC ¢ moJHBIM obenHe-
HueM. Kaszanock 651, 4YTO y MC Ha KHH mario maHcoB
KOHKYPHUPOBATh C APYTHUMHU TeXHOJIOTHUSIMHU, TaK KaK
LIeHa 3aTOTOBKU-TIACTUHBI KHHU CyI[eCTBeHHO BRI
LIeHbI [IJIACTUHBL AJ1s1 06beMHBIX UIC (500 mosii. po-
TUB 120 monn.) [22]. Ho U3-3a IpPOCTOMN TeXHOJOTHHU

manufacturing (IDM) of ICs. The
structural change of the IC man-
ufacture, i.e. emergence of new
forms of specialization - foundry-
fabless - in addition to IDM, has
resulted in counter-trends. The IDM
companies commenced using some
foundry-fabless elements, and the
latter commenced arranging sys-
tems similar to IDM [6].

New consortia started including
the manufacture of ICs, production
of equipment and materials, devel-
opment of CAD. System companies
are also expected to be included
therein [7]. According to the author
of [8], research has always been in
the DNA of microelectronics. Only

a small number of other industries
have the same level of contribu-
tions to the science from the prof-
its. At the same time, the driving
force of this research was Moore’s
Law, which was defined by the
mantra that said "cheaper, better,
faster, smaller" [8]. Martin van den
Brink, the president of ASML, has
the same opinion, believing that it
is very unproductive to discuss the
end of Moore’s Law, because it is an
extrapolation of the past, in fact:
there is no Moore’s Law, but there
are a lot of smart people in the elec-
tronics industry [9].

Ludo Deferm, the Vice-
President of IMEC [10], noted

that the semiconductor industry
had developed following Moore’s
Law for almost 50 years, but can
this law continue to sustain the
development? New technologies
(EUV, transition to 450 mm), may
indeed lead to a lower price of the
transistor, but the initial equip-
ment costs are very high, and itis
unknown how they will be com-
pensated. One of the possibili-
ties for reducing the initial costs
is wide development of coopera-
tion, for which the next few years
are believed to be critical because
the level of cooperation between
industrial, research and govern-
mental organizations of different
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Puc.4. Juazpammei Intel no pazsumuto 3akoHa Mypa [18]
Fig.4. Development of Moore's law: the charts of Intel [18]

HMC Ha KHHU 1jeHa 06paboTaHHOM IIACTUHBL MOXKET
6BITH CPAaBHUMaA C LIEHOH IIJIACTHHBI TPAAUIIMOHHOM
HC Ha 06beMHOM Si U CyIIeCTBEHHO HIKe I[eHBI I1Ia-
cTuHbI FINFET, TaK KaK CTOMMOCTb TEXHOJIOTHYeCKHUX
orepaLyy cymecTBeHHO Bolle y FInFET nipu onuHa-
KOBOM QyHKIJMOHaIBHOCTHU ¢ FD-SOL.

CTonMoCTh 06paboTaHHOM IIaCTUHBI 14 HM FD-SOI
Ha 18,4% Huke, yeM y 16 HM FInFET. C4UTAIOT, 4TO
COBOKYITHOCTH IIperMyInecTB FD-SOI obecreurBaeT
3TOM TeXHOJOTHU IIHPOKOe IPHMeHeHHe B pas-
JTUYHBIX 007aCTIX 31eKTPOHHUKH B OMMKaHIIHe
10 net. Bnusocts FD-SOI Kk xopoulo oTpaboTaHHOU

levels will determine the growth
rate. Moore’s Law established
general development pace for
the industry. Perhaps, in certain
areas, for example, in 3D integra-
tion, there will be some new cri-
teria of development, a sort of
"local” Moore’s Law.

If earlier the leading compa-
nies excelled primarily in produc-
tion volumes, at the new micro-
electronics development stage
they became owners of more
advanced designs and technolo-
gies, such as, Intel’s FinFET, for
example. Essentially, a large
number of branded competing
technologies have emerged, and

HAHO MHOVCTPHA #s/59/2015

their choice depends to some
extent on the company’s share on
the market.

Companies with large volumes
of mass production are focusing
on a transition to 450 mm wafers
and EUV lithography. Companies
with small and medium produc-
tion volumes are considering
other various lithography tech-
nologies, including the continued
use of sub-wavelength immersion
lithography of 193 nm using mul-
tiple patterning and new technol-
ogies of direct self-assembly (DSA).
Another option could maskless
litography (ML2) using matrices
of laser or electron beams [11].

Research, design and production
organizations are undergoing sig-
nificant transformation with the
development of microelectronics
(12]. New devices are developed and
existing designs are used more effi-
ciently. In general, the microelec-
tronic ecosystem is rapidly growing
by incorporating various associa-
tions and companies [13-15].

In 2012, it was suggested that
only five companies would be able
to produce 15 nm ICs [5], but the
2014 data reveal that the number
of companies working with the
14/16 nm standards was seven in
2013, twenty-six in 2014, and it is
expected to reach thirty-three in
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Puc.5. Cmoumocmb kpucmaaad (100 mm?2) npu pazHoli mexHo-
nozuu/y3ae (UucmoyHuk: IBS)

Fig.5. The cost of the chip (100 sq.mm) by various technology/
node (source: IBS)

IUIaHapHOM TexHosoruu KMOII fenaeT fenieBoIMU
KaK IPOeKTHPOBaHME, TaK U IPOU3BOACTBO. OUeHb
BaskKHO, 4TO0 FD-SOI j1erKo BCTparBaeTCs B Pa3IUYHbIE
BapHUaHTHI 3D-TeXHOJIOTUH.

C TOYKH 3peHHUs 06Cy>KaaeMON NpobieMbl IeHbI
HC, HarnagHoe peaCcTaBIeHKe 0 COOTHOIIOHM AX LIeH
KMOII Ha o6bemHOM Si, FINFET u FD-SOI gaet puc.5,
M3 KOTOPOIo CJIe[yeT, YTO CTOMMOCTH umuiia FD-SOI
(100 MM?) IpH XapaKTepUCTUYECKUX pa3Mepax 28,

Puc.6. Cmoumocmb nAdcmuHbl Npu pasHol mexHoAnozuu/y3ne
(ucmouHux: IBS)

Fig.6. The cost of the wafer by different technologies/node
(source: IBS)

20 u 14/16 HM Bcerfia HUXe, 4eM Yy KOHKYDEHTOB.
EcTecTBeHHO, UTO U 1LleHa IJacTHHBI ¢ FD-SOI Toxke
HMKe, YeM y KOHKYPeHTOB (pHcC.6).

W3 npuBeleHHBX PaKTOB CIeAyeT, YTO TEXHO-
norusi FD-SOI obecreunBaeT BO3MOKHOCTh CO3/la-
Husa HMC 1pu Tex ke XapaKTepUCTHYECKHUX pa3me-
pax, uTo u FInFET. BIKU30CTh K KJIACCHYECKOH IIJIa-
HapHOM TeXHOJIOTUU obecIieurBaeT HallpaBIeHHUIO
FD-SOI BO3MOXHOCTB IIPOEKTHPOBATh U CO3LaBaTh

2015 [6]. In 2013, twenty-six fac-
tories worked with the 25/19 nm
standards and twenty-six enter-
prises with the 32/28 nm standards
(31.

