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3AKOHY MYPA 50 JIET: MACLLITABUPOBAHUE

3JIEMEHTOB UC

FIFTIETH ANNIVERSARY OF MOORE'S LAW:

SCALING OF IC ELEMENTS

B.BepHep, E.Ky3He110B, A.CaypoB / vdv@tcen.ru
V.Verner, E.Kuznetsov, A.Saurov

B nepBoi YacTu cepuu Ny6AMKaLMiA, NOCBALEHHbIX 50-1eTUI0 3aKkoHa Mypa, paccMoTpeHa ero cBsisb

¢ macwtabupoBaHmem snemeHToB NC.

The first part of the series of publications devoted to the 50th anniversary of Moore’s Law
discusses its correlation with the scaling of IC elements.

a 3ape UCTOPUU UHTErPaJbHOMN 3TeKTPOHUKHU

Ha 6a3e KpeMHus [ .Mypy, B To BpeMsl pyKOBO-

nuBIIeMy KoMmIaHued Fairchild Semiconductor,
yAanoch chopMyTHUPOBATH TEHAEHILIUHU ee JalbHeH-
Imero pa3BuUTHs. Hy>KHO 65110 JOKa3aTh, YTO HHTeE-
rpajbHble CXeMBbl 601ee IKOHOMUYECKHU MTPUBJIEKA~
TeJIbHBI, YeM peIleHHUs Ha JUCKPETHBIX /1eMeHTaX,
1103TOMYy 6bLiIa HCCIe0BaHA 3aBUCHMOCTb LjeHbl UC
OT YCJIOBUH ee IIPOU3BOACTBA, TO €CTh OT TEXHOIOTHH.
HabnromeHus oKa3blBaIM, YTO MUHMMAaJIbHa [1eHa
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MOCMU om yposHs npou3sodcmaa [1]

Fig.1. Minimizing the cost of the IC component depending on the
level of production [1]
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3aBHCHT OT YPOBHS TeXHOJIOTUH, KOTOPBIK MeHSIeTCs
co BpeMeHeM (puc.1).

YPpOBEeHb TeXHOJIOTHH OBLJT OLleHeH YHUC/IOM TPaH3H-
CTOPOB B MUKpOCXeMe, [TOJIyUYUBIIUM B AaJIbHEHIIeM
Ha3BaHMe "CTelleHb HHTerpanuu’ (puc.2).

CYWHOCTb U 3HAYEHUE 3AKOHA MYPA

Myp mepBoHaudaJbHO OOHAPYKUJ, UTO YHCJIO
TPaH3UCTOPOB IIPH BHIIIOAHEHHUHU YC/IOBUS MUHH-
MHU3ALKMU CTOUMOCTH €XeroJHO yABauBaercs.
ITocnenyoImKUKN aHaIKU3 pa3BUTHUS HC, BEIIIOTHEH-
HBIH yXe B 1975 rogy, mopckasan Mypy, 4To yaBoe-
HHe CTelleHH MHTerpaliuu IIPOUCXOJUT Yepes aBa
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Fig.2. The growth of IC integration [1]
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roga. 3acayra I.Mypa 3akjiw4aeTcs B TOM, 4YTO OH
chopmynupoBan TpeboBaHUS K TeMIy Pa3BUTHUS
pa3paborku u npoussoacTea HC. MMeHHO 3afaHue
TeMIia pa3BUTHUS HC 6b1JI0 0OTMeUeHO B [2] KaK I71aB-
HOe TOCTH KeHHe 3aKoHa Mypa, KOTopoe I103BOJIUJIO0
CPaBHHUTD €ro IOSBJIeHHe ¢ TAKUM 3I0Xa/JIbHEIM
sBJIeHHeM KaK MHTepHeT.

B [2] 3akoH Mypa 65111 Ha3BaH "60eBbIM bapaba-
HOM", KOTOPBIH OIpefie/Isiyl TeMII Pa3BUTHUs. MU Thl
c/lefiyellb 3TOMY TeMITy, U1K IIPOUTphIBaellb. MeHee
arpecCHBHBIM, HO HMEIOLIUM TOT K€ CMBICT, OBLIO
Ha3BaHUe 3aKOHa Mypa "MeTpoHoMoM KpeMHUeBO
moauHbl" [3].

3aKkoH Mypa orpezesi pa3BUTHEe MHKPO3/IeKTPO-
HHUKH I10 3KCIIOHEeHTe, KOTOpOoe, B YaCTHOCTH, BbIpa-
SKa/IoCh B IBYXKPAaTHOM HM3MeHeHHUH LieHH MC, Kak
Y CTelleHH MHTerpalllu, Kaskable ABa roga (puc.3)
4, 51.

Ho, kak oka3anoch, ABYX/JIeTHUK TeMII U3MeHeHHUH
HMMeeT OTpaHHUYeHH S ~ IIOC/eAYIOIIUI aHAIN3 IT0Ka-
3a, 4To OH 3aMepsiercs (puc.4). HecMoTps Ha 3To0
MOYKHO KOHCTaTHPOBAaTh, YTO [10KA MMeeTCS BO3MOXK-
HOCTb CHOPMYIMPOBATh 3aKOHOMEPHOCTb M3MEeHeHH S
TeMIIOB Pa3BUTH S MUKPO3/IeKTPOHUKH, 3aKOH Mypa
MIPOJO/IKAeT JeHCTBOBATh.

Pa3jnyus B OLleHKe 3aKOHA Mypa CBs3aHBL C €T0
I BOMCTBEHHOCTBIO. MI3Ha4Ya/IbHO OH 6611 cHOpMYyIHU-
POBaH KaK 3KOHOMHYeCKHUM 3aKOH 3KCIIOHeHIIHa/Ib-
HOI'0 pPa3BHUTH S HOBOro prlHKa HC, HO OIOpO 3TOro
CTajl aHAJIOTUYHBIN XapaKTep pa3BUTHUS TeXHOJOTUU
HC. TpeboBaHHS M3MeHEHUH B TeXHOJIOTHU B OIlpe-
JleJIeHHOM TeMIIe CTaJIM IJIaBHBIMHU BOCIIPUHHMAae-

LleHa B MacwTabe 1000 gonn.CLLUA 2005 roga
Price on a scale of 1000 USD of 2005

N
doToBoONbTaMKa (KBT),
HT=5 net

Photovoltaics (kWh),

@LT:S years
Wind power (kwh),

100 \_HT=7.6 years

x 3\\&\ |
\ HT=1,5 rosa
0,1 DNA sequencing,

kHT:l.S years
0,01 N~

(LUE [03Y (KBuT), HT=2 ro,u,a\ ¥\
DRAM (kbit), HT=2 yearsJ \

=)

(" BeTpoBble UCTOUHMKM
(KBT4),HT=7,6 net

[HK cexkBeHMpoBaHue —

0,0001

0,00001

1957 1963 1969 1975 1981 1987 1993 1999 2005 2011

Puc.3. Bpems,, Heobxodumoe 045 CHUXKEHUS 8 08a pa3a UeHbl
xapakmepucmuku uzdeaus (Halving Time - HT) [4, 5]

Fig.3. The time required to reduce twice the price of the product spec-
ifications (Halving Time—HT) [4, 5]

MBIMHU IIPH3HAaKaMH 3aKoHa Mypa. DKoHOMHYecKas
COCTABJISIONIAs, OCTABAsACh BA>KHOL, OTOIIJIA B OLICHKE
3aKOHa Ha BTOPOMU IIJIaH.

JercTBHe 3aKOHa Mypa [0JI>KHO BbI3bIBATh YMeHb-
IIeHHe 1[eHbl, HO YeT0 KMeHHO: QYHKIHOHA/IbHOTO

n the early days of integrated

electronics based on sili-

con, G.Moore, who headed
Fairchild Semiconductor at the
time, formulated the further
development trend of electron-
ics. It was necessary to prove
that integrated circuits were
more profitable than solutions
on discrete elements. Therefore,
research was conducted around
the correlation between the
price of ICs and conditions of
their manufacture, i.e. technol-
ogy. According to observations,
the least price depended on the
technological level, which was
changing over time (fig.1).

The technological level was
determined by the number of
transistors in a circuit, which
later was known as "the degree
of integration” (fig.2).

MEANING AND FOUNDATION OF
MOORE'S LAW

In the beginning, Moore con-
cluded that the number of tran-
sistors in the condition of cost
minimization doubled each year.
The subsequent analysis of IC
development, conducted in 1975,
convinced Moore that the degree
of integration doubled every two
years. G.Moore’s merit was that
he formulated the target pace

in development of IC design and
manufacture. Setting the IC
development pace was described
in [2] as the main achievement
of Moore’s Law, and it was com-
pared to such epochal phenome-
non as Internet.

In [2], Moore’s Law was called
a "battle drum" that set up the
pace of development. Either
you keep up with this pace or
you lose. A less aggressive title
of Moore’s Law, though hav-
ing the same meaning, was
"the Metronome of the Silicon
Valley" [3].

Moore’s Law determined
the development pace of
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CKOpOCTb yABOEHMA YMCIa
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The rate of doubling the number
of transistorsinan1C
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Mid 1970s Late 2000s

Puc.4. Tpu ¢a3bl 3akoHa Mypa (IC Insights)
Fig.4. Three phases of Moore's law (IC Insights)

3JleMeHTa - TPaH3HUCTopa - uUIHU bonee 06beMHON
dyHKOuK? HauHeM C I1epBoOTo.

VBeJIMYeHHe CTeIlleHH MHTerpaluu, IMOMHMO
CHU K@HH I CTOMMOCTH 3/IeMeHTOB, COIIPOBOXKAALTCS
ynydieHueM pabounx xapakTepucTuk HC. Tak, mpo-
HU3BOAUTEIBHOCTh MUKPOIIPOLIECCOPOB IIPHU TaKOM
TeMIle HHTerpalluy BO3pacTaeT B [Ba pa3a Kakble
18 mecs1eB, 4TO SABJISIETCS pe3y/IbTATOM POCTA YHCJIA

TPaH3HUCTOPOB U CHMKeHHS 3a[ep>KKU CHTHaJla Ha
3nemeHTax MC. Kak c/eACTBHS 3TOro 3aKOHA MOKHO
cbopMyIHMpOBaTh aHAJIOTUYHbIE YIYUIIeHUS U I
OPYTHX XapaKTepUCTHUK HC, TaKUX Kak moTpebise-
Masi MOIIHOCTb, CTOUMOCTbH, OBICTPOLEMCTBUE U T.[.
[ToaTOMY OUYeHb YaCTO IO/ 3aKOHOM Mypa 1ofpasyMe-
BAIOT U BCe C/Ie[ICTBUSI €T0 OCHOBHOI GOPMYITHPOBKH.
B 37011 HopMme 3aKOH Mypa meperrten 13 0671aCTH S3KOHO-
MHYECKHX B Chepy TeXHUUYeCKUX IIPOrHO30B. Ml MMeHHO
B 9TOU GopMe OH IOYyUH/I U3BECTHOCTD U CTasl CTUMY-
JIOM Pa3BUTUS MHUKPO3JIEKTPOHUKH.

