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H4TO TOKOE MOAYMNPOBOAHMK?
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Kakme ObIBAOT MOAYMNMOOBOAHUNKMS
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BUMOAAPHbBIM TOAH3UCTOP
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HeMHOro MCTopPUM
e 1947 first point-contact transistor

» 30 nioHsa 1947 roaa y4eHble YUABIM
LLlokAM, YoATep bpatrerH m AXXOH
bapAH OObIBMAM O
CO3AQHMU TPAH3NCTOPA, A 23
Aekabpsa 1947 roaa m3obpeTeHme ObIAO
OPUULMAABHOE MPEACTABAEHO NYOAUKE.
MMEHHO 3TY AATY MPUHATO CYUTATH
AHEM MN30D0pPETEHUIA TOAH3MCTOPA (OT
aHrA. Transver Resistor —
TPAHCOOPMATOP COMPOTUBAEHMM).

» HobeaeBckag npemmsa 1956 roaq.

\

| Erg\w’rps://classes.soe.ucsc.edu/cmpeO12/Fo|lO9/Iec’rures/O]_Digi’roI_Logic_Tronsis’rors.pdf




CxemMda YCTPOMCTBA NEPBOro TPAH3UCTOPO

Bl — Screw
Plastic
Spring
Emitter lead Collector lead
Gold Foil =——
Germanium
Metal base

Base lead

Cry http://www.computer-museum.ru
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[leppBble COBETCKME TPAHM3INCTOPDI

HaunHasa ¢ 1947 r. B8 CCCP nHTeHCcuBHO
BeanCb paboTbl B obnacTtu
NonynpoOBOAHMKOBBLIX YCUNUTENEN - B
LIHAWN-108 (nab. C. I. KanawHnkoBa) n B
HWN-160 (HWN «UcTok», PpasnHo, nab.
A. B. Kpacunosa). 15 Hosa6pa 1948 rona B
XypHane «BecTHUK nHpopmauunn» A.B.
Kpacunos onybnukoBan ctatbio
«Kpuctannuyeckum Tpuoa». 3T1o bbINa
nepBasi nyonukauua B CCCP o

Cosemckue mpansucmoput [11A u [13A(c paduamopom). TPAH3UCTOPAX.
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YCTPOMCTBO NEPBbLIX TOAH3MCTOPOB

IMUTTED KONNEKTop
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[lepBbIN KPEMHMNEBLIW TPaHU3NCTOP

1954 ron
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HTO AEAQET TPAH3MCTOP B DBM?

Simple switch circuit

Switch open:
@ — No current through circuit
— Light is off

~N b isH2.0V

out

+
2.9V 7 \V} : Switch closed:

ou
— Short circuit across switch

— Current flows
— Light is on
-V__.is0V

Switch-based circuits can
easily represent two states:
gg/off open/closed, voltage/no

s.,;,r _f‘
7 voltage. s
&

S
Maxwell James Dunne — Winter 2016 CMPE-012/L

out

Digital Values » | lllegal -
F— —

[: Analog Values » 0 0.5 2.4 2.9 Volts




[TOAEBOM TDAH3UCTOP KAK KAKOY

Yunobam WWoknun, 1952 ron
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[TAOHOPHbIE MOAEBbIE TPAH3UCTOPbI

MMOS Transister
(n-¢hannel MOSFET)

~ 1960 rog



«[ TAOBHMKOBbLIE)) MOAEBbLIE TOPAH3INCTOPbI  ~ 2000 roa

FinFET

* Higher performance at lower voltages

e Less power

High-k
dielectric
e Oxide
Silicon Silicon
substrate substrate

(a) Conventional planar transistor (b) FInFET

Cruy




TexHoOAOrM4eckme TOHKOCTU M3TOTOBAEHMS
(MAABHMKOBbLIX)» NMOAEBbLIX TOAH3INCTOPLOB

Conventional poly-crystalline
metal gate (TiN) | Diffraction
PR pattern

Amorphous A
TaSiN metal R

gate electrode\-‘%';j h
¥ |

Newly developed amorphous
metal gate (TaSiN)

kA
l.

Fin channel

source

Y E, =E,/¢ Al, O, (¢ ~ 9), HfO, (¢ ~ 20) and
La,O4 (¢ ~ 30) gate dielectric.

