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Table 1-1 Scaling rule [1].

Parameter Scaling constant

Channel width, Channel length 1/k
The thickness of the gate oxide 1/k
The depth of junction 1/k
The width of depletion layer 1/k

Substrate dopant level k
Supply voltage 1/k
Current 1/k
Capacitance 1/k

Delay time 1/k
Power consumption 1/k?

Integrated level 'S

Power consumption level 1

1000 intel -
x IEDM | IRDS (2017)
|
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£
3 L
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2011 Version

1 1 1 1 1 1
1980 1990 2000 2010 2020 2030

Year

Fig.1-1 The relationship between Gate length and Year [3].
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Fig.1-2 Seven stages in the development of quantum information processing [19].
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Quantum Processor Classical Controller
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(2) Quantum processor and Classical controller in a control/readout configuration.
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(b) Block diagram of the cryo-CMOS controller for the control and readout of qubits.

Fig.1-3 The proposed configuration of Quantum processors and Classical controllers [55].
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Fig. 1-4 Summary of CMOS technologies measured at cryogenic temperatures [56].
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Fig. 1-6 |Z FD-SOI MOSFET @ S filfi7» &8 H L7 5t b 7 - 7w B Ny DIR R
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Fig. 1-5 The temperature dependence of subthreshold slope (SS) and extracted ideality factor n of
the PMOS [56].
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Fig. 1-6 The temperature dependence of the extracted charge trap density (Ni;) in the weak inversion

regime at 20 mK and V=10 mV. The inset shows Nj; as a function of temperature at I4=10 nA [57].
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Fig. 1-7 The temperature dependence of the maximal effective mobility

at V=10 mV [57].
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HHE Y R0 & 1 O2EEZIMADIZH LT, &fEy MIEFIREEELTOE 1, &

DX DOEREDEREZIMLET 2R THD, BTFIREZZEEN0), 1)eTDHLEE
T vy FOREFKQ-DTEREIND,

[} = «l0) + 1) 2-1)
KQ2-D)T, abBITBEHREETHD, (010)=(1|1) =1, (0|1) = 0& BUKEAZIEELTH L, M
AR Q2-2) TEEN D,

lal? + 1817 =1 (2-2)
al BT NEIIRNE &SRR S, K(2-3). 24)EEL<, RR-DIFXE2) LY., ¢ =
0,1 —po=0LT2HLX2-5L7%%,

o = agexp(igy) (2-3)
B = aexp(ipy) 2-4)

] 0
|1/))=cos§|0)+e”psm§|1) (2-5)

XQ2-5)% KT 5 &, Fig.2-1 12725, Fig.2-1 137 12 v REK T, & REIXT 7 vk
R ED—mELTEREND,

X D)

Fig. 2-1 Bloch Sphere.
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IIX7 ML OEREE D, RQ2-8)TEIND,
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(I91).192)) = al01)102) + B11,)|13) (2-9)
DIRFETEF Ey MEZWERICSIEHEL., |q)DRIEZITN0) S L<IE 1) EIRE S
NTLEI L, [0)H LTINS RIFFICIRE S ND, ZDE X, |q1) &g TR

BT NRBEICH D, ZORBRIZIT A aZ A =R NIV AX—=a0—F L DT Ry
A[59]E LTHBINTWD, Bl ZIE Fig2-2 IR T X Iz X ZVIRRBICH S 2 DD &

T EY NON, BobW&ETE Y b1, Alice NETE Y b2 2Ff>TH+4 fxﬂE%ﬁ%ﬁhﬁ&T
%, Bob RET-E > b1 ORIEZEITV, BT E Y b1 OIRENRRE I ND & BEEIC Alice
DOFFOEFE b2 DIRENIE S LD, Bob & Alice X ENZ T TWEH &, =
2T MRBICH D BT By N OIRBEIIBRRF IR E SN D 2 & &' 17O RTENE & I
5o ZOBMRNNT Ry 7 RTINS DITETEy NORENBRHIRESI NS Z & T
EHROIRIEP IR BB, TA v 28 A OERBT DRI T 57208 ST
W72, LvL, ETIREEOHIEZ Bob & Alice ® EH BN EIZHIE ZIT o =Dk, S
L0 BBV HRIC X 2 EHE(E 2 VT Bob & Alice M TEMILA S 2 i plBIH
Ko, Ko TEKO® HIFRIERITHAZ B 2 2 L ix kT, MHxiEEmIcK L
WV, BIETIZZORBRO Z &% EPRFHEI L MESR Z E 32,

Entanglement
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|1} ... | measured — . -
at 12:00.. Classmal information is transmitted

at the speed of light or less.

Entanglement

Quantum state is
transmitted to the instant.

Measurement

Long distance >

Fig. 2-2 Conceptual diagram of EPR correlation.
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HHFFEOE Y MEEIX, By MEELT LLRGET 2 RS20, il 21E NAND 47—
MI2 AN THATH D, ko CHEBRRITIENINTHD, —HFEFHETESFE Y b
DABTERE LW E T2 & By MulkfiFEInd, Lo CHHRIBRII Y TH L, &
I ERO Ey MMERE Y N OREMEZ RFET D 0IRT 20D 25 LN Z &I
®LT, BEFFHEOE Yy MEIX Fig. 2-1 T/RL7Z7 B v R EDOXY ML EEERIHE S
BRI T 5, TRbbETE Yy ML TRIEO2 =X UV EREITH Z &1/ 5,
Fig. 2-3 [ICEFHEDORIE R B A 7T, THMFEAS TR E Y M S OFH & FREES — b
RMETREDL L LRI, B/ —FbETE Y R DLOEMRERES — K TEE S,
R OHFEREIIYNTH D0, B7Ey MNIFHERT BT AT
IZRl—Toh o LIz, BT vy MMEDOIRERINZIN S T2 ATHR TR T, FETEy ok
Flid =% UV EHIZHS T 5D T, Fig. 2-3 12T X912 TU] TETZ ENZODERTE
PRIR b OIXEF 7 — b OREMEBEMICRE TS, T TELSHAVWLN DKk &1
7= MZOWTEE L RS

lao) H U |bo)
las) |b1)

Fig. 2-3 The flowchart of quantum calculation.