B mpakTH4ecKoH JesiTeJIbHOCTH 3aKOH Mypa npen-
IoJIaraeT [JlaHKUpOBaHHe U OPraHM3allHu0 HayYHO -TeX-
HHYeCKOH esiTeJIbHOCTH, OIlpefie/ieHHe ee HallpaBiie-
HHH U II0OCTAHOBKY ITpo6JieM TaK, 4TOOBI ITPOJOJISKATh
ompeneneHHble TeHOCHIIMHU B Pa3BUTHHU MHUKPO3JIEK-
TPOHHUKH U, B 60JIee IIMPOKOM CMBIC/Ie, BCEI'O HAYYHO-
TeXHHUYeCcKOro mporpecca. Takum ob6pa3om, 3aKOH
Mypa 3aaj1 CTpeMUTe/IbHOEe Pa3BUTHE MHUKPO3JIEKTPO-
HUKH, YTO IIPHUBEJIO K OPMHPOBAHHIO HOBOI'O TeXHO-
JIOTUYeCKOro yKJIaJa — HHGOPMAIIMOHHOr0 06111ecTBa,
U CTaJIO IO CyIIeCTBY OCHOBOM 3KOHOMHMY€eCKOI0 IIpo-
rpecca 3a nociaenHue 50 jieT. 3TO pa3BUTHE IOBIU IO
U [IPOAO0JI’KaeT OKa3bIBaTh HEOCIIOPKMMOE BIHSHHUE Ha
BCe OTPaC/Iv IIPOM3BOICTBA, M3MEHMJIO COLIUAIBHYIO U
IOBCeAHEBHYIO JKU3Hb. 3aKOH Mypa B MUKPO3/IeKTPO-
HUKe IIPUBeJI K YCKOPeHHI0 HayYHO-TeXHHYEeCKOH PeBo-
JIIOLMH 1 3aPOKIEHHI0 HOBBIX MEKIUCIUIIIMHAPHBIX
HalpaBJeHHM, TAKUX KaK HAHOTeXHOJIOTHH, UCKYC-
CTBEHHBIN UHTEJIJIeKT U KOTHUTHBHBIE TeXHOJIOTUH.

IloBpIIeHMEe CTeIeHH UHTerpanuu HMC ectecTBeH-
HBIM 00pa30M CBsI3aHO C He0OXOAMMOCTBIO yMeHBbIIIe-

microelectronics exponentially,
which was expressed in the
twofold change in the price of
ICs and in the degree of integra-
tion, occurring every two years
(fig.3) [4, 5.

However, it turned out that
the two-year pace of change
had limitations. Further analy-
sis showed that it slowed down
(fig.4). Despite this, it can be
certainly stated that there is
still a possibility to formu-
late the change pattern in the
microelectronics development
rate, so Moore’s Law is working.

The differences in the evalu-
ation of Moore’s Law are related

HAHO WHOVCTPHA #4/5s8/2015

to its ambivalence. In the
beginning, it was formulated
as an economic law of exponen-
tial development of the new IC
market, but it was based on the
exponential growth of technol-
ogy. The requirements for intro-
duction of changes in the tech-
nology at a certain pace became
the main perceived signs of
Moore’s Law. The economic
component, while remaining
important, was pushed in the
evaluation of the Law to the
background.

The effect of Moore’s Law is
supposed to result in a reduc-
tion of price. But the price of

what? The price of the main
functional element, i.e. the
transistor, or of a more dimen-
sional function? Let us start
with the first one.

An increase in the degree of
integration, besides the reduc-
tion of the cost, is accompa-
nied by improved performance
of ICs. Thus, the performance
of microprocessors at this pace
of integration doubles every 18
months, which is due to the
increase in the number of tran-
sistors and the reduction of
delays in IC signals. Because of
this Law, similar improvements
can be formulated too for other
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HUS IJIOIAAM 3/IeMEeHTOB, HallpuMep, TPAaH3UCTOPOB.
9To yMeHblIeHHe (MacmITabHpoBaHHe) ITPOUCXOAUT
IIPOIOPLIMOHANTBHO GAKTOPy MacmTabUpoBaHHUS S.
Heob6X0mMMO OTMETHUTB, UTO eC/TH B IIepBoe JeCcITHIIe-
THEe B MUKPO3JIEKTPOHHKE COCYIIeCTBOBA/IH Pa3/IMYHEIe
cXeMOTeXHHUYeCcKHe 6a3UChl U, COOTBETCTBEHHO, Pas-
JIUYHBIe TeXHOJIOTUH (6Hn0n;{pr1e U Ha ocHoBe MOII-
TPaH3HCTOPOB), TO, HAUMHas € 1970-X TOI0B, IePBEHCTBO
npouHo 3axBatuia KMOII-6a3uc Ha OCHOBe KOMILIe-
MEeHTApHBEIX (P- ¥ N-KaHaJIbHBIX) MOII-TpaH3HCTOPOB.
[TosToMy 1104, 3aKOHOM Mypa IIpeJIiosaraloT KMeHHO
MaCI_LITa6I/Ip0BaHI/Ie KMOII-TexHOIOTUM, U, Ipexe
BCero, ee snieMeHTa - MOII-TpaH3uCTOpa.

HccnemoBaHHe MacmTabMpoBaHUS IIONEBBIX
MOII-TpaH3uCcTOpoB [JeHHapAoM [6, 7] IToKa3aso, 4To
€C/IM He MEeHSeTCs HANPSAKeHHOCTH I10J151, TO HAIIPs-
JKeHHe U BpeMsd 3aJep>KKU YMeHBIIAITCSA B S pas.
CremoBaTesbHO, OBICTPOLECTBHE PACTEeT, A SHEProIIo-
TpebieHUe nagaeT. TakuM 06pa3oM, MacmTabrupoBa-
HUe BIHAeT Ha Pa3BUTHE MHUKDPO3JIEKTPOHHUKH Uyepes
HM3MeHeHHe CTelleHHU UHTerPaAlMU U LeHb QYHKIHU
MC, a TakXe IOBBIIIeHHe PaboUnX XapaKTePUCTUK
HUC. Uctopuuecku macmTabupoBanue UC mpouino
HeCKOJIPKO 3TAaIlOB, KOTOPbIe OBIIHU OTPaskeHBI B HUX
ompeneneHUsax B U3gaHUsIX ITRS. B HeCKOIBKO aJallTH-
POBaHHOM BH/JIe OHU IIPUBEIEeHBI HHKE,

FTEOMETPUYECKOE MACILTABMPOBAHUE

FeomeTpuyeckoe maciutabupoBaHue (Geometrical
Scaling) HamrpaB/IeHO Ha IIOCTOSTHHOE COKpAllleHHe FOpH-
30HTAJIBHBIX U BEPTUKAIbHBIX GU3UYECKUX PA3MEPOB
obnacTeit GyHKITUI JIOTUKH U [IAMSTH JIJIS1 [IOBBIIIEHHS

IJIOTHOCTH 3/IEMEHTOB 1 QYHKIIHOHAIBHBIX XapaKTePH-
CTHK (CKOPOCTb, MOLIHOCTb U Ha/IeXKHOCTD), He0OX01-
MBIX JIJI5 IPHUJIO’KEeHHH Y KOHEYHOI'0 3aKa34HKa.

MacmTabupoBaHHe ITapaMeTPOB IIPOU3BOAUTCS
mocse BbIOOpa OAHOIO M3 HUX IIOCTOSIHHBIM. B Kaue-
CTBe IIOCTOSIHHOTrO PpaKTopa IPHU MacITabHpPOBaHUU
06BIYHO TPUHUMAJIHCh IIOCTOSIHHAS HAIIPSIKEHHOCTh
I10JIs1 UJIM IIOCTOSIHHOe HampsikeHHe [8] (Tabn.l). B
IoC/IeJHeM C/yvae 6bITM pacCCMOTPeHBI TPH BapHaHTa
yd4eTa 4acCTOTHI, a TAK)Ke BO3MOXKHOCTh y4eTa MHOI0-
SIepHOU CTPYKTYPEL.

Kasasocs, 4To MacITabHpoBaHHUeE [IOTHOCTBIO pelllaeT
npobyieMbl MUHHATIOPH3al U IIPH II0C/IeI0BaTellb-
HOM I1epexofie K Bce 6o/1ee MaJIbIM pa3mMepaM CTPyKTYp-
HBIX 371eMeHToB MOII-TpaH3KcTOpa. U IeHCTBUTe/BHO,
BIIJIOTb JI0 IPOEKTHBEIX HOPM 90 HM (2004 T.), ITPOKCXO-
nouaa MacmTabHas reoMmeTpUyecKasi MUHHATIOpH3a-
L1MS [IPU IIOCTOSSHHOM 3JIeKTPUYeCKOM I10J1e — BCe pas3-
MepbI TPaH3HUCTOPA U HAIIPSKeHHM S B HeM M3MeH SIIUCh
C TAKUM >Xe K0O3PHULIMeHTOM, KaK U MUHHUMaJIbHBIN
MATOrpaduUeCcKUU pasMep. DTOT MepHOJ Ha3bIBAKOT
"30/10TOF 3pOX MUHHATIOPH3ALIMH ', KOTIA YMEHBIIIeHHe
pa3MepoB TPaH3UCTOPa 6bLJI0 OTHOCUTETBHO MTPOCTOM
3a/layeli, C MaJbIMH H3MeHeHHSIMHU B ero CTPYKType
[IpH [epexojie OT OJJHOr0 TeXHOJIOTUYECKOro YPOBHS K
apyromy. OgHako HHKe 90 HM JaJIbHeHIIlee IIPOCToe
reoMeTpHYeCcKOe MacIlTabrpoBaHUe IPUBOAKIIO K YXY/-
LIEHMIO TPAH3HUCTOPHBIX XapAKTEPUCTHK.

3KBUBAJIEHTHOE MACIUTABUPOBAHUE
C yMeHbIIeHHEeM TOJIIIHMHBL 3aTBOPHOIO OKCH A
HuXe 1,6 HM pe3K0o BO3pacTaeT TOK IIPSMOTO

resulted in the acceleration of

characteristics of ICs, such as
power consumption, cost, per-
formance etc. Thus, Moore’s
Law frequently implies all the
impacts of its formulation. In
this form, Moore’s Law made
a transition from the sphere of
economics to the sphere of tech-
nical forecasts. In this form,
it gained fame and became a
stimulus for microelectronics
development.

In practice, Moore’s Law
involves planning and organiz-
ing scientific and technologi-
cal activity, determining its
areas and setting problems in a
way that helps to continue the

certain trends in the develop-
ment of microelectronics and,
in a broader sense, of all sci-
entific and technical progress.
Thus, Moore’s Law set up the
rapid development of micro-
electronics, which resulted in
the formation of a new tech-
nological structure, i.e. an
informational society, and
was essentially at the founda-
tion of economic progress over
the past 50 years. This devel-
opment has had an undeni-
able impact on all sectors of
production and changed the
social and daily life. In micro-
electronics, Moore’s Law have

scientific and technological
revolution and the emergence
of new interdisciplinary areas
such as nanotechnology, artifi-
cial intelligence and cognitive
technologies.

