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Intel 5 Ve
for 22nm Transistors in 2011




Source

Buried oxide

Source

Buried oxide Buried oxide

Silicon

Buried oxide

Silicon Silicon

Junction depth/Body Thickness (nm)

Extended

Multi-gate Planar Bulk

MOSFET

Fully Depleted SOI

10 15 20
Gate Length (nm)

Intel Corp.




JKCnepuMeHTanbHbIN TEXHOITE
/_\’
a3roToBneHmna MO KHY

MACKA 4

2. I3roToBneHre 3aTBOPHOIO CTEKQ;

3. U3rotoBneHue cnelicepoB, NCTOKa/CTOKQ;

5. 3roToB/ieHre KOHTAKTOB K CTOKY/ MCTOKY;

6. M3onsus TpaH3ucTopa, opMHUpOBaHUE
KOHTAKTHBIX OKOH;

7. MeTtaniusanusi.

100x8 MKM

100x100 MKM
OcHoOBHBI€ 3Tanbl U3TOTOBIEHUS :
1. @PopmupoBanue STI uzonsauuuy; —




Mag = 4762 KX EHT = 15.05 kV Date :22 Nov 2011 FTIAN
WD = 88mm Signal A = InLens Time :18:11:41

Mag = 257.38 K X EHT = 5.02kV Date :26 Mar 2012 FTIAN
WD = 3.8mm Signal A = InLens Time :14:38:13




O BJTEHIX

Mag= 6.31 KX EHT = 5.02kV Date :22 Nov 2011 _
WD = 74 mm Signal A = InLens Time 110:32:49 FTIAN EHT =15.06 kv Mag = 3954 KX Date :31 Oct 2012
WD= 3mm ' Time :19:05:40

HFW | mag | dwell det
30.00 kV|21.8 mm| 338 ym 800 x 100 uys ETD| SE
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EKTPOHHbIN
Raith-150

150x150mm stage for direct
writing over 6” wafers

Automatic airlock for sample
loading

Schottky thermal
field-emission filament

200V-30kV beam acceleration
2pA-10nA beam current
2nm beam resolution at 20kV

Laser interferometer for stage
positioning with ~3onm
precision




ﬂ&KTpOHHbII?I MUKPOCKON AnA nccnenoBaHus
HAHOCTPYKTYp ULTRA ZEISS

UI.TRA Plus

[IpocTpaHCcTBEHHOE
paspelnieHIe

1.OMnopu 15 kB 1.7
oM opu | kB
4.0 amaopu 0.1 kB

llnana.'soH Y BEJIIIUEHIIIT

12x—900 000x B
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100x—900 000x B
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myumie, uem 0.2% B dac.
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HaIIpsOKeHIIIT
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TAaHOBKA aTOMHO-CIToeBoro ocaxgeHug FlexAl
(Oxford Instruments Plasma Technology)

FlexALRPT

Substrates

Up to 200mm wafers
handling and pieces
on carrier plate

Precursosrs

Bubbled liquid and

solid precursors

Max precursor source
temperature

2002C (oven and
jacket)

Additional precursors

Water + ozone

Mfc controlled gas lines
with rapid delivery system

1) thermal gas
precursors (e.g. NH,,
0,)

2) plasma gases (e.g.
O, N, H,)

In situ diagnostic features

Ellipsometry, OES

Swagelok 10ms rapid
pulsing ALD valves

Yes

Removable inner chamber

Yes

Wafer stage temperature
range

550°C
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/ |CTaHOBKI/I dooTonutorpadum (Zuss)

N HaHeceHna pe3ncTta (Sawatec)




~— YCTaHOBKa ninasmMoxmMmmnyeckoro TpaeneHumsa Plasma
Lab 100 Dual (Oxford Instruments Plasma Technology)

ICP Etch(380)

3arpyzka

IITITEO3

ITogmoxk

g0 200 mMm

Jl11amazoH TeMIepaTyp

oT -140°C go +400°C

Bos0y:xaeHIie mnasMel

B

JIirunii razonogaun ¢ PPT

Jo 12 Ha KaxayIo KaMepy

[TnazMeHHas OUICTKA
KaMepE

€CTh

:BaKYYNHRﬁICHCTCMw

TMH

Crcrema yIIpaBIeHIIA

PC2000

PaGourie raser
S—

HCI, C4Hs, CF4, SFs, O2
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/ I!CTaHOBKa BbICTPOro

doOTOHHOIo OTXUra -
Annealsys AS-100

® Pyrometer and thermocouple
control

® Fast digital PID temperature
controller

Temperature range: RT to
1200°C

Ramp rate up to 200°C/s

Cooling rate up to 100°C/s

RTA (Rapid Thermal
Annealing)