i ST UF—L

Fig. 2-4 [ZX0 U 7 — &R d, 71 v AREK BT x lifE 012 180°mIsE{ET 57— M &
Pauli X 7' — k LIRS, [AIRRIC v #8012 180°[MIEEERET 2 7 — b & PauliY ~7*— k LI
O,z il V12 180°EHEEAET 27— & Pauli Z 77— bk L FES,

(ii) TH = — |

Fig. 2-5 17 ¥~ — NG — hNamd, 7H~Y— AT — MIT AN 2-T X~ —/VEHIZ
RHEFT—FTHY, zHhE x O HHOHA .01 180°EIREET 57— F Th D,
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EHSE2 & EFIREIZIONCE D
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Fig. 2-4 Pauli gates.
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Fig. 2-5 Hadamard gate.
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(iiiy  CNOT #—

R TIX NAND 7' — & flAadbt Db 2 & TR TOMmBEY — kD, [FIEE
ICETFHETYH CNOT 7' — R 2B b b 2 L TaTO2=F Y BHRIC X i 7 — k
ZHERH KD, Fig 2-6 IZ CNOT #'— k%, Table 2-1 {Z CNOT %' — F D EFHE 2/~ 7,
CNOT 7" — MIEF Tlag) iy R THY | |la)MEHZE Y FTHDH, CNOT 77— ~MIE
I E >y FOERFIRER()DO L EDHR, FEHE Y FOFTERESES, CNOT 7' — &
HFAZ LT, Yy FEEFE Y FEDRICETbONEAEKRSIEDL Z ERHKD,

o) |bo)

ai) |b1)
Fig. 2-6 CNOT gate.

Table 2-1 Truth table of CNOT gate.

lao) lai) |bo) |b1)
0) 0) 10) 10)
0) 1) 10) 1)
1) 10) 11) 11)
1) 1) 11) 10)

(iv)  SWAP #'— b

2Oo0&EfEy hOEREEZ ANER L& F S — M SWAP 77— | EFESS, Fig. 2-7 I
SWAP %" — k% Table2-2 |Z SWAP " — N OEHIREFR Z/~7, Fig. 2-7 2" T K 5 12 SWAP
7— NI CNOT &7 — h &G 5 2 & TR D, SWAP 7' — M &G bhE 5 2
ETYBRICHEN TRl b o BTy MCEFIREBLZEEET5 2 L0 Hk D,
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lag) é é |b1)

|ao) :>x<: |bo)

as) by)

Fig. 2-7 SWAP gate.

Table 2-2 Truth table of SWAP gate.

|ao) |la,) bo) |by)
0) 0) 0) 10)
0) 1) 1) 10)
1) 0) 0) 1)
1) 1) 1) 10)

2-1-4 BEF A
B — NS DE TR T 2R FEBOFE L TREFELERKLE R 77— =
IR M| A T,

(i) B LERIE

Fig. 2-8 [C& /& LAERIE A=, M, FO&ETFS— MEIZHE CNOT 7 — b LT
L, 2O0HIEy ROEFIREN1OLEEDH, FEEY NOFFEKIESELH7— |
TohbH, _HCNOT 77— MIEEES— k& CNOT 77— &l G bt b Z & TRk
el

HClag) & la))B3ATTE Y N THO . |be)S EALDOHTIE > by b)) FALOHT1E > b
TH D, lay) & |aTHIZ|0)%2 AT1T 5, Table 2-3 (28 1/ LERIKK O BBER 2 /R7,
ENHANE Y hORLEOREREZH SN Z EBbnd, AT > MTHEIZ|0)E 721X
|1) % A3 AU st & AR O E N T2 D, Thbb, BritH e Ttoflgta
WETHERD, 72720, THMEHR I BFEAT v TREEEAHED L, SR Z1T S 20
WIEEFT AT Y ZLZESW ' PR E MR T 2 2 ERRE LD,
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a) @ by)
asz) ® bo)

Fig. 2-8 Quantum addition circuit.

Table 2-3 Truth table of quantum addition circuit.

|ao) |la,) bo) |by)
0) 0) 0) 10)
0) 1) 0) 1)
1) 0) 0) 1)
1) 1) 1) 10)

(ii) BT — U A fan

Fig. 2922 By hOREFT7—V 2 EWRIKZ~T, &F 77—V o ZBHERKIT 7 — U =4
B M E L0 b EEITIT O T E KD, KT e(in2)iXHENAH S 7 M — R TH
D, f#EEY bR 1DOLEEDHMEFE Y NOMHEZZELEE S, MFTlag)&la)BASE
v FTHY | |be) & b)) E Y N TH D, |boNE|a N T &~ —— K EfilEa A
TN —= b EBITSZ LS, RE10)THREND,

[bo) = 10) + exp (% (20, + ao)) 1) (2-10)

b NE|aN e T H~— = 2@ 5 2 Enn, E-1D)TERSND,
|b1) = |0} + exp(ima,y)|1) (2-11)
|bo) & |b )T b D &, R@R-12)TEEND,

|b1)bo) = [10) + exp(imaoy)|1)] [IO) +exp (% (2a; + ao)) |1)] (2-12)

aObD 2 EHFFTLEZZNEN[a; apl. [by blETDHE. a=2a, +ag. b=2b;+byt 72
%, ko EnnpidX@e-13)TEEIND,
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|b) = |0) + exp (%Ta) |1) + exp (%Ta X 2) |2) + exp (%Ta X 3) [3) (2-13)

RX(2-13) L V. |bYyDEIREDFEEIT|a)DFIRREDLRE D 7 — U = W2 72D, Shor DT L
T ANTIZOEAT7—) o BHEEE W7 — ) oA g ICi T, 2—2 U v R
D HREEZAWTRRE R EITO TNV ALATH S,

lao) H — b))

la) —H (5 1by)

Fig. 2-9 2-bit quantum Fourier transform circuit.

