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B neppoit 4Yacti ctaten (cm. "HaHounpycrpus®, Ne5 (58), 2015, c. 22-38) 6biia paccMOTpeHa
UCTOpUA NOABAEHWA 3aKoHa Mypa 1 ero 380/110UMK B CBS3W C MacwTabupoBaHneM. Bo BTOpPOIt yacTy
paccMatpuBaeTcs BANAHME 3aKoHa Mypa Ha pasBUTUE MUKP- U HAHO3EKTPOHUKM U ero Bo3fieicTene

Ha NaIMeHeHWUA B CTPYKTYpe OTpac/n.

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.

aAKOH Mypa ORa3a/ orpoMHOE BJIHAHHE Ha Pa3BH-

THE IOy POBOLHHKOBOA 3IeKTPOHH K, ONpe-

AENHB BEICOKHE TEMIlbl POCTA e BAKHEHIIEH
COCTaBAAIONIEH -~ MHKPO3JIEKTPOHMKH, B cBOW oue-
penn aTo crocofCTBOBANO [OABACHHIO H PA3BHTHID
HOBBIX HalIPAB/IEHHH, HAIPHMED, MHKPOCHCTEM-
HOH TeXHHKH B Gopme MIMC, a 3aTeM M HAHOIIEK-
TPOHHKH. B pe3ynbraTe 3/eKTPOHHKA CTajld Bey-
@M OTPAC/TBIO, BO MHOIOM ONPEAeNSI0IIEH Pa3BHTHE
MH POBOH 3KOHOMHKH B Henom (puc.l).

B martepuanax SEMI ormedueHo, uto c 2013 roga
PBIHOK MHKPO3/IKTPOHHKH OKOHHYATEIbHO IIPEOJ0-
nenx enuurHy 300 Mapu, gonn. CIIA 2], Ho ocroeHte
HOBBIX XapPAKTEPHCTHYECKHX PA3MEPOB [IPOMCXOLHT
fonee megnenHo (puc.2) [3].

HecmoTps Ha GHUHAHCOBRIE C/IKHOCTH, MHKPO3-
JeKTPOHMEKA OCTAETCA BEICOKO HAayKORMKOH OTPaCbIo
¥ kanenokeHus Ha HUOKP comocTaBHMEL HTH Baske
OpPeBBIUAKT KATIBAMGKEHHA Ha IIPOH3BOACTBO, B 1970~
80 rofax sTH KANIBJIOKEHH A COCTARIANM 7-8% OT IIpH-
ObLIH, [IOCTOSHHO POCTH M HOCTHIIH MaKCHMyMa
B 2008 rony - 17,5% [4]. B HacTos1Iee BpeMs OHH BHOBE
BO3BpaILatorcs K 5-7% [5]. Ho 3To cpegHHe THPSL.
JTuepsl HMeloT 60bIIoHE POCT, XOTH OH MOXKET BbITh
W HE OCTOSHHBIM H 3aBHCHT OT HOAHTHKH GHPMBIL
B obnact HAOKP [4].

CyLIeCTBEeHHYIO PO/Ib B PAa3BHTHE HAYHHOrO 5a3kca
npou3soAcTBa HC uUrpawT pasiuvuyHbe GOpME
KO/UIEKTHBHOTO YYaACTHA QHDPM B 3TOM Ipollecce.
Ha Ha4anbHOM 3Tarne pa3BHTH I MHKPOIEKTPOHHKH
oHH OBITM HaNpaB/NeHbl Ha pelleHue npobnem HuTe-
TPUPOBAHHOIO HPOHIBOACTEA {IDM} HC, HameHeHHe
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CTPYKTYPEL OIPOH3BOACTBA HC, TO eCTh ITOABNEHHE
HOMHMO [DM HOBBEIX GOPM CIIeMHATH3ALKMH foundry-
fabless, mprBeno k BCTpeYHBIM TEHIEHIHAM, GHPMEL
IDM cranu MCroib3oBaTh 3nemeHTsl foundry-fabless,
a [IOCHENHHE CTA/IH OPraHK30BEIBATECH B CHCTEMEL,
nopobese IDM [6].

HoBble KOHCOPLHYMB CTaIM BRJWYATh HPOH3-
BozcTBO MC, mpou3soactao obopyaoBarms u Mare-
puanos, passurae CAIIP. OXKHIAETCS BKIIOYEHHe
B HHX M CHCTEMHHX KOMOAaHHH [7]. Tlo BeIpaxe-
HHIO aBTopa [8], uccnemopaHus Beerga 6eiam B OHK
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MK KPO3NEKTPOHHKH, TollbKo HeBonbII0e YHC/I0 APY-
IHX OTpac/ed HMeeT DMH3IKHEA YPOBEHE OTUMC/Ie-
HHii Ha HAayKy oT npubeuin. [IpH 3ToM LBHKYyIIeit
CHJIOH HCC/lef0BaHME GBI 3aK0H Mypa, KOTOphIA
BBLPAJKANCS "MaHTpoi": "memesne, Jiyqme, GricTpee,
meHnbiie" {"cheaper, better, faster, smaller") (8].
AHAIOTHYHYIO MO3HIHIO 3aHHMAET IPe3ueHT ASML

MaprrH BaH fAeH BpHIIK, CYHTAKMKH, YTO FOBOPHTS
0 KOHIIE 3aKkoHA Mypa o4eHs HEelIPOJYKTHBHO, TIOTOMY
40 PAKTHHUECKH 3TO IKCTPAIIONSLH M PONIJIOFO: HET
3akoHa Mypa, a eCTh MHOTO M/l MHOTHX YMHBIX
MIOAEH B 37IeKTPOHHON IIPOMBILITEHHOCTH [9].
Bune-npeangeat IMEC Jwopo Hedepm [10] oTme-
4aeT, ¥TO NOAYIIPOBOSHHMKOBAS IPOMEBIINEHHOCTS