RTO (Rapid thermal
oxidation)

Diffusion, contact annealing
Nitridation




eopunsd HAHOINEKTPOHF
npnbopos

©® TpebGoBaHUST COBpeMeHHOM 2/IEKTPOHUKH: Low-power
u High-performance

® AJbTepHATUBHBIE MEXaHWU3MBbI MepeHOoCa TOKaA:
TYHHEe/JIUPOBAHUE

® AsibTepHaTHBHbBIE MaTepHaJIbl: TpadeH U ero
MO PUKAITUH

® MacmrabupoBaHue TPAAUIIMOHHBIX ITOJIEBBIX
TPAaH3UCTOPOB;







Charged waves:

Schrodinger equation /.\/\

Charged particles:
Boltzmann kinetic
equation

Charged fluid:
Hydrodynamic equations




NoreBbIX HAHOTPaH3UCTOpax

GATE DRAIN

Si CHANNEL

©® IlonepeyHoe
KBAaHTOBAHUE;

~ GATE
INSULATOR

© TyHHe/MpoBaHMe U

nHTepdepeHIUs
9JIEKTPOHHBIX BOJTH;

©® KBaHTOBAas
CTAaTUCTUKA.




structure

® Effective mass and transversal
quantization energy

Source




Transversal quantization = Landauer-Buttiker formalism

(wave-guide modes) in a channel = /(V, - Z Z Z IdET )= fo(E)]
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i verlastlng controversy In Kinetic

simulation

® Distribution function (equilibrium) is known only in
contacts

® <
® Strong scattering in contacts
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teavy doping —
at S/D contact

Few of incident particles
surmount the barrier

=>

Equilibrium distribution
for particles

coming in the channel

[eV]
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—— Potential energy for different drain voltage _ _ _
| Fenrilevel in source contact Analytical solution obtained

. . . . . : for modified (BGK)
-10 5 0 collision integral
X, [nm] in T-approximation

High self-consistent barrier at S/D contacts
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Main strategy of simulation

® Self-consistent solution of

Schrodinger equation

+

Maxwell equation
(Poisson equation)




eguation
N2

O —2—A\P(X,y,2)+V()C,y,Z)\P(X,y,Z):ELIJ(X,)/,Z)
m

V(x,y,z) 1s a potential.

The direct solution of the stationary 3D Schrodinger
equation via a finite difference scheme comes across a
well known 1nstability caused by evanescent modes.

In fact, the exponential growth of upper modes
makes a computation impossible.
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LLIA, Arlzona State University):
results of simulation

00 0.5 1 1.5 2 2.5 3 0.1 0.2 0.3 0.4 0.5

Gate Voltage (V) Drain Voltage (V)




ion of Schroding It

transverse mode representation + high-precision
arithmetic

® 3 Zai(x)l//,-(y,Z)

where yi(y,z) is the i-th transverse mode wave function,
N is a number of involved modes.

The space evolution of coefficients a(x) is governed by matrix elements

M, (x) =<y, (»,2) |V (x,5,2) |y ;(¥,2) >

The oft-diagonal elements Mij manage the mode conversion.

The diagonal elements M.. manage the quantum reflection, interference and tunneling of the i-th mode.



coefficient T(E)
vs. electron energy E

(4 random impurities in a channel)
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[100] and [010] valleys [001] valleys

Transistor parameters are 10nm channel length and width, 5nm body thickness,
10720 cm”-3 source/drain contact doping, Snm contact length.




Gate voltage characteristics
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Sub-threshold swing is 71 mV per decade of current.




Impurities in channel:

1.2%10°

8.0x10°

—a— without inpuriies in channel
—eo— 1 positive inpurity in channel
—aA— 1 negative inpurity in channel
channel thidaess 3nm

<
=
D
=
O
T
©
| -
()

O.l4 ' O.l6
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Z Corrugated channel:——

[Al

—m— without narrowin chamel
—eo— NarowLeft0.5mm
—A— NarowRight0.5rm
chanel thidkness3nm

Drain Current
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Dispersion of characteristics

® 5-15% in calculated I-V curves

® <10% is an everlasting condition for large integrated
circuits

® More severe demands to technology may arise.