Increasing the degree of inte-
gration in IC is naturally asso-
ciated with the reduction of the
area of the elements, e.g., tran-
sistors. This reduction (scal-
ing) is proportionate to the
scaling factor S. It is notewor-
thy that if the first decade of
microelectronics saw various
circuit designs and, hence, all
kinds of technologies (bipolar,

#4 /58 /2015 NANO INDUSTRY
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Tabauya 1. CueHapuu macuimabuposarus [8]
Table1. Scenarios of scaling [8]

MocTosiHHOE HanpsXeHue

constV
MocTosaHHas TREEETE
"azpﬂ"‘f"."f;"’ MakcumasnbHas MocTosHHas  4YacToTamumucno MHorosaepHas
onst fie yactoTta yacrorta TPaH3MCTOpPOB CTPYKTYpa
Max f Const f B aape Multi core
Const f, N,,.,
OnviHa 3aTBOPa, Lyae S S S S S
LinpuHa 3atBopa, W; annHa S S S 1 S
MEXCOeANHEHUN, L i ]
HanpsaxeHwe, V S 1 1 1
EmkocTb, C S S S 1 S
3anaceHHas sHeprus,
Ugror = %6 CV2 S? S S 1 S
YacroTa, f 1/S 1/S 1 1 1
Y1Mcno TpaH3UCTOPOB B A4PE, 1/S? 1/5? 1/5? 1 1
Niran/COre s
Yncno spep/nnowanb Kpu- 1 1 1
ctanna, Nego/A
MOLLHOCTb Lenu npubopa, Py, S? 1 S 1 S
MOLHOCTb Ha eAMHULLY 1/S2 1/S 1 1
noBepxHoCcTU, P/A
f Niran Neore 1/s3 1/S3 1/52 1 1S

KBAaHTOBO-MeXaHHYeCKOro TYHHeJIUPOBaHUS,
U 3aTBOPHBIN LU3JIEeKTPUK U3 TPALULHUOHHOTO
OUOKCHAA KPeMHMUS TepsieT CBOM H30/JHUPYIOIIHe
cBO¥cTBa. BeIxon OBl HalifeH B MCIOJb30BaHUH

MOSFET transistor based), but
since 1970s, the champion has
been CMOS basis of comple-
mentary (p- and n- channel)
MOSFET transistors. Therefore,
Moore’s Law implies the scal-
ing of CMOS technologies, and,
above all, its MOSFET transistor
element.

Dennard’s study of MOSFET
tfield-effect transistor scaling
[6, 7] showed that if the field
strength does not change, the
voltage and delay time reduce
by S times. Consequently,
the speed increases and the
power consumption decreases.
Thus, the scaling affects the

HAHO WHOVCTPHA #4/5s8/2015

development of microelectron-
ics via the change in the degree
of integration, the IC price and
the improvement of the IC per-
formance. Historically, IC scal-
ing had several stages described
by their definitions in the ITRS
publications. These defini-
tions slightly adapted are given
below.

GEOMETRICAL SCALING

Geometrical scaling means con-
tinuous reduction of physical
horizontal and vertical dimen-
sions of the functional logic
and memory areas due to a
higher density of elements and

IOU3JIeKTPUKOB C BBICOKOM AHU3I€KTPHUUECKOH IIOCTO-
sHHOM (high-k -musnexkTpukos).

C TOYKH 3pEeHHs YIPABISIEMOCTH TPAH3UCTOPA,
TO €CTh BO3MOKHOCTH KOHTPOTHPOBATH TOK B KaHaJIe

improvement of functional char-
acteristics (speed, capacity and
reliability) required for applica-
tions of the end customer.

Parameters are scaled after
selecting one of them as a
constant. The constant field
strength or constant voltage
was usually taken as a constant
factor for scaling [8] (Table 1).
Three variants of frequency
consideration and a possibility
of multi-core structure consid-
eration were studied in the lat-
ter case.

It seemed that the scaling
resolved miniaturization prob-
lems by gradual transition
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3aTBOPHBIM HaIlpsS>KeHHeM, HeobX0q MO YTOOb! IIpH
MacmTabHON MHUHHUATIOPU3ALUH ye/lbHAs eMKOCThb
3aTBOPHOro Au3aeKkTpuKa C,, yBeaIH4YHBaaace. IIpu
reoMeTpUYeCcKOM MacCIITabUPOBAHUH 3TO yBeIH-
yeHHe 0becrednBaoOCh YMEHbIIeHHEM TOJIIIHHBI
3aTBOPHOrO AM3/IeKTpHUKa. OfHAKO MOKHO He YMeHb"
IIaTh TOJNIIHMHY, & YBeJIUYUTH JUIIEKTPHUYECKYIO
IIPOHHIIA€MOCTh 3aTBOPHOI0 JU3/IeKTPUKA, UCII0JIb
3ysl [PyTOM MaTepHaJl, YTo obecreuynT Heobxomumoe
3HaueHHe C, . TaAKKMM 06pa30M HCKIIOYAETCS yBeIH-
YyeHHe BePTHUKaJIbHOIO 3/IeKTPHUYeCKOTO I10/1 U Ipe-
LOTBpalllaeTcs 3aTBOPHAS yTeuKa. HCIonb3yeMbIH
OH31eKTPUK XapaKTepu3yeTcsl 3HaueHHeM '3KBHBa-
JIEHTHOHM TOJIIIIMHBI OKCHUIA KpEMHI/IH" (30T-EOT).
DTOT IOAXO/ Haya/Ik peajar30BbIBATH eIlle C IIPOeKT-
HBIX HOPM 180 HM. B KayecTBe aJIbTePHATHBHOIO TH3-
JIEKTPHKaA 10 IIPOEKTHBIX HOPM 65 HM HCII0/Ib30BaJICS
OKCHHMTPU/J KPeMHHUS C YBeJIMUHBaloIlelcs J1o/ler
HUTPHUJA 110 Mepe MacIuTabupoBaHUs (K, COOTBET-
CTBEHHO, yBeJIM4YeHHeM AHU31eKTPUYeCcKoM IIPOHHIIA-
eMoCTH /10 8-9). HaunHas c IpOeKTHBIX HOPM 45 HM
B Ka4YeCTBe 3aTBOPHBIX NH3JIEKTPHUKOB CTA/IH IIPHU-
MEeHSTh TaKHe MaTepuasl, Kak HfO, u ZrO,. 3ameHa
SiO, Ha ApyrHe AU31eKTPHUKU OblIa IepBBIM IIpHMe-
POM "5KBHBAJIEHTHOTO MaCIITabHpOBaHUS .
Hcmonp3yeMbIH B "30JI0TYI0 3py" MacmTabupo-
BaHMS B KadeCTBe 3aTBOPA JeTHPOBAHHBIN IIOIH-
KPeMHHUM ~ BBIPOK/JEHHBIM II0yIITPOBOAHHUK C MaK-
CHUMaJIPHON KOHLIeHTpaLMeHn mopsaka 1020 cm3,
[109TOMY Ha T'PaHHILIe C 3aTBOPHALIM JU3IeKTPHUKOM
npy pabouux HaNPsDKeHUSIX B HeM 06pasyeTcst coi
obeHEeHUSI HOCUTEISIMHU M COOTBETCTBYIOIAS eMy

to smaller dimensions of

eMKOCTb 0benHeHMs. Tak KaK 3Ta eMKOCTb He Mac-
mrtabupyercs, HeobXOLHUM IIepexo]] Ha HOBble MaTe-
pHasIBl 3aTBOPA — MeTa/UTHYecKHe. [IpK 5TOM HOBBIH
MaTepHaJs IoJIKeH ob1asaTh onpeneseHHON pabo-
TOM BBIXO[Q, HEOOXOLUMOH [JIsI 3aJJaHUS [I0POTrOBOTO
HaIpsiKeHU sl TPaH3UCTopa. TaKkol mepexos 6bL1 ocy-
IleCTBJIEH Ha pybeske IIPOeKTHBIX HOpM 45 HM (2007 T.)
OIHOBPEMEHHO C 3aMeHOHM OKCUHUTPHA KpeMHHUS Ha
HOBBIE IN3IeKTPUKH.

Co3maHHBIA TaKUM 06pa3oM ">KBUBAIEHTHBIN"
3aTBOPHBIN y3e/l B aHIJIOS3BIYHON JIUTEpaType
nonyuun obosHauenrne HKMG (High-K/Metal Gate -
MeTa//TM4YeCKHH 3aTBOP HA AUIEKTPHUKE C BBICOKOH
OU3JIeKTPHUUeCKOHN MocTossHHOM K). Hampumep, B
uccnenoBaHuu IMEC 6BIIM HCIIOJIB30BAHBI 3aTBOPEI
u3 TiN (115 n-KaHaAbBHOIO TpaH3ucTopa) U TaN (ans
P-KaHa/IbHOIO), a B KayeCTBe 3aTBOPHOIO JH3JeK-
Tpuka - HfO,, uto obecnieunBao 0T MeHee 1 HM.

"DKBHBAJIEHTHBIN 3aTBOPHBIH y3eJI [T03BOJIUII IIPH
MHUHHUATIOPU3AI MU COXPAHSITh BEPTHKAJIbHOE II0JIe
B TPAH3HUCTOpPe IIOCTOSSHHBIM, HECMOTPS Ha 3aMe]-
JeHHe IJIAHOMEPHOIO YMEeHbIIeHHU S HaIlPsKeHHU s
NUTaHUS. [I03TOMY, HAUKWHAS C IPOEKTHBIX HOPM
90 HM, fa/IbHeMIIee MaCIITabpoBaHUe TPAH3UCTOPA
OCYIIeCTBISIeTCS IIPH IIOCTOSIHHOM BepTUKAIBHOM U
yBeJIMYHBAIOIIEHCS FOPU30HTATBHOM COCTABIISIOMINX
37IeKTPHUUECKOro 1ojs. TaKoM CIleHapui MacImTabu-
poBaHUS pe3ko 0603HAUMII ITapa3sUTHEIEe "3 eKTH
KOPOTKOI0 KaHasa", CyTh KOTOPBIX CBOJUTCS K yBe-
JTUYeHUIO BAUSHUS HANPSKeHUH Ha 371eKTPoAax
CTOKA M MCTOKA TPAH3UCTOPA Ha IIPOTeKaHHe TOKa
B KaHaJje, YTO IPUBOAUT K Aerpajaluu pabouux

the structural elements of a
MOSFET transistor. Indeed,
before the design standards of
90 nanometers (2004), large-
scale geometrical miniaturiza-
tion had occurred with a con-
stant electric field, when all
the dimensions of a transistor
and the voltage changed with
the same ratio as the mini-
mum lithographic size. This
period was called the Colden
Era of miniaturization, because
reducing the size of a tran-
sistor was a relatively simple
task, with small changes in
its structure made during the

transition from one technolog-
ical level to another. However,
below 90 nanometers, further
simple geometrical scaling
resulted in deterioration of the
transistor characteristics.

