TeopeTuyeckue u
3KCNepuMeHTaribHble

nccnenoBaHuUs NepPCrnekTMBHOIO
KBAHTOBOro perncrpa B KaHane
HaHOTpaH3UucTopa ¢ fin-KaHanom

B.®. Jlyknues, K.B. PyaneHko, B.B. Bblopkos

Pn3nko-texHonorn4ecknm NHCTUTyT PAH
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HE/Ib PABOTbI

m KoHeyHaq Lenb — YyHuBepcarnbHbIV
MNOoNTHOMAaCLLUTAOHbI KBAHTOBbIN
KOMMbIOTEP.

m [IpOMEKYTOYHbIE LIENIN — KBAHTOBbIE
CUMYNATOPBbI:

B [MOMCK rnobanbHOro MMHMMyMa C
NMOMOLLIbIO KBAHTOBOIO OTXUra (quantum
annealing aHanorndyHo DWaveSys);

m KBaHTOBblE BNyXaaHnst POTOINEKTPOHA B
MOneKyne xnopodunna v gp.



" J
Ipeonoscennvtic macuimaodupyemowlii
K8AHMOBBLIL PEUCHLD

D-gates

SemO] a E-gates

Insulator
Substrate

KBaHTOBbLIN PErucTp ABNSeTCA MHOro3aTBOPHbLIM MOSEBLIM TPAH3UCTOPOM U
MOXET ObITb M3roTOBIEH Ha TeXHoNornyeckom obopyaosaHum GTUAH.
KonnyecTtBo KyOUTOB B LENOYKE MOXET ObITb YBENUYEHO.
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Ilpeovicmopus

m KBaHTOBbLIN KOMMNbLOTEP HA OCHOBE ABOUHLIX

KBAHTOBbIX TO4HKax
m . Fedichkin, M. Yanchenko, K.A. Valiev, Nanotechnology 11, 387
(2000) 141, 146 39.

m KBaHTOBbLIM KOMMblOTEP 6€3 NepemMeLleHuns
3apsaa (bopbba c gekorepeHTmn3aunen)

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

m /I3mepeHne cCoCTossHUSA KBAHTOBOIO pernctpa B
KaHarne TpaH3ucTopa B peXmnme KyroHOBCKOM

bnokaabl Toka

m M. Rudenko, V. Vyurkov, S. Filippov, A. Orlikovsky. Quantum
reqgister in a field-effect transistor channel. Int. Conf. “Micro- and
nanoelectronics — 2014”, Moscow, Russia, October 6-10, 2014,
Book of Abstracts, p. g1-05



KOHCTPYKUMA KKBAHTOBOIO perucrtpa B KaHane

TPaH3UCTOpPaA», NpeanoKeHHaa so PTUAH

D-gates

SemOl -- ﬂ g E-gates
em - , / o
- T-gates

r ’
-

Insulator
Substrate

Pernctp HanoMmHaeT MHOro3aTBOPHLIN NOSIEBOU TPAH3UCTOP U
MOXET ObITb M3rOTOBIIEH HA TeXHorormyeckom obopynosaHum ®TNAH
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Ons cpaBHEHUA: NepcneKTUBHbIE KOHCTPYKLUU
TobaH3ucronoB ana YBUC
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Hard Gate Drain Drain
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Source Source
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MmuozokananvHblu MPpaH3IucCmop —

npooopasz ancamosieeo2o0 K6AHmMoe020
pezucmpa, npeonoricenno2o 60 OTHAH




" S
Houemy kpemnuii?

m KpeMHneBasi TEXHOMNOIMS NO3BONAET
dopmmpoBaTb Hanbornee coBepLLUeHHble
CTPYKTYPHbI.

m [ paHmua Si/SI02 obnagaeTt pekopaHo
HM3KOWN KOHUEHTpaLUnen edPeKTOB.

m 3Ha4YnTeNbHO NoaaBfieHbl NPoLEeCChI
nepes3apsaaku nosywek (1/f wym).
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Koncmpykuus kyouma u3 0eyx