@ TpcOoBaHUsI K COBPEMEHHOM
ICKTPOHUKE




= pe6OBaHI/IFI K COBPEMEHHOW 3NNTEKTPOHUKE:

1) high performance

® RC 3azmepxka naBeptopa @ IlpengenbHasi yacToTa:
® mponéTHoe BpeMsi
® delay time = Rin * Cout

® HeoOxonvrma BeICOKas
IIPOBOAVIMOCTD KaHa/Ia ® HeoOxomymMa Masias
TPAaH3UCTOPOB U MaJIbIH UTMHA KaHa/ia

pa3Mep TPAaH3UCTOPA (Intel - 22nm)

® u/1Iu BbICOKAS
ITOJBYKHOCTD (HOBBIE
MaTepHaJibl)




TpeboBaHMst K COBPEMEHHOMN ANIEKTPOHUKE:
2) low power

® IloTpebnsemas ® IlaccuBHast MOIITHOCTH
aKTHBHAasi MOITHOCTD

P =1 OFFVDD

2 p

C VD =

® Heo0Oxoaym Majibld TOK

O HEO6XO,ZLI/IMO Majioe B 3aKPBITOM COCTOSTHUH
HallpsDKEHUME IINTAaHUA U @ bosbiioe OTHOLIeHHe
OBICTpOE TIepeKTIoUYeHHe

MEXY COCTOSSHUSIMU I I
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~ CHMXeHue aHepronoTpebneHud

Metal gate

Inversion channel

Threshold voltage On
5 current

Depletion layer

One decade
of current
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(yw) 97 quaiino ureig

Source

p-type silicon

Substrate (V)

Source-junction Drain-junction

- ¢ Gate voltage, Vg (V)
depletion region depletion region

IIpenenpHast KpyTHU3HA NepeKa0YeHusa: 60 MB/gek
AJISI TEPMO3MHUCCUOHOTIO Me€XaHU3Ma IlepeHoca TOKa
Kak cpenars kpyue?




TYHHenNbHblE TPAH3UCTOPLI
NMO3BOMNAT AOCTUYb

Nnoanoporosoun KpyTuaHbl Bbille (60mB/aoek)-1
Npy KOMHaTHOM TemMnepaTtype
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~—Tunnel FET vs. thermionic FET

.QC >

1) 0'.. /

onauction

\Conductlon

Iocexp{—eVB}
kT
a’ln[S e
dv,

= (60 rnV/dec:)_1

Limits the drive voltage V_>240 mV
to achieve 4 decade switching

I<[E -E,(V;)] exp{—

dinl
dv,

—> ©
E,—>E,

Low voltage switching possible —
low power operation
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" Tunnel transisors

Shottky-barrier FET

Interband tunnel FET

® Gate-controlled reverse-biased
Shottky junction

® Intraband
metal-semiconductor tunneling

Semiconductor

® Gate-controlled reverse-biased
Esaki junction

® Valence-to-conduction band
tunneling

Conduction




hottky-barier

ultimate subthreshold slope
I=1_+1

therm

D
]therm oC EXp {_k_;}

Thermionic
- 4 2m(I)3
X AR A
- SeNF( )
O

[HEY
O.

Current, a.u.

[HY
o

B =04 05 06 07
The subthreshold slope of tunnel Gate voltage, V

component s Iarge, only when Schematic view of current components in SB
tunnel component is small and FET vs gate voltage illustrating the
masked by thermionic current [ impossibility to achieve subthermal steepness

The (60 mV/dec)-1 limit persists , ;

A D. Svintsov et.al. Semiconductors 47, p. 279 (2013)
for SB FET despite the presence W. G Vandenberghe. et al. Appl. Phys. Lett. 102,
of tunneling 013510 (2013)
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FIGURE 3. Published [26], [29]. [31], [32]. [37]. [39]. [47] and extracted [27], [28], [30]. [33]. [35]. [41] TFET sub-threshold swing versus drain current per
unit width for n-channel (circle with solid line) and p-channel (diamond symbol with dashed line) TFETs that show SS near or below 60 mV/decade at
room temperature. With the exception of the CNT TFETs [48], [49] this is a comprehensive plot showing 12 TFETs with reported SS below 60 mV/decade.