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 57% [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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- HAHOTEXHONOrMN. DNEKTPOHMKA

pasBHBanack o 3aKoHy Mypa moutH 50 ner,
HO MOXKeT NH # OH M AAJIbOIE [I0J/IePKHBATE PA3BU-
THe? Hosrle TexHonoruu (EUV, nepexon k 450 mm),
B IPHHIIKIIE, MOTYT IIPHBECTH K CHMJKEHWID [IEHEI
TPaH3MCTOPA, HO NepPBOHAYA/ILHbIE 3aTpaThl Ha obopy-
AOBaHHe O4eHb BeIIMKH, K HEH3BeCTHO KaK 0HHU ByAyT
KOMIIEHCHPOBAHE. OQHA U3 BOIMOKHOCTEH CHHKe-
HHS [IePBOHAYANLHBIX H3EPIKEK — [ POKOE Pa3BUTHE
KOOTIEPALIHH, H CUMTAETCA, UTO BIMKAMIIME FOAbI
OyAyT C 3TOE TOUKH 3PEHHS KPHTHUYECKHMH, TaK Kak
YPOBEHE KOONePaliHH MeXXAY HPOM3BOACTBEHHBIMH,
HCCNe/0BATeAbCKEMH H IOCYapCTBEHHBIMHE CTPYK-
TYypPaMH Pa3HOro ypOBHS OIIPEAeNHT TeMIIbl POCTa,
3axoH Mypa ycTaHaBnHBan oblHe 3afayuy Pa3BHTH
OTpac/IH. BO3MOKHO, YTO I[T0 OTAE/bHEM HalpaBie-
HMAM, HaOpHMep, B 3D-unTerpauuu, 6yayT Beipa-
GoTaHbl HOBbHE KPHTEPHH PAa3BHTHA, CBOETO Pofa
“noxaneHBIA" 3aK0H Mypa.

Ecnu paHpiie senyiire GHPMEL BRASIATHCE, mope-
skile Bcero, obbeMaMHM ITPOM3BOACTEA, TO Ha HOBBIX
3TAMAaX PA3BHTHA MHKPOWIEKTPOHHMKHE OHH CTANH
ofnagaTenamu bonee NPOABHHYTHX KOHCTPYKTHEHO-
TeXHONOTHYecKUX 6a3MCOB, TAKMX KaK, HallPHMED,
FInFET ¢upmer Intel. Ilo cymecTsy, Bo3HuKIO Bonk-
II0e YHCI0 GHPMEeHHBIX KOHKYPHPYIONIHX TeXHONO-
THi, d HX BeBOD, B ONpPefe/IeHHOH Mepe, 3aBHCUT
OT MONMH KOMIIAHHH Ha PhIHKE.

DupMbl ¢ GonbmHME 06BeMaMit MaCCOBOFO ITPOM3-
BOACTBA OPUEHTHPYOTCH Ha [lepexol K IIACTHHAM
450 mM ¥ EUV-nuTorpadguu. KOMIaHHKM C MaAbIMHK
M CpeoHHUMM 00'beMaM¥ TPOM3BOACTBA PACCMATPH-
BAIOT PA3IMYHbIE LDYTHE TeXHOOI MK TUTOrpaduu,

BRITIOYAS TPOJO/DKeHHE MCIIONb30BaHM CyOBOMHO
BOM MMMEPCHOHHOH MTHUTOrpadrH 193 HM C IpHMe-
HEHHEeM MHOI'OKPATHOr0 GOPMHPOBAHHSA PHCYHKA
(multiple pattering} ¥ HOBBIX TEXHOIOTHI NP MO}
camoopranusanuy (directed self-assembly - DSA).
APYTHM BapHaHTOM MOXKET OHTh GeamacodHas
nutorpadus (maskless litography - ML2) ¢ ucmony
30BAaHHEM MATPHL Ta3eDHBIX MK 3MEKTPOHHBIX
nyuxos [11].

B paMKax pasEMTHS MHKDPO3/IeKTPOHHKH I POK(-
XOOHT CYIIECTBeHHOe peofpa3oBaHie MCCIem0Ba-
TEMBCKUX Pa3pabaThiBAOMIMX M [IPOM3BOJACT BEHHEIX
cTpyrTyp [12], cospanre HoBhIX 11puGopoB U Gonee
[IOJIHOE HCIIONB30BAHKE yXKe BHIIOMHEHHBIX paspa:
BoTok. B LenoM aKTHBHO POPMUPYETCS IKOCHCTEMA
MHKPOIEKTPOHMKHE, BRAIOYAIOWIAS PA3THYHEIE 003
eAHHeHUA 1 GUPMEL [13-15].

B 2012 rogy mipeAnonaranocs, 4ro HC ¢ HopmMaMy
15 uM OyayT criocoBHEl BHIIIYCKATh OATE QUPM [5,
HO II0 JaHHblM 2014 roga wucrao dupm, paboraw-
KX C HOpMaMH 14/16 HM, B 2013 rogy HOCTHIIO CeMH,
B 2014 oy MX CTajo 26, a B 2015 rofy OKMlaeTCs poct
1o 33 [6. B 2013 rony 26 3aBonoB paboTaii c HOPMaMK
25/19 UM K 22 OPeTPHATHS ~ ¢ HOpMaMH 32/28 um [3],

Kaxk cTpyKRTypHble, TAK M TEXHOMOTHYECKHE H3Me-
HEHWS B MHKDO3JIEKTPOHHKE COHNPOBOXKGAIOTCA -
0BM KM POCTOM [IONYIPOBOLHHKORO [TPOMEBIIHIIEH-
HocTH. SEMI oTMeuaeT, 4TO POCT KANBIOKEHHH
B ofopynosanue B 2014 TOAy B Cpe/iHeM COCTABHAO
20-30% [17]. BnoKeHHKs HaIlpaBIeHEl Ha PA3BHTHE
OPOEKTOB 10 CTPOMTENBCTRY M OCHANIEHHIO IIPOHI-,
BOJCTBEHHBIX THHHH U1 PA3JHMYHBIX HATPABACHHUH -
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Fig.3. Annual distribution of IC production depending on designs [16]
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IO YIIPOBONHHKOBOH [IPOMBINLIEHHOCTH (190 nIpoek-
Tos B 2014 rogy u 250 - B 2015 rogy) [6].

[ToMuMo OOMIMX TEHIAEHIIHH, MEHER ABHO 3aAK0H
Mypa BIHSET Ha OTAe/IbHbIE HATIPABIEHH I PA3BUTHSI
MOYIIPOBOAHHKOBOK [TPOMBLIIICHHOCTH, CTHMYJLH-
PYS KOHKYPeHLHIO0 BeJYVITHX QHDPM.

