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WIU UBMEHEHUE? -

B nepBbIX ABYX 4acTax crateM (cm.: "HaHouHaycrpus’, Ne5(58), 2015, c. 22-38 m N=6(59), 2015,
€. 56-68) 6ol paccMoTpeHbl NOAB/IEHME 3aKoHA Mypa M ero BOSAENCTBME HA Pa3BUTHE 3/IeKTPOHHON
NPOMBILLAEGHHOCTU. Tenepb NPoaHaNU3MpyeM BOCMpUATUE OTPACAEBLIM coabuecrsoM 3akoHa Mypa

B NPOLLIIOM, HacTosawweM v Byayuiem.

in the first two parts of the article (Nanoindustry, No. 5(58), 2015, pp. 22-38 and No. 6(59),
2015, pp. 56-72), we discussed how Moore's Law came to exist and what impact it had on
electronics development. Now, we want to analyze the industry's perception of Moore's Law

in the past, present and future.

HOBB BEPHEMCA K 3aKoHY Mypa, HO YK€ C TOHKH
3IpeHH s HaMETHBIIHXCH OTRJIOHEHHE, KOTOPEIE
MOTYT IIPUBECTH K OTPHIAHHIO ero BIHAHHA Ha
PasBHTHE MHKDO-HAHOIEKTPOHHKH. [lepBEIM 3BOH-
KOM CTajla HeoGXoZMMOCTE OTpaHHYEHH A yaenbHOH
MOILHOCTH, pacceusaemoﬁ eAHHUIEH IIOWaMH
WC MHKPOIIPOILECCOPOB (MII), KoTopas mOCTHINA

3HaueHMEH, XapaKTePHBIX A% OBITOBOH 31BKTPO-
KoMbOpPKH. B pe3ynbTaTe 3KBUBA/IEHTHOIO MaclliTa
B pPOBAHKS IIPH MPOEKTHPOBAHHH GeLM YCTAHOB-
JIeHBl OTPaHMUEHHA Ha Pa3Mephl KPHCTA/I0B BrlTO-
BBIX M BBICOKOIIPOM3BOAMTEABHEX MII, a yIBORHHE
CTeleHH HHTErpalMH CTa/M0 IPOHCXOAUTD yKe He
3a ABa, a 32 TpM rofa (puc.l).
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Kak yxke oTMeYa/lock, Ha YDOBHE TPaH3MCTOpa
norpefaseMas MOMIHOCTE CBA3aHA ¢ GRICTpOfEH-
CTBHEM H HaNpsiXKeHHeM HHUTAHHA Vy4. IIpH reo-
MEeTPHYEeCKOM MacmTabHPOBAHWH 9TH BeTHYHHEL
HOMRHBl DOAUMHATLCA 3aK0HY JleHHapAA ~ IpHH-
IJMITY COT/IACOBAHHOI0 H3MEHEH M Pa3MEDPOB 3/1eMEH-
TOB ¥ XapaKTePHCTHEK TPAH3IUCTOPa B PAMKAX 3aKOHA
Mypa. Ho Ha TPaRTHKE OKA3JIOCE, UTO OHH JOCTHENH
HACBIINEHH, YT0, B YACTHOCTH, OBII0 DTMEYCHO B
BRICTYTIIAGHUH HiHpexTopa MTO DARPA B . Kongenna
(Bob Colwell) Ha xoHdepeHU M B MapTe 2013 roga [1].
HauBoukiee BHHMaHKe IpH 3ToM ObLI0 0BpalueHo
Ha npHbAMIKeHHe Vyy K ACCHMTOTHURCKOMY IIpefenry
IOIPH KPHTHUECKHX Pa3Mepax MeHee 45 HM, TakuM
ofipasoM, ganpHeHINee MAcIITABHPOBAHHE pealibHo
IIPOHMCXOJMT IPH [IOCTOSHHOM BeTHYHHEe HAaIIpsKe-
HHS, B CBS3H C UeM [e/aeTcsl BRIBOA O [IPeKPALIEHHH
IeicTBM S 3akoHa JenHapaa.

[lo muenwio B.Konsenna [1} 3akox JeHHapaa npe-
KpaTH/I AeHCcTROBATh B 2005 rogy, Ho 3akoH Mypa
OPOAO/KALT SEHCTBOBATL H B HACTOSNMES BPEMS B
Ka4yecTBEHHOH dopme: "Jlyume, gemerie, GpicTpee”
(Better, cheaper, faster). ITocie 2020 roza saxon Mypa
B ET0 PasiIHYHEIX GopMax fojied OBITh 3aMeHeH
"3aKoHOM ClIeLHATH3ALHH i 3a4ucTKE" (Post-Moore's
Law specialization & cleanup), aToT nepron xapaxTe-
pu3yeTrcs GHICTPBIM POCTOM TEIUIOBBIX OFpaHHYeHH A
gna cTpyRTyp HMC 1 M3gepxex MX (pOH3IBOACTEA.
[locne 2030 roga BO3IMOJKHO HaCTYHO/IEHHe HOBOH
3eXTPOHHKH Ha Bale QYHEAMEHTA/IBHEX 3AKOHOB
¢u3uky (prc.2). OpHaKo pajg BeAymHX QHPM HILYT
HOBYIO 3/IEKTPOHKMKY B MHKPOOHOOTHE, CIMTAA, YTO
HOBBIM "JKe/e30M” II0C/Ie TOYIIPOBOAHHKOB CTAHY'T
BHDYCHl M BaKTePHH, 3 HOBOH ONEPANHOHHOH CHCTe-
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Puc.2. Bo spems u nocae saxona Mypa [1]
Fig.2. During and after Moore's law [1]