EQUIVALENT SCALING

When the thickness of gate oxide
decreases below 1.6 nm, the cur-
rent of direct quantum-mechan-
ical tunneling increases dra-
matically and the gate dielectric
insulator conventionally made of
silicon dioxide loses its insulat-
ing properties. The solution was
found in the use of dielectrics
with a high-k of dielectrics.

From the perspective of tran-
sistor controllability, i.e. the
possibility to control the cur-
rent in the channel with gate
power, it is necessary to have
the specific capacitance of
gate dielectric C,, increased
when scaling miniaturiza-
tion. In geometrical scaling,
this increase was ensured
by reducing the thickness of
the gate dielectric. However,
rather than reducing the thick-
ness, it is possible to increase
the dielectric permeability of
the gate using another mate-
rial, which would provide
the required value of the C,,,
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XapaKTepPUCTUK TPaH3UCTopa. [JIsl IOAaBAeHUSI TUX
MapasuTHHIX 3¢ dekToB 6b1IH pa3paboTaHBbl CIIELIH-
ajJbHBIe MEeTOAB! "KaHAJIBHON MHKeHepHUH" - co3zma-
HMUe OIlpefie/IeHHOr0 IIPOQUIIs IerHPOBaHUS B 0671a-
CTH KaHaJa 1 CTOKOB/HMCTOKOB ITyTeM BBICOKO3HEPIHY-
HOM MOHHOW MMIUIAHTAllUU II0/ Pa3HBIMHU yIJIaMU
IIPHMeCHBIX aTOMOB.

Jipyro# 3¢ $eKT, KOTOPHIF CHJIIBHO OFPAHHUYHBAI
paboure xapaKTepUCTHUKH TPAH3UCTOPA ~ COIPOTHB-
JTeHHe CTOKOB/HMCTOKOB, KOTOpPOe TaK>ke He IOJ-
JaeTcsi TeOMeTPHUYEeCKOMY MacIITabHpoBaHHUIO.
[Tpobi1ema Oblsa pelleHa "SKBUBAJT€HTHBIM Mac-
mrabrpoBaHueM” - IIOCIeLOBATEIbHBIM II€PEXO-
IOM Ha HOBble MaTepHaJIbl B IIyHTHPOBAHUH 3TOTO
COIIPOTHBIEHHUS, HauuHag oT TiSi, (HpoekTHEIe
HOpMBI 350-250 HM) K CoSi, (90 HM) u manee K NiSi
(65-45 HM), a TaK>Ke Ha UCIIOIb30BAHUE 'TIPUIIOLN-
HSTBIX SMHUTAKCHAJIBHBIX CTOKOB/UCTOKOB U SiGe
KaK IIPOMe>XKYTOYHOIO CJIOSL MeXAYy CHIULIUAOM U
KpeMHHEM.

IIpu DOCTHU KeHUHU MPOEKTHBIX HOPM 28-22 HM
TpagUuLMOHHAA CTPpyKTypa MOII-TpaH3ucTOopa
cebs ucuepnana. CUIbHO BO3POCIIHUN TyHHEJb"
HBIHM TOK CTOK/UCTOK-TIOJIJIOKKA IIPUBOAHUT K Cyle-
CTBEHHOMY yXyAIIeHHI0O pabo4yuX XxapaKTepH-
CTHK. BB OCyIlecTB/IeH Ilepexo/ Ha TaK Ha3bIBae-
Mble "IIOJTHOCTBI0 06eHeHHBIe" CTPYKTYphl - KHU
(FD SOI) TpaH3ucTopbl U FINFET-TPaH3UCTOPHI
(fin - nnaBHUK). 34ech "3KBUBaeHTHOe" Mac-
mTabrpoBaHUe 3aK/II0YAETCS B UCIIOJIB30BAHUU
HOBBIX CTPYKTYpP C HAHOPa3MepHOM TOJIIIHHOMN
cnost pabouero xpemHHUs (061acTH mOJ 3aTBO-

leomeTpuyeckoe MacluTabrposaHue
Geometric scaling

DKBMBaNEHTHOE MacWTabnpoBaHMe 3a cHeT MHHOBaLNI

B apXmTeKType NpubOopOB M1 UCMOMb3yeMbIX MAaTEPUANOB
Equivalent scaling through innovations in the architecture
of the devices and in the materials

180HM 130HM 90 HM G5 HM 45 HMm 32 HM 28 HM

1999 2001 2003 2005 2007 2009 2011

Puc.5. OmHocumenbHble usMeHeHust QyHKUUOHAAbHbIX XapaKk-
mepucmuk [9]
Fig.5. Relative changes of the functional characteristics [9]

pom). ITonHOCTBI0O 0Ob6efHeHHbIe TPAH3UCTOPHI
ObIIM Ha3BaHBl "MHOro3arBopHeiMu" (MugFET).
YcinosHo FD SOI MOKHO CYMTATh OLHO3aTBOPHBIM
TPaH3UCTOPOM, Torga kak FInFET - nByx3aTBOp-
HbIHU. [IpeAmonaraeTcsi, 4TO IO Mepe JajbHel-

thereby avoiding the increase
in the vertical electric field and
preventing gate leakage. The
used dielectric is characterized
by a value "Equivalent to silicon
oxide thickness" (EOT). This
approach was used even with
the design standards of 180
nm. As an alternative dielec-
tric before the standard of 65
nm there was silicon oxyni-
tride with the share of nitride
increased in scaling (and thus
increasing the dielectric per-
meability up to 8-9). Starting
with the design standards 45
nm, the gate dielectrics were
made of such materials as HfO,

HAHO MHOVCTPHA #a/58/2015

and ZrO,. The replacement of
SiO, with other dielectrics was
the first example of "equivalent
scaling".

Gate doped polysilicon used
during the "Golden Era" of scal-
ing is degenerate semiconduc-
tor with a maximum concen-
tration of about 102° cm?3, there-
fore, it creates a carrier deple-
tion layer at the boundary with
the gate dielectric at working
voltages and the correspond-
ing depletion capacitance.
Because this capacitance was
not scalable, it was necessary to
make transition to new metal-
lic materials for gate. The new

material had to have a specific
output needed for setting the
threshold voltage of the transis-
tor. This transition was made
at the time of design standards
of 45 nm (2007) together with
the simultaneous replacement
of silicon oxynitride with new
dielectrics.

The newly created "equiva-
lent" gate node in the English
literature was designated as
HKMG (High-K/Metal Gate).
For example, in the IMEC
study, valves from a TiN (for an
n-channel transistor) and TaN
(a p-channel) were used, and
the gate was made from HfO,,
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mero macmrabupoBaHus "3¢PeKTUBHAS MHOTO-
3aTBOPHOCTH' TPAH3UCTOPHBIX CTPYKTYP U "3KBU-
BaJIeHTHAs'"' COCTAB/SIIONAS B MACIITAaOMPOBaHUU
3/1eMeHTOB byyT pPacTH.

Takum o06pa3oM, 3KBHBAJIEHTHOe MacIITabu-
poBaHue (Equivalent Scaling) - ynyumenue pabo-
YHX XapaKTePUCTHUK 2D u 3D-CTPYKTYyp He 3a CUeT
H3MeHeHH S XapaKTepHBIX TeOMeTPHUeCKHUX I1apa-
MeTpOB, a IIyTeM HCII0/Ib30BAHHUSI HOBBIX MaTepH-
aJIoOB, HOBBIX IIPOLIECCOB M HOBBIX MHTEIPalTbHBIX
CTPYKTYyp. DKBHBaJIleHTHOe MacIiTabupoBaHHe
MOXKeT HCII0JIb30BAThCSI KaK 6e3 reoMeTpHUIeCKOTrO0
MacmTabUpoBaHUS, TaK U COBMECTHO C HHUM,
JOIIONHSAS APYT Apyra. Ha puc.5 mpuBeneHo coOT-
HOIIeHHe BKJIAJIOB TeOMeTPHUUYEeCKOr0 M 3KBUBA-
JIEHTHOTI'0 MacIITabHpoBaHUS B MOBhIIIeHHe pabo-
4YHuX XapaKTepucTuk MC B mepuop 1999-2011 romos.

OYHKLMOHA/IbHOE MACLUTABUPOBAHME
CucTeMa, peanr30BaHHAs JIJIsl BHIIIOJIHEHHU CIIell-
HduuecKruX QyHKIHUHN C IOMOLIBIO ONlpe/ieleHHOM
TeXHOJIOTHUH, Ha3bplBaeTcsl QyHKIIMOHATBHO Mac-
mrabupoBanHom (Functional Scaling) ecinu Moxket
OBITH peasi30BaHa C HCIIOJb30BAHHUEM albTepHA-
THUBHOM TeXHOJIOTHH TaK, YTO ee QYHKIUU OyoyT
HUAeHTUYHBl QYHKIIUSIM OPUTHHATbHOM CUCTEMBI,
U I10 KpalHeHN Mepe ofHa U3 ee pabodyux xapakTe-
PHCTHK YJIy4lllaeTcs, a OCTaJbHbIe He YXYAIIAITCS.
Ha mpakTuKe QyHKIIMOHAJIbHOEe MacITabupoBa-
HUe [IpeJIIo/araeT TaKoe IpoeKTUpoBaHue HC, mpu
KOTOPOM ee II0C/Ielyollee U3TOTOBIeHHEe BO3MOXKHO
I10 Pa3/IMYHBIM IPOEKTHBIM HOPMaM.

3KBUBAJIEHTHOE MACLUTABUPOBAHUE HA OCHOBE
NMPOEKTUPOBAHUA

MacmTabupoBaHue 371eMeHTOB HC BBIABUTAaeT HOBBIE
mpobsieMBbl, HEeIIOCPeCTBEHHO KaCaIOIHecs IPOeKTH-
poBaHus UC Kak cucteMsl. [Io3ToMy HeobxonrMa pas-
paboTKa HOBBIX METOJOB IIPOEKTHPOBAHUS, KOTOpbIe
II03BOJISIIOT ITPY MacCIITabHPOBAHUHU JOCTUYb PabodHX
XapaKTepUCTHK HC, BKIII04asi TOTPebIsieMy o MOIIHOCTb
1 CTOMMOCTH B COOTBETCTBHUH C 3aKOHOM Mypa. Takoi
TIO/IXOZI, TIOJTyYMJT Ha3BaHHe "SKBHBAJIEHTHOE MaCIITa-
brpoBaHHe Ha OCHOBe ITpoekTHpoBaHus" (Design-based
Equivalent Scaling). OHo BK/IIO4YaeT reoMeTpHUYECKOe
Y 5KBUBAJIEHTHOe MacIITabupoBaHUe 31eMeHTOB HC
U I[I03BOJISIET JOCTHYb YIydlleHUs pabodux XxapaKre-
PUCTHK, IVIOTHOCTH YIIAKOBKH U JPYIHX ITOKa3aTesek
HereoMeTpPUYeCKHMH MeToJaMH. B3aMOCBSI3b THUIIOB
MacIITabupoBaHUs IPHBeEeHA Ha PHUC.6.