Hanbonee aKTHBHYIO NO3MIHUI0 B 000CHOBAHM Y
NPOJO/KEHHA LeHCTBHSA 3aKoHa Mypa, BIJIOTE
IO XapaKTepHUCTHYECKHX pasMepoB (N-node) 7-5 HM,
saurmaer Intel [18]. B onpesieneHHoM Mepe 3TO CBS-
3aHO C oOpABNeHHEIM B HoA6pe 2013 roja nepexo-
oM Intel x mopenu foundry, Ho HeoOxomHMBI B IpY-
THe [NpejIoChHAKH, obecneduBalONIHe NPEHMYLe-
CTBa Oepel KOHKypeHTaMH, IpeXXIe BCero, mepen
TSMC [19]. Intel mpH 3ToM cCBLIAETCS HA CBOE JTHep-
CTBO B TeXHONOTHH.

JU3MeKTPHUKH ¢ BHICOKUM K, ocBoeHue SiGe Hanps-
xkeHHoro kpemHus, HKMG 1 Tri-Gate drpma Intel
OpoIlia B cpefHeM Ha 3,5 roga paHblle KOHKYpeH-
ToB (TSMC, ClobalFoundries, Samsung, 1BM) [18, 19].
Ho XoHKpeTHOe [IPeRMYyHLeCTBO MoskeT 0beciey1Th
CHIMDKeHHEe IIEHH TpaH3McTopa MC npu nepexofe
K Gonee MasblM XapaKTePHCTHYECKHM Pa3Mepam.
Kar HM3BecTHO, 40 28 HM LIeHa CHHKAJIACE npnﬁnmn-
TenAbHOo Ha 30% Ha KasKablH MK,

Ha puc.4, KOTOPBLA JOMKeH AeMOHCTPHPOBaTEL Hpo-
rpecc Intel B paMrax 3akoHa Mypa, OTPaskeHEl COOT-
BETCTBYIOMME BEKTOPEL pa3BuTHA (18], JIMHeHHEIH
xapakTep rpapuKa (prc.4a) OTHOCHTE/IbHOIO CHH-
SKeHHA LleHbl TPAH3HCTOpa [IPH IIepexofe oT 65 HM
a0 10 HM IO3BONAET OUCHHThL.YMEHBIICHHE LIEHb
3a UWMRA B 20%. ITO MeHbIlIe, YeM YKA3AHHEIE BRIIIE

30%, HO CHHIKEHHE LeHHl IIPOHCXoAMT. Hano oTme-
THTL, 4TO 3TOT PaKT BLISBIBAET COMHEHHE Y MHOTHX
KPHTHKOB, TAK KaK OHH He BHUASLT OCHOBAHHH OJ151
CHHMJKEHHS LIeHEI IPOM3BOACTEA B HACTOAIILEE BPEMS,
a ¢ yJeToM pacTymer uessl obopy/osanusg ~ 1 8 Byay-
meMm, Tem Dornee, 9TO M TEXHHHECKHE XapAKTepH-
CTHKH MeHsTCA Ooee MefIeHHD, YeM 3TO Clefo-
Baso Ovl U3 3akoHa Mypa. Tak, ans BcTpoenHbix CO3Y
(embedded SRAM) nnomazxs s4er Ky [IpH XapakTepH-
CTHYeCKMX pa3Mepax 22-20 uM cocTaenset 0,09 Mrm?,
anpu 11-10 HM OHA yMeHLIIHTCA ToAbK0 40 0,06 MEM?,
HI/IH Beero Ha 30% BMecTo YeThipex pas (go 0,02 Mrm?)
COTJIACHO TIPABHJIY TEOMETPHHECcKoro Macurrabuposa-
HH 1o Mypy [201,

B [21] oTMevero, YTO 110 OCHOBHOMY PBIHOYHOMY
ToKasaTenn, NeHe BeHTHAS (Gate Cost), FInFET yCTy-
naet o6semuomy KMOII, Tak kak neHa FInFET Beime
B HHTepBane ¢ 2015 no 2017 rofikl, a TeMIIEI FOAOBOTO
CHH3KeHHs IIeHBl OPH 3aIYCKEe B IIPOH3BOJACTBO —
Hike. Obnacte mpuMeHeHHs FINFET - BRICOKOYPOB-
HEeBOE MeKTPoHHoe oBopyAoBaHHe BRICOKOM IAOT-
HOCTH. [lna maccoporo peiHEKa FinFET HC ueadder-
THBHEI 0 LgHe., AHATHUTHK QUpPMEI IBS X. JIsKoHC
chopmynupopan sTo Tax; "FinFET - He ny4Inas kpem-
Huesas gopora” [21].

Ocoboe 3Haves ke MMeeT KOHKYpeHUHsA FInFET
U FD-SOI B obnacTu cosgadus HMC ¢ nonHeiM obepue-
H#eM, Kasanock 6el, UTOD y MC ma KHHM mano mancos
KOHKYPHPOBATh C JPyIrHME TEXHONOTHIMH, TaK KaK
LleHa 3aroTeBKU-TIacTHHE KHH cyiecTBeHHO BhIIIE
LeHbl [UIACTUHH 18 o0preMHRIX HIC (500 monn, opo-
THB 120 poan.) [22}, Ho 13-33 0pocToH TeXHONCIHH

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 commienced 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 itis 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 it is
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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MC Ha KHH uena o6paboTaHHOMN (IIACTHHEL MOXKET
OBITE CPAaBHHMA C LEHOM [IACTHHBL TPALHLHOH HOE
HMC ga o6beMHOM Si H CYMECTBEHHO HEIKE LIeHB! [1a-
cTHHE FINFET, Tak KAK CTOMMOCTE TeXHOMOTHYeCKIX
OTIEpallMH CYIIECTBEHHO BHIIIE y FInFET tipu oguHa-
KOBOH QYHKIIHOHAIBHOCTH € FD-SOI,

CroumocTs 06paboTanHOR nnacruuet 14 HM FD-S0I
Ha 18,4% HEKe, veMm y 16 aM FInFET, CuuMTaIoT, 4710
COBORYITHOCTh IpeMMyIiecTs FD-S0I obecneumnpaer
3TOH TEXHONOTHH LUIHPOKOE MPHMEHEHHE B pas
MUYHBIX 00JACTHX IMEKTPOHMKH B GMiKafinime
10 net. Bnu3octs FD-SOI k xopouo oTpaboTaHHONA

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 HBEYCTPHE #s5/59/2015

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 ate 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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nnaﬂapﬂoﬁ TexHoaoriu KMOIL genaet genleBeIMH
KaK [poeKTHpoBaHHe, TAK H [IPOHIBOACTRO. OYeHk
BaskHO, 4T0 FD-SOI Nerko BCTPaHBaeTCs B pa3MHUHEIR
BapHAHTH 3D-TEXHOMOTHI,

C TouRH 3peHHS 0bcykAaeMoH NPobIeMbl LI@HE
HC, HarngaaHoe NPEACTABACHHME O CODTHOLIEHMAX L18H
KMOIT Ha o6vemHoM S1, FInFET u FD-S0I gaet pHc.5,
M3 KOTOPOro cledyeT, 4Io CTOMMOCTE YHIma FD-501
(100 Mmm?) NpM XapaKTepHCTHUECKHX Pa3Mepax 28,

Puc.G. Crmoumocme NAGCMUKRL Npu pa3Holl mexHoro2uu/y3ne
(uemoumuk: IBS)

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

20 1 14/16 HM BCerfla HUKe, YeM Y KOHKYDPeHTOB.
EcTecTBeHHO, 4YTO M LigHa OAacTHHE c FD-S0I1 Toxe
HHJKe, YeM Y KOHKYPeHToB (pHC.6).