OBOUHBIX K8AHMOBBIX MOYUCK

m B Kaxaon n3 Todek NnoCTOAHHO HaxoanTCS
NosioBUHA 3NeKTpoHa. Takmm obpasom,
npaAMoe KynoHOBCKOE B3aMOOENCTBUE
ABNAETCH HEU3MEHHbBIM N MOXET ObITb
CKOMMNEeHCUpoBaHo.

m CocTosAHMe KybuTa onncbiBaeTcs ABYyMS
doa3zamu, aHeprmst NdbIX COCTOAHUN
KybuTa oguHakoBa.

m PeanunsyeTtca ngeq BuIivUCIIeHU B
OCHOBHOM COCTOAHWN, YTO nNogaBnsdeT
NpoLecchl AeKorepeHTusauuu.
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Bviuucnenusa npouszeooamcesa na cOCmoaHusAx
IJIEKMPOHOE 6 K6AHMOBbIX MOUKAX
6 Kanajle mpan3ucmopa

[ToTeHumanbHbIN penbed B KaHane, ynpaBnsemMbi 3aTBOpamMum
BasncHble COCTOSAHNA ABOVHBIX KBAHTOBbLIX ToYek (DQD)

Shlrey)

CmmmeTquHoe COCTOAHME AHTVICVIMMeTpVI‘-IHOG COCTOAHUE



Basic states in a DQD

Electron wave-function in a DQD

Antisymmetric

Potential in a DOD
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Basic states of two DQDs
(without charge transfer !)

_I_

|
+

+  +
z L

Potential in two DQDs Wave-function of two
electrons in two DQDs
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Basic states of a qubit

Spin-polarized electrons:

0) ==+ =2)=|+2 =)

1) = (‘_1 +5) | +1>)

SigSe
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Qubit states
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Qubit states
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Bovinoanenue 06yxxkyoummnoix
K6AHMOBHIX ONepanuil

m [loKa3aHO BbINOSIHEHMNE OBYXKYOUTHbIX
KBaHTOBbIX ornepaumn SWAP (obmeH
coctoaHuammn), sqrtiSWAP n CNOT,
NOCTaTOYHbIX ANl YHUBEpPCcanbHOro
KBAHTOBOIo KOMMNbOTEPA.

m B3anmopgencrteme KybnutoBs OCHOBaHO Ha
ynpasnaemMom oOMeHHOM
B3anMOOENCTBUN CMNUH-NONAPU30BAHHbIX
9N1EeKTPOHOB.



" J
Realization of SWAP-gate

¢ Epep L Eighe
c— k_j
=2
c% \ S "o W

Llenoyka KBaHTOBbLIX TOMEK CBEPHYTA ANs yao0bCcTBa pacCMOTPEHUS
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Realization of sqrt-SWAP

r E lefi E E right
Ve
-9
< A/ SWAP -
=Aw____~x IR, N
2 JNOT JNor g
) SRS =
~ v

+/SWAP =E - ,/NOT, ,/NOT, - E
2i 0 0 0 O
o 1 i i -1
i
i

-1 1

0
2i ) 0 1
] |
o 0 0 0

Llenoyka KBaHTOBbLIX TOYEK CBEPHYTa ANs yao0bCTBa pacCMOTPEHUS
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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(m/2) @ Z2(—7 /2)) - VSWAP(Z1 () @ 12) - VSWAP,  (23)

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

- - ~ 2
M =[(Zy(m/2) @ Z2(—m [2)) - v SWAP]

x (Z,(m) @ 13) - +/SWAP. (24)
Eventually, the CNOT operation looks like

CNOT = (1, ® H2) - T - (1 @ H2), (25)
where H is Hadamard's transformation:
(1 0 1 0 0 0 \'I
0 2 0 0o 0 0O
- - 111 0 —1 0 0 0O
hela=—=19 0 0 1 0 1 (26)
0 0 0 0 42 0
\0 0 0 1 0 -1/



" S
bopvoa c oexozepenmuzauueii- 1

m OOLWMM npmem nogaBneHns LyMoB —
aHcambrieBbI KBAHTOBbLIW PETNCTP,
npeanoXxeHHoin B0 ®TUNNAH — MHOXeECTBO
PErNCTPOB, paboTatoWwmx napannesnbHo.