Mot Gyger JHK [2]. Ho gaske Ha yPOBHE MOJEKYISIp-
HBIX CTPYKTY] IIePCIIeKTHBEL IIOKA HE ACHHL,

3akoH Mypa 6B 3aKOHOM CTHMYHNHPOBaHHA
Pa3BUTHSA MHKPOIIEKTPOHHKH, [fle TJIABHBIH CTH-
MYJl — [IOCTOSSHHOE CHHJKEHHE L[eHbl TPaH3HCTOPa B
HC - nepecTtan JeficTBOBATE B TIepHOf ocRoeHK s HFIC ¢
XaAPaKTEPHCTHYECKHM pasmepom 28 HM (puc.3) [3].

JanpHe ANINE IePeXof K MEHEIIHM XapaKTepPHCTH-
YECKMM pa3Mepam (BIUIOTE A0 7-5 HM) BelaeT IpoM3-
BOACTBO Bce fojiee JOPOTHM, a LIMKJ CMEHB XapaKkTe-
PHCTHYECKHX DA3MepoB Bce Donee muTenbHEIM (4],

e are turning to Moore's

Law again, but now from

the perspective of emerg-
ing deviations that may result
in denying its impact on micro-
nanoelectronics development.
This first came into sight with the
need to limit the specific power
dissipated by an area unit of IC
microprocessors {MPUs), which
reached values similar to an elec-
trical stove burner. Because of
the equivalent scaling of design,
the size of the crystal in con-
sumer and high-performance
MPUs became limited, and the

integration is doubling every
three years instead of two (fig.1).

As it was noted previously, at
a transistor level, the required
power is related to the speed and
voltage of the power supply Vyq.
In geometric scaling, these val-
ues follow Dennard’s Law, the
principle of correlated changes in
the size of transistor’s elements
and characteristics according to
Moore’s Law, However, in reality
they appeared to have reached
their limits, which was partic-
ularly noted in the statement of
Bob Colwell, the Director of MTO

DARPA, at a conference held in
March 2013 1. In his statement,
the biggest focus was on the
V44 coming to asymptotic limit
when the critical sizes are below
45 nm. Thus, further scaling
is possible only with a constant
voltage, so the conclusion is that
Dennard’s Law is no longer valid.

According to Colwell [1},
Dennard’s Law lapsed in 2005,
but Moore's Law continues work-
ing in a qualitative way: "Better,
Cheaper, Faster". After 2020,
Moore's Law in its various forms
must be replaced by Post-Moore's
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Fig.3. The cost becomes a problem (2013 1EEE) [3]

TeHIeHUNH H3MEHeHHS XapPaKTePHCTHUYECKHX Pas-
mMepos b1k paccMoTpeHE! B [ITRS-2013 (prc.4) [5].

[IpHBOAKMEIE B PA3/IHUHELIX aHATUTHYECKHX MaTe-
pHanax JaHHBIE CBHIETE/IhCTBYIOT 0 TOM, UTO, IO
KpaiiHel Mepe, BHYTPH OTAENbHOH QUPMbE MHHH"
MailbHEIE Pa3MepEl MeHAIOTCA Yepe3 2 rofla B COOTBET-
CTBHH C IOPOKHBIMHK KapTaMH H3MeHeHHH Xapakre-
PUCTHUYeCKMX pa3mepoB (N-node).

OTKIOHEHHE OT TeHIEHLHH CHHXeHHS LIeHEI T10
3ax0HY Mypa IpH [OBHINEHHH CTelNeHU HHTerpa-
LHH IPOHCXOAHT H3-34 YBeJIHUEHHS CTOMMOCTH
npor3goAcTea. B [6] 3To CBASHBAIOT C POCTOM 3aTpat
Ha IpoekTHpoBaHue mabnoHos. Ecnu ang 90 HM npo-

EKTHPOBAHME H HCIIONB30BAHME MAackH 00X0AHIOCE
B1MIH. JONI., TO A4 65 HM - y3Ke B 3-4 MJIH. [0/,
IIpHYEM J/14 3THX HOpM Brlno HeoBxoguMo 1-2 MacKkH
Ha Ka>KAeIH QH3WYUecKUHN ciacH. [locie mocCTHKe-
HHSA 28 HM TPaAHMLIHOHHLIH MeT0k IKCIIOHHPOBAHHA
HernprHMeHuMm. TpH-28 um Q)opMHfJoBaHHe PHCYHKa
TpebyeT Tpex Ipolieccos, IpH 14/16 HM Heobxogumo
ABYXKpaTHOe GOPMHPOBAHHE PHCYHKA H 8 nipo-
neccos, np# 10 HM - TpexkpartHoe popPMHPOBAHEE
pHCYHKa 1 21 nmpouecc [7].