Puc.6. CoomHouleHue munoe macima6buposanus [10]
Fig.6. Correlation of scaling types [10]

which provided EOT less than
1nm.

In miniaturization, the
"equivalent"” gate node was used
to keep the vertical field con-
stant in the transistor, despite
a systematic slowdown in the
reduction of the power sup-
ply voltage. Therefore, start-
ing with design standards of
90 nanometers, further scal-
ing of the transistor was car-
ried out with constant verti-
cal and increasing horizon-
tal components of the electric
tield. This scenario of scaling
was sharply marked by spuri-
ous "short-channel effects",

which is essentially an increase
in the influence of voltages
at the drain and source elec-
trodes of the transistor on the
current flowing in the channel
that leads to degradation of the
functional characteristics of
the transistor. Special methods
of "channel engineering" were
developed to suppress these
spurious effects, which was
the creation of a specific dop-
ing profile in the channel and
drains/sources by high-energy
ion implantation at different
angles of the dopant atoms.
Another effect, which
severely limited the

performance of the transistor,
was the resistance of drains/
sources, which did not allow
geometrical scaling either. The
problem was resolved by "equiv-
alent scaling”, i.e. gradual
transition to new materials in
the shunting of this resistance,
from TiSi, (design standards of
350-250 nm) to CoSi, (90 nm)
and then to NiSi (65-45 nm),
and the use of "elevated" epitax-
ial drains/sources and SiGe as
an intermediate layer between
silicide and silicon.

Upon reaching the design
standards of 28-22 nm, the con-
ventional structure of a MOS
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PasjiM4yHBle MEeTOABl 3KBHBAJIEHTHOIO MacCUITa-
6upoBaHMS (KaK UHTerpPaJbHBIX 3JIeMEHTOB, TaK
M Ha OCHOBE IIPOeKTHPOBAHHUS) MOTYT 6BITh IIPU-
MEeHEHBI [/ Pa3JTuYHbIX TUIIOB C. 3TO mpHUBesIo
K TOMY, YTO yJIy4dIleHHs pabounx xapaKTepPHUCTHUK
B COOTBETCTBHU C 3aKOHOM Mypa CTa/ld XapaKkTep-
HBIMMU [Jis onpeneneHHoro tumna HMC. ITosTomy 1o
Mepe MacIITabHpoBaHU S IIPOUCXOAUT Ja/IbHeHIIas
ouddepeHianyg U crielianu3anysa MC Ha ypoBHe
IIPOeKTHUPOBAHM S, TEXHOJIOTHYECKUX ITPOLIeCCOB, a
TaK>Ke [IPOeKTHBIX HOPM.

TakuM obpa3om, B 0b1ieM cMbIC/Ie MacIITabupo-
BaHMe cJieflyeT IIOHUMaTh KaK MeTO/bl IIOBbIIEHK S
pabourx 1 QyHKIIMOHATBHBIX XapaKTePUCTHUK IIPH-
6opa, HauKHas OT TPAH3HCTOPa U 3aKaHYHBas BCel
CHCTeMOH.

Cpeny pacCMOTPeHHBIX METOAO0B MacCIITabHpoBa-
HH S BaKHOe 3HaUeHMs MMeeT YMeHbIIeHHe pasme-
POB, TO eCTb reoMeTpHUeCcKoe MacIITabupoBaHHUe.
B aToM ciydae ¢pakTOp MacmITabHpoBaHUS S faeT
BeJIMYHHY OTHOCHUTE/IbHBIX H3MeHeHHUH reOMeTpHU-
YeCKHUX pa3MepoB.

AGCOMIOTHBIE 3HAYeHHUSI MOTYT OBITH IIOJIyUEHBI,
eCJIM oIlpefie/ieHa Mepa MUHHMAaJIbHOIO XapaKTepr-
CTHU4ecKoro pasmepa - f. OnpezeneHre xapaKkTepu-
CTUYEeCKOI0 pa3Mepa IIpUBOAUTCA B U3AaHUAX ITRS
[J1s TOPHU30HTABHBIX HJIM BePTHUKAIbHBIX Ccedye-
HHUH 37IeMeHTOB TpaH3ucTopa [11]. Haubonee gacTto
UCIIONIb3YeTCs BeJIMYMHA, paBHas IIOJIOBUHeE 3a30pa
Mexay TUHUIMHU npoBogHuKOB (half-pitch - h-p) mep-
BOI'O CJ10s1 MeTasliku3anuu oJjist UC JO3Y unu roio-
BHHA LIara I10JIyKpeMHUEBbIX IIHH 151 G313V,

B mpuHIIUIIe T0f00HbIe OIlpefie/IeHH s MOT'YT ObITh
HCIIONB30BaHBI U OJ1s1 Toruveckux MC, B TOM 4HCJIe
OJIs1 MHKPOITPOLIECCOPOB (MII). Ho yaIe B KauecTBe
f myst MIT MCIONB3YIOT AT HY 3aTBOpa: QU3UYECKYIO
(CLph - physical gate length) nnu nutorpadudeckyro
(CL - Printed gate length). Takoe pa3nuuue B orpe-
neneHUU f BpI3BaHO pa3juyuMeM B KPUTHUYECKHUX
napamerpax 3Y u MIIL. g UC 3Y KpUTHUYHA CTe-
[IeHb MHTEerPalluH, KOTOpasi MOXKeT OBITh OXapaKTe-
pu3oBaHa dyepe3 BenuuuHy (h-p). st MII KpUTHYHO
OBICTPONENCTBHE, KOTOPOE OIpefiesiseTcsl depes
GLph.

H3MeHeHUe (h-p) IpoUCXoouT Ha 0,71 3a ofiuH
BpeMeHHOM LIMKJ HUIU Ha 0,5 3a ;Ba BpeMeHHBIX
nukaa. B 2013 rooy (h-p) MEHSJICS I10 TPeXToAHuyY-
HOMY LUKJY - 3a 6 yieT Ha 0,5. OKugaeTcs, 4To C
2017 rofa BHOBb HAYHETCS ABYXTOOHUYHBIM [IUKII.

Ecnu npu reoMeTprUYeCcKOM MacIITabMpOBaHU U
MHUHHUMAaJIbHBIN XapaKTePUCTHUUYECKUN pa3Mep
f monHOCTBIO Ompenensii ypOBeHb TEXHOJIOTHUH,
TO II0 Mepe BO3PaCTaHUS POJIH 3KBHBAJIEHTHBIX
THIIOB MacIITabHMPOBAaHUS OH TepsieT 3TO CBOe 3Ha-
yeHHe. [Jo3ToMy OblyIa BBeJleHAa XapaKTePHUCTH-
yeckas Mepa mMacliTabupoBaHUs, Ha3blBaeMas
"y3nmom" (Node Naming - N), KoTopasi oTpaskaeT
YCJIOBHBIM pa3Mep MHUHHMaJbHOIO 3JIeMeHTa, KaK
OH OBl M3MeHSIJICS IIPU IIOJIHOCTBIO TeOMeTpHuye-
CKOM MacIITabHpoBaHUM. XapaKTepUCTUKHU f 11s
pasHbIX TUIIOB MC uepe3 3HaueHUs h-p u N mpuBe-
IeHbl B Tab1.2.

Pa3Hble THUIB MacmTabuUpoOBaHUS CTalH
HUCII0JIb30BAThCSI HA Pa3HBIX 3TAallax Pa3BUTHI

transistor was exhausted. A
strong increase in the tunnel-
ing current of the drain/source-
substrate resulted in a signif-
icant deterioration of perfor-
mance. The industry made
transition to the so-called
"fully depleted" structures of
silicon-on-insulator (FD SOI)
transistors and FinFET tran-
sistors. Here, the "equivalent”
scaling is related to the use of
new structures with nanoscale
thickness of the working silicon
layer (the area under the gate).
Fully depleted transistors were
named "multi-gate" transis-
tors (MugFET). Conventionally,
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FD SOI may be viewed as a one-
gate transistor, whereas FInFET
is a two-gate transistor. It is
expected that with further scal-
ing, the effective multi-gate
feature of transistor structures
and the "equivalent” component
in scaling elements will only
grow.

Thus, the equivalent scal-
ing means improved perfor-
mance of 2D and 3D structures,
not due to changes in the typi-
cal geometrical parameters, but
due to the use of new materials,
new processes and new inte-
grated structures. Equivalent
scaling can be used either

without geometrical scaling or
with it, complementing each
other. fig.5 shows the ratio of
the contributions of geometric
and equivalent scaling to the
improvement of the IC perfor-
mance in 1999-2011

FUNCTIONAL SCALING

A system implemented to per-
form specific functions using a
particular technology is called
functional scaling if it can be
implemented using alternative
technologies so that its func-
tions are identical to the original
functions of the system, while
at least one of its performance
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Tabauua 2. Llenesbie nokazamenu MC [10]
Table 2. Target specifications of 1C [10]
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parameters improves and oth-
ers deteriorate. In practice, func-
tional scaling involves designing
an IC for which subsequent man-
ufacturing is possible using dif-
ferent design standards.

EQUIVALENT SCALING BASED ON
THE DESIGN

Scaling of IC elements poses
challenges that are directly
related to the design of ICs as a
system. Therefore, it is neces-
sary to develop new design meth-
ods that allow scaling with bet-
ter IC performance parameters,
including power consumption
and cost, in line with Moore’s

Law. This approach is called
"design-based equivalent scal-
ing". It includes geometrical and
equivalent scaling of IC elements
and allows achieving improved
performance, packing density
and other indicators, using non-
geometrical methods. The corre-
lation between types of scaling is
shown in fig.6.

Various methods of equiva-
lent scaling (both integral ele-
ments and design-based scal-
ing) can be applied for different
types of ICs. This resulted in
improved performance accord-
ing to Moore’s Law becoming
a characteristic for a specific

type of ICs. Thus, with further
scaling, there is further differ-
entiation and specialization of
ICs at the level of design, tech-
nological processes and design
standards.

Therefore, in a general sense,
scaling should be understood
as methods of improving the
working and functional char-
acteristics of a device, from a
transistor to the whole system.