Crust




/ MOKOAEHME NpoLueccopos Infel

Intel® Core™ |7 7700K

 TakTtoBas 4YacTtoTta ao 4.50
[u,

14 Hm nutorpadous,

e Oonege 7 Mmunnuapgos
TPAH3UCTOPOB Ha NnoLwaan
okorno 120 mm?

=] cru-z

...................

Processor |
Name

Code Name
Package
Technology

Spedfication

Kaby Lake

14 nm

Intel Core i7 7700K

Socket 1151 LGA
Core Voltage

1.200V

Max TDP | 91.0 W

e

Intel® Core™ i7-7700K CPU @ 4.20GHz (ES)

CpaBHute: 85 -100 mmnnuapaoB HEUMPOHOB B MO3re Ye1oBeKka

(intel')
CORE i7

https://sefenws/statya-obzor-processora-core-i7-7700k-kaby-lake-ili-skylake-refresh/
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3a4eM HY>KHbl MHOTO3ATBOPHbIE
(MHOTOKAQHAOABHbIE) TOAH3UCTOPbI?

Cxema mpéx3ameopHO20 Cxemamud4HbIUu 8ud 3ameopa (FINFET)
mpaH3ucmopa. mpaH3ucmopa

Cruy




8UCUMOCMb MOPO208020 HArpPSXXeHUS om OJIUHbI 3ameopa 08yX
gopm. mpareyuesuoHouU u udeasibHoU MPsIMoy20/1bHOU

D .ZD ' ' | ' I ' I ' I
o—= Trapezoidal FinFET
- =—a Rectangular FInFET

30 35 40




PacceaHmne aHeEPTMM Npr NEPEKAIOYEHMSX
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KpaTtkne npomexyToyHble BbIBOADI

Alp~100 MKA, V ~1B, At~25x10"10,

W~10"4Bt, E~2.5X 10~ JIx

1) Ecnun B paHHOM TakTe nepekntodnnucb 10° TpaH3ncTopos,
TO BblaenuBLUasica MoLHOCTb byaeT nopsiaka 100 Br.

2) Algp~100 MxA,  At~25x10"10¢,

AQ~25%x10"1*Kn ~15x%x 10°e

Cru
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Power Density (chmz)

TMNMYHbIE PACCEMBAEMBIE MOLLIHOCTU
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100
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AQTO-LLeHTP Facebook B LLseLmin

m |_|_|,a,£|,b - 6 yTOONBLHBbIX
Nne \

[ToTpebneHHas aHeprua 3a 2012 roa:
6/8 mnnnmoHoB KBT-4acoB
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MOLLLHOCTHU, MOTPEDAIEMbBIE CYNEPKOMIMBIOTEPLAMMU

-Computer» (AnoHusn)

CasHo-llyweHckaa N3C
12.7 MBT (Poccus) 6400 MBT



Kyaa agBuratbca ganblue?




1) NMpoaoAXaTb!

Pybex 5 HaHomeTpoB B34T : IBM, Globalfoundries 1 Samsung
co3ganu nepsbin B MUPE TPAH3UCTOP MO TEXHOMNOrMN 5-HM

107
10™
10°
10°
10
10°®
10

Dielectric under SD 48CPP Final Structure TEM

+— PTS only

X » o A A \s l
- Dielectric under SD

< Full dielectric isolation

—&— PTS with parasitic charge

Dielectric under SD 02 00 02 04 06
Vigs: (V)

2017 Symposium on VLSI Technology. Digest of Technical Papers. T17-5.

|
L"\\



YTOo nony4ynm?

5-HAHOMETPOBbLIK  TEXHOJIOMNYECKNM npouecc  NO3BONAET
ymectutb 30 MmnnnapaoB TPaH3UCTOPOB Ha 4yune nnowagbio C
YernoBeYeCKMM HOroTb, aHanorn4yHas no pasmMepy MUKPOCXema,
M3roToBfIeHHaa Mo /-HaHOMETPOBOMY nMpoueccy, BMeLlaeT
napaoB TPaH3UCTOPOB.

"5-nm with sheet widths from15 nm to 45 nm....”

Ho cHoBa 100 MKA TOK, 0.6 B HanpsxeHwue!



2) NoBepHYTbLCA NULIOM K don3unke!