TpyoHOCTH Pa3BHUTHA IPOSKTHPORAHMA U TEXHO-
NOTHMH [IPOM3BOACTBA M3JeHE MHKPOMIEKTPOHHKH
HOBBLX [IOKO/I@HH I BbI3BIBAIOT TIOFBITKH KAK-TO Chop-
MYIHpPOBaTh 00l He TeHOSHIHH. B 4acTHOCTH, 3TO
[IPOSIBM/IOCE B HCIIONB30BAHKH IIPH 06CYRIIEHHH Pas-
BHMTHS MEKPOICKTPOHHKH K TexHoaoruH HMC mare-
MaTHUecKoro TepMHHA "Toura neperufa’ (inflection
point), Kak CHMBOJIA OTK/JIOHEHHS OT 3aKOHOMEP-
HOCTeH KJIaCCHHYecKOIo NepHofa AeHCTBHS 3aKoHa
Mypa. B 3aBUCHMOCTH 0T obnacTH o0CYKAeHHUN B
KadecTBe "TouKH nepernfa’ MoryT 6HTh Ha3BaHbH
pasHsie GakTopel, - HAMPHMED, PACCMOTDEHHEIE B
HaCTOAIIEH CTaThe HIMEeHEHHA BPeMeHHEIX 3aKOHOB
PA3BMTHSA MHKPO3IeKTPOHHKH. B onpejeneHHou
MEpe caMa OlleHKA 3SHAYHMOCTH 3aK0Ha Mypa MOXKeT
PacCMaTpHBAThCA Kak "Touka neperuba’.

3axod Mypa cTaja 3HUMKIONeJHYEeCKOH KaTero-
pHei., JlebaTel BOKPYT HEro BeJyTCS C MOMEHTA Ero
[IOABACHHS, ToO eCTh 50 ner. IIpH 3TOM CYMECTBYET
ABe KpaHHOCTH, CorfiacHo MepBoH M3 HHX, 3aK0H
Mypa oTpaxaeT PaKT, 4TO JJisl KAXKLOH TeXHOMOTHH
eCTh BIIOJIHE ONPeLe/eHHBIH YPOBEHD C/OKHOCTH

Law of Specialization and
Cleanup and this period will be
characterized by a rapid growth
of thermal limitations in ICs and
their cost of production. After
2030, new types of electromics
based on the fundamental laws
of physics may emerge (fig.2}.
However, some leading compa-
nies are investigating new elec-
tronics based on micrebiology,
believing that new post-semicon-
ductor hardware will be based on
viruses and bacteria, and new
operating systems will be based
on DNA [2}. Nevertheless, the
prospects are not yet clear even
at a molecular level.

HRHO YHBYCTPHA #s/e60/2015

Moore’s Law was a law that
drove microelectronics devel-
opment, where the main driv-
ing force was steady reduction of
the transistor cost in ICs, burt it
ceased to work when ICs reached
the node size of 28 nm {fig.3) [3].

Turther movement to a smaller
node size ({down to 7-5 nm) malkes
the production more expen-
sive and the cycle of changes in
node sizes becomes longer [4].
The trends of changes in node
sizes were described in ITRS-2013
{fig.®) [5].

Various analytical materi-
als mention that, at least in an
individual firm, the minimal

sizes change every 2 years in
accordance with the roadmap of
N-node.

Deviations from the price
reduction trend according to
Moore’s Law with increasing
integration is associated with a
higher cost of production. In [6},
it is attributed to rising costs of
masks. Whilst the cost of a 90
nm design and mask was around
1 million USD, the cost of G5 nm
was 3 to 4 million USD, and these
norms required 1-2 masks for
each physical layer. After reach-
ing 28 nm, the conventional
method of exposing is no lon-
ger applicable. At 28 nm, one
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pattern formation requires three
processes; at 14/16 nm, 2 pattern
formations and 8 processes are
required; and at 10 nm, 3 pattern
formations and 21 process are
required [7].

The hardships in the design
and production development of
new generation microelectronics
encourage attempts to formulare
some general trend. In particu-
lar, this was manifested during
the discussion of the microelec-
tronics and technology devel-
opment by the use of a mathe-
matical term "inflection point”
as a symbol denoting deviation
from the classical Moore’s Law.

Depending on the area of dis-
cussion, different factors may be
identified as inflection points,
for example, the changes in
temporal laws of microelec-
tronics development discussed
in this article. To some extent,
even the discussion of the effect
of Moore's Law itself may be
regarded as an inflection point.

Moote's Law has become an
encyclopedic entry. This law has
been debated since the moment
of its emergence, i.e. for 50
years. There are two extreme
opinions. The first one is that
Moore’s Law means that each
technology has a certain limit

of complexity (for example,
depending on the number of
transistors on a chip), at which
the IC component cost is min-
imal. The second one is that
Moore’s Law is only a marketing
strategy for meeting the con-
sumer demand growing at a cer-
tain pace. A faster advancement
of technology is supposedly pos-
sible, but not profitable [8], in
other words, it may be regarded
as a tacit collusion of producers.