M3 npupefeHHBIX GAKTOR CAEAYET, UTO TEXHO-
norus FD-SOI ofecrmeurBaeT BO3MOXKHOCTE CO3Ja-
HHS FC TIpH Tex Ke XapaKTepHCTHYeCKHX pa3Mme-
pax, 9ro ¥ FInFET. BAM20CTE K KAACCHYECKOH I11a-
HAPHOH TEXHO/10THH 00ecnedHBaeT HaIPABAEHHIO
FD-501 BO3MOMKHOCTh ITPOEKTHUPOBATD M CO3JABATH

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
(17i. 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 commpetition among leading
companies.

The strongest advocate of apply-
ing Moore’s Law until the char-
acteristic dimension (N-node)
reaches 7-5 m 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-Cate [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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3aioH Mypa MNperpaliedmne 3akoHa Mypa

npogonxaerca CO CTarHaunen MAK POCTOM LieHk

Moare's law Moore's law stops

continues T Lexa due te stagnation or growth of costs
Price

@YHILMOHANBHOCTD
{1ta4ecTe0/MaUIHOCTS)
Functicnality
{quatity/capacity)

Mpekpaligxme 3akaHa Mypa

C OrpasHWYeHnEm PocTa Ka4ecTsa
Maoare's law stops

due to limitation of quality growth

Puc.7. TexHoaozus npodoaxenus 3akoHa Mypa [23]
Fig.7. Technology of the continuation of Maoore’s law [23]

HC rpy MeHeIIMX 337 paTax, 4em aaa FInFET, Takum
obpazom, FD-SOI cymiecTBEHHO JOCTYIIHEE TEXHOIO-
ruu FINnFET, HO, B OT/1M4e OT XOPOILO PA3BHTOMH 3KO0-
CHCTeMEl HOCNeHeH, A5 Hee 3KOCHCTEMA TOALKO
CRIIAOBBAGTCH.

CilenyeT OTMETHMTE, UTO H CTOPOHHHKM FInFET
M CTOPOHHHEH FD-S0O] paccMaTpUBAIOT Pa3BH-
THE MHKDOIIEKTPOHHKH KaK Pe3yasTaT Aefd-
CTBHMS 3aKkoHa Mypa, OycTk B yceHeHHOM BHJe.
ITpMEpOM MOXKET CIYIKHTE CO00IUEHHE ¢ [IPeseHTa
nuK STMicroelectronics Ha 1SS Europe Symposium
[23]. Ha puc.7 npencTaBAeH OLMH M3 CAAHA0B
[Ipe3eHTAILIMH.

Ocu "Leda" v "OyHKIMOHANBHOCTE" JE/IAT IO
rpagMKa Ha YeTepe 30Hb. QAKTHUECKH Peub HIET
HE 0 BEIIIQ/IHEHHH OCHOBHKIX COOTHOMIEHHE 3aKO0Ha,
2 00 OTHOCHTEe/NBHEIX M3MEHEHHAX XapaKTePHCTHR
HC npu mepexofie K CIEAYIOMeMY LMKy, HAIPHMED, |
CTOMMOCTB BELPOC/A Ha 10%, 2 YHKIMOHANBHOCTh
Ha 30% MnM BEIPOC/A TOJBKO GYHKUHOHANIBHOCTE,
MK LI€HA U QYHKIHOHANBHOCTD BEIPOCTE OfHHa"
K0BO. OTMETHM, 4TO 0 NafeHMH LeHbl 110 3aKOHY |
Mypa peun Het. TakuM oBpasom, Kak B ciyuae, pac
CMOTPeHHOM BhIme Eas FInFET, Tak U B ciaydae
FD-SOI, MOXXHO TOBOPHTE HE O KOIHYECTBEHHOM
BHILIGHEHHMH 3aKOHa Mypa, a TONBKO 0 Ka4ecTBeH: -
HBELX HalpaBleHHNAX BEKTOPOB Pa2BUTHS MHKPO-
3MEKTPOHMKE 0o Mypy. ITa TeHASHIHSI OTMEUEH
B (22] ppasori: "1 node gain without scaling", To ects .
HOBBIH XapaKTepPUCTHUECKHUH Y3l ToCTUraeTcs 6es -
MacmTaOHPOBAHKAL.

3HAKOBBIM MOMEHTOM, BEPOSTHO, SBIAETCS TAKKE
coueTaHHe 3D-apXxHTeKTYyphl IPHOOPOB ¢ HHIKHM
noTpebnenrem, KoTopoe 0603HAYAIOT KaK HOBYIO 3Py
MacmrabuposaHua: "3D MacmTabupoBaHHe MOLL
zocTH" (3D Power Scaling). VeenudeHue 4ucia Tpas-
3HUCTOPOR Ha eiMHHIE NI0MALH COHPOBORIALTCA

the transition frem 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 rimes reduction
(0.02 pm?) stipulated by the geo-
metric scaling rule of Meore’s Law
[20].

In [21], it is noted that regarding
the gate cost, which is the main
market indicator, FinFET 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 50! seem to have little chance
to compete with other techniologies,
because the cost of unprocessed SOI
wafers is significantly higher than
the cost of butk 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
bull 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-S01
functionality.