Both structural and techno-
logical changes in microelectron-
ics are accompanied by a gen-
eral growth of the semiconductor
industry. SEMI notes that the aver-
age growth of capital investments
in equipment was 20-30% in 2014
(17]. Investments are aimed at the
development of projects for con-
struction and equipment of pro-
duction lines for different areas of
the semiconductor industry (190
projects in 2014, and 250 in 2015) [6].

Apart from general trends,
Moore’s Law has a less obvious
effect on some areas of the semicon-
ductor industry development, pro-
moting competition among leading
companies.

The strongest advocate of apply-
ing Moore’s Law until the char-
acteristic dimension (N-node)
reaches 7-5 nm is Intel [18]. To some
extent, this is due to Intel’s tran-
sition to the foundry model as it
was announced in November 2013.
However, some other preconditions
are required to provide competitive
advantage, above all, vis-a-vis TSMC
(19]. In this regard, Intel refers to its
leadership in the technology.

Intel was on average 3.5 years
ahead of its competitors (TSMC,
GlobalFoundries, Samsung, IBM)
with its High-K dielectrics, use of
SiGe strained silicon, HKMG and
Tri-Gate [18, 19]. Yet, substantial
advantage can be provided by a price
reduction of IC transistors with the
transition to smaller characteristic
dimensions. Until 28 nm, the price
is known to drop by approximately
30% at each cycle.

Fig.4, which supposedly dem-
onstrates Intel’s progress accord-
ing to Moore’s Law, reflects the cor-
responding developmental vectors
(18]. The linear graph (Fig.4a) of
transistor price reduction during
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3aKkoH Mypa MpexpatieHne 3akoHa Mypa

npopo/mKaeTcs CO cTarHaumem uam pocToM LieHbl

Moore's law Moore's law stops

continues T LleHa due to stagnation or growth of costs
Price

14 HM/nm

20 HM/nm FinFET

O6beMHbIi DYHKLMOHANIBHOCTb
KMon (Ka4ecTBO/MOLLHOCTD)
Bulk Functionality

28 HM/Nnm
O6bEMHbIN

Kmon
Bulk 28 HM/Nm

FD-SOI

(quality/capacity)

)

14 Hm/nm
FD-SOI

lMpekpaweHwre 3akoHa Mypa

C OorpaHuMyeHvemM pocTa kayecTsa
Moore's law stops

due to limitation of quality growth

Puc.7. TexHonozus npodonxeHus 3akoHa Mypa [23]
Fig.7. Technology of the continuation of Moore’s law [23]

HC npu MeHBIIMX 3aTpaTax, yeM Aas FINFET. TakuM
obpasom, FD-SOI cymiecTBEHHO LOCTYIIHee TeXHOJIO-
ruu FInFET, Ho, B OT/IMYMeE OT XOPOILIO Pa3BUTO KO-
CHUCTeMBI IIoCJIeHell, A/ Hee 9KOCHCTeMa TOJIbKO
CKJIa/bIBAETCS.

CnenyeT OTMeTHTh, UTO M CTOPOHHHUKHU FinFET
U CTOpoHHHKHK FD-SOI paccMaTpHBAIOT pPa3BHU-
THe MHKPO3JeKTPOHUKH KaK pe3yJbTaT AeH-
CTBHMSA 3aKOoHa Mypa, IIyCTh B yCeYeHHOM BH[e.
[IprMepOM MOXKET CIYKHUTh COOOIIeHHe O ITpe3eHTa-
uuu STMicroelectronics Ha ISS Europe Symposium
[23]. Ha puc.7 npeacTaBleH OAWH U3 CIANI0B
[Ipe3eHTallMH.

Ocu "LleHa" u "OYyHKIHMOHAIBPHOCTE [T II0JIe
rpa¢uka Ha yeTslpe 30Hbl. DaKTHUYECKHU PeYb UIeT
He 0 BBIIIOJIHEHUH OCHOBHBIX COOTHOIIEHHH 3aKOHA,
a 00 OTHOCHTEJIBHBIX U3MEHEHH X XapaKTePUCTHUK
HWC r1pu miepexojie K CIeAyIOIIeMy LUKy, HallpHMep,
CTOMMOCTD BhIpociia Ha 10%, a yHKIIMOHAIBHOCTD
Ha 30% MK BBIPOCJA TONBKO GQYHKIMOHATBHOCTD,
WU LeHa U QYHKIHMOHAIBHOCTh BBIPOCIH OJMHA~
KO0BO. OTMETHM, YTO O [MaJleHWH LEeHBI 110 3aKOHY
Mypa peun HeT. TakuM o6pa3oM, Kak B cJIydae, pac-
cMOoTpeHHOM Bbille A5 FInFET, Tak U B clayvae
FD-SOI, MOXXHO TOBOPUTh He O KOJIHYECTBEHHOM
BBIIIOJTHEHMH 3aKOHA Mypa, a TOJIbKO O KauyeCTBeH-
HBIX HallpaBJeHHUAX BEeKTOPOB Pa3BHUTUSI MHKPO-
3JIEKTPOHMKH 10 Mypy. 3Ta TeHAeHL U OTMeYeHa
B [22] dpasoit: "1 node gain without scaling”, To ecTp
HOBBIM XapaKTepUCTUYECKUH y3ell JOCTUTaeTcs 6e3
MacIITabKMpOBaHHUS.

3HaKOBBIM MOMEHTOM, BEPOSTHO, B/ISETCS TaAKKe
coyeTaHHe 3D-apXxUTeKTyphl NPHUOOPOB C HU3KUM
norpebieHneM, KOTopoe 0603Ha4aIOT KaK HOBYIO 3Py
MacmTabupoBaHud: "3D macmTabupoBaHHE MOLI-
HocTH" (3D Power Scaling). YBenuueHue uynciIa TpaH-
3MCTOPOB Ha eJHMHHUIE IJIOIAAH COIIPOBOXKAALTCSH

the transition from 65 nm to 10
nm shows a 20% price decrease per
cycle. It is less than the above-said
30%, but still the price is declin-
ing, indeed. It should be noted that
many critics find this fact ques-
tionable because they see no reason
for reducing the cost of production
currently, and in the future given
the rising prices of equipment.
Furthermore, the technical charac-
teristics change more slowly than
suggested by Moore’s Law. Thus, in
embedded SRAMs, the cell area is
0.09 pm? when the characteristic
dimensions are 22-20 nm, and in
case of 11-10 nm, the cell area will
decrease to 0.06 pm2, or only 30%
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instead of a four times reduction
(0.02 pm?) stipulated by the geo-
metric scaling rule of Moore’s Law
(20].