In fact, the strength of
Moore’s Law is in its objective
forecast of the technological
capacity for a predictable times-
pan. This capacity is primarily
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_ HAHOTEXHOAOTrUY. DNEKTPOHMI

(HanpuMmep, HMCA0 TPAH3MCTOPOB Ha KPHCTANIE
HC), npu KoTopoHd HeHa kKomMIoHeHTa HC - MEAN-
ManbHa. Ilo BTOPOH #3 HHX 3aKOH Mypa - 3TO
MpOCTO MapKETHHIOBasA CTPAaTerHs MOCAekoBa-
TEJIBHOI'O yLOBJIETBOPEHHS PACTYLIEro B ollpefe-
NeHHOM TeMIle moTpebuTensckoro cupoca. Bonee
BrlcTpoe NpoABMIKEHHE TEXHONOTHE K00k BO3-
MOMKHO, HO He BeIirogHao [8], To eCTh MOJKHC FOBO-
PHTE 0 HETJIACHOM CTOBOPE MPOH3BOAHTENEH,

Ha camoM gene cuia 3akoHa Mypa 3akiodaeTcs
B er0 06BeKTHBHOM OTPasKeHHH BO3IMOKHOCTEH
TeXHOJIOTMHK Ha NPOrHO3HPYEMEIH MepHOJ Bpe-
MEHHM. DTH BOIMOKHOCTH, IIPEXIE BCEI'O, OIIpe-
OelsiloTCd TeMIIOM CHHIKEHHs Pa3MepoB 3ne-
meHToB HC. HepapoM H3BecTHasd TpHala pasBH-
THS MHKPO3TeKTPOHHMKH ~ "MeHbme, BrIcTpee,
Zeniepje" - HAYHHAETCA € PA3MEPHOH XapaKTepH-
CTHKH. B KIaccHMvyecKoM BapHMaHTe 3akoHa Mypa
TeMIIbl H3IMEHEHHE COCTABIAIOMMX TPHabl OblIH
COTNIACOBAHEI, B HacToAee BPeMS 3TO COTIACOBA~
HHe HAapyIIaeTCs, YT0 W LaeT FOB0J CYMTATD 33 K0H
Mypa mpekpaTHBHOIMM CBoOe AelcTBHe, Ho xade-
CTBEHHBLIE XapaKTePHCTHKH ~"'MeHbIne", "6ricTpee”
M Aake "memenne” Kak TEHASHIHH NDPOLOMKALT
e ACTBOBATh, JTO [103BO/ISET CHHTATH, UTG M 3aKOH
Mypa Toxe [IPO/LOJIKALT HEHCTBOBATD.

Takum oBpa3om, OLleHKA CHTYAaIlHMH HeXXHT
B IHANa30HEe OT 'OH OpOJoKaeTca" depes "oH
BEIIOQJIHSIETCS YacTHYHO' A0 "OH IpeKpaTHics'.
3a BTOPOH BAPHAHT OLEHKH BHICTYIIAET, HANPH-
Mep, aBTop [9], KOTOpHH yTBep:KAALT, HTO eC/Ir
3aKOH Mypa M HpeKpaTH/ CBOe AeHCTBHE, TO He

0 TEXHHYECKHM, d 10 3KOHOMHUECKHM HOPH-
YHHaM. 2TO pasfefeHHe 3aKoHa Mypa Ha 3xo-
HOMHUECRYID H TeXHHYECKYIO COCTABNLWOILHE
BeCchbMa CYLIeCTBeHHOo. Haubonbmue COMHEHHS
K3 HHX BEI3BIBAST MMEHHO 3KOHOMHYECKAs, KOTO-
PYI0 PACCMATPHBAKT KAK OCHOBRHOE COleRAHHE
3aKoHa Mypa. KaKk pa3 ¢ 3THX IIO3HIHHK BRICTYIIAN
aBTop [10] ¥ HecKo/MbKMX 670r0B C TEM JKe Ha3Ba-
HHeM, CUHTad, YTO 3akoH Mypa 3aBepUIH/CcH IIpH
XapaKTePHCTHYRCKHX pa3sMepax 28 #M. Ho JKHUBY-
YeCTh TEXHOMOIMH 28 HM 3acTaBHlia ero HiMe-
HHTE TOUKY 3DeHHS, IIPH3HaB COXPaHeHHe 3aK0Ha
Mypa gns 28 UM, a obnias TeHIeHO U BBIA UM
0XapaKTepH30BaHa C HCIO/JAb30BaHHEM TEPMHHA
"6udypranusa” [11].

B cTtaTke [12] npHBedeHa HHTepecHas CTaTH-
CTHKa MHEHHH 0 KM3HEHHOCTH 3aKoHa Mypa
(k coxaserrio, 6e3 CCHUIOK Ha IEPBOHCTOUHHKH):
24,8% cUMTAIOT, 4YTO AeHCTBHE 3aKOHA yKe IIpeKpa-
THIOCh UK OyIeT OpeKpalleHo IPH HOPMax 7 HM;
34,7% cUMATAIOT, 4TO ARACTBHE 3aKoHa Mypa coxpa-
HASTCA A1 Npou3soacTea MC Ha Gaze FD SOI unu
FinFET; 14,4% CBA3LIBAIOT [IPOAJIEHHE LEHCTBHIL
33KOHA ¢ HCOOoAb30BAMHEeM 3D-CTPYKTYp H 12,5% -
rpadena; 13,6% npennonaraioT, 4YTO BeHCTBHe
JaKOHa HHKOIJa He MpekpaTurca. ObcykaeHHe
cyabpbel 3akoHa Mypa o8yCII0BAEHO €10 BAXKHOCThIO
nnga uHGopManHoHHoro obmectsa [13].