H. Lu ans A.C. Seabaugh IEEE Journal of the Electron Devices Society 2 p. 44-49 (2014)
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Nonzero current
due to tunneling
from the DOS

tails!

Band overlap
due to DOS tails

E.O. Kane Phys. Rev. 131, (1963)
S. Mookerjea et. al. IEEE EDL 31 (2010)
DOS C.D. Bessire et. al. Nano Lett. 11 (2011)
>




—— With DOS Tails
Perfect bands
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into account the band tails (solid)




T

- Multigate TFET with electrically
induced p-n junction

N Gated section ;

Source |G,, V,<0| |G,, V.,>0| Drain

- Field-
induced p
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1 —15 R JoRlenaevely Siens
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Gate Voltage, V

Simulated I(V ;)-curve for multigate FET with
electrically induced junctions (MG TFET, solid) and
common FETs with doped source and drain

*Gate dielectric 2 nm, k=25

(e.g. HfO,);

?-Distance between gates

(“doping” and  “control”
gates) is 2 nm;

~ +10 nm SOl thickness;
- «Better subthreshold due to

tunneling in undoped
region (no band tails);

3 eHigher current due to

abrupt screening of
potential below the “doping”
gate.




Graphene FETs




~-Graphene and nanotub=<
electronic properties o
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structures

Graphene

Deposited or epitaxial (on SiC or Suspended graphene or twisted
hBN) graphene: mobility graphene stack: mobility
5000-10000 cm”2/V s due to 100000-200000 cm”2/V s
interface defects and bulk phonons no

interface defects and bulk phonons




After annealing
1(5K) = 170.000 cm*/Vs

90K
150 K

230K

|n|<n* |n|>n*
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FET structure

TOP GATE DRAIN

SOURCE

BOTTOM
GATE
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" rpadpeHe

® BpIcokasi YacTOTa MEeX31eKTPOHHBIX CTOJIKHOBeHUU
MTO3BOJISIET ONMCHIBATh TPAHCIIOPT B TUAPOJAMHAMUYECKON
MOZeTn

2
8(peue)+ g = 1+2£u9j

ot ox| 2 vy

2
a(ph”h)+a 82” 1+2(u—”] +enh27(P=*Bh,—uh—Beh(”h‘”e)'

ot ox Vi :
n,, n, —electron and hole concentrations

.oy D. Svintsov, V. Vyurkov, S. Yurchenko, V. Ryzhii, T.
Pes Py, — electron and hole mass densities P # nm, Otsuji "Hydrodynamic model for electron-hole

plasma in graphene”, Journal of Applied Physics,
Vol. 1, p. 083715 (2012)

S s IPATS : D. Svintsov, V. Vyurkov, V. Ryzhii, T. Otsuji
Be SR Bh—i friction coefticients “Hydrodynamic electron transport and nonlinear

p waves in graphene”, Physical Review B, Vol. 88, p.
0

7 245444 (2013)
[1 —(u/v,) ]

u,, u, —drift velocities

Y 0 0
K= 3/29p_

[1—(u/vF)2}
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Bipolar graphene FET channel
2P0000000@ '




Graphene
=> good Ohmic source
and drain contact
Gap=o0
=> big OFF-state current

Bilayers, nanoribons or graphane
=> bad Ohmic source and
drain contact
Gap=zo

=> low OFF-state current




~Graphene vertical tunnel

|Vg Vb|

Bottom Top graphene
graphene

Source

Drain layer
layer

Layout of vertical graphene tunnel FET. Band diagram of graphene lateral TFET. The
Tunneling occurs between two graphene layers gate voltage controls the tunnel density of
separated by 3-10 monolayers of boron nitride states, but not the barrier height

L. Britnell et al ,Science vol. 335 p. 947 (2012)
L. Britnell et. al., Nature Communications vol. 4 art. no. 1794 (2013)




1,=100 meV

g
~30V =20V
-0V ~-10V

J4,=200 meV

Current gain |h,,|

108 10° 101 10! 1012
Frequency w/2n, Hz

- -02 00
o2l e —___hop
0 20 40 Calculated current gain of vertical graphene
Ve (V) TFET vs. frequency at different electron Fermi
energies in source layer. Cutoff frequency
~10MHz expected due to small tunneling
probability