YBEHYCHHEM YHCAa CJI0eB C TPAH3MCTOPAMH B Bep-
THKa/JbHOM HanpaBiaeHHH [24]. [IpH 3TOM ITIOTHOCTE
(MHTerpanms) Bo3pacTaeT 0e3 CHHIKeHHS HHIHBH-
OyanbHbIX 2D-pasMmepos. B pesynbrare, 3D-CTPYKTYph
[O3BOJISIOT IIOAYUYHTE HapaMeTPEl, CONIOCTaBHMBble
C xaparTepHbiMH 118 N+1 2D-macmrabupopanus
y3Ke ripu paamepax N unu gaxe N-1 [25], fcHo, 4To
IT0 MOXKET JaTh BEIMIPHIIL B CTOMMOCTH,

Hepexop K 3D-CTPYKTypPaM ofcyKAALTCH KaK OLHE
K3 BO3SMOMKHEIX ITYTeH PA3BUTHA MHKPO3IEKTPOHHKH,
KaK "HOBaA MapajMrMa CHCTeMbl MaclitabupoBa-
H#S Ha ocHoBe 3D-uHTerpauun” (A New Paradigm -
System Scaling though 3D system integration) [26].
OOHHM H3 CTHMYJIOB CTajla npobneMa 3afepKKu
CHIHana MexcoefHHeHHHA MC. Yike gna N16 Benm-
YHHd 33 0epkKeK Ha MEKCOeIHHEeHHUAX IMoYuTH B 1000
paz Doaemie, 4eM Ha TPAaH3UCTOPHOM ypoBHe [27].
3ToT GaKkTOop, HAPAAY C BO3pacTAHHEM LIeHHl OpH
naneeefem 2D-MacmTabMpoBaHME, BLHIZLIBAAT
HeoBX0IMMOCTE B nepexofe K 3D-uHTerpaym.

CTekcBad TeXHOJOTHA Ha oCHoBe TSV 4acTHYHO
pemaeT npofinemy mexcoejHerui. Ho Gonee xap-
AHHAILHO OHA PEIaeTCs C IOMOIILI0 MOHOMHTHELX
3D-cTpyKRTYp (M3D). CTpyRTypsl M3D cTanK AKTHBHO
pasBuBaThcsa upmMoi Qualcomm [28] u wccnegosa-
TeabCKHM 1eHTpoM CEA-LETI {25, 28]. 3TH cTpyx-
TYPH A3WT BOIMOKHOCTL B ONpefeleHHOH Mepe
noAAepKare MaciiTabupoparye B pAMKaX HEKOETO
06HOBIEHHOIO BapKHaHTa 3aKoHA Mypa [28].

Paszpaborumuky crekoBelx 3D MC cuHTalOT, UTO
3TO HAnpaBaeHKe OyoeT criocobCTBOBATE PA3BHTHIO
HAHOWIEKTPOHHEIX cucTeM [29, 30]. OHM cuMTAIOT,

UTO 3aKOH Mypa He IPeKpaTH/ CBOero AeHCTBHA,
a TONBKO 3aMennuiacs ("Moore's Law is not over it's
just slowing"). B kauecTBe NpPUMEPOR IPHLKTUBHO-
CTH cTeKoBuX 3D MC npuBomsTca pazpaborku HMC
namsaty Hybrid Memory Cube (HMC) 1 3D NAND
dupMbl Microm.

B DedCTBHTENbHOCTH HE BCE TaK IIPOCTO.
Bo-mepBHIX, CaM Oponecc nepexona k 3D MC moxkeT
6BITH LOCTATOYHO AJHTeALHEIM. BO-BTOPHIX, OH
TpebyeT olpeAeNeHHOTO OIIONHHUTeNbHOro 0Bopy-
JOBAHHA M IIOMBINEHHH YHCTHX KOMHAT. B pesyns-
Tare, [0 OLeHKAM COeqHakxHcToB Micron, aToT
rnepexos, MoKeT ObITh B iBa pa3a JOPOXKe, YeM nepe-
xof Kk 20 HM, Kpome TOTo, paimepsl 3D NAND nioka
Gosnsute 2D aHanoros [3].

CH¥ReHHe [eHEl MPOH3ROACTRA H MOMCK HOBBIX
noTpebuTened ABAAITCA NOCTOAHHBIMHE IIpO-
6remamu, IIpH 2TOM 3aKA3HKUKH HACTO COT/IACHEL
Ha yJelleBfieHHe Jaske 33 CUET HEeROTOPOTC VXYA-
MeHH: KAa4YecTBEHHBIX XapaKTepHcTHkK MC.
CHMJKeHHE LeHbl MOXKET OBTh JOCTHIHYTO pas-
HBIMH OyTAMH [26]:

* YM@HBIIEHHMEM CTOMMOCTH OTOENRHHX [IPO-
LECCOB IPH Nepexofie K HOBRIM TEXHOJIOTHUe-
CKMM UHKIAM. Paory B 3TOM HATIPABAEHHH /14
10-7 umM BegmeT IMEC cosMecTHo ¢ Alix Partners [31];

* H[epexofoM K HoBod nuTorpaduu (EUV), Tar Rak
NpPH HCIO0Ab30BAHHH MHOTOKPATHOIO 3KCHOOHH-
poBaHMsA Ha Base 193 um AuTOrpadHuE OIS Cle-
LYIOUPTO TeXHOAOTMHYEeCKOro HHK/IA He0OX0mHMO
Ha 15-20% yBemHYHBATE UHCIIO 3TANOR MAacKH poBa-

HMS, 4TO, eCTeCTBEHHO, YIOPOXKAET [IPOLECC;

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-501 to the well-developed pla-
nar CMOS technelogy makes both
design and manufacture cheap. Itis
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 5i CMOS, FinFET
and FD-SOIl 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-S0I
waler 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-SOI 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
1SS Europe Symposium [23]. Fig.7
shows one of the slides of the
presentatiorn. .

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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' HAHOTEXHONIOT M. DNEKTPOHUKA

* HCOOAB3CBaHHeM OAaacTHH 450 mm. Ilepu-
ofMyecKkoe yBelHUYeHHe JTHAMETPA [IIACTHH LA
CHMJKEHHS LeHEl KPHCTAM/Id HA HeH SBILeTCH
OLHHM H3 CAeACTBHE 3akoHa Mypa. OTMeTHM,
uTo EUV H nepexof Ha OIacTHHE 450 MM TeXHH-
YeCKH IIOJIHOCThIO FOTOBEL A/l HPOM3BCACTEA [32],
HO BEICOKAA CTOMMOCTb BHEJDEHHSI MOMKET CABU-
HYTh HA9a/A0 MX KOMMEPHECKOTD MCIOTbB30Ba-
HuA K Gonee mo3gHMM cpokam [33]. OnbiTHOE Tipo-
M3BOOCTBO OPAKTHHECKH OHIJIO DOATOTOBAEHO
Ha ?KCIIepUMEHTAaNbHON nnomaake B Onbanu
(CIIA) npu yuacTuu Intel, TSMC, Samsung, IBM,
GlobalFoundries (GF) eme B xonie 2013 roga [32],
HeofxoaMMOCTh B KOMIIBIOTEPHBIX YHIIAX HOBOIO
TOKOMEHHSA MOKHO PACCMATPHBATE KAk AAHHOCTE,
[IO3TOMY Mepexof K HoBOH AUTOrpadHi H HOBEIM
[IACTHHAaM HerslesxeH [34];