2-2 AV OETFIRIEERSE

PEEAE VBT Yy NCIXETFAYY, b LFEAAY Y ORREZ NS, *
v OmE TCEREOXBNZITY, —RITITTREAL DL X2 E&ETIRED|0), LM
TRV DEEEETIREBO)EERT D,

2-2-1 REBPITHBIT BT ALV DRZEEE)

z FOEEEGB, T DEF A v shBE 2D, ZOEX, BTAL U ITE—~v BRI K
STEREAE LV ETHEAEY S TR AX—RNERR D, EREAE L FHEAE LD
TRLF—ETHIE—~ TR AT TLL FOXQ2-14)TEIN 5,

eh
E, =9 = (5, ) 880 = gitnBoS; (2-14)

RQ-11)TelXEMFRE, MET 4 7 v 7 . mylIAHE R, puglIFR— T+, gl Lande
Dgkl T, SIFAEVHA T THDH, A UHE T OHBMRL D |

[#, 5% ] = igusBoS;, [7'[:5’;] = —igupBoSy, [#,5,1=10 (2-15)
ThHHZENH, "B~V s TRERAEZHWT
Osx) _ _gks asy) _ gus 0(s,)

BB, A2+ci=s  (2-17)

(sx) = Acoswgt, (sy)=Asinwgt, (s;)=C, wy= T
mg

L2, XQ- 1LV, EFAECANLT —ET IR w, T z WE VIR ZEEH) 217> T
Do Ko TEFAE NN ESMOESZHNT 2 L EEDOHFIIET AL & BliE S
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D5 ENHERS, Q14K V., —EHFMOS T TIEA L ORERIR— T BiFug £
721% Lande O gR+DEIZ BT 5, A— TEzA?uB L% % U 7 OBFNE Emy (I EEFIT 5
TN, AEEMBMEWEE A ORERITHEL 72D, Ko THEIEP CIXELA LY
DFINEAFAL L LD AL OREERIEV, Lande DgRFDEIXEMSL T OT 4 v 7 )5
RANLELS LlHE 2 2T, R A B UBUEF EAEN 2 & 55513 Q- 18R T
AR 720 IRVMEZE RS, (Q2-18) Tagld 7 v a XAV UHLEFHAEAOKE &, B)p
ERLy AN ZAE VB BEERORE I TH D, R FMICERT S KL vtL
NI AAEUHGEMHAERAORE SE2E 2D ETAE L OBIRBEEEZIT S 2 L 3K

%[60],
g L —2ag/ug 2Bp/1p 0
g= 2Bp/ug gLl —2ag/ug 0 (2-18)

0 0 gl

2-2-2 BF ALV OFEARERIGE
xy HPNIZ[EIEEREB, (e cos wt + eysinwt) A AT 5 Z L 2B 2 5, 20L&, RfK
FONINV =T %

H(t) = gup(B; cos wt §; + By sin wt Sy + B,S;) (2-19)
LD, A BB (E) = u@)|T) + d(@) V) O FRERIR R
0 ru B Bie~t\
in=- () = —8us (Bleja,t , )(d) (2~ 20)

LD, FNERE CL L, wy= eB/my, Q=(0—wy)?+wllZTNTNEHKTD
&L K14 DNy FRERXOMITN(2-21), 2-22)TENENREIND,

u(t) = C(QF wy + w)elFo-w)t/2 (2-21)

v(t) = +Cw, e Ft@)t/2 (2-22)

u@®) =1, d@®) =0, I722bLEMEAL L THLIWERE 1 ThHD LD IR EE 25

&
2
u(t) = ’ a;;z i (%+ a) g~lwt/2 (2 —-23)
_ & B g iwt/2 _

v(t) = q Sin—-e (2 —24)

a =tan" 1 (Q/(w — w,)) (2-25)
L%, Lo TTHEE AL UHERIIXQ-260THEZ BN D,
w.? Qt

ld(®)]? = CETAETY 251n27 (2-26)

T b #kSs T T IR R O AL S A N % & AEROMEIZITE A Y &[]

-21 -



BRSHED 2 EAHPR, THEEFAEUHERITo = 0D & &, KIEQ(= o) TEEHT 2,
ZDOAEUMEROIREN 2 T CIRE) & FFOY IREVERQ(= 0 ) & T EIRENERE L MRS, K(2-15)

(RN T T EIRBAREQITILL T O & BFOMAMEM DX

(2-27)

TERIND, KQ2NTEDELOME, ARy ) T7TOMEE— A N TH

%, HEEBMEOXE ENEN
E.(z,t) = E, cos(wt — kz + ¢)
Hy,(z,t) = (E,/n) cos(wt — kz + ¢)
&I D LRI
|E, |?
2n

S| = |ExH| =

r’=ﬁ=

T
™=

D, TTTNIEREA L E—F U A TH Y plIEZEOFBRGR, elTEZED
A(2-27). (2-30) KV ERLTREE O HRIT T CIRENER BB 5,

éﬂ%

X(2-25) L 0. LA R U CEEAR AT 2 & IREED | < 22 D 03,
EIHAHER DA 5, K o THUINT 2 A ks O J8 i 5 2 LIS R » TRk ¥ 5 &
Fig. 2-11 {27~ Shevron B 415, HIMRZ: Shevron BN KR D Z L 23, &

T By NOIEFEELHERT 5 L TYRETH H[36],

Spin-up probability, P,
0 0.2 0.4 0.6 0.8 1.0

L —
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Fig. 2-10 Shevron pattern [36].
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% 0 RITHEE DR BT e B,

2-3-1 /—wur7uysr—FK

Fig. 2-11 IR T X I F o RAEEEE T ¥ N FETNVELTERD, ZOLE X
WMEARITETD RV L TCEM—eNF v U HIIEZ DN E X, FFET RV —K
OEEAMORT v VELEIZLL T ORX(2-32), (2-33) TER SN D,

2

e

AE; = — 2-32
e

AVp = — 2-33

H(2-260) TR INDFHFET RNVF — XN EBEMER T 5720, HETHETRLX —F
T ETRNVE— L MEN D, AEBBGELE LY bR REVE & B IIAM
R FT B LRSS, OB LA —ar Ty hr— REES, BT R
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L .
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-e

Fig. 2-11 Tunnel junction.
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F R T UV AR IO RINER-BERENS T I — < F T [63] DI
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BIEy NOEAEELHE N7V URAZZICH LI D TH S, Fig 2-12 [ZHE T B
TV ARAEDTNA AMEERE T, BES T UV AL Fig 2-12 IR T LI ICE TR
v b EFHIND 0 KoK — b, Y — A, FUA VEBEENENRELIT LT
e L&l o CWnNVD, V=R « EF Ry MAKO R A v - &F Ry MEIZ F v
A Lo THRY P RVERBINDD, F—F « &+ Ry MEO bR VERITIRL
720N, Fig. 2-13 [ZHEF 7 0 VA Z OEMEIREZRT, BEF Ny hORT oy Vs
— NEMPOREZN L TEESELZEnHRDLTZD, V—Z - B Ry MEED R
Ay BT Ry MEO MR VEREEFHSEDH Z R HKD,

Electron

Source Quantum dot Drain

Fig. 2-12 The device structure of a single electron transistor.