3axkoH Mypa He GbI1 BHYTPEHHHMM pPeriameH-
TOM /il MUKDPOINEKTPOHHKH, MEOTOYHCIEHHEE
rtoTpefHTeNny TaKKe OPHEHTHPOBAAHCH Ha HETO.
IlpexpalleHue AeHCTBHA 3aK0HA BLHI3BAJIO OHace-

determined by the size reduction
rate of 1€ elements. No wonder
the famous triad of microelec-
tronics development "Smaller,
Faster, Cheaper" starts with size
characteristics. In the classi-
cal version of Moore's Law, the
rate of changes in the compo-
nents of this triad was agreed.
Currently, this agreement
is disrupted, which leads to
believing that Moore's Law has
lapsed. However, the qualita-
tive characteristics of "Smaller”,
"Faster” and "Cheaper” as trends
are still valid. Therefore, it is
assumed that Moore's Law is
still affective,

KAHO HHEVETPHA #6/60/2015

Thus, the situation is assessed
using the range from "it contin-
ues”, through "it is partly effec-
tive" to "it has lapsed”. The sec-
ond assessment is supported,
for example, by the author [9],
who says that if Moore's Law has
ceased to be effective, it is not
for technical reasons, but for
economic ones. This breakdown
of Moore's Law into economic
and technical parts is impor-
tant. The most dubious of them
is the economic part, which
is regarded as the major con-
tent of Moore’s Law. This opin-
ion was supported by the author
[10] and several blogs under the

same name stating that Moore's
Law ended at the node size of
28 nm. However, the viability of
the 28 nm technology made him
change his opinion, recogniz-
ing the effect of Moore's Law for
28 nm, while the overall trend
was characterized by the term
"bifurcation” [11].

The article [12] provides some
interesting statistics on the via-
bility of Moore’s Law (unfor-
tunately withourt stating the
original source): 24.8% believe
that Moore’s Law has ceased or
will cease with the size of 7 nm;
34.7% believe that Moore's Law
continues for the production of



HHS JATbHEHUEro pocta ueHsl MC B cBs3H C Tpya-
HOCTAMM KPEMHMEBOH TEXHOJOTHHU. OTpaCIeRoe
COOBMmMECTRO CTAPARTCH PA3BeATh 3TH COMHEHH .
Knwouom nag gankHefmero PA3SBHTHI 3MEKTPO-
HHKH B AyXe 3aKoHa Mypa By/yT HOBBIE TEXHO-
JOTHH, HOBbIE MaTEpPHANBl B HOBbIX Npubopax
{nanprumep, GaAs), 06HOBIEHHBIE GOPMBI IPOH3-
BOJCTEA M HAYUHEIX HCCIeH0BAHKE,

[onpobyem HECKOIBKO GOPMATLH3OBATE CUTYa-
OHIO C 3aK0OHOM Mypa. BaskHefmeH xapakTepu-
CTUKOW HC ABAAGTCS CTeNeHh MHTEIPALLMH [IPH
OIpPE/IeIEHHOCTH €€ CBA3H € KOHCTPYKLUHOHHBMH
pasmepaMH (TMHEHHBIMH PasMepPaMH 3JeMeH-
TOB, TJIOMALSMHA AYCHKH, TPAH3IHCTOPA, KPH-
CTajlla) ¥ Onpele/IeHHOCTH HX CBA3H C mapame-
TpaMH GYHKUHOHANRHOCTH (Hanpumep, GEICTpPO-
AeHCTBHEM) U ee obecneueHus (HAPUMED, MOI-
HOCThI0). B CBOW ouepenb, OMHOM M3 BaKHEHIHX
XaPAKTEPHCTHK CTEIeHW HHTeIPALUH ABNSETCH
TEMII ee TIOBHILEeHWS [IPH OIIPefe/leHHOCTH Bpe-
MeHH H3IMEHEHHH KOHCTPYKLHOHHEIX PAa3MepoB
M XaPAKTEPHCTHK PYHKIHOHANLHOCTH. 3aKO0H
Mypa BEOAUI yKa3aHHEBIE OIIPege/IeHHOCTH, HO B
HacToAlllee BpeMs OHH YaCTHUYHO HAPYIIeHB HIH
H3MEHEHEI, MO0ITOMY 3aK0H HacTHUYHO He BHIIIO/-
HAETCH.

CnenyeT OTMETHTE, uTO B Osiore {14] npuBoguTCcs
NOCTATOYMHO IMOMHAA IIMTATA M3 CTAaTkH Mypa B
kypHane "Electronis” 1965 roga. M3 uee cnegayer,
9T0 caM Myp paccMaTpHBasl CBOH 32K0H KakK 3KC-
TPAanOMSIIIHK IPOUINOTO0 ONBITA [IPOH3BOACTBA
Ha KOHEYHB ¥ BPeMeHHON MHTEPBAN, HAMPH-
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mep, 10 neT. B e ACTBHTEALHOCTH CPOK [eHCTRHSA
3aKoHa Mypa oKka3ajicsa CYyHIeCTBeHHO Honbie,
BoiusHHE 3aK0HA HA PA3BUTHE MHKPO3IERTPO-
HHKH MHOro0obpasHo. B 4aCTHOCTH, OHO CBA3AHO C
[TOBBIIIEHHEM CTEIIEHH HHTEIPAllMK M YMEHBLIE-
HHEM XapaKTepUCTHUECKOro pasmMepa, KOTOPHE
[IPOMOMKAINT JeHCTBORATD,