Among the reviewed meth-
ods of scaling, the important
one is related to reducing the
size, i.e. the geometrical scal-
ing. In this case, the scaling
factor S provides the magnitude
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Tabauua 3. ConocmasneHue 3manoe pazaumust noAynposodHUKo80oL NPoMBbILLAEHHOCMU U NOCAe008ameAbHOCMU 3Manos MacmabuposaHus
Table 3. A comparison of the stages of semiconductor industry development and stages of scaling

STarnbl pasBUTUS NMOJIYNPOBOAHUKOBOM
NMPOMbILLJIEHHOCTU STanbl pa3BUTUS MacLlUTa6UpPOBaHUS

Development of scaling

Development of the semiconductor

industry
1960-e rofpl 1965 rog — dpopmMynmpoBka 3akoHa Mypa
1960s 1965 - formulation of Moore's law
Mpon3BOACTBO KOMMNOHEHTOB:
e 3ddexTnBHbIX 3Y Ans BT;
1970-e rofbl : gf/fkumﬂﬁm peansalm - CneLnalbHBIX 1975 rog, — macwtabuposaHue no leHHapay
1970s Production of components: 1975 — Dennard scaling
» efficient memory for computing;
» ASICfor special functions
Cneundukaums NC B pykax CUCTEMHLIX
WHTErpaTopoB. HOBble TEXHOJIOFMU BBO-
ASTCA Kaxable 3 roaa, BHavane ans 3Y, a MepBas 3pa — 3pa KAACCMYECKOro reomeTpuye-
1980-e rofbl 3aTeM Ansa normdeckmnx NC (M) CKOro MaclTabupoBaHms
1980s Specification of ICin the hands of system The first era — the era of the classical geometric
integrators. New technologies are introduced scaling
every 3 years, first for memory, and then for
logic ICs
Nlornyveckmne WC pas3BmBaIOTCSH YCKOPEHHO
B CBSA3M C BBedeHMEeM HOBbIX TEXHO0rum
Kaxable 2 roga. Koppenaumsa mexagy yayy-
LWeHneM TEexHONOormu npu macwTabuposa-
:E?bg;eoTBzI:Jc:mﬁmMn?-:(ea?’eaxToen?(MKl-cl)?-loncl)zTé BTopas 3pa — 3pa 3KBMBANEHTHOrO MaclTabu-
ETEOE ¢yH|<u,|/|0HanEHOCTAM - ,u,ox%,qos poBaHua (koHeL, 1990-x rogos). BBegeHue HOBbLIX
1990-e rogbl K npoussoauTensim NC. MNMpubbinb pacTeT Ha r;;ﬁg:;%%%‘gﬂﬂﬂ HOBbIX  CTPYKTYp  S/IEMEHTOB
1990s 17% B rog, _ ; ;
Cogic ICs are developing rapidy cue to the | [LESSCEnters e eaof sautalent scaing (ot
introduction of new technology every 2 structures of transistors
years. The correlation between the improve-
ments of technology and products causes a
partial shift to control of system functional-
ity and income to producers of IC. Profits is
growing at 17% per year

of relative changes in geometri-
cal dimensions.

Absolute values can be
obtained if the measurement
of the minimum characteristic
size f is determined. The deter-
mination of the characteristic
size is described in the publi-
cations of the ITRS on horizon-
tal or vertical cross sections of
transistor elements [11]. The
most often used value is equal
to half of the pitch between the
lines of conductors (half-pitch -
h-p) of the first layer of metal-
lization for DOSE IC or half step
of polysilicon buses for flash
memory.
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In principle, this determi-
nation may be used for logic
ICs, including microprocessors
(MPs). However, the length of
the gate is more often used as
f for MPs: physical gate length
(GLph) or printed gate length
(GL). This difference in the
determination of f is caused
by the difference in the criti-
cal parameters of the memory
and MPs. For IC memory, the
degree of integration is critical,
which can be characterized by
the value (h-p). For MP, speed is
critical, determined via GLph.

The change of (h-p) occurs
at 0.71 per one temporal cycle

or 0.5 per two temporal cycles.
In 2013 (h-p) was changed in
a three year cycle - by 0.5in 6
years. It is expected that 2017
the two-year cycle will resume.

While, in geometrical scal-
ing, the minimum character-
istic size f fully determined the
technological level, it loses its
value with the increasing role
of equivalent scaling. Therefore
characteristic scaling measure
was introduced, called a "node"
(Node Naming - N), which
reflects how the conditional
minimum element size would
change in full geometrical scal-
ing. The f characteristics of
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STanbl pa3BUTUS NOYNPOBOAHUKOBOM

NPOMbILLIEHHOCTU
Development of the semiconductor
industry

STanbl pasBUTUA MaclITabMpoBaHus
Development of scaling

MocnenHee pecsitunetve — BO3HUKHOBEHME

3KOCUCTEMbI  MOMYNPOBOAHUKOBOM
arpeccMBHbLIM  BBOA, HOBbIX TEXHOMOrMM
KaXxAable ABa roga, 3¢dekTUBHble KOM-
NeKCHbIE CUCTEMbI B 0AHOM Kopnyce (CHK,

pasButne cuctembl foundry no3sonset
n3rotaBaneatb MIC No npuemMaemMon LeHe,
4YTo 0becneynno BO3MOXHOCTb Pa3BUTUS

pa3BMTME MOJIYNPOBOAHMKOBBIX TEXHOI0-
M 06ecnevymno akTMBHbLINM POCT MPOM3-
BOJCTBA W pblHKA HOBbIX TMMOB NPUHGOPOB
(M3MC, nnockme naHenu, P4 mnT.4.)

The past decade — the emergence of a new
ecosystem in the semiconductor industry:

aggressive introduction of new technology
every two vyears, effective integrated
systems in a single case;

development of foundry allows the
manufacturing of IC at a reasonable price,
which enabled the fabless development;
the development of semiconductor
technologies has provided rapid growth
of production and market for new types of
devices (MEMS, flat panel, RF, etc.)

2000-e rogpbl
2000s
HOBOW
NPOMbILLIEHHOCTHN:
CBK);
fabless;
2010-e rogpbl ’
2010s

2005 roA — mpekpalieHuWe [encTBMS 3aKoHa
JeHHapaa

OrpaHun4eHms 2D-macluTabrupoBaHms

[Mepexop K 3D-CTpyKTypam

2005 - the termination of the Dennard’s law
Limitations of 2D scaling

The transition to 3D structures

TpeTbs 3pa MacwTabnupoBaHus — kKoMbuHaLms 3D
APXMTEKTYPbI C HU3KOW MOLLHOCTbO MprbopoB (3D
MacluTabuposaHme MolHocTv — 3D Power Scaling).
YBennyeHne 4mcna TpaH3UCTOpoB Ha 2D cioe
[JOMONIHSAETCS  YBE/IMYEHMEM  Yyuciaa  CJ10EB.
MA0THOCTL BO3pacTaeT 6e3 He0bX0AMMOCTU YMEHb-
LIeHWs pa3mepa 3nemMeHTa

The third era of scaling: combination of 3D archi-
tecture with low power devices (3D Power Scaling).
The increase in the number of transistors on a 2D
layer is complemented by an increase in the num-
ber of layers. The density increases without the
need to reduce the size of the element

[NaBHbIM CTAHOBUTCS He YyBenuveHne QyHK-
LUMOHANIbHOCTM, @  CHWXEHWEe  MOLLHOCTW.
MWHUMM3ALMSA MOLLHOCTM — [NIaBHbLIA CTUMYN
NpOeKTUPOBAHMS

The main thing is not increasing the functionality
but reducing power. The power minimization is the
main stimulus of the design

different types of ICs via the
values of h-p and N are given in
Table 2.

Different types of scaling
were used at different stages
of development of the semi-
conductor industry, shown in a
comparative table (Table 3).

The power consumption of
MOS transistor P, which trans-
forms into heat when switch-
ing with the frequency f, is
derived from dynamic P4y, and
static Py, powers:

P= den + Pstats 1)

den = CVzdd f, (2)

Psiar = Va Logr,

where C is the load capaci-
tance, I ¢ is the current in off
state (leakage current), Vg4 is
the supply voltage IC.

The dynamic power con-
sumption can be dimin-
ished by reducing the sys-
tem’s frequency f. The static
power of idle blocks can be
reduced to zero by disconnect-
ing them from the power sup-
ply. These two techniques,
which have been widely used
in the development of ICs with
the design standards below
180 nm, are the first examples

(3) of design-based equivalent

scaling.

Power consumption is a
restricting factor primarily in
systems working on accumu-
lators (laptops, tablets, cell
phones, etc.). ICs for them are
put into a separate low-power
class. Circuits, for which the
primary factor is the perfor-
mance and the maximum
power consumption is deter-
mined by the heat sink, are put
into a high performance class.

An example of design-based
equivalent scaling is the use
of multiprocessor systems.
Parallelization of computation
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[OJYyIIPOBOJHKUKOBOK IPOMBIIIIEHHOCTH, [I03TOMY
MO>KHO COCTABHUTb CPAaBHUTEIbHYIO Tabnuy (Tabin.3).

[ToTpebnasiemast MomHOCTh MOII-TpaH3ucTopa P,
KOTOpas BBIJEISETCS B BU/E TeIljla, [IPH IIepeK/Irye-
HUH C 9acTOTOM f CKIafbIBaeTCS M3 JHHAMHUYECKOH
Pyyn 11 CTaTU4eCKOU P, MOITHOCTeMN:

P= den + Pgrars @
den = CVde f, (2)
Pgac = Va Logr ©)

rge C - eMKOCTb HaTrPy3KH, [ ¢~ TOK B BBIKIIOYEHHOM
COCTOSIHUH (TOK YTeUKH), Vyq ~ HalpsiKeHHe ITUTaHUS
HcC.

JIMHaMUYeCKyo OTpebisieMyo MOIIHOCTh MOXKHO
CHM3HUTh, YMEHBUIUB 4acTOTy f cucTeMBbl. CTaTHYeCKYIO
MOIHOCTb HepaboTaromux 6710KOB MOXKHO CBeCTH
K HYJIO, OTKJIIOYHB OT HUX HAIIPSOKeHHe ITUTAHUS.
OTH [1Ba IpHeMa, KOTOPbIe CTaTH MK POKO UCIIONb30-
BaThCs IpHU pa3paborke MC mpOeKTHBIX HOPM HHKe
180 M, - mepBeIe IPHUMEPHI SKBUBAIEHTHOIO MaCIITa-
6MPOBaHMS Ha OCHOBE [IPOeKTHPOBAHHS.

[ToTpebieHHe MOIHOCTH SBJSIETCSI OTPAHHUYH-
TeJIbHBIM GaKTOPOM, B IIePBYIO 04epesb, B CUCTe-
Max, paboTammux oT aKKyMYyJIsITOPOB (HOYTOYKH,
IJIAHIIeTH, COTOBEIe TeaeoHB U T.A4.). UC gus
HUX BBIJI@TTHU/IHCD B OT/I€/IbHBIE KJIACC HU3KO-TIOTpe-
6asromux (low-power - LP). CxeMbl, IJ151 KOTOPBIX
IepBOCTEeIIeHHBIM GAKTOPOM SIBJISIETCS IIPOHU3BO-
OUTEeIbHOCTh, & MaKCHUMaJbHas noTpebnsemas
MOIIHOCTH OIlpeJeisieTCs TeIJIOOTBOAOM, BBIJe-

JIUJIUCH B KJIacC BeIcOKonpou3BoguTenbHbix (high
performance - HP).