— Quantum —
dot

Fig. 2-13 The equivalent circuit of a single electron transistor.

-24 -
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Source Drain Source Drain

Fig. 2-14 Potential diagrams of a single electron transistor.
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Fig. 2-15 Coulomb oscillation.
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Forward bias: u, > 1, Reverse bias: n, < u,

¢ ¢
—+ —+

Mg W, He
(a) Tunneling current can’t flow (b) Tunneling current can flow.

My

by the Pauli spin blockade.

Fig. 2-16 Model for rectification of the single-electron tunneling current by the Pauli spin blockade

[65].
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Fig. 2-17 Spin blockade of single-electron tunneling current in a weakly coupled double-dot system

[65].
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YOLEEETREO, TMEAE O LEER&TIREDO0 L ERTH, LOET Ry
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Fig. 2-20 127 VIRBI O T2/~ 3, x L AERGE AT RER], y ShIT BRI, 2 #iT R
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a Bias tee
W

Silicon

Source

Fig. 2-18 Silicon qubit using silicon-on-insulator (SOI) structure [44]. (a) Simplified three-
dimensional schematic of a SOI nanowire field-effect transistor with two gates, gate 1 and gate 2.
Using a bias tee, gate 1 is connected to a low-pass-filtered line, used to apply a static gate voltage
Vg1, and to a 20 GHz-bandwidth line, used to apply the high-frequency modulation necessary for

qubit initialization, manipulation, and read-out. (b) Colorized device top view obtained by scanning

electron microscopy. (¢) Colorized transmission electron microscopy image.

Coulomb blockade

Spin blockade% Spin blockade

Initialization| Manipulation| Read-out

Time

>

Fig. 2-19 Schematic representation of the spin manipulation cycle and corresponding gate-voltage

(Vg1) modulation pattern [48].
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Fig. 2-20 Color plot of Rabi oscillations [48].
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MATELLZNNY VDAY Tryr— Reb P HEF N7 VAZTHRINTHZ LT
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Manipulation Readout
Va Va

s

Bias tee

Bias tee

‘T

Vee

(@) Cross section. Corner quantum dots is (b)Over view.
formed by gate electrodes.
Fig. 2-21 Silicon qubits which have single channel and corner quantum dots [49]. The device read

quantum states using capacitance connection between quantum dots.

ISET

>

V Read point:
SET  highly,if M
low I if M-1

Fig. 2-22 Iset dependence of Vsgr. Electrons are in qubits shift the current peak of sensor transistors

[49].
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®3E EEEERIYVaVBEFEY L

3-1 FHES /v —hETFU VRS

BN D CMOS 7 /3 2 TG EIN LEAMT OBEHIZ LY | nm DA —F —IZE TF ¥
FIVEPHNENTWEN, —FTHT ¥ 2RI D LEWVEEBELEOHE, SHEOH
KRIpEDBHBEE 72> TS, BT ¥ IR EZIEIT 2 72011T 7 — FORT 2 Uil
EPED EE2I > CTT A AEEEZ D Z ENATH Y, Fin-FETXF / VA ¥ — b
FUVARE F )= NT VR ESERT v RAEED N T VA ZPIFES 4L T
Wo[4l, FTHFT /=M T U PREETEBSED Z L TETFT v xR ERELS L,
FUBEMEAERKEEDH 2 ETAL v F U THEDR a2 2WFEN & T 5, Fig 3-1
IZREE S ) v— N T VAKX &oR$[73], Fig 3-1Q@ICRT L 91T Si R D EEBIC SiGe
&SI BAZHIZTEH XU VR S, B OB ER A ER T 2, RICTF v 14 E
DL Fin 2K L, FI—F— b e F—=2 7 Licth, A=V —%2EkT 5, T
B, V=R FLAUVETEEZ XUy VESE, SiGex =y F 7 LTIV RE, H
2L IS T — MEMAHERE S, BEEED N TFy 2V RO — RBMERR S L
%o SiGe 1T HCUH, DIRA T A e W TR T v F o 7247 9 & Si & O TIFEHFIC
mEmWVIEBRIL T v F U 7R D [74],

NS stack epitaxy (a)
NS “Fin” patterning & STI (b)

NS “Fin” reveal (c)

Dummy Gate patterning (d)

Spacer & Inner Spacer (e) 11! 1] ; pFET48CPP nFE;I;;S:PP

Dual SD Epitaxy (f)
Channel Release (g)
RMG (h)

(_} Air Spacer

} Wrap-around contact

MOL/BEOL (i)

0=

Fig. 3-1 Stacked nanosheet process sequence and TEM images [73].
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H1IETORLELIC, YIarvEFarta—F0ERIIEFE Y FOZEFE Y
MERARETH D, —FH, YV arEfFrey MNIEBPKREREREE HD L2 EnbET
vy hEVEEICERBETAZEREHE LY, Y arEafyy hoZaEEy MBIZHIT
TZEEREL DT DIIE, HEROMEIE L Beip DT A AEERLETH D,

VVargEfey hOZETFE Yy MBIZHEITT3-1 TRLEEEST /v—FF T U R
ZDOTrvRAELEZIC, MEHEEN ) arvaErEy NERET S, Fig 3-2 IZRET HHE
JEREER ) 2 By NERT, BET OMEITHAS Y ) 2Ty RVENE S
0, F— NEBPNERT vy VB THE SN TWS, F— NEBEITEBEDO A ——
DRI ILTND, T ¥ R UTITEANZ 7 — NEBH D OFHEEIZ L > T Corner &1 K b
DRI, TNEFNETEY heRDEBTFRY M, BV R T U PRAZOET Ry M &
LCHERET D, Y —RA « RLA EBIZ Poly Si TIERIES N, HHTF v VB THEBTH D,
F— NEmRE T Y RVEPEEH D LD, BFEy MITRTICERLI N, (R
FRALIEE D IR 2L MM A 2 7855 L, RS 2 FIINT %, B ERACI3 A BRI T
ZRWTHE T mKICETT S, 2260 L, B8 A 2 O TN 2 FInd %,

Poly silicon Source B_.+B
shared by 2 layers =ext-*=grad

Sensor transistors

- Poly silicon Drain
shared by 2 layers

&

2 silicon

e
30 nm

Poly silicon Gates

SiO, Silicon
shared by 2 layers

substrate

(@) Over view.
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[ Qubits T Sensor
transistors

Poly Si
Gates

Quantum
dots

r 3
v

950 nm

(b) Cross-section view. Channel width is about 50 nm. Channel region is a taper structure.