In [21], it is noted that regarding
the gate cost, which is the main
market indicator, FIinFET is infe-
rior to the bulk CMOS because the
FinFET price is higher in the inter-
val from 2015 to 2017, and the rate
of annual price decline in case of
launching the production is lower.
The area of FinFET is top-level high-
density electronic equipment. For
the mass market, FInFET ICs are
price ineffective. H. Jones, an ana-
lyst from IBS, explains: "FinFET is
not the best silicon path" [21].

FinFET and FD-SOI have a par-
ticular important competition in
the field of fully depleting ICs. ICs
on SOI seem to have little chance
to compete with other technologies,
because the cost of unprocessed SOI
wafers is significantly higher than
the cost of bulk ICs wafers (500 USD
vs. 120 USD) [22]. But because of the
SOI technology simplicity, the cost
of processed SOI wafers is compa-
rable to the cost of conventional
bulk Si ICs and is significantly
lower than the FInFET wafer price,
because the cost of FInFET techno-
logical operations is significantly
higher having the same FD-SOI
functionality.
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yBe/lM4eHHeM YHKCJIa CJI0eB C TPAH3UCTOPaAMHU B Bep-
THKa/IbHOM HaIlpaBjleHUH [24]. [IpK1 5TOM IIOTHOCTb
(uHTerpauus) Bo3pacraeT 6e3 CHUKeHUSI UHAKBU-
AyanbHBIX 2D-pa3mepos. B pesynbraTe, 3D-CTPYKTYPhI
[I03BOJISIOT IIOJIyYUTh [IapaMeTPhbl, COIIOCTAaBUMEIE
€ xapakTepHbBIMH A1 N+1 2D-MacmiTabupoBaHUS
y>Ke 1Ipu pasmepax N unu gaxke N-1 [25]. fIcHo, 4To
3TO MOXKeT JATh BBIUTPBIII B CTOUMOCTH.

ITepexon K 3D-CTPyKTypam obcysKaaeTcsi KaK OAMH
13 BO3MOKHBIX ITyTeH Pa3BUTH S MUKPO3/IeKTPOHUKH,
KaK "HOBas IapajHIMa CHCTeMbl MacmTabuposa-
HHUS Ha ocHoBe 3D-uHTerpanuu” (A New Paradigm -
System Scaling though 3D system integration) [26].
OOHUM K3 CTUMYJIOB CTala mpobrema 3afepXKKHU
CHUTHaJja MexcoeguHeHuH HMC. Yke mnsg N16 Benu-
YMHa 3aJepsKeK Ha MeKCOeSJUHeHU X ITouTH B 1000
pas 6osblle, yeM Ha TPaH3HUCTOPHOM ypOBHe [27].
3TOT GpaKTOp, HApPALY C BO3pacTaHHEM LieHBl IIpU
manpHemIeM 2D-MacmTabupoBaHUM, BBI3bIBAET
HeoOX0IMMOCTH B Ilepexoie K 3D-UHTerparuu.

CTexkoBas TeXHOJIOTHS Ha oCHOBe TSV YacTU4YHO
pemraet npobieMy MeskcoeguHeHHUM. Ho 6onee kap-
AVHAJIBHO OHA pellaeTcs C IIOMOIIBI0 MOHOTHUTHBIX
3D-cTpyKTyp (M3D). CTpyKTyphl M3D CTa/nu aKTHBHO
pasBuBaThbca dupmort Qualcomm [28] u uccnenosa-
TenbCKkUM LeHTpoMm CEA-LETI [25, 28]. 3TH CcTpyK-
TYPBl AAIOT BO3MOKHOCTD B OIlpefieIeHHON Mepe
IoAepsKaTh MacuITabupoBaHHUeE B pAMKax HEKOero
06HOBJIEHHOI0 BApHaHTa 3aKoHa Mypa [28].

Pa3paboTuuKU CTeKOBHIX 3D MC CUHTAIOT, YTO
3TO HaIlpaB/leHHe b6yneT crioco6CTBOBATh PA3BUTHIO
HAHO3JeKTPOHHBIX cUcTeM [29, 30]. OHU CUHUTAIOT,

YTO 3aKOH Mypa He IIpeKpaTH/ CBOEro NelcTBUS,
a Tonbko 3aMemauics ("Moore’s Law is not over it’s
just slowing"). B kauecTBe mpuMepoB 3P HeKTHBHO-
cTu cTeKoBbIX 3D MC npuBonsatcs pa3paborku HC
namsatu Hybrid Memory Cube (HMC) u 3D NAND
dupmel Micron.

B meHCTBUTeNBbHOCTH He BCe TaK IPOCTO.
Bo-mepBhIX, caM Ipoiiecc rnepexoga K 3D UC MoxxeT
OBITH MOCTATOYHO AJUTENbHBIM. BO-BTOPHIX, OH
TpebyeT onpeseIeHHOrO LOMIOJIHUTEIBHOI0 060py-
JNOBAaHHS U IIOMeIeHUH YUCThIX KOMHAT. B pe3ysb-
TaTe, IIO OLleHKaM CIeIlHalucToB Micron, 3ToT
repexofi MOXeT OBITh B JIBa pa3a JIopoxke, YyeM Iepe-
xo[ K 20 HM. Kpome Toro, pasmepsl 3D NAND moxka
6osbuie 2D aHanoros [3].

CHMKeHHe LIeHBl IIPOU3BOACTBA M IIOMCK HOBBIX
noTpebuTenend SBASIOTCS MOCTOSHHBIMU IIPO-
61emamMu. IIpu 3TOM 3aKa3uUMKH YaCTO COrJIACHBI
Ha yAelleB/eHHe Aaske 3a CYeT HeKOTOPOIo yXy/-
MeHUsl KadyeCTBeHHBIX XapaKTepHUCTUK MC.
CHU>KeHHe LIeHbl MOXeT OBITh JOCTUTHYTO pas3-
HBIMU IIYTSIMHU [26]:

* yMeHbIIeHHEM CTOMMOCTHU OTHAEJbHBIX IIPO-
LIeCCOB IIPH Iepexofe K HOBBHIM TeXHOJOTHYe-
CKUM LHUKJIaM. PaboTy B 9TOM HallPaBIeHUHU [/
10-7 um BezmeT IMEC coBMecTHO ¢ Alix Partners [31];

e Ilepexof0oM K HOBoM nuTorpaduu (EUV), Tak Kak
IIPH HCIIOJIb30BAHUM MHOTOKPATHOTO 3KCIIOHMU-
poBaHHS Ha 6a3e 193 HM nuTorpaduu Ans cie-
OYIOLIero TeXHOJIOIUUeCcKOoro IUKIa HeobXoquMOo
Ha 15-20% yBeIMYMBATh YUC/IO 3TAIIOB MaCKHUPOBa-
HUS, YTO, €CTeCTBEHHO, YI0pOKaeT IIPoLecc;

The cost of processed 14 nm
FD-SOI wafers is 18.4% lower than
the cost of 16 nm FinFET wafers. The
benefits of FD-SOI are believed to
make this technology widely used
in various electronics fields for the
next 10 years. The proximity of the
FD-SOI to the well-developed pla-
nar CMOS technology makes both
design and manufacture cheap. It is
very important that FD-SOI can be
easily integrated in a variety of 3D
technologies.