+ OypHBIM pazsHTHeM MOOMABHOH/HOCMMOH TEX-
HMKH BbI3BAJI0 TIOBBIIIEHHEIA cripoc Ha 3KB, Tpe-
BoBaHMA K XaPaKTEePUCTHKAM KOTOPOH He CTONb
JKECTKHE, KaK /1A BEIYHCIHTeBHEX CPEACTE BRICO-
KOTo YpoBHA. [103TOMY LeHa QyHKITHM MOsKeT G6ITh
roHeKeHa [35];

* paseutHem 3D 3Kb, rpe ueHa QYHKIHH, Kak
MBI y3Ke OTMEeUaaH, MaXKeT OBTh CHMMKeHa., OHa
OTpaKAET TEHACHIHIO K Iepexoly KOMIIOHEHT-
HOM 0asel Ha CHMCTeMHH A yPOBEHb. B 3ToMm Ciy-
uae, MOMHMO TPAAHLHOHHON MHHHATIOPH3ALHHE
2D-pa3sMepoB A/ MOoBbIMeHHA GYyHKIHOHAILHO"
CTH, HCIIOAb3YeTCI TPeTHE pasMep, 3D-TexHOMOTHH
B Pa3NHYHbIX BAPHAHTAX HCIONA3YIOT COELHHE-
HHE KaR OJIHOPOSHEIX, TAK H Pa3HOPOSHBIX CTOEB

10 BEPTHKAMH. TONUIKMHA C10EB K HX YHCI0 MOTYT
CTAaTh HOBLIMM GaKTOpaMH MacmTAGHPOBAHHY, |
A CTeneHb HHTErPalMH MOKET OIIPEENATCS YKe
HEe OTHOCHTE/TbHO efIHHUILE III0MAMH, a OTHOCH
TE/NbHO BANHHIIE 06beMa. YBeNHUeHHEe CTEIeHH
06BeMHOMA MHTErPALHH MOKET IPHBECTH K YMEHb" |
LIEHHIO CTOMMOCTH eLHHHIIE QYHKIHOHANBHO |
CTH, Hanpumep, buTa uEdopManuu. TakHMM obpa-
30M, BO3HMKAET Ka4ECTBEHHAA aHAMOT M C 3AKOHOM
Mypa, 4To D03BOIH/IO TOBOPHUTE 0 HOBO €ro Tpaek .
TopHH [36].
OTKIOHEHHSA OT 3aK0Ha Mypa, IIpesKzae BCero,
BHIPAIMNMCh B HAPYUIEHHH JHHCTBA TPHalH
MmeHblre, GrcTpee, gewesne”. Jomer "Bonsme Mypa'
(EM) B HacTosIlee BpeMs NPakKTHUYECKH CBENcH .
K POCTY HHTerpaL iy Kakable ABa HAM 6onblne Tofa
(cm. Tabn.),
POCT CTOMMOCTH NPOH3BOJCTBA NPAKTHYECKH -
OPHREN K [1PeKPalleHHI0 0JHOBPEMEHHOTO CHHXKe- |
HHS HEHH, IIo MHeHHIO TpesrgenTa Imec Jlioka Ban
fer Xopa [37] nBHKYIIEH CHIIOH CTAalo He YMeHb
ImeHHe LeHB Ha KIIY (TPAaH3UCTOP), 2 YMeHEbIie
HHE HeHBl Ha GYHKIHK, DTO IPHBEAO K MOBHILIE
HHIO POJIM [|PyTHX LOMEHOB B IOJYIIPOBOJHMKO- |
BOM MNPOHM3BOACTBE, 3HAUHTEIbHEF KOMMEPYECKHA
ycomex npoussogctsa MIOMC oTpasniics B mosiBie-
HuH "Benod kuure MEMC" ITRS [38], Ho peansHELl
YCIIeX MOT OBITh JOCTHIHYT TOMBKO NIPH MACCOBOM
[IPOM2BOICTEE,
[lo 4HCAy MTYK M3AeNHHA TOMeH "Jlpyroe yem
Myp" (OuM) yske npubaukaercs K fomeHy M [39],
A 110 TAKOMY Ba>KHOMY ITOKQ3aTENH KAK CHHIKeHHE

ratios of the law, but is about
relative changes in the charac-
teristics of ICs occurring during
the transition te 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 FInFET case
and in the FD-S0I case, Moore’s
Law is not about quantity, but is
about qualitative directions of
microelectronics development.
This trend is highlighred 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-
sIStoIs per area umnit 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.



OTHOWEHHS "IeHa/QYHKIHOHAMRHOCTE' SasKe ore-
pexaet ero [40]. CymecTrBeHHOe 3HAYEHHE MUMBRT
KOHBEPFEHUMA 3THX [BYX LOMEHOB. B pe3yibsTaTte,
BMECTO 'OMOFEHHOI0 pelleHus npofieMul, Xapak-
TEPHOTO AJ151 KPEMHHEBOH 3/IeKTPOHHKK JOMEHA
BM IIPOKMCXOAHT IMEPEeX0of K FeTEpOreHHEIM pelle-
HHAM goMeHa JuM. 2To nossounio asTopy [41]
mepedopMyIHpOBaTE Ha3BaHHe JoMeHa JuM kax
"3akon Mypa 2.0". Bpsi/i 1M cHMBO/I 0BHOBIEHHS -
"2.0" npHIKMBETCS B OTHONIEHHH 3aK0Ha Mypa B dop-
MYIHPOBKE, [1PeJCTABJCHHON HA BEIPA3MTEALHOM
puc.8, HO, KaKk TIPHIHAK MIMEHEeHME B aHANH3e
MEeKTPOHHOA MPOMEIIIA@HHOCTH, HOABH/I0CE ITRS
2.0,

TTepBBIH AT BEIN CAENaH B PAMKAX PA3HYHBIX
$bopM HOCHMOH 3/1eKTPOHHKH, IIPEXKAE BCero, 6uITo-
BOM., HO MMIaHTCKHE HMIYILC OB CBA3AH C [OABIE"
HHEM HalpasieHus "MHTepHeT Beme#" (MB), RoToO-
phtit Bckope Gpul epedpasupoBaH Kak "MHTepHeT
Bcero” {Internet for Everything).