Poly Si Source N+ gj Poly Si Gates Poly Si Drain

SizN, spacer

F 3
A J

150 nm

(c) Side section view. Channel length is about 150 nm.
Fig. 3-2 Proposed silicon qubits with stacked structures. The fabrication is based on stacked nanosheets
with Si/SiGe layers. The novelties are multiple silicon channel layers, gate electrodes shared by
multiple silicon layers, sensor transistors and qubits included in a same channel, possibility of reading
and manipulating the multiple quantum states simultaneously by sweeping the gate voltages, and high

scalability realized by increasing the gate electrodes and single crystal silicon channel layers.
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(9) ZEALREAR—H— DR
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—ZAEBT B, A AAEADE, A=Y =D FEHPRT Ry k&Y =R RLA O b
YRR IR %,
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(h) SiGe & Z{L¥5tHT Y F 7

SiGe & % HCVH2 DIRA T A % W T RF 54— » F > 7 (Chemical vapor ething; CVE) %
1795, ETHIUX, CVE 4TI ANCEFVET v F 2 712 X0 SiGe Fm OB L ELY b
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() A ATEA

BIAEVETE Y NOEGAIXY V%, EAAVVEFE Y NOGEARIFIARa 2144
HEAZELY F—E7T5%, ZOLXPolySi V—A -« RLAUER, 7— MNEMK, F ¥ 3/
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Si layer

Silicon substrate RIS R
(a) Conventional SOI substrate. (b)Epitaxial growth of SiGe and Si layers.
SiGe layer Poly Si Source

Si layers

Poly Si Drain

(c) Channel taper etching. (d) Poly Si Source and Drain deposition.

Poly Si Gate electrodes

Gate oxide layer

(e) Gate oxidation. (f) Poly Si Gates deposition and patterning.
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SizN, spacers

Hollow structure

(g) Si3N4 spacer deposition. (h) SiGe layer chemical vapor etching.

Boron or Phosphorus

l l l l l Protective oxide film

(1) Ion implantation. (j) Protective oxide film deposition.

Co micro magnet

(k) Co micro magnet deposition.

Fig. 3-3 Process flow chart of proposed silicon qubits.
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Y N CE—~ VX =R 5, RREEDEEMABELIZVWETFE Y MOIST
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1T9[75], CNOT 7*— R E D F+ vy N — MIE R U ROHM AER 2 Hv
TAT O Z &k 5[50, 517,

() EFIkEBOTAH L

EREBOBELIAIZITY., 2 TOERERK T LRI — FVEEZIKS T2, T5¢&
EREEFAE L DBRN RLA TN D, BEFIREEOEBIEDE, &EFE Y hOEIREE
MY 7ol b ZIXFRIEE AL NET Ry NNEHICEDS, ZOTREEFAE N
YUY R T UVRAIDES Ry FORT Uy VBB TFTSE S, Fig3-6 ICEfE Yy et
VY RTUVAEOREETRT, Fig 3-3(IR LI L2 ICTF ¥ RUET — Ry F
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Initialization : Manipulation : Readout

> —
T
Time

Fig. 3-4 Waveform of gate voltage V of electron spin qubits.

Source Drain Source

L —Bottom layer—! L——Top layer —

(a) The potential diagram corresponding to initialization of quantum states. Only down-spin

electrons can drift to quantum dots (QDs) from source

Ezb'-/" Ezt

Source Drain Source

Drain

L —Bottom layer—  L——Top layer —

(b) The potential diagram corresponding to manipulation of quantum states. A Co micro magnet
generates a gradient magnetic field, so Zeeman energies of QDs are different. Therefore,

quantum states can be manipulated selectively.
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Source Drain Source

L—Bottom Iayer—I L Top layer —

(¢) The potential diagram corresponding to readout of quantum states. Only up-spin electrons can
drift to drain electrodes from QDs.
Fig. 3-5 The potential diagrams of 2 qubits. (a)Initialization. (b) Manipulation. (c¢) Readout.

—— Qubits | Sensor
transistors

r 3
v

50 nm

Fig. 3-6 Capacitances between quantum dots of qubits and sensor transistors. Down-spin electron
lowers the potential of sensor transistors. Due to different capacitances of the top and bottom layers,

each quantum states can be read.
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3-5-12 BEF vy bOEBEFREFAHL

BETHRHEMER ) aL BBy MBI 2EFREFRAHLOY I 2 b— 3 v
EiToTl-, 22 CIEHEALDO-D, Fig 3-6 IR T X oc2/@ov)arFyxrifges 2o
DY — NEMEET DT NA A%B 2D, TROLEFE Yy M EHT v R UE, T
Y RVBENETN 1 OTOFETH2EFE Y MEETH D, TET ¥ RVEDOTF ¥ FIv
1% 40 nm, & — MERLIEEIL 8.7 nm, T ¥ RO L 60 £, 7 — hEMONE X
20nm & L77,

Fig. 3-712& 7y F&trH b T PR ZOFEMRIKXNEZRT, EFFHHRORE, &1
By MITREEFALCDESTESGE, BFEY eV NI PR FHORE
Com~ Cpem~ Civms ComZ NN L TRV TP RAXDREF Ry hORT U ¥ L ZBET S
o, RG-DIZFEHF vy rVBICB T2V N IT U VRAXOET Ry RORT vy L
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WVpottom = — { Com + Com }(3—3
bottom Cpg2 (Cpg1 + Chs1 + Cpar + Com + Copm Crgr + Ces1 + Crar + Com + Com

AVygp = e{ Com + Ceom } (3-2)
top Cegz \Ctg1 + Cis1 + Cear + Com + Copm Cpgr + Cps1 + Cpar + Copm + Ceopm