B 3aBepmeHHe oTMeTHM HecKoJhKo pabor,
B KOTOPBIX 0OCY>RAAT NpobnieMsl, CBASAHHEIE C
3aKCHOM Mypa H 00IeH CHTyaHeH B MM KPO3ieK-
TPOHHOM NPOMBIIIEeHHOCTH. [Ipeskie Bcero, aTo
cepud ¥3 YeTnpex 06/0roB Hoj o6W KM 3ar0/I0B-
koM: "3akoH Mypa cronuanca?" (Meoore's Law is
Dead?) [15-17]. B [15] orMeduaeTCs, 4TO [0 CYIIECTRY
3aKOH Mypa HHQOPMHEPYET 3KOCHCTEMY IOTpebu-
Te/IeHd YHIIOB 0 TPeH/e MacmTabuposanus HUC o
IIAHHPOBAHHA UX OM3Heca. OTMeqaeTcs, 4To B
OPHTHHANBHOM KOHLENNOHH 3aKoHa (1965 u 1975
ronoe) He ofcyxgaercs uneHa, 6eicTpogeficTBHE,
moTpefiageMas MOMHOCTS WJIH HAafEeXKHOCTE.
Peqb HIET TOMBKO O IEPHOAHMYECKOM YBEAHYECHHH
YHCI2 KOMIIOHeHTOB B KPHCTAJLJIE 34 CHET YBelH-
HeHHS [II0MIAM KPHUCTAania, yMeHbIIeHs pas-
MEpOB 37EMEHTOB M y/yYIIEHHS [IPOEKTHPOBA-
HHA. B rlepuof paciBeTa MHKPONIEKTPOHHKH 3T0
03HAYAN0, YTO B KaXK/I0H HOBOM reHepaLIHH YHII0B
Gonbmle KOMIIOHEHTOB, BHIIE GHICTPOARHCTBHE H
MEHBIIE [[eHAa KOMIIOHEHTa. B HacTosee Bpems
THMCI/I0 KOMIIOHEHTOB IIPOJIQJIKAET PACTH, HO IIPH
3TOM YJKe He JOCTHTAEeTCS OLHOBPEMeHHOE YMEHE
IIeHWEe PA3IMEDOB, yBelMYeHHe BEICTPOZeHCTRHA
M CHHYKEHHE CTOMMOCTH KoMOoHeHTa MC.

FD SOI or FInFET based ICs; 14.4%

attribute the extension of the
Law to the use of 3D-structures
and 12.5% to graphene; 13.6%
believe that the Law will never
lapse. The effect of Moore’s Law
has been ardently discussed
because of its importance for the
informarional community [13].
Moore’s Law was not some
internal instruction for micro-
electronics industry because
numerous consumers relied on
it too. The termination of the
Law has raised fears about fur-
ther price growth of ICs in con-
nection with the growing com-
plexity of silicon technology.
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The sector’s commuunity is try-
ing to dispel these doubts. The
key for further electronics devel-
opment in the spirit of Moore's
Law will be linked with new
technologies, new materials
used in new devices (e.g., GaAs),
modernized forms of production
and scientific research.

Let us try to somewhat [or-
malize the situation with
Moore’s Law. The most impor-
tant IC characteristic is the
integration degree along with
the certainty about its relation
to the structural sizes (linear
dinrensions of elements, areas
of cells, transistors, crystals)

and certainty about its relation
to functional parameters (e.g.,
speed) and their performance
{e.g., power). In turn, one of
the most impertant character-
istics of the integration degree
is its rate of increase with the
certainty about the timing of
changes in structural sizes
and functional characteristics.
Moore’s Law provided these cer-
tainties, but it has been par-
tially disrupted or changed, so
the Law partially fails.

It should be noted that the
blog [14] provides an almost com-
plete quote from Moore’s arti-
cle written in the Electronics
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3axoH Mypa npofo/KaeT AeHCcTBOBATE, HO yiKe
He obecrieurBaeT oblee SKCIIOHEHO MAALHOE pas-
BUTHE, II03TOMY H BO3SHHKJA THCKYCCHS O ero
roHie. B {16] oTMeuaeTcs, YTO POCT CTOMMOCTH
IpPOoneccoB NUTOrpaguM BRIAEIBABT 3aMell/IeHHE
HPOLLECCDB HEPEXD,E[EI. K HOBEIM XE.PELKTEPHCTH‘-IE"
CKHM pasmepamM. MHoOTroxpaTHas NHTOrpadgHsa
nocne 45 HM Ha ocHoBe HMCTOYHHKOE 193 HM Oof-
XOAKT K CBOEMY 3ROHOMHYECKOMY IIpefieny, XoTs
TEXHHYEeCKH HENPEOZOAHMBIX [IPEIIATCTBHE HET.

CoueTaHHEe TEXHOMOTHUECKUX H 3KOHOMHUECKHX
npobieM IPHBOAHT K Pea/IbHEIM OTPAHHUIEHHAM 3KC*

IMOHEHIIHAIEHOTO POCTA MEKPOIIEKTPOHEIONO PEIIIKA.
BO3MOKHO, OHH MOTYT OBITE CHSATHI 332 CHET HHHOBA-
LHH B CO3TAHHH HOBBIX THIIOB KHOYeH.