Perrox MB Ha 2020 rof rio oLleHKaM PAsJAHUYHBIX
IRCTIEPTHEIX PHPM MOMKET COCTaBHTb 0T 1,9 TPH.
Lo, fo 26 TpAH. goi, [42). Takoi pasfpoc npenmo-
naraeT BIphIBHOK XapaKTep pocTa JAHHOIO HallpaB-
JIEHH 3NeKTPOHHKH, 3TO0 3acTasnao ITRS repedop-
MYJ/IHPOBATh CBOK KOHLEILIHI0 aHANK3a PA3BUTHA
MOAyNIPOBOAHHKOBOH IPOMEBIIIIEHHOCTH B GOpMe
ITRS 2.0, oTRAOHUBUINCH OT OPUHATOH ¢ 1992 r.
CTAHJAPTHOH QOPMBI aHANTH3a CHTYALMH, rie
OCHOBHOE BHHMAHHEe yAeNANI0Ch OL@HKe € II03HITHE
3axoHa Mypa [43]. Temeps paccMaTpPHUBAIOTCH TeH-
NeHLHM PA3BHMTHA KaK KNIO4eBEIX CEKTOPOB PEIHKA

I10/IYIPOBOAHHMKOB, TaK M 0BMacTH Mx IpHUMeHeHH I,
M He TO/AbKO Ha YPOBHE YUHIIA, HO H Ha CHCTEMHOM
yposre. Axanus ITRS 2.0 nposoguTcs 1o ceMHu Bio-
xam (building blocks):

* CHCTEMHasd MHTerpanHs, KOToOpas HalpasieHa
Ha BHIBOP ApXHTEKTYpP, HeoOXOLMMEIX ITPOMEII-
JMEHHOCTH M OCHOBAHHBIX Ha TeTepOTeHHBIX YCTPOH-
CTBAX KOHKPETHBIX CHCTEM;

* BHECHCTEMHEIe CBASH HA OCHORE GH3Kdeckux u fec-
{IDOBOZHBIX TEXHOMOTHI MEKY YACTAMHM CHCTEMEL;

* TEeTEPOreHHAS] MHTErpPallHA OT/le/ibHbiX IPOK3Bo-
CTBEHHELX TEXHOJIOIHH B AT PErMPOBAHHEIH O POSYKT
[OBBIIIEHHON QYHKIHMOHATLHOCTH;

* TeTeporeHHbhle KOMIIOHEHTDH, KOTOPEIE He TpedywT
MacmTafMpoBaHKs II0 3aKOHY Mypa, Ho obecrie-
YHBAT JOIOJHHUTENLHYI0 OYHKIIHOHANBHOCTE
B TaKHX 001aCTAX KaK yIpaBieH e MOIHOCTRIO MK
B CCHCOPHKE H aKTI0AIIHH;

"Bre KMOI1" - mpuBophl, OCHOBAHHEE Ha HOBELX
dH3MHECKHX [IPHHIIHIIAX H 00eCeYHBAIOMHE QYHK-
U HoHa/IpHoe MacmTabupoBanre sBHe KMOII, HAIpH-
Mep, CIIMHOBBIe OpHOOPE!, deppoMarHUTHas JI0IHKa,
ATOMHBIE RJIIOUH H T.10.;

"Boaeme Mypa" - mocnefoBaTe/NbHoe yMEeHbIIE-
HHP TOPH3IOHTANLHEIX M BEePTHKa/JIBHEIX pasMe-
POB L YMEHEBIIGHHS CTOHMOCTH H YIYYIIRPHHSA
XaPARTEPHCTHK;

HHTerpalnusa OPoOM3BOLCTRA Yepe3 [Iponegyphl

H [1POLecChl, HeoOX0AHMELe [t MACCOBOTO BEIITYCKA

TIPH IPHEM/IeMOH ILIeHe.

OTMETHM, UTO [IePeYeHh HaTlpaBAeHHH aHATH3a

ITRS 2.0 HAUHMHAETCH ¢ CHCTEMHOH MHTerpalHH

AHanor/PY
Analogue/RF

BukMOn
BiCMOS

FoMoreHHbie peLeHVA Ha KPeMHIAK
Homogeneous on silicon

Maccuanbie
Passive

MotyHble
Powerful

CeHCopsl 1 2KTI08T0PbI
Sensors and actuators

M3MC
MEMS

Sl haTaHmMKa
Si photanics

Brounn
Biochip

laTeporeHHsle peueHna
Heterogeneous

Puc.8. 3axod Mypa 2.0
Fig.8. Moore's Law 2.0
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'HAHOTEXHONOrMU. DNEKTPOHUKA -

"cBepxy-BHH3" NS BEIABIEHHUS TeHACHLUHH PA3BH-
TUS phlHKa ODOTpebneHHs H3eMME HONYIIPOBOLHH-
KOBOEH [TPOMEIIMJIeHHOCTH B 2015-2030 rogos. JoixHa
OpiTh paspafoTaHa HOBAs CHCTEMA OLIEHOK (METPHK ~
system metries) 715 NPOrHO3a TEHAEHIHE PASBHTHS
JIeKTPOHHKH B 061acTax MOOMILHOH 3MeKTPOHHKH,
HB 1 06nauHEIX cTPYKTYP (Big Data). BeposTHo, Ipef-
MORaraeTcs, YTo OHa 3aMEeHHT TPaJHLIHOHHYI0 A
HaCTOANEro BPEMEHH METPHKY MacmTabuposa-
HHS, B 9T0 6yAyT PEeBONIOLIMOHHEIE H3MEHEHHS TI0C/e
50 meT IBONIIIMOHHOTO PasBHTHA B paMKax 3aKoHA
Mypa. Co cBOeH CTOPOHE], OTMETHM, YUTO B H3BeCT-
HOH Mepe FoBTOPSeTCH CHTYal s Ha4albHOTro IEPH-
013 Pa3BHTHA MHKPOIIEKTPOHHKH, KOTAA CUCTEM-
HBble ROMITaHHE OIIDee/1s/IH TPeH I ee pa3BuTHA (CM.
qacTe 1, Tabn.3).