Fig. 3-6 T/ L 7-#1% % FastCap2[76]% W CET U > 7 %47~ 7-, Fig. 3-8 |Z FastCap2
ETET V7 LIEER AT, b, BT Y U ZICHWE FastCap2 DY — 23— R
ATk 1 1RT, FastCap2 TOY I 2 b—3 3 2L W KGB-1). GDICEENIARLE
L7z, HH LA E% Table 3-1 (¥, HH LIEAEEZ W TEFIREGEAH Lo >
Sal—varEfTolz, BV IV RED R LA UERMEOERICITIAGE-3). (3-4)
Z N TZ[77],

2e? 4Ll

RN T G=9

r=r,+1rIy B-4)
Co1Vyr

p=t (3-5)

K (3-3) TCelTBEMFBE(= 1.69x 1071° C), GIFBEXUISEE, WIT 14 T v 7 EH

(21054 X 10734 J-5), I'\ I, IRITZFNTNEHIE, &ldET Ky hOBEXUREICH S
TORT v, Culdr— FEBE Y FT U PRFORET Ry MNEORE, V1T
F— NEIETH D, 1F200mVeE L, & FHRIEOMEIESCHR[78]% B &0, = 833 uV, I =
6 WERE L, Fig.3-7 10y 22—y a A2k VEHLEE Y R TP RAFD I
VRt #7779, Fig. 3-7 T Top 1Z BT v VO RET-E v hO&EIRAE, Bottom | 1]
FyYyrNVEOETEY hOBTRETHD, VIl — a2k, Fig3-6 [I R L7-HE

-43 -



FeERI Y a &1y TRV NS U PREOF — NEIEEZRREITAZI L TLTOE
FAREN G AT D Z LR ENT-,

. B.+B
Poly silicon l ext” =grad
Source Sensor

transistors

S

2 silicon

layers Poly silicon

Drain

Qubits

Poly silicon
Gates

(@) Over view.

Bexi*Biyrad Qui)its Sensor trlansistors
[ | I 1
Poly Si Gate
Gate width Si layer thickness
20 nm 210 nm
Quantu Channel angle

dots :60 degrees

SiO, layer thickness Channel width of under layer
:8.7 nm :40 nm

(b) Cross-section.
Fig. 3-6 Proposed silicon qubits with stacked structures. Two silicon channel layers and two gate

electrodes are fabricated in the device.
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Sensor
transistors

Fig. 3-7 The equivalent circuit of qubits and sensor transistors.

Poly silicon
Gates

Fig. 3-8 2 silicon qubits with 2 gates and 2 Si channels modeled by FastCap?2.
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Table 3-1 Capacitance values of modeled 2 silicon qubits.

Elements Capacitance values (aF)
Cog2 3.67
Ctg2 4.55
Chg1 + Cps1 + Cpar + Com + Copm 8.82
Cig1 + Cis1 + Crar + Cem + Copm 11.4
Com 1.64
Coem 2.88
Cim 3.41
Cibm 3.17

iTop,'Bottém);{o,O)_ (Top,Bottom)=(0,1)

I, (@ u.)
1, (a. u)

30 35 40 10 15 20 30 3/ 40

10 15 20 25 25
V, (mV) Vv, (mV)
(Top,Bottom)=(1,0) | (Top,Bottom)=(1,1)
3| | 3
s s
10 1.5 Z'O 2.5 3l0 3‘5 40 10 15 Z'D 2.5 3|0 3‘5 40
Vv, (mv) V, (mV)

Fig. 3-7 The simulated I4-V, characteristics of sensor transistors. “Top” is the quantum state of the
top layer. “Bottom” is the quantum state of the bottom layer. 4 I4-V, characteristics correspond to

four quantum states, respectively.
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3-524 BFEy hOBTFIREHRAMHL

4 BBy hORPREFGAH LY I 2 b—va v &fTo7z, Fig 3-8 [T /31 AKX
EY, 2ETEY FOYIalb—va LK Fig 3-6 TRTIBEZIENDZ & T4 &
TV hERER L, FastCap2 # W CEF Y v 7 %475 7-, Fig 3-91CEF U v 7 iR %
A 7 R ORI 20nm & L7z, FastCap2 ETY I alb—va {70, 850
BT Ry MEZhEhoREZ M L7z, Fig 3-10 124 &7Ey h72bb § BT Ry b
HEXE DSR4 . Table 3-2 [CHitH L= 2773, Fig 3-9 I0RT X 910, 1 S0k
FIUVARIZFAODRETE y P EREENLTHRSND, 2B FE Yy b LK, &
FEEOME, BFE Y MCFREAC OB FRFEET L L REENAL TRV N T
VAZDRT L EETSED, Fig 3-11 ICETIRTE0,0,0,0), T7RDLETORETE
v MEFRE R EVOBTIMEHET B E X DB Y b T L URSD 1V, M5t 7T, 4 &
FEy hoL XIEHRAEE 2 BIF5 - & TRPRESRELRS, ETHHOEL S b
TYVALDT = FEE Vs EZEE L, Vs 2545, 7 — 8 URE Y — 7 OfLE 2 il L
7otk Vi DIEZEZE 2 CIRBROBMEZAT 5 2 & TRRESA M LOBRIENE T T 5,

Poly silicon Source "
shared by 2 layers -ngt;~Bg._rad

Sensor transistor:

2 silicon

layers oly silicon Drain

shared by 2 layers

Poly silicon Gates

shared by 2 layers substrate

Fig. 3-8 4 silicon qubits. Vs and Vs are gate voltages of sensor transistors.
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Poly silicon Gates

Fig. 3-9 4 silicon qubits with 4 gates and 2 Si channels modeled by FastCap2.

Sensor
transistors

Bottom layer Top layer

Fig. 3-10 The equivalent circuit of 4 qubits and sensor transistors.
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Table 3-2 Capacitance values of modeled 4 silicon qubits.