[IprMepoM 3KBHBA€HTHOTO MacIITabHPOBAaHHS Ha
OCHOBE IIPOEKTUPOBAHMS ABIAETCSA MCIIONb30BAHHE
MHOIOIIPOLIeCCOPHBIX CUCTeM. PacmapajiieiuBaHue
BBIYHCIMTE/IBHOIO IIPOoLiecca C COXpaHeHHeM YacTOThI
IIPUBEJIO0 K YBeJIHYEHHUIO IMPOU3BOJUTENIBHOCTH
crcTeMbl 6e3 3HaUUTeIbHOIO YBeTHUeHHU s T0Tpebise-
MOH MOIITHOCTH.

AHanHu3 JaHHBIX O POCTe KOJIMYeCTBA TPAH3UCTO-
POB Ha KPUCTaJlJIe 3a MOC/IefHMe TOAbl II0KA3bIBaeT,
YTO HaMeTHJIOCh ero 3aMefieHue (puc.4). XoTs npo-
rpecc B obacTu 1UTOrpaduu obecriedrBal o Kpam-
Hel Mepe 10 2013 rona BO3MOYKHOCTH FeoMeTPHUeCKOro
MacImTabupoBaHHUS B COOTBETCTBHH C 3aKOHOM Mypa,
PeanbHBIA POCT IVIOTHOCTH TPAaH3HCTOPOB, HAYHMHAS
€ 2007 roma, YMEHBIIHJICS A0 KPAaTHOCTH 1,6 C Ka>KIbIM
HOBBIM TEXHOJIOTHUYeCKUM "y3710M". TaKoe OTCTaBaHUe
0OBSICHSIOT KaK 3KOHOMHUYECKUMHU IIPUYUHAMHU, TaK K
TeXHUYEeCKMMH OTPaHUYeHUIMU, HaK/IabIBa€MbIMH
HaJIe’KHOCTBIO, YC/IOBUSIMU 3KCIUIYaTalluM U apXUTEK-
TypOM IIPOeKTa, a TaK>Ke YBeJHUHBAOIIeHCsl BapHa-
6e/IbHOCTBIO TeXHOIOTMYeCKHX ITPOIeCcCOB. DTOT pas-
PBIB MeX/y 06yC/I0BIeHHOM IUTOr padHUYecKHUM IIaroM
"BO3MOKHOM" U "peasin3yeMoH " IIOTHOCTBIO 3/IeMeHTOB
[IOCTaBHUJI BOIIPOC O IeHCTBEHHOCTH 3aKOHa Mypa B ero
KJIaCCH4eCKOH GOpMYIHPOBKE.

Ilepexo Ha HOBbIe TeXHOJIOTHH BeZET K CyIeCTBEH-
HOMY YCJIOKHEHHIO ITPoeKTHPoBaHM s HIC. 3T0 CBA3aHO
C CyLeCTBEHHBIMU OFPAaHUYEHHSAMMU, HAKIAObIBA~
eMBIMHU Ha B3aHMMOPACIIOJIOKeHHe CJI0eB, a TaKXKe C
MYJIbTH-MaCOYHBIMHU TUTOrpadUsIMU, IIPUBOIALIIUMHU

with preservation of frequency
resulted in increased perfor-
mance without great increase
in power consumption.
Analysis of data on the
increasing number of crys-
tal-based transistors in recent
years has shown that there was
a slowdown (fig.4). Although
the progress in the field of
lithography ensured, at least
until 2013, geometrical scal-
ing in accordance with Moore’s
Law, the real growth in tran-
sistor density decreased to
a ratio of 1.6 since 2007 with
each new technological "node".
This lag is explained by both
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economic factors and technical
constraints related to reliabil-
ity, operating conditions and
design architecture, as well as
the increasing variability of
technological processes. This
gap between the lithographic
phases of "possible” and "fea-
sible" densities of elements
raised the question of the valid-
ity of Moore’s Law in its classi-
cal formulation.

Adoption of new technolo-
gies leads to a significant com-
plication of IC design. This
is conncted with significant
constraints lain on relative
positions of layers, as well as

multi-mask lithographs, result-
ing in a large variability of spu-
rious elements. Consequently,
there is an increase in the risks
for project profitability.

The situation is redeemed
by the methods of design-
based equivalent scaling (DES).
According to an optimistic fore-
cast, for server and desktop
systems processors, DES may
replace one node of scaling in
the period up to 2020. It is sug-
gested that DES may potentially
reduce the size of logic circuits
up to 63% of the current size
over the next six years and com-
pensate for the 1.6-fold increase
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K 6071110k BapHabenbHOCTH ITapa3UTHBIX 37IeMEHTOB.
BciiencTBHe 3TOrO yBeJIMYMBAKOTCSA PUCKH OKYIIaeMo-
CTH IIPOEKTOB.

CHUTyalMIo CIIacaloT MeTOABI SKBHBAJIEHTHOTO Mac-
mTabupoBaHUS Ha OCHOBe IpoeKTHpoBaHUs (DES).
CorsacHO OITUMUCTAYECKOMY IIPOTHO3Y, [IJISl CepBep-
HBIX IIPOLIeCCOPOB M IIPOLIeCCOPOB I HAaCTOJbHBIX
cucteM, DES MoskeT BO3MEeCTUTh OO H y3es Macurabu-
poBanus B mepuof 1o 2020 roxga. Ilpearionaraercs, 4To
HoTeHIIMaabHO DES MOKeT CHU3HUTE IJIOLIAAb JIOTHYe-
CKHX CXeM 10 63% OT CYLIeCTBYIOIIEI0 YPOBHS B TeUeHHe
[OC/AeAYIOIMIMX IIeCTH JIeT U KOMIIeHCHUPYeT 1,6-Kpat-
HBIM POCT TPAH3UCTOPHOM IJIOTHOCTH, TO €CTh 'CIIa-
caeT" 3aK0OH Mypa Ha 61K HIIN I [IePUOL, BpeMeHH.

NMEPCMEKTUBDI

B HacTosillee BpeMsl pa3MepHoe U QyHKIIMOHAIb-
Hoe MacmTabupoBaHnue KMOII-TeXHONIOIUHU SIBJISI-
eTCs OCHOBOM Pa3BUTHS U PealH3alliH B Pa3THUHBIX
MIPUJIOKEHHSIX TeXHOJIOTUH IIPOLleCCUHTa HHPOpMa-
LMY - IpHeMa, Ipeobpa3oBaHus, XpaHeHHUs, 0bpa-
60TKHM U Iepefavyy JaHHBIX. MHOTHe M3 3THX IIpH-
JIO>KeHUH CTaIH peasn3yeMbIMU braromapsi Bo3poc-
el IIPOU3BOAUTENBHOCTH U CJIOKHOCTH CHCTEM,
4TO 0becrednBanoch U obecriedynBaeTCsl MacIITabu-
poBaHueM HC. IToCKOIBbKY FeoMeTpHUYeCcKOe U 3KBH-
BajleHTHoe MacmTabupoBanue KMOII npubiauska-
eTcst K yHJaMeHTa bHBIM IIpefiesiaM, HeoOXoouM
IIOMCK KaK aJbTepPHATUBHBIX NPUOOPOB, TaK U ajlb-
TePHATHUBHBIX MUKPOAPXUTEKTYP [/ IIPOLIeCCHHTA
HHOOpMalIHUH, KOTOphle OBl PaCIIMPSIIN PYyHKIIHO-
HaJIbHOCTb CHUCTEMBI. ITO II03BOJIHJIO OBl IIOAIE€PKATh

MacmTabrupoBaHUe IPU CHUXKeHUH CTOUMOCTH U yBe-
NHYeHUU GYHKIIHOHAIBHOCTH CHCTEM IIPOLeCCHHIa
MHPOpPMaIMH. 3eCh BO3MOKHBI /1Ba IIOJIX0/a:

1. pacmmupenue PyHruuoHanbHoCcTH KMOII-
naatTGopMel 3a cyeT HMHTerpauuu KMOII-
TEeXHOJIOTUU C HOBBIMM TeXHOJOTHSMHU Pa3HBIX
THIIOB;

2. paspaboTKa abconOTHO HOBOK MapaJUIMBbl IIPOLIeC-
CUHTa UHGOPMALIUH.

Pa3peneHre MUKPO31eKTPOHUKH Ha OTZe/IbHbIe
IOMeHBI 6b110 ITpenioskeHo ITRS B 2005 roay, v CTajo
obmenpuHATEM (puc.7 U 8). COOTHOIIEHHUS MeXKIY
0603HauUeHHBIMHU BBIIIe IIOAXOJAMHU CXeMAaTHUYHO
Ipe/iCTaB/IeHO Ha PHUC.9.

PasButre KMOII-11aTtQopMEL 32 CYeT pa3aiuy-
HBIX THIIOB MacCIITabHPOBAHMUS IIOyYH/IO Ha3BaHHe
"Bonpure Mypa'. PacmupeHue pyHKIITMOHATBHOCTH
HMHTerpaJIbHOM CUCTeMBI ITOTy Y /IO Ha3BaHUe "Bosblie
yeM Myp'. HoBble TpU6OPEI /15 ITPOLIeCCUHTa HHOOP-
MallMH, TaK Ke KaK M HOBble apXUTeKTypHBbIe MOJ-
XOMbl, CTAJIM HasbslBaTh 'BHe KMOII"-TeXHOJIOTHH.
TeTeporeHHas MHTerpaLus moaxomos "BHe KMOIT",
KaK U nogxoza "bonbire vem Myp" ¢ pasBHUBaIOIIEHCS
natdopmort "Borbiie Mypa" 06pasyioT "pacmnpeHue
KMOIT". ITpu 3TOM IIpefIonaraeTcsi, 4To o BpeMeHeM
POJIb TeXHOIOTUYeCKOM MapaJUurMbl "CHU3y-BBepX B
M3TOTOBJIEHUH HHTEIPAJIbHBIX CUCTeM byzeT Bo3pac-
TaTh. TaKas obIasi KOHIEMIIHS FeTePOreHHON HHTe-
IPallMU [IPeJOCTaBIIsIeT BO3MOKHOCTb AaIbHEHIIero
MacmTabrpoBaHHUS CUCTEM IIPOLIECCUHTA HHbOpMa-
uuU U obecrieurBaeT rnepexof 0T KMOII-111aTGOpMBL
K HOBBIM 00/1aCTSIM HAaHO3/IEKTPOHUKH.

in transistor density, i.e. it
"saves" Moore’s Law for the near
future.

PROSPECTS

Currently, dimensional and
functional scaling of CMOS
technology is the basis for
development and implementa-
tion in various applications of
information processing technol-
ogies - data ingestion, transfor-
mation, storage, processing and
transmission. Many of these
applications have become feasi-
ble thanks to the increased per-
formance and complexity of the
systems that have been provided

by IC scalability. Since geomet-
rical and equivalent CMOS scal-
ing is approaching its funda-
mental limitation, we need to
search for alternative devices
and alternative microarchi-
tectures for processing infor-
mation that would expanded
the functionality of the sys-
tem. This would support scal-
ing while reducing the cost
and increasing functionality
of the information processing
system. There are two possible
approaches:

1) expansion of the CMOS
platform functionality by inte-
grating of CMOS technology

with new technologies of dif-
ferent types;

2) developing a brand new
paradigm of information
processing.