Measured tunnel conductivity of vertical
graphene TFET vs. gate voltage

L. Britnell et. al., Science 335 p. 947 (2012)
T. Georgiou et. al. Nature Nanotechnology 8 p. 100 (2013)
A. Mishchenko et. al. Nature Nanotechnology 9 p. 808 (2014)
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mmms V=21V
|===- V7 =20V

Top gate, V, Drain, e o
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Current density j, mA/um
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Graphene Boron Gate Metal i 5 0.4 9.6 0.8 1.0
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Top gate, V;

Current density j, mA/um
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Top Gate Voltage Vr, V

Paccuumannwvie xapaxmepucmuku, oemoncmpupyrowue

; . Hacvluerue moka u evicokoe (>10?) omuowenue moxoe
D. Svintsov et. al., Semiconductors vol. 47, p. 279-284 (2013)

D. Svintsov et. al., J. Phys. D: Appl. Phys. Special issue “Graphene devices” (2014) OMKpbIMO2co U 3aKpblmoco COCMOAHUU




BOTTOM GATE
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KBazuumnynsc pvg, eV
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) > 4
Sz(p)=%+%+p2v§i\/%+p2v§(yf+£)

D. Svintsov, V. Vyurkov, V. Ryzhii, T. Otsuji "Effect of "Mexican Hat"
on Graphene Bilayer Field-Effect Transistor Characteristics”, Japanese
Journal of Applied Physics, Vol. 50, Iss. 7, p. 070112 (2011)

04 06
Hanpskenue Ha satope V, B

[TpoBogumocts, 10° (Om m)!
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Graphene bilayer
R S *Gap opening up to ~0.4 eV by transverse
electric field;

*Symmetric “Mexican-hat” band
dispersion

Conduction and valence band electron dispersions
in graphene under applied transverse electric field
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Graphene bilayer
' e *Gap opening up to ~0.4 eV by transverse
electric field;

*Symmetric “Mexican-hat” band
dispersion

Conduction and valence band electron dispersions Density of states in gapped graphene bilayer
in graphene under applied transverse electric field demonstrating a van Hove singularity




xploiting the van~
singularity in tunnelmg

‘Doping USControI Ve Uy ‘Doping’
gate’ gate I gate

Source

Drain

S

Bilayer

|||—|

0.4 '
——> Tunneling :

0.2 Thermlonlc'.
Ieakage
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-
c
)
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s
>
o
)
o=
=
&2
|_

0.0p-p-=a b

-0.2

-0.4 o
(B) 04 Source channel  Drain : Band overlap, E,-E.

(A) Layout of the proposed graphene bilayer TFET with electrically def/ned Schematic dependence of direct interband tunneling current
source and drain regions (B) Band diagram of graphene bilayer TFET for the on the band overlap in parabolic band semiconductors of
optimal biasing conditions: V>0, U <0, U, > 0. At zero top gate bias, V= 0, different dimensionality (3D, 2D, 1D) and graphene bilayer.
the TFET is switched on, while at V ; < 0 it is switched off.
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Calculated room-temperature gate transfer (left) and current-voltage (right) characteristics of
graphene bilayer TFET at fixed bias voltages at auxiliary gates: V;=3.3V, U, =-0.6 V, U, =0.25 V. Top
gate dielectric is 2 nm ZrO2, K = 25, back gate dielectric is 10 nm SiO2, spacing between the source
doping and control gates dg = 5 nm, spacing between drain doping and control gates is 10 nm. The regions
highlighted in yellow correspond to the drive voltage swing of 1560 mV, in which sufficient ON/OFF ratio and
high ON-state current are achieved. Inset: gate transfer characteristic in the log scale.