From the perspective of the dis-
cussed IC price issue, a visual rep-
resentation of correlation between
the prices of bulk Si CMOS, FinFET
and FD-SOI is given in Fig.5, from

which it is clear that the cost of
the FD-SOI chip (100 mm?) with
the characteristic dimensions of 28
nm, 20 nm and 14/16 nm is always
lower than the competitor’s cost.
Naturally, the price of the FD-SOI
wafer is also lower than the com-
petitor’s price (fig.6).

From these facts, it is clear that
FD-SOI is used to create ICs with
the same characteristic dimen-
sions as FInFET. The proximity to
the conventional planar technol-
ogy ensures that FD-SOI can be
used to design and to create ICs
with a lower cost than FInFET. Thus,
FD-SOl is significantly more afford-
able than FinFET, but, in contrast

to the well-developed ecosystem of
the latter, the ecosystem of the for-
mer is only emerging.

It should be noted that FinFET
and FD-SOI supporters believe that
the development of microelec-
tronics is occurring as the result
of Moore’s Law, albeit in a trun-
cated form. An example of this
can be the message about the pre-
sentation of STMicroelectronics at
ISS Europe Symposium [23]. Fig.7
shows one of the slides of the
presentation.

The axes of Price and
Functionality divide the graph
into four zones. In fact, the
graph is not about the main
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* HCIOJAb30BaHHEM IJacTHH 450 MM. Ilepu-
ofyYecKoe yBeJIHYeHHe JHUaMeTpa HIaCTUH I/
CHM KeHHS LleHBbl KPUCTAjla Ha HeH ABJIAeTCs
OJHHUM M3 CJIeJCTBHUU 3aKoHa Mypa. OTMeTUM,
uyto EUV u mepexon Ha mIacTUHB 450 MM TeXHHU-
YeCKH [OJTHOCTBIO TOTOBBI /I IPOM3BOACTBA [32],
HO BBICOKas CTOMMOCTb BHEPEHUHS MOXKET CABH-
HYTh Ha4daJio UX KOMMeEPYeCKOTro HCIO0JAb30Ba-
HUS K 60/lee TO3AHUM CpoKaM [33]. OmBITHOE Ipo-
M3BOJCTBO MPaKTUYECKH OBINIO MOJTOTOBJIEHO
Ha 9KCIIepHMeHTalbHOMN IIomaake B OnbaHuU
(CIIA) npu y4yactuu Intel, TSMC, Samsung, IBM,
GlobalFoundries (GF) eme B koHLle 2013 roza [32].
Heo6x04MMOCTb B KOMIIBIOTEPHBIX UHIIaX HOBOI'O
IIOKOJIEHU S MOKHO PAaCCMaTPHUBATh KaK JaHHOCTB,
II03TOMY IIepexo/i K HOBOU JTUTOrpadHuU U HOBBIM
[IJIACTUHAM Heu3bexeH [34];

« O6ypHBIM pa3BUTHeM MOOHUIBHON/HOCHMOH TeX-
HUKU BBI3BaJIO IOBBIIIEHHBIN cripoc Ha IKB, Tpe-
60oBaHHUS K XapaKTePUCTHUKaM KOTOPOH He CTOJb
JKeCTKHe, KaK IS BHIYMCIUTeIbHBIX CPe/ICTB BBICO-
KOro ypoBHs. I[103TOMY LileHa QYHKI[UH MOXKET OBITH
[IOHMKeHa [35];

* pasButveMm 3D 3KB, rpe meHa GyHKIHH, Kak
MBI ykKe OTMedasaH, MOXKeT 6BITh CHUKeHa. OHa
OTpaskaeT TeHAEHIIMIO K IIepexXony KOMIIOHEHT-
HoM 6a3bl Ha CHCTeMHBIH ypOBeHb. B 3ToM ciy-
4Yae, IOMHUMO TPaJHLIMOHHON MUHHATIOPHU3aL UK
2D-pa3smepoB /14 MOBBIIIEHHS QYHKIITMOHATBHO-
CTH, UCIIOIb3yeTCs TPeTUM pa3Mep. 3D-TexXHONIOTUH
B Pa3/JIMUYHBIX BapHaHTaX MCIOJb3yIOT COefHHe-
HHe KaK OJHOPOAHBIX, TaK U Pa3HOPOJHBIX CI0€B

10 BepTUKaax. TONIKHA C/I0eB U UX YHUCIO0 MOTYT

CTaTh HOBBIMHM $aKTOpaMHU MaciTabupoBaHUS,

a CTelleHb MHTETPallUU MOXKeT OIlpe/le/IaThCs yKe

He OTHOCHUTE/IbHO eJMHUIIBI IIJIOMaAH, & OTHOCH-

Te/IbHO eIUHUIIB 06beMa. YBeTHUeHHe CTelleHU

06beMHOI MHTETPAaLlUU MOKET IPUBECTH K YMeHb-

IIeHHUI0 CTOUMOCTH eJUHHLB GYHKLHOHAIBHO-

CTHU, HalpuMep, 6KTa HHGopManuu. TakuM obpa-

30M, BO3HMKaeT KaueCTBeHHas aHaJIOTH S C 3aKOHOM

Mypa, 4TO [T03BOIM/IO TOBOPUTH O HOBOK €ro TpaeK-

TOpHH [36].

OTK/JIOHEeHHUS OT 3akOoHa Mypa, mpesxze Bcero,
BBIPa3U/IUCh B HapyUIeHUU eQUHCTBA TpPHAJBI
MeHBbIIIe, 6bIcTpee, nemeBse’. JomeH "Boabie Mypa'
(BM) B HacTosilllee BpeMsl IIPaKTHUYECKH CBeJICS
K POCTy MHTeTrPalliM KaskJble 1Ba UIH 6osblle roma
(cMm. Tabm.).

POCT CTOMMOCTH IIPOU3BOACTBA INPAKTUUYECKHU
IIpHUBeJI K IPeKpallleHUI0 0OJHOBPeMeHHOI0 CHUXKe-
Hu4 LeHbl. Ilo MHeHHIO ITpe3HaeHTa Imec JItoka BaH
neH XoBa [37] ABMIKYINEHN CHUJIOH CTAJI0O HE YMeHb-
IIeHHe ILeHbl Ha KJII0Y (TPAaH3UCTOP), a YMeHbIlle-
HHe LleHbl Ha QYHKIHIO. DTO IIPUBeJIO K IIOBBIIIe-
HHUIO POJIK IPYTUX AOMEHOB B IIOJYIIPOBOJHUKO-
BOM IIPOM3BOJICTBE. 3HAUUTEIbHbIN KOMMEePUeCKUI
ycmex mpousBoacTBa MOMC oTpasujcs B IOSIBJIe-
HuH "Benort kHuru MEMC" ITRS [38], HO peanpHBIN
ycrex MoT 6BITh JOCTUTHYT TOJIBKO IIPH MacCCOBOM
IIPOM3BOACTBE.