Elements Capacitance values (aF)
Chi-p1s Cor—pr 0.55
Cri-t1, Cer—tr 3.7
Cs1+ Cpig + Cer + Cpyopi + Coppy + Coy—pi + Cr—py 10.7
Ca1 + Cprg + Ce1 + Cor—pr + Cor—pr + Cri—pr + Cor—prr 10.7
Cs3+ Cryg+Ces + Cri—ty + Cort + Cpy—t1 + Cpr—pg 12.3
Caz + C3pq + Cez + Corpy + Cri—tr + Coi—tr + Cpr—ir 12.3
Coi-brr Cor-p1 0.16
Ci—trs Cer—n1 0.12
Ci-trs Cor—t1 Cei—pbr» Cer—p1 0.07
Ci-t1, Cor—trs Cei—p1» Cer—br 0.31
Chis) Coigr Cors, Corq 5.5
Cuis) Crigr Cers) Cerg 4.90
i V1717 mV | | V. .=25.19m |
Quantum state | | Quantum state
il :(0,0,0,0) 3 | :(0.0,0,0) |
S G
_s _o
10.1l2.1l4.1.6 %8.2I0.2I2.2l4‘2.6.2l8.30 10.1I2.1I4.1I6.1l8.2I0.2I2.2|4 26.2I8.30

V_(mV) V_(mV)

Fig. 3-11 The simulated I4-V characteristics of sensor transistors. Quantum states (0,0,0,0) can be

read by sweeping the gate voltage 2 times.
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3-6 MEBERL Y a BTy OLERE

2EFEY M 4EFE Y FERBRIZTF v RVERS — NEMOB AL L THRET
LHIEEMER S ) a &y MIFRRICEIERBETH 5, Fig 3-1212 4 DO 7 — MNEM
L4 >OF v xVEE AT HEZR7d, Fig 3-13@IC7~T L2, Y—AKDRLA
YDORT UV N R L ERE AT L FREAE L ORT Vv L OHIHE
IAE S ENE, BETOEF Ry MBI FREEFAE DAL Z ERHR, g1k
SETT 5, HRBGOHIMCL Y 2 To&ET Ny NCHIGEZELSELZ LIk, &1
2B OB EE A L S, A OBRNAEIEN TSRS, EFIREEDFAH L
it PIHMEOBR ERRIC Y — AR R LA Y DORT vy Yy VBB ST D 2 & ThAE
A DHNBET Ry hEiloTY—Ab LUL R LA i d, oL i, Ln
TAEURTAE AL SEMT 2RH TH D TIRMRFR LD b R o) o 7%
ZF, Ko TAEUVEYEDE, EHICH A LAITAITIE LWGAH LERB SO D,
a0 MBI DBLE K T —/S—F ¥ RUEEOBR A ELZ ZNENRET 528 T
RETHEEEERN ) av& TV Y MNITF ¥y R VEOHB L — MEMBOIKITIE U T
BBy FOKEERTZ Lok, REEICERL TV S,

4 silicon layers

4 Poly Si Gates

Fig. 3-12 The proposed silicon qubits with stacked structures

consisting of 4 silicon layers and 4 poly Si gates.
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(a) Initialization.

(b) Readout.
Fig. 3-13 The potential diagrams of 4 qubits.
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3-7 BIEOT- D OETFHRIBEHEEMHFH L

RETHHEEHEN V) a2V &1y NORIEOT D EFRIEE O S L 2T 72,
Fig.3-3 TR L7/ mtERAT7 0 —0N, &bHEHENEWVON Fig. 3-3(DD 57— ~EMmOER
Thbd, F'— FNEMIIES Ny NOREIZERT LD, Wikt %a EBY V777
4 HZHWTERT IV ERD D, 77— FNEBOENRKINE, &7 Ky bOEKRENRKE L
720, BT Ry NOREBECHKREL 25200, RR-32)TRTHET LT —2/hEL
2%, MBTRLF—NEFE Y POBRREOCEEEDL E L0 +3Ic K& < 2T,
J—narraylr— RKBRAEESF, BTEy hELTEET S Z L3k, BT hT
VURAEBFEERIC, Z—urTayr— RPECRTEEIREOHRAN LAITY 2 &
BHIKRZR, 7 — NEBOWEZT T2, F— MNERMOEHLEETH D, 7 — MEM
FOMHEENREWE N R VERNBTENT, ®mTEy NEOEVY N T P22 REET
D2 ERHBRZR W, F— NEMEOERES/ NS W EET Ry MET b RVERED Y
T EFEY NROECT T o URERENEL RV, b, &Yy kU
NI VAL B EREICEESE D ORI SR & B AR A 5 B 72 BB OO [
Rz B\ THIE T 2 LER & 5,

EB VU Y777 4 IZHWA LA M Hydrogen Silsesquixane (HSQ) % /=, HSQ &%
ARLEB LY A MMECTH Y | BRBETHD Z ENMBIN TV H[79], HSQ IFIEHEAR Y
~—T®» Y HSiOy; DRV IR LEETH D=0, LU A MHEECIEZ Y vEE WD, TD
72, CVD THERE L7z Poly Si @ FHICE4ZHSQ # @M LEB Y Y /T 7 4 %175 &, =
v F U TRBIZT IR LT LY A M RIBEZAT O BRIZ Poly Si FEBD 7 — Mk & Sz
— NEMDBFBEL CLE S, F ¥ X/EBOHIE S RIS, BfEs Si O EEBIZERE HSQ
ZWAMUEB Y YT T7 %175 & LU A MNHBEDT- D D7 o FRALFEIZ K - T SiJg D
BOXETHD SIO, 2N LTCLED, TH&SiTFrrAf@nhiefgeEsied, ZOEE
F— NEMOER A5 L Si 8 FEIC Poly Si BAA VAR, BFMT v F o 7 ClibrEH
KARNZ D 2RO — NEMASERANHEERE IR, I GAA BIED 7 — N E
Tl ik & IR 72V e W H R S & 5,

HSQ ZH\WimE 1B v hOFEIZIE HSQ % HH: Si <° Poly Si IZBAT 5D Tld7e <,
EREE~ AT HEnEZLND, BEO EEHIZHSQ #8 ML, EBY V7T 7
A VTR 2SN F— = 7 LTeRIC, 7 v 2 L C L P X MRHIBEZTT O,
AT 7 v BRI CIRIT 5 2 E N e, ERETCEIT B A RS 5 2 L Sk
el

IO Si HARL D EEBIT IR A 28 % 7= S AU 2 HERR S H 7o bl & Rl D 7= D 1 Si b
ZHTDH SO FEWNAEHEL, EBY Y777 4 %47-7-, HELT-HER% Fig 3-14 |R
9, HSQ % A F /LA Y 7 F )L/ k> (Methyl isobutyl ketone; MIBK) & 1:2 D L3R T MIBK 73
%< 70D KO ICRAGWIREZ B L. BEHUCEAT L2, 3000 rpm OEHEET 1 43H A B
U —Z—ZEH LEHNO LY A MERE A —b LT,
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SizN, (19 nm)

SizN, (2.3 nm) i

(2)Si3N4 2.3 nm. (b)Si3N4 19 nm.