1961 rog: Shannon-Neuman-Landauer:
minimum energy per bit

In practical CMOS: 10° - 10° Egruin
or (1-10 pW per gate at 3 GHz)

Cru




/lokasaTtesnbCcTBa NpuHUKMna JlaHaayapa
I3aMeHeHMNe 3HTPOMNMN B CUCTEME

a 6

CocTosiHue (a) COOTBETCTBYET OUTY MHd OpMaLnmM O YacTULE B CUCTEME.
[lepexog K CoCTOsAHMIO (6) NnpuBOAUT K NOTEPE 3TON MHPOPMaLIUN.

B pe3ynbrate BbINonHaeTcs npuHyun JlaHoayapa (1961 r.) —
paHue 6uma UHopmMayuu npueoouUm K paccesiHUK
3pauu kg T In2 e okpyxarowyro cpedy ¢ memnepamypou T.

*

(dnst HeobpaTUMbIX NPOLIECCOB)

Crut
Lab



AQ3EPHbIN MUHLLET

(b)

Nyabca iyyen ¢ 6oablienN MHTEHCMBHOCTbIO BbI3bIBAET NOSABEHME CUbI,
NpPaB/IEHHOW K LLEHTPY JI0BYLUKM.
[, LLUAp PACMnOJIOXEH B LLEHTPE NMy4ykKa, Kak MOKa3aHOo Ha pucyHke (b), cmna ykasbiBaeT
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CteknsHHas bycunHa ( 2 MKM) B 4BOMHOW ONTUYeCcKon JFTOBYLLKE

o~/

A. Berut, A. Arakelyan, A. Petrosyan, S.
Ciliberto, R. Dillenschneider, E.
Lutz"Experimental verification of
Landauer’s principle linking information
and thermodynamics” - Nature 483, 187—
189 (08 March 2012).

In classical circuits, the ultimately
low power dissipation can be
achieved in logically and
physically reversible circuits

O sBepmukanu nokasaH 3Hepeemuqec1<u[1 nomeHyuan
no ecopusoHManu — cmeweHue wapuka.

Cr
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OETAJIN SKCINEPUMEHTA

¢ suspension is introduced in a disk-shaped cell (18 mm in diameter, 1 mm in
depth), and a single bead is then trapped and moved away from the others, The
position of the bead istracked using a fast camera with a resolution of 108 nm per
pixel, which after treatment gives the position with a precision greater than 10nm.
The trajectories of the bead are sampled at 502 Hz, The double-well potential is
obtained by switching the laser ata rate of 10 kHz between two points separated by
adistance dr = 145 pm, which is kept fixed. The distance between the two minima
of the double-well potential is 0.9 pm, The height of the barrier is modulated by
varying the power of the laser from I =48 mW (barrier height, >8kT) to
Iy = 15 mW (barrer height, 2.2kT). The external tilt is created by displacing the
cell with respect to the laser with a piezodectric motor, thus inducing a viscous
flow. The viscous force is simply F= —9v, wherey = 189 107" Nsm™ ' is the
coefficient of friction and v is the velocity of the cell, In the erasure protocol, the

A
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2) NoHU3MTL PADOYYIO TEMMEPATYPY!

Egirmin = KgT I 2

,D,J'IFI YMEHbLUEHUA TOTEPb ,EI,GI7ICTBI/IT€J'IbHO JIOTMHHO TOHU3UTDb

Temnepartypy T npoueccopa,

HO NONyNnPOBOAHUKU “BbIMep3aloT’ NP HU3KUX
TemnepaTtypax.




CBepPXNPOBOAHUKME

/ B 1911 roay ronnaHackum

donsunk KamepnuHr-OHHecC
ODHapyXun, 4To Npu oXnaxxaeHun
PTYTU B XXNOKOM renuun ee
CONPOTUBIIEHME CHa4Yana MeHSAETCH
NOCTEMNEHHO, a 3aTeM Npwu
Temnepatype 4,15 K pesko nagaet
00 Hyn4.

Kamerlingh Onnes, H., "The

Superconductivity of Mercury."
Comm. Phys. Lab. Univ. Leiden; Nos.
o\ 122 and 124, 1911.