[To yMCIy MITYK U3eNHUN AOMeH "[I[pyroe uem
Myp" (JuM) yske npubauskaercs K foMmeHy BM [39],
a 10 TaKOMY Ba’KHOMY ITOKa3aTesl0 KaK CHUXKeHHe

ratios of the law, but is about
relative changes in the charac-
teristics of ICs occurring during
the transition to the next cycle.
For example, the cost increases
by 10 percent and the function-
ality increases by 30 percent, or
only the functionality increases,
or the price and the functional-
ity increases equally. Note that
Moore’s Law never refers to any
reduction of price. Thus, both in
the above-discussed FIinFET case
and in the FD-SOI case, Moore’s
Law is not about quantity, but is
about qualitative directions of
microelectronics development.

This trend is highlighted in [22],
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where it was stated: "1 gain node
without scaling”, i.e. a new char-
acteristic node is achieved with-
out scaling.

Probably, another important
aspect is combining 3D architec-
ture with low power consumption,
which is referred to as a new era
of scaling: "3D power scaling”. An
increase in the number of tran-
sistors per area unit is accompa-
nied by an increase in the number
of transistor layers in the vertical
direction [24]. The density (inte-
gration) increases without reduc-
ing individual 2D-dimensions.
As a result, 3D structures have
parameters comparable with the

typical N+12D-scaling when the
sizes equal N or even N-1 [25]. It
is clear that this can improve the
cost.

Transition to 3D structures is dis-
cussed as one of possible ways for
microelectronics development, as
a "New Paradigm - Scaling System
through 3D system integration"” [26].
One of the drivers was the prob-
lem of signal delay in the inter-
connections of ICs. For N16, the
delay in interconnections is almost
1000 times longer than in transis-
tors [27]. This factor combined with
increasing prices of further 2D scal-
ing necessitates a transition to 3D
integration.
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OTHOLIEHH S "LleHa/QYHKIMOHAIBHOCTD Ha’ke OIle-
pexaert ero [40]. CymecTBeHHOe 3Ha4YeHHe HMeeT
KOHBePreHI M 3TUX ABYX JOMeHOB. B pe3ynbTate,
BMeCTO FOMOTeHHOI0 pelleHHUs MPobaeMsbl, Xapak-
TepPHOIO [JIs1 KpeMHHEBOM 3JIeKTPOHHUKH JOMeHa
bBM HpOUCXOOUT IIepexo[, K TeTepOoreHHbIM pelle-
HHUSM JoMeHa JuM. DTo MO3BOIMJIO aBTopy [41]
nepedopMy/JIMpOBaTh Ha3BaHHe foMeHa JuM Kak
"3aKkoH Mypa 2.0". Bpsig 11 CHMBOJ O6GHOBIEHUS —
"2.0" IpU>KUBETCS B OTHOIIEHU U 3aKOHa Mypa B dop-
MYJIHPOBKe, IIPeCTaBJIeHHON Ha BBIPA3UTeIbHOM
pHC.8, HO, KaK IIPHU3HAK M3MeHeHHUH B aHaJIH3e
3JIeKTPOHHOM IIPOMBIIIJIEHHOCTH, IIOSIBUIOCH ITRS
2.0.

[TepBBI¥ AT 6B CAeaH B PAMKaX Pa3THYHBIX
dopM HOCHMOI 37IeKTPOHUKH, IIPexKe BCero, 6bITo-
BOM. HO TUTAaHTCKUH UMIIY/IbC GBI CBSI3aH C IIOSIBIIE-
HUeM HanpasieHus "UHTepHerT Bemeln” (UB), koTo-
PBLE BCKOpe ObL1 mepedpa3upoBaH Kak "HHTepHeT
Bcero" (Internet for Everything).

PriHoK MB Ha 2020 ron 1mo olleHKaM pPa3sTMYHBIX
SKCIHEePTHHIX GUPM MOXKET COCTaBMTH OT 1,9 TpJH.
IOJI. 00 26 TpiH. moit. [42]. Takoi pa3bpoc npexrio-
7araeT B3PBIBHOM XapaKTep POCTa JaHHOIO HaIlpaB-
JIeHU S 37IeKTPOHUKH. ITO 3acTaBuio ITRS mepedpop-
MYJIMPOBATh CBOK KOHLEIILIHUIO aHATIK3a Pa3BUTHUS
[IOJIyIIPOBOJHHKOBOK IIPOMBIIIJIEHHOCTH B popMe
ITRS 2.0, OTKJIOHMBIIKCH OT IPHHSTOH C 1992 T.
CTaHAZapTHOH GOPMEBI aHAa/JIM3a CUTYallMH, ThOe
OCHOBHOe BHHMAaHHUe yAels/10Ch OLleHKe C II03UIHH
3aKoHa Mypa [43]. Temepb paccMaTPHUBAIOTCA TeH-
JeHIMH Pa3BUTHS KaK K/IHOUYeBbIX CEKTOPOB PhIHKA

[IOJIyIIPOBOAHUKOB, TaK U 06/1aCTH UX IIPHMEHEeHU S,

1 He TOJAbKO Ha yPOBHe YHIla, HO U Ha CUCTeMHOM

ypoBHe. AHanu3 ITRS 2.0 mpoBoguTCs 1o ceMu 6110~

KaM (building blocks):

* CHUCTeMHas MHTerpalus, KoTopas HaIlpaBjeHa
Ha BBI6Op apXUTEKTyp, HEOOXOAKMMBIX ITPOMBIII-
JIeHHOCTH 1 OCHOBaHHBIX Ha reTepOreHHBIX YCTPOH-
CTBaX KOHKPeTHBIX CUCTEM;

* BHECHCTeMHBIe CBSI3M Ha OCHOBe QU3HUeCcKUX U bec-
IIPOBOJIHBIX TeXHOJIOTUH MeXK/y YaCTSIMH CUCTEMBI;

¢ reTeporeHHas MHTeIPaIUs OT/AeNIbHBIX IPOU3BOJ-

CTBEHHBIX TeXHOJIOT' U B aTperUPOBAHHBIN IIPOAYKT

IOBBIIEHHOMN QYyHKIIMOHAIBHOCTH;

* TreTeporeHHble KOMIIOHEHTHI, KOTOPble He TPebyoT
MacmTabupoBaHUs 10 3aKOHY Mypa, Ho obecrie-
YHUBAIOT JOINOJHUTENbHYI QyHKIHOHAIBHOCTD
B TaKKX 06/1aCTAX KaK yIIpaBIeHHe MOIHOCTHIO MTH
B CEHCOPHUKe U1 aKTIOALIUH;

"BrHe KMOII" - npubopsl, oCHOBaHHbIE Ha HOBBIX
du3nUecKuX NPUHLIKNAX U obecrieunBaronte GyHK-
LIMOHA/IbHOEe MacmTabupoBaHue BHe KMOII, Hanpu-
Mep, CIIMHOBbIe TPUOOPEI, GeppoMarHUTHAs JIOTHKA,
aTOMHBbIe KJIIOYH U T.JI.;

"Bonpiie Mypa" - mocienoBaTe/lbHOe yMeHblIe-
HUe TOPU30HTAJbHBIX M BePTUKA/JbHBIX pa3Me-
POB /1 YMeHbIIeHU S CTOMMOCTH M yJIy4lleHHs
XapaKTepPHUCTHK;

MHTerpanus NpoU3BOJACTBA Yepe3 IpoLesypsl
1 IIPOLeCcCHl, HeobX0oIMMBble IJIsI MacCOBOTO BRIITYCKa
IIpX [IpHeM/Ie MO LieHe.