" S
bopvoa c oexozepenmuszauueii- 2

m 1. TexHonorn4yeckmn pasdbpoc napameTpoB
KyOuTOB,

m 2. CllydanHble CcTaTUYecKkne 3apaxKeHHble
OedeKThl,

m 3. NOCTOAHHOE KYNOHOBCKOE
B3anMoOencTene KyomTos

B KOMMEHCUPYITCA NP HACTPOMNKE KyOUTOB.



" S
bopvoa c oexkozepenmuzayueii- 3

m 4. TennoBou WyM ynpaBnsoLWmMX
9NeKTpoa0B,

m 5. B3anmoageuncrteme ¢ ooHOHaMu,
m 0. Nnepes3apagka noByLUekK

m 104aBNATCSA NOHWKEHUEM TEMMNepPaATyphlI,
BbIOOpOM MaTepuana (KpemMHus) u
cneymarnibHOW KOHCTPYKLUMEN KyOUTOB.



N
”wnepeuue KOHEUHO020 cocmoAaRuUAR

pezucmpa — cHumvléaHue
pe3yibmama

m [ IponyckaHne ToKa no KaHany npu
co3JaHunn yCcrioBuim KynoHoOBCKOW Briokaabl
Ona N3mMepsaemMon KBaHTOBOW TOYKMN.

m KyOuTbl namepatoTca nooyepeqHo.

m /IaMepeHnsa HeobxoaumMbl 1 NMpu
HaCTpouKe KyOunTos.



H3zmepenue cocmoanun pecucmpa
C HOMOULBIO NPONYCKAHUA MOKA RO KAHALY

A e
U \-/ \f

Quantum Dots

U\ [ VvV \uU
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| Occupied dot
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>

Transmission Probability

0,2 oo
Measured QD is Measured QD is . ; _
occupied vacant | i i
0,0 :
0,00 0,05 0,10 0,15 0,20

CospgaHue ycrnoBuiA KyrNioHOBCKOW Bnokagpbl Gate Voltage, V

Aanga onpeaeneHnd, HaxoanTcad Ji SNEeKTPOH ToK OT HaNPsPKeHWs Ha 3aTBope
B namMepAaemMOon KBaHTOBOU TOHKE |/|3MepF|GMOI7I KBAHTOBOM TOYKM



Technology and diagnostics

Technology setup

* Electron lithography RAITH-150
(Germany)

* Optical lithography M-576
 Electron-beam spattering Balzers UMS-
500

» Plasma Atomic Layer Deposition (Oxford
Instruments)

» Magnetron deposition

* Pilot plasma processing line (IPT RAS):
- Anisotropic etching (Oxford Instruments);
- Dielectrics deposition;

- Plasma immersion ion implantation.

* Rapid annealing RTA AST-100 (German

Diagnostics

« SEM Leo Supra (Carl Zeiss, Germany)
* SIMS lonTOF (ION-TOF GmbH)
* AFM Nanopics 2100 (KLA Tencor, USA)
» Spectral ellipsometer Woolam (USA)
* Electrical characterization:
Keithley 4200-SCS (USA)
Micromanipulator 7100 (USA)

y)




nHoe TpaBneHune HKkMG-cTeka
ceNneKkTUBHO K obnactun S/D

XR-1541 3% 4000 rpm, 20000 pCl/Cm, 2750 pC/Cm?

NaOH 1%, NaCl 4%, 4 min

CoxpaHeHne KpuTn4eckoro pasmepa
C TOYHOCTbIO 1 HM

PlasmaLab 100Dual
(Oxford Instruments
Plasma Technology)

ONTUMN3NPOBAHHBIV NPOLLECC aHU30TPONMHOIO
TpaBneHusa nonukpemHus B nnasme C4F8/SF6.

TpexwaroBbin npouecc MNMXT
B Knactepe PlasmalLab 100 Dual:

+ Kawmepa 1: Cnon poly-Si: Nnasma SF6/C4F8 ,
S (poly-Si/TaN) = 20

+ Kawmepa 2: Crion TaN+HfN: Nnasma BCI3/N2 recipe
1, S(TaN/HfO2) = 10

« Kawmepa 2: Cnion HfO2+IL: Nnaama BCI3/N2 recipe
2, S(HfO2/Si) = 25-35

PesynbraT aHM30TPOMNHOIO TpaBneHus cTeka poly-
Si(50HMm)/TaN(15 HM)/HfN(2HM) cenekTUBHO K HXKenexawiemy
cnoto ananektpuka HfO2. OctaTovHas TonwmHa aneKkTPOHHOro
pe3ncta 25-27 HM.