MCTOPMA MCCAEAOBAHMA CBEPXMPOOBOANMMOCTMU

933 Wi 1950 rog —

‘ roA — 3Q0EKT MencHepa —

e Aa. npegckasaHue adpdekrta JloHaoHa
B BL = (—)a) =1.137 X 107 11% Tx

1964 ron — 3Kcnep|/||v|eHTaanoe nouTBepm,ueHme

e —

B, gouss =0

T<TC

[{u]
REVOLUTIONS PER SECOND



1956 ropg — co3gaHne MUKPOCKOMMYECKON Teopuwn
ceepxnposoanmocT (bKL),nokasaBLuen, 4TO 3a ABNEHNE OTBEYAIOT
9NEKTPOHbI, CBSI3aHHbIE B Napbl B3aMMoaeNCTBUEM C POHOHaAMU
peweTtkn. B 1972 rogy paboTta otTmedeHa HODeNEBCKOW NpemMmnen



TyHHenupoBaHune mexay ceepxnposogHukamu (1960 roa)

g »
f 1t Al-A1,0, - In ir
z o
: >
g 12 i ok
z =
g 108 =
| S z
w
<
6_
Al=Al, 0,—Pb -
Al Al—A1,0,~Al o
>
o {
. -40 ~20 0 20 40
R e e e e CURRENT IN MICROAMPERES
MILLIvOLT

FIG. 2. Characteristic curves for tunneling between

two superconductors, showing agreement with the anal- FIG' 1' VOIta‘ge vs tunneling current for an AI-A1203-

ysis of Fig. 1. The curves Al-Al,05-In and Al-Al,0,-Al 1 -
are taken at T ~1.1°K, while the curve Al-Al,03-Pb is Pb Sa'ndWICh at 1 K'

at T ~1.0°K.

|. Giaever. “Electron tunneling between two superconductors”, PRL, v. 5. 464 (1960).
J. Nicol, S. Shapiro, P.H. Smith. “Direct measurement of the superconducting energy gap”,-

PRL, v. 5, 461 (1960).



OTKpbITUE KBAHTOBAHMUA MarHUTHoOro notoka (1961 roa)

Lig e -
0 o]
, : g 31 b
-=——fibre suspension -
3o
i (o]
‘El'?:' 2
© 5 °
~———— mirror g g
CP g E 00% A0 ¢80
: s 0
5 i 4
evaporated
lead film ﬁo um
— otfeleeds
. ] 1 1 A
quartz fibre : 0-1 0-2 0-3 0-4
\ = measuring field ) Trapping field (A em™")
-]

o
0.6
trapping field

Figure 6.1.1. Apparatus used in the measurement of the magnitude of the flux quantum.

®, = h/2e = 2.07 1015 B6

Cry Deaver B. S. J r.,. Fairbank W. M. "Phys. Rev. Lett.", 1961, v. 7, p. 43




OTKpbITME adhdekTa xo3edpcoHa (1962 ron)

1) OObgCHEHME cyLLeCTBOBaHNSA be3anccunaTMBHONO TOKa B TaKMX CTPYKTYypaXx,
Y>XEeHHOro, Ho He noHAToro |. Giaever(om).

2) lNpenckasaHne BbICOKOYACTOTHLIX OCLUMINIALMIA 9TOro ToKa Npu Hanm4nm
anpsKeHusl.

2 2
W, :_e[/:_nv f; = 0.5 I'Tu/mMkB
h D,

B. D. Josephson. “Possible new effects in superconducting tunneling”, - Phys. Lett, v. 1, No. 7,
p. 251 (2962) [ July, 1]



1968 rog — Pe3nctuBHas mogenb

Point
contact

ctepe3ncHasa BAX }/ | //

/ /
'lJ ) 4 ’im I/
/ lJ /IV

/ T-(8,+4) ;
/ . be3rnucrtepesncHas BAX

(a) (b)







1971 rog — nepBble NNaHapHble 4XX03edPCOHOBCKNE Nnepexoabl
c besrncrepesnctHon BAX

[>k03epCOHOBCKMM Nepexos BepxHui Nb-anexkTpop

g OKHO B nsonaTope
HwKHUK Nb-3nekTpos U SS-KOHTAKT

Vg ‘ ----- D,

' ----- f////////

[}

U~ -
% %@//////
‘
»

74

e

Tin Y silver

FIG. 3. One type of externally shunted Josephson
junction used in our experiments. Two of the three 6)
§-1-S Josephson junctions formed at the intersections
of the tin films are shunted with silver strips.