OTMeTHM, 4TO [lepeyeHb HAllIPaBAeHUM aHaIH3a
ITRS 2.0 HauMHaeTCsl C CUCTeMHOM MHTerpaluu

Ananor/PY
Analogue/RF

m/nm
65 HM/nm

/nm

Bukmon
BiCMOS

|

FomoreHHble pelleHnsa Ha KpeMHUN
Homogeneous on silicon

MaccuBHble
Passive

MouyHble
Powerful

CeHcopbl 1 aKTIOaTOPbI
Sensors and actuators

M3MC
MEMS

Si poToHuMKa
Si photonics

Broumn
Biochip

[eTeporeHHble pelweHns
Heterogeneous

Puc.8. 3akoH Mypa 2.0
Fig.8. Moore’s Law 2.0
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'CBepxy-BHHU3" A/ BBISIBJIEHUS TeHIeHLHN pa3BU-
THS1 PbIHKA IOTPebieHU s U3AeNNH 101y POBOJHHU-
KOBOM IIPOMBILIIEHHOCTH B 2015-2030 romos. [lomkHa
6bITH pa3paboTaHa HOBasi CHCTeMa OLIeHOK (MeTPHK ~
system metries) [j1 IPOrHO3a TeHAEHLIUH Pa3BUTUS
37IeKTPOHHKU B 00/1aCTSIX MOOKJIBHOM 371eKTPOHUKH,
HB u obravuHbIX CTPYKTYP (Big Data). BeposiTHO, Iipen-
[10JIaTaeTCs, YTO OHA 3aMEeHHUT TPAJHUIHOHHYIO IS
HACTOSIIeT0 BpeMeHU MeTPHUKY MacmTabupoBa-
HUSI, ¥ 3TO Oy T PeBOTIOLIMOHHbIe H3MeHeHHU s IIoCIe
50 /1eT 3BOJIIOLIMOHHOTO Pa3BUTH A B paMKaX 3aKOHA
Mypa. Co cBOeH CTOPOHBI, OTMETHM, YTO B U3BeCT-
HOU Mepe [IOBTOPsIeTCSI CUTyallKsl Ha4a/IbHOI'O IIepPH-
olla Pa3sBUTUA MHKPO3JIEKTPOHKUKH, KOI/IA CUCTEM-
Hble KOMIIAHU U OIpefie/Is/I TPeH/I ee Pa3BUTHS (CM.
vacTe 1, Tabm.3).

YKasaHHble TeHJEeHL MU IIPOUJIIIOCTPHUPOBAHEI
B KadecTBe mnpuMepa Aas MB Ha puc.9, KOTOPEH
MOKHO PaCCMaTpHUBaTh KaK BAPUAHT JJIs1 CUTYallMU
puc.10 (cm. gacTsh 1).

CyiecTBeHHas poib KB B pa3BUTUM 37IeKTPOHUKH,
OTpa’keHHas B HOBOM JoKyMeHTe ITRS, BIionHe 060-
CHOBaHa, TaK KaK IIaKeTHbIe pemeHus Ajsi B BKIIIO-
YaIOT He TOJIbKO OTHe/JIbHbIe MOAeMBl UJIU JaTUUKH,
HO U KaHaJ/bl CBA3U (B OCHOBHOM becripoBOHBIE)
c 0671auHBIMU CePBUCAMU Ha OCHOBE HOBBIX aJITOPUT-
MOB [44].

PBIHOK 6OJBIINX HAHHBIX IOTPebyeT HCIIONb30-
BaHMS HOBBIX TUIIOB TBEPAOTEJBHEIX 3Y U MUKPO-
npoueccopoB. Ob6sauHble U MOOUIbHBIE TEXHO-
noruu norpebyroT 6osiee sHepro3dpdeKTUBHEIX 3Y
1 MOMC. AHanuTtudeckas ¢upma HIS cuuTaer, 4yto

[JIaBeHCTBYIOIIHE TeXHOJIOTUU U3MeHSIT MUP B O/1H-
skaumue 51eT. K HUM oTHOCAT "MIHTepHeT [/Is Bcero',
obavyHble CHCTEeMBI 60/TBIIMX JAHHBIX U 3D-IevarTs.
[ToceqHee TOXe MOHSITHO, TaK KaK IMOTpebyoTCs
pa3HooOpa3Hble KOHCTPYKTHBHBIE pelIeHUS [JIs
HB-ycTpoMCcTB [45].

Posnp B B pa3BUTHU aKTHBHO 00CY>K/IaeTCs HA BCeX
Me>XIYHapOAHBIX KOHQepeHLIMSIX U BBICTaBKaXx
I10 3JIeKTPOHHUKeE, HAITPUMep Ha "DIeKTpoHHuKa-2014"
B MioHxeHe. OTMedaeTcsl, YTO KaMHeM IPeTKHO-
BeHUS [/ pacIpocTpaHeHus B MoskeT cTaTh IIpo-
6r1eMa KoHOUOEHIINATBPHOCTH (6e30IIacHOCTH), KOTO-
PYIo TaK>Ke MOTYT pellaTh cIlellMaibHble MC U ycTpon-
cTBa [46].

MB - KOMMYHHUKAllMOHHAs TeXHOJIOTHS I7100a/1b-
HOI'O YPOBHSI, HO U Ha yPOBHE JIOKAJIBHBIX CTPYKTYP
CBSI3U IIpe/IIoNaraeTcs 3HaUUTeIbHBIN POCT B 6/1H-
JKapMIIke rofbl. ITO KacaeTCsd, HallpUMep, HOCH-
MBIX ycTporicTB (Wearable Devices), pa3BUTHe KOTO-
PBIX MOXKeT IPOMCXOAMTD U B paMKax MB, U He3aBH-
cuMo [47]. HoBble KOMMYHHKALIHOHHBIEe TEXHOIOTUH
TOJIKHBI OKa3aTh CYyIIeCTBeHHOE BIHSHUe Ha BEI6OP
3Hepro3$pPeKTHUBHBIX KOMIIJIEKTYIOIIKUX U3 YHCIa
OLHOTHUITHBIX IPHU60POB [48] MK KOHKYPHUPYIOLUIHX,
HanpuMmep, LUOPOBLIX UIU aHaaoroseix HMC [49].
[To3TOMY TeHIeHLIHUS U3MeHeHM s 3HeprosdpdekTUB-
HOCTH MOKeT CTaTh JOIIOJHUTEIbHBIM IIapaMeTPOM
Pa3BUTHS 37TeMeHTHOH 6a3bl 3/IeKTPOHUKHU HapsSAy
C KJIACCUYeCKOM TPHALoM 3aKoHAa Mypa - "MeHblIe,
GeicTpee, memieBie”.,

ONTHUMHUCTHYHAS OLleHKa IPsAAYILero pasBHU-
TUSl pblHKa B MoOXeT ObITh CHJIPHO 3aBBIIIEHA.