Sirecess < 1 HM



M3O0TPOMHOrO Nsia3MeHHoro TpaBsrieHus. KpemMHueBble Fin-

CTPYKTYpPbI, CD = 11 HM

=11.16 nm

Macka anekTpoHHoro peancta HSQ XR-1541.
ToyHocTb nepeHoca CD B npouecce MNXT ~ 1 HM (pa3spelueHne
POM)
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Silicon nanowires at IPT RAS: |

Plasma etch

Process was transferred to SOI
11 nm fins on Si




..mpeMHueBble Fin-CTpyKTYpbI

C yAaneHHbIM HapyLweHHbIM crioeM, CD = 7.8 HM

20 nm EHT =10.00 kV Signal A = InLens Date :6 Sep 2017
I | WD = 29mm Mag = 219.96 K X Time :17:42:05




O popankKpemHuneBble FIN-CTPYKTYpPbI
c ocaxpgeHHbiMn ALD-cnoamn HkKMG-cteka TaN(10
HM)/HfO2(5 HM)

Fin-cTtpykTypbl, CD =10 HMm,
cteK HKMG 16 Hm

Signal A= ESB Date :15 Feb
Mag = 350.73 KX Time : B

Fin-cTpyktypbl, CD = 30 HMm,
cteK HKMG 16 Hm

EHT = 3.00 kv
WD = 2.0 mm

Date :15 Feb 2018
Time :18:11:25
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Sitlicon nanowires at IPT RAS

Structures

Released Si NW (top view) on SOI
NW on SOl array after HF etch




" J
BBIBOJIbI

m [IpeanoXeHa KOHCTPYKLU NS
TBEPOOTENbHOro KBAHTOBOIO pPerncTpa Ha
OCHOBE KpeMHWEBOIo Nos1eBOro
TpaH3nctopa tuna fin-FET.

m B pernctpe nogasneHbl BCe OCHOBHbIE
npouecchl JeKorepeHTu3auunu.

m Pernctp mMoxet ObITb U3roTOBSIEH BO
OTUAH.

m [pebyeTcs KpMoreHHaa MHorokaHanbHas
namepuTesnibHag annaparypa.
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Milestones

m Manin (1980) and Feynman (1982). proposals to use a
guantum system for simulation of a quantum system.

m Grover’s algorithm (1996): selection in unsorted data
base of N elements
Classical ~N;
Quantum ~N?72;

m Shor’s algorithm (1994) of factorization (undermines
modern secret communication).
Classical factoring algorithm (2'o9N)1/2
Shor’s quantum factoring algorithm O(logN?3)

M®TW 2013



" M

Texnuueckuit 001UK K6AHMOBO20

pecucmpa

MHTerpanbHas cxema permcrtpa, nogknioyYeHHas K
ynpaBnsaloLWen n USMEPUTETTbHON CUCTEME.
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Jabopamopnwiit 00,1uK

MuKpocxema permcrpa ¢ KoHTakTamm N3ameputenbHasi ycTaHOBKa



Contacts to ultra-thin SOI
Ti(8 nm)/Co(10 nm)/Ti(5 nm)/Si

RTA']. (NZ) RTA'Z,

selective chemical etching

CoSi2(12 nm)/Si

CosSi/si

SignalA=InLens  Mix Signal=00000  Brightness= 20%
SignalB=InLens ScsnSpeed=10  Contrast= 566%

Signal A=inLens Mix Signal=00000  Brightness = 20%
. SigneiB=inLens ScanSpeed=10  Contrast= 50.1%
e = 20.00 ym Mixing= O Noise Reduction = Frame Avg

Technology: TIME — SALISADE



Ultra-shallow ion implantation

1022

as implanted
—— RTA, T=900 °C, t=6 sec
—— RTA, T=900 °C, t=12 sec
Xjmoving  ____ RTA, T=900 °C, t=24 sec

\\

1021_: ‘
1020_:

19
10 E fixed level of doping

Boron concentration, cm'3

1018 i

2x10" ]

Depth, nm

New technique: plasmaimmersion implantation.
Advantages: lion > 10 mA/cm? at Ei <5 keV,
D > 10> cm2 per 1 min.