Puc.1. KOHCTPYKLUMSA NNAHAPHOIo A4)K03ePpCOHOBCKOro
nepexoaa (a) n ero BHewHum Bua (6). Mnaowaab nepe-
X043 9%9 MKM?

Cruy




MIMnynbcHOe nepeknoyeHne oxxo3edCoHOBCKOro nepexoga S-R-S

[Vdt = @, [TocmosaHHas naoujads
v odHoksaHmMosoz2o0 (SFQ)

e OTPRKER [Vdt= @, =hl2e = 2.07 MB-nc

XapaktepHasga aHeprus 2-10-1°9 [k

Y7y

TSFQ ~ 10_12 C

Vmax = 2|.R = 2 mB



RSFQ Aormka (1990 roa)

\ dc bias
CLK
— OuT dc bias -
IN dc hias
CLK
IN e G
"! ACTIVE lp dDEClSION- - OUT
ouTt TRANSMISSION STORAGE i kING
/ STAGE LOGP PAIR




KpaTKMe NPOMEXKYTOYHbIE BbIBOADI

* WwupuHa SFQ umnynbca: teeq ~ P /21 R, rae 21 R —BbicoTa Mnynbcea
* [lna Nb nepexogos npegensHoe BpeMs terq —> 0.4 PS;
* [Ansa cnoxHbix RSFQ uenen peanbHas paboyas yactotaf . ~ 1/(20 tepp)

* OueHka 419 sHepruu, BbigensieMon npm npoxoxaeHnn SFQ nmnynbca ~ % @ | ~
0.2X102° [Ix

XMNPOBOAHUKWN AQIOT YHUKAIbHYO BO3MOXHOCTb NepegaBaTbh NMMKOCEKYHAHbIE
HOBble NakeTbl 6e3 NcKaxxeHUs X OpPMbl, CO CKOPOCTbHO BIM3KON K CKOPOCTH
eTa (B 0T/Inume OT NosiynpoBOAHUKOB 34ecb HeT RC-3asepXeKk «Ha nepes3apsasky»)

MakcumanbHas paboyas yacmoma 07151 cCuCmem C 04eHb BbICOKOU CMeneHbH
uHmeepayuu (VLSI) ~ 250 'y npu Hu3kou nompebaaemou mowyHocmu!

Cru
Lab



[ToOOAEMBI: PA3MEPLI U Temneparypa (4 K)

«COE,LI,M HANTe/iIbHaa» MHAyKTMBHOCTb
(~6 pH)

_ WyHT (~1 Q)

son junction and resistive shunt connected by

[>xo3epCOHOBCKME NEpexosbl
NHAYKTUBHOCTb A5 «XPAHEHUA»

nHbopmayum (~12 pH)

Tunuy4HbIU fi02UYecKUU 31emeHm

Bbig0od: paszmep n02u4eCcKk020 3n1emeHma He coenams MeHbule
Cry HeCcKONbKUX MKM




US DEPARTMENT OF Ofﬁce Of

ENERGY Science

Supercomputer Titan at ORNL - #2 of Top500 Superconducting Supercomputer

Performance 17.6 PFLOP/s (#2 in world"}) 20 PFLOP/s ~1x
Memory 710 TB (0.04 BIFLOPS) 3 PB (0.25 B/FFLOPS) [
Power 8.200 kW avg. (not included: cooling, storage memaory) 80 kW total power (includes cooling) 0.01x
Space 4,350 fi2 {404 m2, not mcluding cooling) ~200 ft? {includes cooling) 0.05x
Cooling additional power, space and infrastructure required All cooling shown
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3) Tonbko N1 cBepxnpoBOANMOCTbL?

MO>XHO /I NCNONBL30BaTb «BpeAHbINY 3OPEKT TYHHENIMPOBAHUS?