The division of microelec-
tronics into the individual
domains was proposed by ITRS
in 2005, and it became widely
accepted (fig.7 and 8). The ratio
between the aforementioned
approaches is schematically
shown in fig.9.

The development of a CMOS
platform due to different
types of scaling is called "More
Moore". The expansion of the
integrated system is called
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®yHKLMOHAbHOe pa3bueHne TeXHONOrni (TeXHONOT K 3a Npeaenamm 3akoHa Mypa)
Functional differentiation of technologies (technologies beyond Moore's law)

TpaauUMOHHbIE MOLeNnu
[LOPOXHOW KapTbl
Traditional models

of roadmap

[aTtynkun
McnonHutensHble
yCTponcTBa
Sensors, Actuators

BbICOKOBO/IbTHbIE
MOLLHbIE CXeMbl
High voltage circuits

AHanorosble/
BY cxembl
Analog/RF circuits

MaccuBHble CXeMbl
Passive circuits
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Biosystems on a chip
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Interaction with human and environment
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TexHonornsa sHe KMOT
Technology beyond CMOS

B

Puc.7. Pazeumue noaynpo8odHUKO80L mexHoA02UU NpUMeHUMeAbHO K 3dKoHY Mypa [12]
Fig.7. The development of semiconductor technology in relation to Moore's law [12]

B obmeMm ciydae cUCTeMa IpOLeCCHHTIAa HHPOP-
MalUM BKJIIOYaeT HeCKOJIbKO HepapxXH4YeCKUX U
B3aMMOJIEMCTBYIOII KX YPOBHel. Tak, HallpUMepP,
IIpU NIpoeKTHPOBaHUHU HC 3TH YPOBHU IIPOCJIEKH-

BAIOTCSI CBePXY-BHU3 — U3 OIIpefle/IeHUsI Ha3HAUeHU
CHCTeMBl U ee QYHKIIUU CTPOUTCS apXUTEKTYypa,
U [ajee IIOCJAeLOBATeNbHO: MUKPOAPXUTEKTYPa,
oTHenbHble 67I0KM (CXeMBl), 3JIeMeHTHI (TPAH3UCTOPHL

"More than Moore". New devices
for processing information and
new architectural approaches
were called "Beyond CMOS"
technologies. Heterogeneous
integration of "beyond CMOS"
approaches, as well as "More
than Moore" approach, with
the emerging "More Moore"
platform shape the "CMOS
extension". This means that
over time the role of techno-
logical "bottom-up"” paradigm
in the production of integrated
systems will increase. This
general concept of heteroge-
neous integration provides the
possibility of further scaling
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of information processing sys-
tems and provides a transition
from the CMOS platform to new
nanoelectronics areas.

In general, the processing
information system includes
several hierarchical and inter-
active levels. For example, in
the design of ICs, these levels
may be traced top-down - the
architecture is built on defin-
ing the purpose of the system
and its functions, and then
sequentially come: microarchi-
tecture, individual blocks (cir-
cuits), elements (transistors
and wires), a required techno-
logical process (which involves

the use of certain materials),
which form individual ele-
ments and the system as a
whole. Each level of the hier-
archy has its own technology.
However, one can also build
bottom-up hierarchy by first
determining the lowest physi-
callevel, i.e. the variable of the
informational state, and end-
ing in a system architecture
(tig.10).

In this representation, the
processing information sys-
tem has a device level, and the
fundamental unit of informa-
tion is represented by a vari-
able of state, for example, as it
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Fig.8. The domains of development of microelectronics. The arrows
show the influence of More Moore domain on the other [13]

U pa3BofKa), onbrpaercs He0OXOLUMBIM TEXHOJIO-
TUYeCKUH Ipolecc (IIogpa3yMeBaeT UCIIONb30BAHUE
oIlpefieJIeHHBIX MAaTepPHAJIOB), [10 KOTOPOMY GOpMHU-
PYIOTCS OTZe/bHBIe 3/IeMeHTHl U CUCTEMA B LIeJIOM.
Ka>kgomMy ypoOBHIO MepapXUH COOTBETCTBYeT CBOS
TeXHOJIOTHs. Ho MOKHO ITIOCTPOUTD TAKYIO HEPAPXHIO
Y CHHU3Yy-BBepX, OIlpe/le/INB CHada/a HU3IMUK QU3HU-
YeCKUH yPOBeHb — [IepeMeHHY0 HHPOPMALIHOHHOTO

SNnemMeHTbI
CyLecTBytOLLME TEXHONOTUN Elements

Existing technologies

SOWD papusixd

<“—— OW)I o19HHadumdeY

HoBble TexHonormm
New technologies

Puc.9. 2s8onouus pacuuperHbix KMOI [10]
Fig.9. Evolution of extended CMOS [10]

COCTOSIHMSI, U 3aKOHUYUB apXUTEeKTYPOH CHCTeMBI
(puc.10).

B TakoM mpeAcTaB/ieHHH B CHCTEMe IIPOLeCCHHTa
MHPOPMAILIMH BBIJIENSIOT YpPOoBeHD IIpubopa, a dyH-
JaMeHTa/JbHas eJUHHIIA HHPOPMALIMH IIPeaCTaB-
JleHa IlepeMeHHOM COCTOSIHHM S, HallpUMep, KaK 3TO
IenaeTcs ceryac - 3apsifoM (HallpsiKeHHeM) B y3jie
cxembl KMOII, u1H, KaK 3T0 6b1/10 B IIPOLIJIOM, PacIlio-

is currently done, by the charge
(voltage) at the node of the CMOS
circuit, or, as it was in the past,
by the location of the bone in the
abacus. The device in this case
is used to represent a physical
value and ensures the control of
transitions of the informational
variable between two or more
allowed conditions. It is a phys-
ical structure made of differ-
ent materials with special prop-
erties through the sequence of
technological operations. Thus,
it is possible to identify the most
important hierarchical level,
which is- the level of materi-
als science and technology. The

level of data representation in
this hierarchy describes how
the variable of state is encoded
by a group of devices for process-
ing data. The two best-known
examples of data representa-
tion are digital and analog sig-
nals. The higher level of archi-
tecture can be divided into sev-
eral subclasses. The subclass
nano-architecture or func-
tional primitives is used to build
another subclass of a computa-
tional model of an information
processing model, for example,
devices for logical or arithmetic
transformations, memory, cellu-
lar automata chains etc.

In fig.10, the yellow rect-
angles in a red box highlights
the elements corresponding to
the CMOS technological plat-
form. It is characterized by
the binary data representation
based on a variable of state, i.e.
electric charge, which serves as
the basis for construction of Von
Neumann’s computer architec-
ture. The elements drawn in white
boxes in this fig. are grouped into
five categories and they repre-
sent some of the most promising
innovative technologies that can
become the basis of a new scaling
paradigm for processing informa-
tion systems. [ |
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Fig.10. Systematics of the development of the existing and future
devices of information processing

NoskeHHeM KOCTOYKH Ha cyeTax. [Ipubop B aToM ciy-
YJae CJIYKHUT [IJIs [pencTaBAeHU s QHU3HUeCKOro 3Ha-
yeHHS U obecredyrBaeT yIpaBjeHHe IlepexoJaMU
MHQOPMAIMOHHOM [IepeMeHHOM MeXXAY ABYMS H/IH
HECKOJbKMMH pa3pelleHHBIMHU COCTOASHUAMU. OH
IpeAcTaBisieT cobor U3NUIeCKyIo CTPYKTYypy, chop-
MHPOBAHHYIO Pa3/IMUYHBIMHU MaTepHaaaMHU CO CIie-
LHaJIbHBIMHA CBOMCTBAMM IIOCPEACTBOM IIOCJIEeN0-
BaTeJbHOCTHU TeXHOJOTHYeCKHX ollepallul. TakKuMm
06pa3oM, MOXKHO BBIJETUTh BaXKHEHIINH HePapxu-
4YeCKHUU ypPOBeHb ~ YPOBeHb MaTepHaOBeJeHHUS U
TeXHOJIOTUK. YPOBEHb MPEACTABIEHH S JAHHBIX B
TaKOHW MePapXHM XapaKTepHU3yeT TO, KaK IlepeMeH-
Hasl COCTOSIHUSI KOAUPYeTCs I'PYIIION NPU60poB A1s
IIpOlleCCUHTa JaHHbIX. [IBa Hauboee U3BeCTHHIX
pHMepa IpeAcTaB/leHUs JAaHHBX - HUOPOBOU U
aHAJIOTOBBIM CUTHaJBl. bojee BBICOKHH YyPOBEHb
APXUTEKTYPBl MOKHO pa3buTh Ha HECKOJIBKO IIOJ-
Kjaccos. Iloakaacc HAHO-apXHUTEKTYPhl UIKU QYyHK-
LIMOHAIbHBIX IPUMUTHUBOB C/IY>KUT [J1s [IOCTPOeHU S
JAPpYyroro moAK/aacca - BBIUHUCIUTeTbHON MOJeIH UIH
MOJenHu IPOLeCCHHIa MHPOPMALIMK, HallpUMeD,
YCTPOMCTBA JIOTUYeCKHX UJIH apUPMeTHYeCKHUX IIpe-
06pa3oBaHUM, IaMSTH, I[elH KIeTOYHBIX aBTOMa-
TOB U T.nAO.
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Ha pmuc.10 sKeATHIMHU IIPSMOYTOAbHHKAMH B Kpac-
HOM paMKe BbIJleJIeHBl 3JIeMeHTbl, COOTBETCTBYIO-
[He TexXHOJIOTUYeCKOH nnatdopme KMOIIL. g Hee
XapaKTepHO 6GMHAapHOe Ipe/CTaBleHHe JaHHBIX,
OCHOBAHHOE Ha IIepeMeHHOU COCTOSIHUS — 3JIeKTPH-
4eCKOM 3apsijie, 4TO CJIY>KMT OCHOBOM JJIs IOCTpoe-
HUS BBIUHC/IHUTE/IbHON apXUTeKTyphl poH HerimaHa.
J/leMeHTHI, 3aKJII0OUeHHble Ha PUCYHKe B besble Ipsi-
MOYTOJIbHHUKH, CTPYIIIMPOBaHBI B IISITh KaTeTOPHU
Y [IPeJCTaB/AI0T HeKOTOphle Haubolee epCreKTHUB-
Hble MHHOBALIMOHHBIE TeXHOJIOTKMH, KOTOPBIe MOI'yT
CTaTh OCHOBOK HOBOM MacIITa6HpyeMO¥ MapaJUIrMbl
CHUCTeM IIPOoLeCCUHTa HHQOPMALIKMH.
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