High-k gate dielectrics

1x10% e
| —— d—lDHM ‘
®10™ ¢ — .
| Formation:
*_1x10° L — _ _
A S « Surface pre-treatment in high vacuum.
2,1*10“"; =, -1 * Electron-beam evaporation of HfO2 or ZrO2.
g F
Eum* = \ -
- W i 1) Low charge density on dielectric/Si
= 1510° | I | Interface.
B %- Y 2) Low leakage current.
10 -1.2 | -0.8 | -0.4 | 0 | 04 | 0.8 | 1.2

Hanpa:xeHHe Ha 3aTROpe, B

MapameTpbl copmmnpoBaHHbIX NOA3aTBOPHbIX AUINEKTPUKOB

MaTtepuan | ToawmHa | €,.,,,. TOK yTeuku MAoOTHOCTb BCTPOEHHOro 3apaja
(npn 1 B) Ha rpaHuue AnaneKTpuk/Si

ZrO, 3—-5Hm |18-21|<510°A/em® | (3-3.7)-10"cm™

HfO, 3—5HM |20-21|<3-10°A/em® | (7-9.9) )-10"cm™
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Metal gate

R R
30 nm Mag = 263.74 K X EMT=1500KV  Deiw 23Dec2008  FTIAN

WD= 3mm Signed A= InLens Tmo :1824:20 USSR

Plasma etching setup

designed at IPT RAS in 2006. Tungsten gate 30 nm

In situ diagnostics: spectral end-point
detector.
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Electron-beam lithography for CD <45 nm

«-D0I0KX EMT = 1500V Dete 18 Vey 2002 FTUWN
WD » Sigral A& = lrLens T 112023 USSH

3w

Resist mask 30 nm for gate formation

PMMA-950-K2 as electron negative resist (overexposure dose).
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Classical computer: bits

Bit

Discrete |0> or |1>

Bits

Classical register [1>|0>|1>[1>|0>... N
Integer numbers

Sequential computing

M®TW 2013
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Quantum computer: qubits

Qubit

Analog

Qubit compositional state W=a|0> + (3|1>,
|af*+[B[*=1

Qubits

Quantum register (entangled state)

2N-dimensional Hilbert space:

2N complex numbers => big memory capacity

2390 > number of atoms in Universe

Quantum parallelism of calculation

Great acceleration of several algorithms!

M®TW 2013



gled states

M®TW 2013



1)

2)

3)

4)

5)

Five demands to quantum computers:
guidelines for inventors

Quantum register is composed of qubits, i.e
two-level guantum systems (a large-scale QC
contains at least 1000 qubits);

Initialization procedure Is to be provided,;

Performance of one- and two-qubit operations
with the accuracy not worse than 0.01%;

Decoherence processes of quantum register to
pe much suppressed,;

Read out of a final state as precise as possible.

M®TW 2013




Atoms and quantum dots as qubits

Donors Donor architecture STM lithography of donors

Si conduction band Control gates

—1 nm

Quantum dots Quantum dot architecture
[t
B

200nm__

M®TW 2013



Kane's quantum computer, 1998

(still beyond technology)
= =

SiO,

M®TW 2013



" S
lons In traps
(plasma instablilities seem possible)

sl Al

oo : '
(= T‘ A \ .’" ‘.
! 1 . Ty
) RN Y g " Fon st 8
.

M®TW 2013
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Two superconducting qubits
(current fluctuations)

M®TW 2013
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Double quantum dots defined In

2DEG
Vsp (£) D—
300nm
?—S L) (R D—i:

4 V 4
LyVC, VR

M®TW 2013



Potential defined quantum dots

GATES .
Confinement energy
I BN BN BN EE B = €o~h{1+1}
mIdSi mtD
I'T]t = Olgmo, ml — 098m0
ds, ~2nm, D ~10nm
g, ~0.02eV
POTENTIAL RELIEF ALONG THE CHANNEL
Coulomb repulsion energy
& ~0.01eV

=> one electron in a dot

M®TW 2013



Light at the end of the tunnel