" Proposed FET positioning

120

-
o
o

1

I

]

: s-Ge
s-SiGe , 133]

7] . InGaAs

[39]

o
o

I
o

Proposed
GBL
TEET

N
o

S
(O]
3
>
£,
(@)]
£
& 60
o
(@]
.C
(7]
o
=
0
-
(dp]

InP/GaAs InAs/Si
[41] [33]

(@

10 10° 10° 10° 10° 410° ; 0% 0E 10
Drain Current (WA/um)




~-Observation of interb:
tunnelmg in GBL

5% 10%—
//I‘Hz E

e V=239V
1x 10% e

S R
[N =0
ey
V20

1000}
500}

—
S
<
o
C\:

0y
O
c
©
4+
A
[%]
(v
—
o
c
c
©
<
O

100} e | — Vog=35V

0 2 4
D. A. Bandurin, D. Svintsov, I.. e Top gate voltage, Vig (V)
Gayduchenko, S. G. Xu, A. Principi, M.

Moskotin, I. Tretyakov, D. Yagodkin, S.

Zhukov, T. Taniguchi, K. Watanabe, I. V. S
Grigorieva, M. Polini, G. Goltsman,A. K. ‘ conduction
Geim, G. Fedorov “Resonant Terahertz SIS CRREReRa :

Detection Using Graphene Plasmons”

arXiv:1807.04703







History
Soviet mathematician Yu. Manin (1980) and

R. Feynman (1982) proposed to use a quantum system (quantum
computer) for simulation of quantum systems.

Shor’s algorithm (1994): for integer factorization (to undermine the
modern secret communication):

N is a number of digits 2 T

Classical factoring algorithm ~
Shor’s quantum factoring algorithm ~ 3
Grover’s algorithm (1996): search in unsorted data base of N elements

quantum ~ ,  classical ~ N

JN




Discrete |0> or |1>

Analog |0> and |1>

Qubit superpositional state
ly>=a|0>+8 |1

o[+ B =1




Classical register vs. Quantum

register
Bits Qubits

Classical register Quantum register
|1>|0>|1>|1>|0>...
N bits of information Entangled states

2" _dimensional Hilbert space:

huge information capacity
> numbezdﬂﬁtoms in Universe

Sequential computation Quantum parallelism of computation
Great acceleration of several algorithms!




tangled
computer: quantum parallelism




Realism and locality
in quantum mechanics




EPR pair (EPR paradox => non-locality)

[(<>>H > + M >l<>>)

-
- -

EPR pair of photons is produced in non-linear crystal via
down-conversion.

One photon is in Alice disposal, the next one is in Bob’s disposal.

Wave function of Bob’s photon is collapsed after Alice’s measurement.
[s information instantly transmitted form Alice to Bob and the
relativity principle broken? No.

The name “Eve” originates from the word “eavesdropping” -

nmoac/jiyninBaHHeE.




Bomb paradox (Elitzur n Vaidman)

=> no realism




/_\ :
No cloning theorem

Proof
The linearity of time evolution operator U(At) implies

U(At)|ot=U(At)(a|0) 4 + b|1) 4)|e) s
= a|0)4]0) 5+ b|1) 4|1) 5

# a°|0) 4|0) 5 + ab|0)4|1) 5 + ba|1)4|0) 5 + b°[1)4|1) 5

Consequences:
‘-- quantum computing — error correction much
complicated
‘“++° quantum communication — secrecy is possible




g

Quantum communication:

Alice — Bob — Eve (eavesdropping)

|. EPR pairs Alice
T EPRpair 1

ll. Single photons Alice --[]--------- Bob
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** Realizations

of quantum computers

® Dopant atoms in silicon
® Quantum dots
® Ions in traps

® Cold atoms in optic traps
® NV-centers in diamond

® Superconducting structures: charge, phase and
transmon

® 2D electron gas with Quantum Hall Effect
® 2D electron gas on Helium,
® and so on




Classical vs. Quantum

© Bits Qubits

Discrete |0> or |1> Analog Qubit superpositional
state |0> and |1>

w>=a|0>+6 |1

Accuracy 10-4

Noise (decoherence) and technological variability!!!

Error correction???




Classical vs. quantum




Ha S40epHbIX CMHaxX atoMoB pocdopa
B MOHOM30TOMHOM KpeMHun (KenH, 1998)

[maBHas TexHonorndyeckas onepauust —

NOMeLLEHNE OANHOYHbIX MPUMECHbIX aToMoB chocdopa B y3nbl
KpUCTannM4Yeckon peLleTkn MOHOM30TOMHOMO KPEMHUS B OnpeaerneHHbIX
MecTax CTPYKTYpbl — 0 CMX MNop He pa3paboTtaHa.