TSV-based stack technology par-
tially resolves the problem of inter-
connections. However, it is bet-
ter resolved using monolithic
3D-structures (M3D). The M3D
structures began to be developed
by Qualcomm [28] and the research
center CEA-LETI [25, 28]. These
structures allow some scaling
according to an updated version of
Moore’s Law [28].

The stack 3D ICs developers
believe that this area will greatly
contribute to the development of
nanoelectronic systems [29, 30].
They believe that Moore’s Law is not
over - it is just slowing. Examples
of effective stack 3D ICs are IC
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memories Hybrid Memory Cube
(HMC) and 3D NAND manufac-
tured by Micron.

In reality, it is not so sim-
ple. Firstly, the process of transi-
tion to 3D ICs may be rather long.
Secondly, it requires some addi-
tional equipment and clean rooms.
As a result, according to experts
from Micron, this transition may
be twice as expensive as the tran-
sition to 20 nm. In addition, the
dimensions of the 3D NAND are
still greater than the dimensions
of 2D alternatives [3].

Lowering production cost
and searching for new consum-
ers are persistent problems, with

customers often agreeing to a

reduction of price, even at the

expense of some deterioration in
the quality characteristics of ICs.

The price reduction can be achieved

in different ways [26]:

+ decrease in the cost of individual
processes in the transition to new
technological cycles. IMEC in col-
laboration with Alix Partners
are working in this direction for
10-7nm [31];

 transition to a new lithography
(EUV), because when using mul-
tiple exposures based on 193 nm
lithography for the next techno-
logical cycle, it is necessary to
increase the number of masking
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Fig.9. Assessment of driving forces

Ha poHe 6osiee peasIbHBIX OLIEHOK [IJI51 II0JTyIIPOBOAHU-
KOBOM IIpOMBIIJIEHHOCTH. B [50] mpenmosnaraercs,

TpunnuoHsl U3fenul UB, NporHo3upyeMele Ha ciie-
Aylollee OeCATHU/IeTHE, KaXyTCs Ype3MepHBIMHU

stages by 15-20%, which accord-
ingly makes the process more
expensive;

use of 450 mm wafers. A peri-
odic increase in the wafer diam-
eter in order to reduce the crystal
price is one of the consequences
of Moore’s Law. Note that the EUV
and transition to 450 mm wafers
are technically feasible in the
manufacture [32], but the high
cost of implementation may shift
the beginning of their commer-
cial use to a later time [33]. The

pilot production was almost com-

plete on the experimental site in
Albany (USA) under the assistance
of Intel, TSMC, Samsung, IBM,

GlobalFoundries (GF) as early as
the end of 2013 [32]. The need for
new generation of computer chips
can be considered as a fact, so the
transition to new lithography and
new wafers is inevitable [34];

the rapid development of mobile/
wearable technology has led to
an increased demand for ECB, to
which performance requirements
are not as high as for high-level
computational tools. Therefore,
the function price may be reduced
[35];

development of 3D ECB, where the
function price, as we have noted,
may be reduced. It reflects the
trend of components transition

to a system level. In this case,
the third dimension is used for
increased functionality in addi-
tion to the conventional 2D min-
iaturization. 3D technologies in
different embodiments use the
connection of both homogeneous
and heterogeneous layers verti-
cally. Layer thickness and number
may become new scaling factors,
and the integration degree may
be determined not relative to an
area unit, but relative to a volume
unit. The increase in the degree of
volumetric integration may lead
to reduction of cost per unit of
functionality, for example per bit
of information. Thus, there is a
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Mokazameau mpeHda 8 mexHoAozuu 8 2013 200y (ITRS)

The indicators of the trend in technology in 2013 (ITRS)

loa npousBoacTBa 2013 2015 2017 2019 2021 2023 2025 2028
XapakTepncTnyeckumim pasmep Ans 10rmkm 16/14 10 7 5 3,5 2,5 1,8
KpuTunueckum pasmep * 3a3o0pa Ans 10rMKu, HM 40 32 25 20 16 13 10 7
KpuTunyeckuin pasmep % 3aszopa Ans easi (2D), Hm 18 15 13 1 9 8 8 8
% 3a3opa ang AO3Y, HM 28 24 20 17 14 12 10 7.7
FinFET % 3a30pa, HM 30 24 19 15 12 9.5 7.5 53
LLinpuHa nnaeHuka ans FinFET, HM 7,6 72 6,8 6.4 6,1 57 54 5,0
Pasmep a4erkm 6-TpaH3NCTOPHbLIX CO3Y, MMm?2 0,0096 0,061 0,038 0,024 0,015 0,010 0,0060 | 0,0030
Pa3zmep 3aTBopa Ans MM un ASIC, MMm? 0,248 0,157 0,099 0,062 0,039 0,025 0,018 0,009
g'a’l‘égg%i%ﬁm‘)p“ 4 8x0Aa NAND, Tbic. 4,0310° | 6.3710% | 1.0110* | 1.6110* | 2.5510% | 4.0510% | 6.4210% | 1.2810°
TeHepaLim $rou o | sec | seq | wr | | 2t | ar | ar
Yuncno cnoes 3D 3w 16-32 16-32 16-32 32-64 48-96 64-128 96-192 | 192-384
MonoBunHa 3a3opa ang 1o 3D dnsw (Hm) 64 54 45 30 28 27 25 22
leHepaunun JO3Y 4G 8G 8G 16G 32G 32G 32G 32G
Hayvano maccosoro npom3sBoAcTea Ha 450 MM 2018
naacTmHax
Vg 818 NC € BbICOKMMU XapaKkTepuctnkamu, B 0,86 0,83 0,80 0,77 0,74 0,7 0,68 0,64
OTHoLwueHne 1/(CV/I) 1,13 1,53 1,75 1,97 2,10 2,29 2,52 3,17
JlokanbHas YactoTa Ha Yune Mrl 5,50 5,95 6,44 6,96 7,53 8,14 8,8 9,9
e e, | B | 2 | | w | s |7 | s
®dusnyeckas AnmMHa 3aTBopa, HM 20 17 14 12 10 8 7 5
®dunsnyeckas aAnvHa 3atesopa a5 ASIC, HM 23 19 16 13 n 9 8 6

qualitative analogy with Moore’s

Law, which leads to discussion of

its new trajectory [36].