CHOoBa HEMHOIro uctopum .
P . Giaever and H. R. Zeller

SUPERCONDUCTIVITY OF SMALL TIN PARTICLES MEASURED BY TUNNELING
| | Phys. Rev. 181, 789 — Publshed 10 May 1969

[
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FERMI LEVEL Orat PR T lvar Giaever — Hobeneckun naypeat 1973
roga 3a aKkcrnepumMmeHTarnbHOe OTKpbITUE
AUFILM - lsaPARTICLE]  Ar FILM TYHHESNbHbIX 3(PPEKTOB B MOMYyNpPoOBOAHMKAX

S SR N CBEpPXNpoBOaHMKaX (COBMeCTHO C Leo
Esaki n Brian Josephson)/
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Direct experimental observation of discrete correlated
single-electron tunneling
L. S. Kuz'min and K, K. Likharev

M. V. Lomonosouv State University, Moscow

(Submitted 6 March 1987)
Pis’ma Zh. Eksp. Teor. Fiz. 45, No. 8, 389-390 (25 April 1987)

Periodic oscillations observed on the current-voltage characteristics of granular
tunnel junctions can be described well by a theory of a correlated tunneling of
single electrons, This effect can be utilized to develop an ultrasensitive
(subelectron) electrometry.
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VOLUME 59, NUMBER | PHYSICAL REVIEW LETTERS 6 JuLy 1987

Observation of Single-Electron Charging Effects in Small Tunnel Junctions

T. A. Fulton and G. J. Dolan

AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 6 March 1987)

Unusual structure and large electric-field=induced oscillations have been observed in the current-
voltage curves of small-area tunnel junctions arranged in a low-capacitance (=1 fF) multiple-junction
configuration. This behavior arises from the tunneling of individual electrons charging and discharging
the capacitance. The observations are in accord with what would be expected from a simple model of
the charging energies and voltage fluctuations of ¢/ C associated with such effects.
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OAHO3/1EKTPOHHbIN TPAH3UCTOP
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Kak nogHAaTb pabouyyto temnepartypy go 300 K?

"OcTpoB” gomxeH 6bITb aTOMapHOro pasmepa!

molecule

Cry T=300KC =101 F =>R =1 nm => monekyna unu atom!!!




Mopgernb 0gHO3MEKTPOHHOrO OAHOMONEKYNAPHOro TpaH3ncTopa
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Imcema 8 XKITD, Tom 64, Bem.7, crp.510 - 514 ® 1996r. 10 oxrabps

OOHODRJEKTPOHHBIN TPAH3UCTOP HA OCHOBE OOHHOYHON
KJIACTEPHON MOJEKYJIbI ITPU KOMHATHON TEMIIEPATVPE

E.C.Candamoe'), B.B.Xanun, A.C.Tpucgonos, C.IT.I'Y6un*, B.B.Konecos,
A.E.Ilpecnoa, C.A.Sxoaenxo, I'.5.Xomymoa

Pusunecxuil daxyrvmem MoCKkoeckozo 20CyYIapCMeeHHOZ0 YHUSEDCUMEMA
119899 Mocxsa, Poccus

* Huemumym obweil neopzanuvecxoi xumuu um. H.C.Kyprnaxoea PAH
117907 Mocxaa, Poccur

+ Hucmumym paduoanexmponuxu PAH
103907 Mocxea, .Pm:.-_u.u

[Mocryrmna s penaxupio 18 cenrsfps 1996 r.

Cru




BOABT-OMMEPHAS M CUTHAABHASN XOPAKTEPUCTUKM
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Pic.2.  Bonbr-amnepHas XapaKkrepu-

CTHKa M 3aBMCHMOCTD ITPOBOAMMOCTH Voltage V.., {V]
OT TYHHEJBHOr0 HANPMXEHWUS OfHO-

MEKTPOHHOrO MONEKYARKPHONC TpaH3H- Puc.3. CHrHasibHble XAPAKTEPUCTHKHM CUCIEMBIL
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[TpoBOANMOCTbL HAHOMPOBOSIOKN Nepes pa3pbiBOM

§Eu gesyn, A. Stepanov, E. Soldatov, O. Snigirev. J. Supercond. Nov. Magn., (2015) 28: 787 -790.




MonekynapHbI 0AHOATOMHbBIN OHO3NEKTPOHHbIW
TpaH3ucTtop npun T =77 Kl

» Pasamep M™Monekybl
T > L ~ 5HM

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
VT,V

Monekysna aypodPumsibHOro rnpon3BoaHOro
TepnepugnHa Ha oCcHoBe poausa

MapwwnHues A.A., Wopoxos B.B., Conpatos E.C.,, WccnepgoBaHue BO3MOXHOCTWM MNOCTPOEeHUSNA
OHO3/IEKTPOHHOIro TPaH3nCTopa Ha OCHOBE MOJ1eKYJ1bl C OAHOATOMHbIM 3apsAA0BbIM LLeHTPoM, 3BecTus
PAH, 2017, 81 (1), 45-49.