-3
T=100 mK Shig: =10, Tesia)

B (=2 Tesla)
J-Gates

ﬁ-Gates—-Jh
52V 58 :' PR AA |




IIpeovicmopus

KBaHTOBBII KOMITBIOTEP HA OCHOBE JIBOMHBIX KBAHTOBBIX TOUKAX
. Fedichkin, M. Yanchenko, K.A. Valiev, Nanotechnology 11, 387 (2000) 141, 146 39.
KBaHTOBBII KOMIIbIOTED O€3 IepemelieHus 3apsaa (boproda ¢

IeKOTepeHTH3AIE )

V. Vyurkov, S. Filippov, L. Gorelik. Quantum computing based on space states
without charge transfer. Physics Letters A 374, 3285-3291 (2010)

M3mepeHHe COCTOSTHUSI KBAHTOBOTO PErMCTpa B KaHajie
TPAH3HCTOPA B PeXXUMeE KYJIOHOBCKOU OJIOKAZbl TOKA

M. Rudenko, V. Vyurkov, S. Filippov, A. Orlikovsky. Quantum register in a
field-effect transistor channel. Int. Conf. “Micro- and nanoelectronics - 2014”,
Moscow, Russia, October 6-10, 2014, Book of Abstracts, p. qi-o5




to quantum computer

GATE

Si CHANNEL

® Quantum confinement;

® Tunneling and ,
) GATE
interference of electron INSULATOR

waves;

® QQuantum statistics.

Average Gate height:

Average Fin width: 18 nm (at bottom)
Average Fin height: 35 nm

Average Fin pitch: 60 nm




Insulator
Substrate




a. Texnuueckuu oc

1a0opamopHbwlil

MuKpocxema perncTpa ¢ KOoHTakTaMu N3ameputenbHasi ycTaHOBKa
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10. TexnHuueckuil 001UK -

KommepuecKuu

MHTerpanpbHas cxeMa perucTpa C ynpasasiioleil U U3MepUTe/IbHON
CUCTEMOM
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Symmetric state in DQD Asymmetric state in DQD




Electron wave-function in a DQD

Basic states in a DQD

Antisymmetric



|\|a|l|lllr .um’lll
\\\|\|ll|”l’

Wy

Potential in two DQDs Wave-function of two
electrons in two DQDs

yF \\\\III




Basic states of a qubit

Spin-polarized electrons:

.

—
.
1
T(| = +1>)
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Realization of sqri-SWAP

-

vSWAP =E - \/NOT, /NOT, - E
2i 0 0O
o .

0
0
0
0




—

-~ Realization of CNOT-gate

As far as matrices 4 x 4 are concerned, a controlled phase shift
gate is given by the formula [2]

(Z1(/2) ® Za(—7 /2)) - VSWAP(Z1(T) ® 12) - VSWAP,  (23)

—  —

where Z is the phase shift gate. In a similar way, direct calculation
shows that in our case

1 =[(Z1(7/2) ® Z2(—7 /2)) - /SWAP]
x (2,(7) ® 1,) - /SWAP.

Eventually, the CNOT operation looks like

CNOT = (11 ® Hz) - 1T - (1) ® H2),

where H is Hadamard’s transformation:

i1®i:12=

2L
V2




Quantum Dots

U\ [ \[V\ VYU

Measured QD is Measured QD is
occupied vacant

Dot occupied => potential barrier Dot vacant => potential well

Rough condition of Coulomb blockade: dot size D > Bohr radius
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For fairly smooth potential profile the transmission through the well tends to 1

whereas the transmission through the barrier tends to 0




AnbTepHaTUBHBLIE NPoeKTbl QC
Bo PTUAH




V-/c—
KBAHTOBbLIX TO4YE€K B ONMTUYECKOM

pe3oHaTope




KBaHTOBblIe KOMNbIOTEPbI HE
I T T
;/, CKYCCMmMeEEeHHbIe aJiMa3bi: \—’/

mensionpoesoodHoOCMb K > 2000 Bm/m-K Anmas (2C, FLK)

2p N

25
4]\

CKopocmb 38yKa ¢ =17300 m/c

MI0mMHoOCMb p = 3515 ka/m?