Deviations from Moore’s Law
have resulted, above all, in the
breach of the triad "smaller,
faster, cheaper". The domain
"More Moore" (MM) has practically
reduced to an integration growth
happening every two or more years
(see Table).

The rising production cost has
resulted in practical termination
of the simultaneous price reduc-
tion. According to the President of
Imec, Luc van den Hove [37], the
driving force has not been the price
reduction of the key (transistor), but
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the price reduction of the function.
This has led to an increasing role of
other domains in semiconductor
manufacture. The significant com-
mercial success of MEMS manufac-
ture has resulted in the emergence
of the "MEMS White Book" ITRS [38],
but the real success may be achieved
only with mass production.

The number of "More than Moore"
(MTM) domain products is already
close to that number in the MM
domain [39], and is even ahead of
it according to such an important
indicator as reduction of the price/
functionality ratio [40]. The con-
vergence of these two domains is
critical. As a result, instead of a

homogeneous solution, which is
typical for silicon electronics of the
MM domain, a transition is occur-
ring to heterogeneous solutions
of the MTM domain. This allowed
the author [41] to reformulate the
domain MTM name as "Moore’s Law
2.0". It is unlikely that the update
sign "2.0" will be widely accepted
in respect of Moore’s Law in the for-
mulation presented on the eloquent
Fig. 8, but the sign of changes in
the analysis of electronic industry
has become ITRS 2.0.

The first step was made in the
different forms of wearable elec-
tronics, primarily, home appliances.
However, the gigantic impulse was
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4yTo B 2017 romy 6yneT BhIIyLleH TPUIIKOH IONyIpo- 6.
BOJHUKOBBIX IIPUOOPOB, HO TONBKO 26% MpHUAETCS
Ha goiio MC, a 74% - 3TO OIITO-CeHCOPHO-NUCKPeTHEIe
nipuboper - OC/I (opto-sensor-discrete products - OSD),
TO €CTh OCHOBHBIe U3aenus 1)1 UB. Ho ¢ TouKku 3peHus 7.
LieHbl KapTHHa obpaTHasi: 65% o6beMa pbIHKa JaroT MC
u 35% - OC/.

B TpeTheHn 4acTH CTaTbHU MBI BHOBb BepHeMmcs 8.
K 3aKOHY Mypa, HO yXKe C TOYKH 3peHHs HaMe-
TUBIIMXCSI OTKJIOHEHHMU, KOTOPEIE MOTLYT IIPH-
BeCTH K OTPHILIAHHIO €r0 BJIHSHUS Ha pa3BUTHE
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associated with the emergence of
"Internet of Things’ (I0T), which
was soon paraphrased as "Internet
for Everything".

According to various expert com-
panies, the 2020 IOT market can
range from 1.9 trillion to 26 tril-
lion USD [42]. This range implies
an explosive growth in this type of
electronics. It made ITRS reformu-
late their concepts for analyzing the
semiconductor industry develop-
ment in the form of ITRS 2.0, which
deviated from the standard form of
analysis adopted in 1992, where the
focus was on evaluation from the
standpoint of Moore’s Law [43]. Now
it examines the development trends
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in key market sectors of semicon-
ductors and their application, and
not only at the chip level, but also at
the system level. The ITRS 2.0 anal-
ysis is conducted using seven build-
ing blocks:

« system integration, which
focuses on the selection of archi-
tectures required by the indus-
try and based on heterogeneous
devices of some specific systems;

+ off-system communications based
on physical and wireless technolo-
gies between parts of the system;

+ heterogeneous integration of
individual production technolo-
gies into an aggregated product
with advanced functionality;

+ heterogeneous components that
do not require scaling according
to Moore’s Law, but provide addi-
tional functionality in areas such
as power control or in sensing and
actuation;

+ "Beyond CMOS" - devices based on
new physical principles and pro-
viding functional scaling beyond
CMOS, for example, spin devices,
ferromagnetic logic technologies,
atomic keys, etc.;

+ "More Moore" - consistent reduc-
tion of horizontal and vertical
sizes in order to reduce the cost
and to improve the performance;

« Integration of production through
procedures and processes required
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for mass production at a reason-

able price.

It is noteworthy that the areas
of ITRS 2.0 analysis start with top-
down system integration to iden-
tify trends in the product con-
sumption market of the semicon-
ductor industry in 2015-2030. A
new system metrics need to be
developed for prediction of trends
in the electronics development in
areas of mobile electronics, 10T
and cloud infrastructure (Big
Data). It is anticipated that it will
replace the current conventional
scaling metrics, and it will be a
revolutionary change after 50 evo-
lutional years in the framework of

Moore’s Law. For our part, we note
that to some extent the initial sit-
uation of microelectronics develop-
ment is reiterating, when system
companies determined its develop-
ment trend (see part 1, table 3).

The said trends are illustrated as
an example for IOT in fig. 9, which
may be viewed as an option for the
situation in fig. 10 (see part1).

Significant role of IOT in
the development of electronics,
reflected in the new ITRS docu-
ment, is well grounded because
package solutions for IOT include
not only individual modems or
sensors, but also communication
channels (mostly wireless) with

cloud services based on new algo-
rithms [44].

The big data market will require
using new types of solid-state stor-
age devices and microprocessors.
Cloud and mobile technologies will
require more energy-efficient mem-
ory and MEMS. The analytical com-
pany IHS believes that the leading
technologies will change the world
in the next 5 years. These include

"Internet for Everything", big data
cloud systems and 3D printing. The
latter is also reasonable because
there will be a need for various
design solutions for IOT devices [45].

The IOT role in the develop-

ment is being actively discussed
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in all international conferences
and exhibitions of electronics, for
example at "Electronics-2014" in
Munich. It is noted that an obsta-
cle in the spread of IOT may be the
issue of privacy (security), which
may also be resolved with special
ICs and devices [46].

IOT is a communication tech-
nology of the global level, but,
in the coming years, signifi-
cant growth is also anticipated
at the local level of communi-
cation between structures. For
example, this applies to wearable
devices, the development of which
may occur under IOT or indepen-
dently [47]. New communication
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technologies must have a sig-
nificant impact on the selection
of energy-efficient components
from among devices of the same
type [48] or competing devices, for
example, digital or analog ICs [49].
Therefore, energy efficiency may
be an additional parameter in
the development of the electron-
ics elements along with the classi-
cal triad of Moore’s Law - "smaller,
faster, cheaper".

The optimistic estimate of the
future development of the 10T
market may be highly exaggerated.
Trillions of 10T products projected
for the next decade seem to be
excessive against the more realistic

estimates of the semiconductor
industry. In [50], it is assumed that,
in 2017, a trillion of semiconductor
devices will be released, but the
share ICs will constitute only 26%,
and 74% are opto-sensor-discrete
devices (OSD), which are the main
products for IOT. However, from
the price perspective, the picture is
opposite: ICs cover 65% of the mar-
ket and OSD - 35%.

In the third part of the article,
we will once again discuss Moore’s
Law, but from the perspective of
emerging deviations that may lead
to a denial of its influence on the
development of micro- and nano-
electronics. [