(MeTaAAMYECKATd OAHOSAEKTPOHMKAN (1996 roa)

65
GruyoLak MoscoWllng: v Tilt 35

F ]

bottom electrode x -

L : island | Tpa6 — 003 K
gate elyectrode top e'ectrode

B————— %

Cru 618 HHX 188 nF
Lab : ‘




OQHO3NEKTPOHHAA A4enka NaMmaTn C BPEMEHEM XPaHEHUSI COCTOSAHMS
oornee 8 yacos
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B. A. KoynenuH, C. B. Aomxos, A E. lpecHos. JETP, 111, 344 (1996)




[TpOTOTUMBI HAHO3MNEKTPOHHbLIX TPAH3UCTOPOB HAa OCHOBE KPEMHUS
Ha nsonartope (2010 roa)
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KpaTKMe MPOMEXKYTOYHbIE BbIBOAbI

1) Alsp~50HA, V ~10MB, At~25x10"1%9¢ (At ~5x10713¢),
W~5x 10"19BT, E~1.2x 10719 Ix

2) Alsp~ 50 HA, At~25x10"10¢,
AQ~2.5x10"17"Kn ~ 10% e!
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MO>XXHO AU CAEAQTb TEXHOAOTMYHBIM OAHOSAEKTOOHHbIM
AH3MCTOP C «OCTPOBOM) M3 OAHOTO ATOMA¢S




N3mepeHns

1) Alsp~ 1HA, V ~2MB,
NFv=mw 2) At~2.5X1O_1OC(Atint~5X

— ¥ 1k

— V¥ =0.5mV
! — V = 0.25mV
™ S V =01mV

2) Algp~ 50 MKA,
At~25x10"10¢,
AQ~25x10""Kn ~8 x 10* e,
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OAHO31EKTPOHHbIN TPAH3UCTOP HA CUCTEME HEYNOPSAA0UYEHHbIX
HaHOYacTUL,
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Cucrema  30/10TbIX  HaHO4YacTUL  SBJISETCA  COBOKYMHOCTbIO
OOHO3/IEKTPOHHbIX TPaH3UCTOPOB, KOTOpPble B 3aBUCMMOCTU OT
COCTOAHWUW COCeaHUX YacTuuy HaxogaTcs nnbo B OoTKpbiTOM, nnbo B
3aKPbITOM COCTOSAHUMN.

Ha snektpoabl Vin1 W Vi,o NOJAETCA U3MEHSAEMbI BO BpeMeHU
curHan, Ha Vi — Vs ctatnyeckme noteHumansl. COOHOMo U3 3/1IeKTPOL0B
n3mepseTcs | g, — BbIXOAHOW TOK-CUTHA.

[1]S. K. Bose, C. P. Lawrence, Z. Liu et al, Evolution of a designless nanoparticle network into reconfigurable
Boolean logic, Nature Nanotechnology, 2015, 207.
[2] ). Han, Naturally random, Nature Nanotechnology, 2015, 10, 1011-1012.



Pe3epByapHble HENPOHHLIE CETU

Feedforward neural network Reservoir computing

Information flow

formatio
flow

Input layer Hidden layers Output layer <& Synaptic weight

TpeboBaHUA K pe3epByapHbIM Bbl4UCNEHWUA:
* BXxoaHble curHanbl AoNXHbl Npeobpa3oBbiBaThCA CYLLECTBEHHO HENMHERHbIM obpa3omMm.

- Pe3ep|3yap OonHeH oﬁna,anb BET}f}(aIOU_LElﬁ NamMmaATbio, 4TObLI nepemMmelwineaTe CUr'Hanel, Nony4eHHble
B Pa3Hble MOMEHTLI BRPEMEHN,

* MMPOCTPaAHCTBO COCTOAHWNIA PE3EPBYAPHON CETU JONHO COAEPKaTb MHOXECTBO HEYCTOMY MBbIX TOYEK
(B hypKaLMOHHBLIX TOYEK).