MoOysb FOHe2a E ~ 1000 I'Tla

25

1

Polycrystalline, mechanical grade CVD  Polycrystalline, optical grade CVD | W |

OTCYTCTBYIOWMKA aTom C

;Baxaucun]
p e
' CnuHOBbLIN KYOUT Ha

Single crystal HPHT diamond Single crystal CVD diamond

- AJNMEKTPOHHbLIX VYPDOBHAX
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Light at the end of the tunnel



—Collaboration

HaHos1eKTpOHHBbIE TEXHOJIOTUH

AO Mukpon u HUUMD

HUOPIT CO PAH

®paynrodpepoBckuit uHcTUTYT (Tepmanusn)

I'padpen

Jlaboparopus asymepusix cuctem MOTH (/. CBuHIIOB)
YuuBepcurer Toxoky (Amoxusn)

HUIITM PAH

TI'

MTIY nm. M.B. /lomoHOCOBa

W CBYIID PAH

KBaHTOBBIE KOMIIBIOTEPBI

Jla6oparopus kBauToBoit nuupopmaruku MPTH (C. Punrunmnos)
MTIY nm. M.B. /lomoHOCOBa

HUOPIT CO PAH
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Flat Channel
= [mpurity near source

No impurities

One impurity

Drain current 7, uA

Electrons: valley {100}

| | |
0.2 0.4 0.6 0.8

Drain Voltage Vp, V

SY I ST -

/ = [mpurity near drain
.0

0.20 0.25
Electron energy, eV

*YpaBHeHue lllpenunrepa: _EL AY(x,y,2)+V(x,y,2)¥Y(x,y,z) =¥ (x,y,2)
m

*YpaBHeHue [lyaccoHa:
2e

h i=0

*Oopmyna /laHgayapa:

[aET (E)[fs(E) ~ f,(E)]



eopunsd HAHOINEKTPOHF
npnbopos

©® llenyn coBpeMeHHOU HAaHO3/IEKTPOHUKU: Low-power u
High-performance

® AJbTepHATUBHBIE MEXaHWU3MBbI MepeHOoCa TOKaA:
TYHHEe/JIUPOBAHUE

® AnbTepHAaTHBHbIE MaTepUaJIbl: rpadeH 1 ero
MoapUKAILUHY (B COTPYIHHUYECTBE C YHUBEPCHUTETOM
Toxoxky, SmoxHus)

® MacmrabupoBaHue TPaAWIIHMOHHBIX IIOJI€BBIX
TPAaH3UCTOPOB.




€Ha: HOBbIE€ BOIPOCHI
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Conduction band

[ ]
[¢]

Valence band

® OO0bpsacHeHUe oTpULATENbHOM fuPPepeHnnaTbHOM MTPOBOAUMOCTH;

® AmOumnonspubie 3pPeKThI B MOTEeBbIX TPAH3UCTOPAX — OFHOBPEMEHHOE
Ha/In4Y¥e 3JIEKTPOHOB U JBIPOK;

® Co3maHue MHKEKIMOHHBIX JIa3€pPOB HAa OCHOBe rpadeHa.

V. Ryzhii, I. Semenikhin, M. Ryzhii, D. Svintsov, V. Vyurkov, A. Satou, and T. Otsuji “Double
injection in graphene p-i-n structures’, Journal of Applied Physics, Vol. 113, p. 244505 (2013)




Electron wave-function in a DQD

Basic states in a DQD

Antisymmetric



E——

remen

[ Uu\yvyu

Measured QD is Measured QD is
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Optical probe

- Si Prism
- CdTe

= Graphene

i b I e - Si0,/Si
Substrate
Optical pump

— Ref.
— Graphene

a.)

—— Thick CdTe (100) =
—— Thin CdTe (101)7

i 2 107 Wiem?
T 2,01

EOS signal (u

1,5+ Time delay ( l;)s/div.)
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Time delay (ps)

EOS signal ( u.
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Terahertz
absorption
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Co3paHue KBAHTOBOI TEOPUH ONITUYECKOTO MOTIOIeHus B rpadeHe
C HEPAaBHOBECHBIMY HOCUTEISIMU;
Pacuer peKOMOMHAIIMOHHBIX MPOLECCOB, 00yCIOBIEHHBIX
B3aMMOJEeiCTBUEM KBa3U4aCTHII.




® becmeneBou
TOJTYIIPOBOSHUK;

©® JIuHeMHBIN 3aKOH
AUCIePCUU
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