B [17] yka3riBaeTcs, 4TO 3aKOH Mypa IIpOCTO [IOL-
HePKHBAJI TEHJNEHIIHI0 IOCTOSHHOI0 YAYUIIeHH
XapakTepucTHK MC. B 1997 rogy Myp oTMeTHI, UTO
LBHTATENEM [POMBIMIIEHHOCTH SBASETCA HHIKAL
CTOMMOCTL M3HENHA, KOTOpas JejaeT ero pacipo-
cTpaHeHHbM. TIp#® GAHHAKOBOM YHC/IE TPAH3HCTO-
POB MOXKHO HOBBIOIATh GYHKIHOHANIBHOCTE H pac-
WUpATh o6nacTy npumererus HC. Hosas renepa-
yus ¥MC moxeT OHITE UK BBICTPEE, MK MEHBIIE 110

journal (1965). It says that Moore
considered his law to be an extrap-
olation of the past production
experience on a finite time inter-
val, e.g. 10 years. In fact, Moore’s
Law appeared valid substantially
longer. The impact of the Law on
microelectronics development is
manifested in many ways. In par-
ticular, this impact is associated
with a higher integration degree
and node size reduction, which go
on occurring.

In conclusion, we note several
works, which discuss the problems
associated with Moore's Law and
the general situation in the micro-
electronic Industry. Above all, itis

a series of four blogs titled "Moore’s
Law is Dead?" [15-17]. In [15}, it is
noted that essentially Moore's Law
informs the consumers of chips on
the trend in IC scaling for planning
their businesses. It is noted that in
its original concept, the Law (1965
and 1975) did not discuss the price,
speed, power consumption or reli-
ability. It only described a periodic
increase in the number of compo-
nents in a crystal associated with
the increasing chip area, reduction
in the size of elements and design
improvements. In the heyday of
microelectronics, it meant that
each new generation of chips had
more components, higher speed

and lower cost. Currently, the num-
ber of components continues grow-
ing, butitis no longer accompanied
by the diminishing size, increas-
ing speed or reducing cost of IC
COMMPONENtS.

Moore’s Law is stili working,
but it no longer describes the gen-
eral exponential development,
therefore it raised discussions on
its termination. In [16], it is noted
that the rising cost of lithogra-
phy causes slower transition to a
new node size. Multiple lithogra-
phy below 45 nm based o1 193 nm
sources is approaching its economic
limit, though technically it does
not have any insuperable obstacles.
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pasMepaMm nJIeMeHTOB, HAH GYHKIHOHAIEHEH, HIH
memenne. OBUHH BRIBOA: HOBasA FeHepal ks KOMMED-
yeckux MUC pomxHa BuiTh nyume, CobcTEeHHO, Ha 3TO
¥ BB HanmeneH 3akoH Mypa. Cam Myp npH3Haert,
YTO Ha3BAHHE ero GopMyNHPOROK BPEMEHHEIX TEH-
OeHOHH PAa3sBUTHE MHKPOMIEKTPOHUKY 3AKOHOM H
AONroBeUHOCTD HoCHefHero OblIM 4714 HeTO HeOXKH-
OaHHEIMH [18].

MacmrabHposaHye B MUKDPOMIEKTPOHMKE IPO-
IOOJKAETCH 32 CHeT MHHOBAlMHA B 0D/1acTH IIpoLeccos,
MAaTepHaioB H IlpoekTHpobaHua. C 1980 roga 1mo HacToa-
niee BpeMs LIeHa TpaH3ucTopa B FIC CHH3HAACk Ha LIeCTh
MIOPAILKOB, M Ha CEMb [T0PSIKOR BEIPOC PhiHOR TIPHITONKE-
HHH MC C3THMM TpaH3HCTOpamH [19].

Obutee yOOpOKAHHE Ha BCeX 3Talax [Ipou3BoAcTea HC
(puc.5), KOHeUHO, 3aMeIJIHIIO TEMIT Pa3BUTHIA IIONYIIPOBO-
IHHKOBOI 3MEKTPOHKKH, HO OHO [IPOAOIKAETCA BMECTe C
npofo/skeHHeM Macmabrposadus: 14/16 HM, 10 HM, 7HM
U ganee 5 M. [Ipu 3ToM MacirTabHpoBaHUe Ha YPOBHE
nprbopoR IOMOMHIETCS MACIITabHPOBAHHEM Ha yPOBHE
cucreM [21], co3gaerca onpegenennoe nogofre "BHPTY-
akHoM [BM” (virtual IBM's) c MacmTaBHpoBaHEieM 0T TIpo-
eKTHPOBAHHS, H3TOTOBIEHMSA H 10 KOpOyckpoBarus HC,
MacmtabupoBaHue 4acTo CBA3bIBAIOT C 3AKOHOM Mypa kak
CCHOBHEIM (PAKTOPOM PasBHTHS MUKPONIEKTPOHHKH.

3aKkoH Mypa CTas CHMBO/IOM PasBHTHL MHUKPO3IASKTPO-
HMKH. Bes 3NeKTPOHKMKH HEBC3MOKHO Pa3sBHTHE COBpe-
MeHHOro "yMmHoro" obuecTsa. Ha prc.6 Mbl HITIOCTPH-
PYEM 3Tallbl pAIBKMTHSA 3aK0HA Mypa KaK OTpaykKeHH s Pas-
BHTHS JeKTPOHHKH,

B RadecTBe 3ai/IIOHEHH S OTMETHM HEKOTOPHIE TEHFEH-
I[MH B pa3BHTHH COBPeMEHHOH MUKPONIEKTPOHHKH:

The combination of tech-
nclogical and economic prob-

number of transistors. A new

ITpoponskenue 2D-macmTabHpoBAHHMA TpH
XaPaAKTePHCTHYECKHX pa3Mepax 20/16/14 amM, a
B Bynymem ~ 10/7/5 HM.