OJZIHDEU'IEKT[JDH HaHd CETk Ha NPUMECHBIX aTOMax — WNheallbHble KaH O O0aT OANAd NoCTPoeHN A pe3epByapHmT1
CEeTH,

[1]S. Abel, J. Fompeyrine, Neuromorphic devices & systems, IBM Research.

[2] F.-Q.Xie, M.N.Kavalenka, M.Roger et al, Distributed recurrent neural forward models with synaptic
Cru adaptation and CPG-based control for complex behaviors of walking robots, Front. Neurorobot., 2015, 9
(10), 530-538.




Pe3epByapHa$| BbIYNCITIUTESIbHAA CE€Tb HA NPUMECHbLIX aTOMax

= [lnametp

o kpyra
D ~200nm

LLnpuHa
3/1eKTPOoL0B
W ~50nm

PaccTosHune

| Mmexay
3/1eKTpodamMu
L ~15+25nm

Hernybokunx
NPUMECH bl X
aTOMOB

N ~ 500

Fny6oKunx
Mag=47001 K X WD = 3.1 mm 1 00 MM signal 2- InLens EHT - 10.00 k¥ Mperwre = 30.00 pm Date :14 Dac 2015 Gun Vac= 3.21e 010 mb n le M eCH bl X
SUPRA 403037 CRYDLAB MSU b—m8m8mm Tt = 0.0° Z=44.000 mm Nolse Reducilon = Line Avg  Systam= 5.26e 007 mb aTOM OB

Hannyne AMCKPETHOrO 3HEPreTMHYecKoro CreKkTpa 3/1eKTPOHOB U Npasusi oTbopa Mpu || -
TYHHENPOBAHMN MPUBOANT K BO3HUKHOBEHMIO MHOXECTBA YCTOM4YMBLIX COCTOSHMA B OEEP
Cry MHOronapameTpuyeckoMm NpocTpaHcTee, Netates  10°%.
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4) KBOHTOBbIE BbIMMCAEHUAC

Ha4yano nonoXxumnm [OBa OCHOBHbLIX OTKPbITUSA, 3a
KOTOpblE WX aBTOpPbl YyaocTounucb HobeneBckow
npemun. B 1918 rogy Makc lNnaHK OTKpbin KeaHm,
a Anbbept duHWTenH B 1921 rogy gpomoH. Noeq
CO30aHUA KBAHTOBOIMO KOMMbIOTEPA 3apogunach
980 rogy, korga Obl1O gokasaHa WCTUHHOCTL
HTOBOW Teopun. A naen Hadanu BonnoLwlaTbCA B
aKTUKy Tonbko B 1998 rogy. MaccoBble, n npwu
TOM  OOCTATOMHO  pe3ynbratuBHble  paboThl,
OBOAOATCHA TONbKO B nocneaHume 10 nerT.




HUMYASILMM C OTOMHbBIMM CUCTEMOAMM. KBAHTOBOS
MSATb HO OCHOBE OTOMA B PE3OHATOPE
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KBAHTOBbIE OUTbHI - KYOUTHI
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D-WAVE KBaHTOBbLIV KOMMNbIOTEP

A Unique Processor Environment

*Shielded to 50,000x less than Earth’s
magnetic field

In a high vacuum: pressure is 10 billion
times lower than atmospheric pressure
200 I/O and control lines from room
temperature to the chip

*The system consumes less than 25 kW
of power

Power demand won't increase with
successive processor generations



1000Q Quantum Annealing Processor
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10,960 QFP shift

register stages 128,472 Josephson junctions
18,304 flux DACs




NMPUHLINIM PABOTbI KBAHTOBOIO CUMYITATOPA







CMNACWMBO 3A BHUMAHWE

bnarogapto ceomx konner Bnagumupa KpyneHuHa, EBreHuga
ConparoBa, Bnagucnasa LWopoxosa, Hukonas KneHoBa, Aptema
TpudoHoBa, [HeHuca lNpecHoBa, Capkuca [arecaHa, MIBaHa
CarikoBa, Onera MyxaHoBa 3a npegocTaBrieHne martepmaros U
oBCyXXAeHne coaepXxaHus nekumm, Mmomx acnmpaHtos OAmutpuga
PblkMHa U AnekcaHgpa P>xeBcKoro 3a ooopMISieHME Npe3eHTauum.
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