YKa3aHHLIE TeHJeHIHH IPOHIIIOCTPHPOBAHE
B KavecTBe TMpuMepa njig MB Ha puc.9, KOTOpHIH
MOKHO PaCCMATPHBATE KaK BaPHAHT A1 CUTYaLH#
puc.10 (em. HacTs 1).

CymecrseHas ponb B B pasBUTHH JIeKTPOHHKH,
OTRAKEHHAH B HOBOM HokyMeHTe ITRS, anaite obo-
CHOBAHA, TdK KaK IAKETHEIE penieHHd And UB Braro-
YaT He TONBKO OTLE/bHEE MOLEMEl MIH JaTYHKH,
HO M KaHaJlhl CBA3SH (B OCHOBHOM DeCHOPOBOIHEIE)
C 06MaYHBIMHE CePBHCAME Ha OCHOBE HOBBIX a/ITOPHT-
MOB [44].

PriHOK GONBIIHX OJaHHEIX DOTPefiyeT MCIIONB30-
BaHHMS HOBBIX THIIOB TBepioTenbibix 3Y 11 MHKpO-
npoleccopos, Obnauynsie ¥ MOOHIBHEE TEXHO-
noruu notpebywT Gonee sHeproadg@eKTHBHLIX 3Y
H M3MC. AranuTHyeckas ¢rpmMa HIS cuurtaer, 4to

[NIABEHCTBYIOLEHE TEXHOJIOTHH HIMEHAT MHp B 6AH-
sratinrie 5 ner, K HHMM oTHOCAT "HHTepHeT nis Bcero',
obfauHkie cCHCTeME] GONBOKUX JAHHEIX ¥ 3D-IeyaTs.
TocepHee ToxKe [IOHATHO, TaK Kak noTpebyoroa
pa3sHoobpa3Hble KOHCTPYKTHRHEIE PEUIEHHS A
HB-ycrpoiicrs [45],

Poib HB B pa3BHTHH aKTHBHO DGCY)K,]I&ETCSI Ha Bcex
MEXIOYHAPOAHBX KOHQEPeHIHAX M BEICTABKaX |
1o 3/eKTPOHHKe, HAIIPUMED Ha "JNMeKkTPoHHKa-2014"
B MioHXeHe., OTMedaeTcs, 4TO KAMHEM HOpeTKHO- :
BEHHS A1 PACHIPOCTPaHeHU s FIB MomKeT CTaTh [po- -
Hrema XoHGHOPHITHANLHOCTH {G830ACHOCTH), KOTO
PYI0 TAKKE MOTYT PelllaThk crielHalbibie HC 1 ycTpoi-
crea [46]. :

UB - ROMMYHUKAIMOHHASA TEXHOMOTHSA IMobals
HOFO YPOBHSI, HO H Ha YPOBHE NOKAJIBHBIX CTPYKTY]D
CBS3H [IPEeAIONATAeTCA 3HAYMTENLHBEH PocT B 61H-
JRAWIIKE Cofbl. 3TO KacaerTcs, HALlPHMEp, HOCH
MBIX ycTpoicTB (Wearable Devices), pa3BuTHe KOTo-
PHIX MOKET IPOHCXCOHTD M B paMKax HB, 1 Hesasw-
cHMo {47]. HoBhle KOMMYHH KA HMOHHLIE TEXHOMTOTHH
AOMKHEL OKA3aTh CYMIECTBEHHOE BIHSHHE Ha BhIBOp
FHEPro3(PeKTHBHELX KOMIASKTYOIMX K3 HHCA3
OOHOTHIIHEIX OPHO0pOB [48] MK KOHKYPHPYIOLIIHE,
HalpHMe]p, LHQPOBEX HIH aHaNoroBelx HC [49],
[losToOMYy TeHJOEHI M HIMEHEHHS IHeprosdPeKTHE-
HOCTH MOXKET CTaTh JOIOAHHMTEARHEIM IapaMeTPoM
Pa3sBUTHS eMeHTHOH 033kl 3AeKTPOHMKHK HAPILY
€ KJIACCHYECKOH TpHafoH 3akoHa Mypa - "MeHbe,
BeicTpee, remenne”,

ONTHMHCTHYHAasA OleHKa TPASYIero pasBu-
THS PHIHKA MB MoXeT OBITE CHARHO 3aBHIIEHA,

TSV-based stack technology par-
tially resolves the problem of inter-
connections. However, it is bet-
ter resolved using monolithic
3Dp-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 thart 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
10-7 nm [31];

« transition to a new lithography
(EUV), because when using mul-
tiple exposures based on 193 nm
lithography for the next techne-
logical cycle, it is necessary to
increase the number of masking



MpumeHeHue
Applications .

FnobancHan CihokycrpoBaHHas Boixan Bxopa B MHTErpUpOEaHHCR
OTBETCTEEHHOCT OTBETCTBEHHOCTL System NPOW3BCACTED

Global Focus Output Inputs to factory
Responsibility Respansibility integration

Puc.9. OueHKka OBUKYULLX CUA
Fig.9. Assessment of driving forces

TpHUNIHOHE M3eNHE HB, nporHosupyeMeie Ha crie-
Ayiomee AECATHAETHE, KAXKYTCA YPe3MepHhIMH

Ha doHe Bonee peasbHbIX OLEHOK L5 [IOAYIIPOBOLHH-
KOBOH HPOMEINIIEHHOCTH. B [50] npegnonaraercs,

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

pilet production was almost com- «

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

ClobalFoundries (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
comnputational tools. Therefore,
the function price may be reduced
35l

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 functienality 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, burt 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 informartion. Thus, there is a
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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 Mocre"
(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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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 10T 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-
mentin 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 examnines 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 alsoat

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 tequire scaling according
to Moaore’s Law, but provide addi-
tional functionality in areas such
as power control of 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,
atoniic 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-
Iment is reiterating, when system
companies determined its develop-
ment trend (see part1, table 3),

The said trends are illustrated as
an example for 10T in fig. 9, which
may be viewed as an option for the
situation in fig. 10 (see part 1).

Significant role of 10T in
the development of electrenics,
reflected in the new ITRS docu-
ment, is well grounded because
package solutions for 10T 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 10T 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 10T 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 10T 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 IOT
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 i
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 {O3D), which are the main
products for I0T. However, from :
the price perspective, the picture is .
opposite: ICs cover 65% of the ma
ket and OSD - 35%.

In the third part of the article,
we will once again discuss Moore"
Law, but from the perspective o
emerging deviations that may lea
to a denial of its influence on th
development of micro- and nan
electronics. |