IlpogoiiskerHre npoKl3sofcTea MC ¢ XapakTepH-
CTHUYECKHMH pasMepaMH = 28 HM.

Ynyumenue napaMeTpoB HMC B Tpuame 3p (power,
perfomance, price) - momHocTs, ORICTpOACH-
CTBHE, TIeH4,

Hcrons30BaHMHe TPAH3UMCTOPOB C MONHBIM obejl-
HEeHHEeM H NpoTHBOCTOAHHe FINFET u FDSOIL.
Passurtue 3D HMC u 3D TpaekTOpHH
MacmTabHpoBaHHS.

BypHoe pa3sBuTHe noMeHa "Jpyroe vem Myp".
OTHOCHTRNLHO MeQJIEHHOE PAIBUTHE NOMEHa
"Bue KMOIT",

AKLUEHT Ha OepeoCHAllEHHe, 4 He YBeIHYeHHE
[TPOM3BOACTREH HbIX MOULHOCTEH,

IlogroTroBKa HOBEIX TEXHOJOTHE I/ CHHXEHHA
cToUMOCTH 0BpaboTaHHOM NMIACTHHEL, BRIK-
qasn EUV—nHTorpaqgmo H IJIACTHHEL JHAMETPOM
450 MM,

O6cyxkpenHe 3akoHa Mypa IpH IOHCKE MyTel
LanbHeANIero pasBHTHS MHKPO3IEKTPOHHKH.
Hcrmonp30BaHHe 3HAYHTRABHOIO YHC/Ad HOBBIX
MATepHAaJIOB /17151 BHOBb pa3pabaThiBaeMbIX H yiKe
BBRIIIYCKAEMEIX THIIOB IpHBOpOB.

YCKOpEHHEe BO3ARHCTBHA TpeboBatKi 3aRa34H-
KOB M ROHeUHHIX noTpebuTenel Ha paspaborky
HOBHIX THIIOB NIpHOOPOB, HANPHMED, [JIS HOCH-
MO ¥ TIOTpebMTenbCKOH TEXHHKH.

[Nepexon K HOBOH CTPYKTYpe U3gaHuE ITRS -ITRS
2.0,

reduced by six orders of magni-

lems cause real limitations
for the exponential growth of
the microelectronics market.
Perhaps, these limitations can
be undone by innovations creat-
ing new type keys.

The article [17] states that
Moore's Law only highlighted
a trend of continuous improve-
ments in 1C characteristics.
In 1997, Moore noted that the
industry driver was the low cost
of the product, which made
it widespread. It is possible to
improve the IC functionality
and scope of use with the same
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generation IC may be faster, or
with smaller elements, or more
functional, or cheaper. The gen-
eral conclusion is that new gen-
erations of commercial ICs must
be better. Actually, this was the
objective of Moore's Law. Moore
himself admitted that he named
the temporal trend of microelec-
tronics development as a law,
but its longevity was unexpected
for him [18].

Scaling in microelectronics
continues occurring through
innovations in processes, mate-
rials and design. From 1980 to
present, the transistor price has

tude, and the market of IC appli-
cations with these transistors
has grown by seven orders of
magnitude [19].

The general rise in costs at all
stages of IC production (fig.5)
has certainly slowed down the
development pace of semicon-
ductor electronics, but it goes
on with the continued scaling to
14/16 nm, 10 nm, 7 nm and 5 nm.
Scaling at the level of devices is
complemented by scaling at the
level of systems [21], when a kind
of IBM’s Virtual is being created
with the scaling of IC design,
production and packaging.
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Scaling is often associated with

Moore’s Law as a major factor of
microelectronics development.

Moore’s Law has become a sym-
bol of microelectronics devel-
opment. Without electronics,
it would impossible to develop
a modern "smart" society. Fig.6
illustrates the development stages
of Moore’s Law as a reflection of
electronics development.

In conclusion, we bring forward
some trends in the development of
contemporary microelectronics:

» Continuation of 2D scaling

with node sizes of 20/16/14

nm, and later - 10/7/5 nm.
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Continuation of production of
ICs with node sizes = 28 nm.
Improvement of IC parameters
according to 3P Triad (Power,
Performance, Price)

Use of transistors with full
depletion and competition
between FinFET and FDSOI.
Development of 3D IC and 3D
scaling.

Rapid development of "More
than Moore" domain.
Relatively slow development
of "Beyond CMOS"” domain.
Focus on reteooling rather
than on increasing produc-
tion capacity.

|

Elaboration of new technologies

for reduction of processed wafer
cost, including EUV lithogra-
phy and 450 mm wafers, :
Discussion of Moore's Law
in search for ways of further
microelectronics development.
Use of a large number of new -
materials in newly developed -
and existing devices.

Increasing requirements of cus-
tomers and end users for devel-
opment of new devices, for
example, wearable and con-
sumer technologies.

Transition to a new ITRS struc-
ture - ITRS 2.0. |