Si (12 nm)
SizN, (29 nm)

(c)SizN4 29 nm. (d)Si 12 nm.

Fig. 3-14 Substrates for EB lithography for investigating the dependence on the thickness of the top

layer.

ZDH, 90°CF T2 LY A NS 7 Uiz, B HEEEERE 2L HARE 740 JBX-
6300FS (NI 100 kV)Z& FV 72, BEAY 10 nm > 5 50 nm OFFR % 5 nm 27 TIEET S
CAD LA 7 U F&ER L, BAIEEYS 720 OB FHROBKNETHDH F—X &% 2000
uC/em? 2> % 6000 uC/em?® F T 500 pC/em* XA CTEZX CTEB Y Y 777  %#47>72, EB U
V7T T 4 D%k, KEEALT N T AF VT L F =17 L(Tetramethylammonium hydroxide;
TMAH) % I\ C 30 PR ZIRIRICIR T2 & CHGEEIT- 72, BUgH%., VIR MHEEELT
OPEFIEMEEE O CHE A2 — 2 BE L, A HE L,

Fig. 3-15 ICIEAE R 2”77, Fig. 3-15 T SisNs 23 19 nm O FAR T F— X & 3500 pClem?® D
RE =T DS — T R — X8 3000 uClem? D /3% — L 2 @1%2 LT-, Fig. 3-10 LV
10 nm OMF T4 TOHMCTHIMT 5 Z LB HPRT . BLZ50nm TLA T ¥ FOE & v
ECHEE R TWD Z b5, BT EOEEN#EW IR, L0 VA 7w M
R CHREET S TN D, Z AU B OB ANE T EEB T RRO B T HGILIC K D )
EL bt EZLND, Ko TEBY VY7 T77 4\ TH— k%ﬁ%%)\%wa‘:%
BT 5K, ATREZRIRY HOEED~ 2 7 # NS L B LRI,
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S5} .
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prar)

S 40} .
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E 30 - -

2 1 —e—S0I (12 nm)

2 20 ——SiN, (2.3nm) ]
1ol —e—Si N, (19 nm) ]

| —e—Si,N, (20 nm) ||
0 2 A A L A A & L & A 2

0 10 20 30 40 50 60 70
Design width (nm)

Fig. 3-15 The results of EB lithography.

WIZEB VU V77 7 4|28 DS RO MRS X DA Z T~ 25728, Fig. 3-16
T st HE LTz, Fig. 3-14 TR L7 RS GO T 7 DMK 20 nm & 30 nm O
W 2 RF OB 2 i L, BUg R L O X M RIBEAIT O TICE FEAMET A TN — 28
22 WE LI 21T 572, Table 3-2 IZHIEMER AT, Table3-2 1V, H&b L A7 7 M
PRB = I SR DI Fig. 3-16 ()R T MR TH 5, Fig 3-17 IZFXFHE 20 nm OHHR
® SEM BiE3HE R, Fig. 3-18 [ZRZFHIE 30 nm OA#R D SEM #1235 74 797, Fig. 3-17 KO
Fig. 3-18 & V B EHE 20 nm @ & X (X 24.6 nm, FFHE 30 nm @ & X (X 33. 3nm DIFE % £
B ENTNWDZ LR LT, ZHUIZBHEECTH L7720, BORE CETHRO%
FEELB I SN2 L &2 B 5, Fig 3-19 12 Fig. 3-16 (c)I2/R T AT 20 nm DO AR
Z50nm DR TLA T U b L7z 2 ROMFEDO SEM BIE2HE R 2~ 7, Fig. 3-19 £ 0 F2EE
(21 30 nm DR T 2 RO B HE TWA Z & DR TE 5, ZOfEIE Fig. 2-18 12
ATV argETey FOMBREREIZER —-THY, N RREEERORE S & LCiEl)
ThdeEZXOND, Ko CEFHRIMBEISEME LOKER, Fig 3-16 (IR HEEZ W5
ZETETE Yy FOERICHWD 7 — NEMIMERFIEETH 5 Z LRI T,
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Si (90 nm)
Si,N, (60 nm)

(a) SisN4 60 nm. (b) Si 90 nm.

SizN, (25 nm)

Doped poly Si (40 nm)
SiO, (10 nm)

Si (10 nm)

(c) Si3N4 25 nm.
Fig. 3-16 Substrates for EB lithography for investigating the dependence on the structures.

Table 3-3 (a) Measurement results. Design width: 20 nm.

The top layer of the substrate Actual width (nm)

Si3sN4 2.3 nm 29.4
SizN4 19 nm 39.7
Si3N4 29 nm 43.7

Si 12 nm 36.5
Si3N4 60 nm 35.2

Si 90 nm 421
Si3N4 25 nm 24.6

Table 3-3 (b) Measurement results. Design width: 30 nm.

The top layer of the substrate Actual width (nm)

Si3sN4 2.3 nm 38.9
Si3sN4 19 nm 46.8
Si3N4 29 nm 54.0

Si 12 nm 38.9
Si3N4 60 nm 38.9

Si90 nm 48.4
Si3N4 25 nm 333
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2.0kV 2.2mm x250k SE(M,LA40) 2018/12/17

Fig. 3-17 The narrow EB resist line on the Si3N4 layer. The thickness is 25 nm.
Actual lengths are L=284 nm, W =24.6 nm.
Design lengths are L=200 nm, W=20.0 nm.

Fig. 3-18 The narrow EB resist line on the Si3Ny4 layer. The thickness is 25 nm.
Actual lengths are =282 nm, W =33.3 nm.
Design lengths are L=200 nm, W=30.0 nm.
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2.0kV 2.2mm x250k SE(M,LA40) 2018/1217

Fig. 3-19 The narrow two EB resist lines on the Si3Ny layer. The thickness is 25 nm.

Actual space is 30 nm. Design space is 50 nm.
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4 = FD-SOI OEIRHIE

4-1 KR TIT BT 5 FD-SOI O HH 5454
FD-SOI #{&iR F CHIE T2 L UL TF D X 5 7Bt 274,

(1) B i #E = D N
FD-SOI 7 > 2 Z OFEEEIFRMA-1)THEZ 65,
E Natsi
th=—ﬁ+<ps+—qc 4-1)
R(DZRET T T 2 UL FORXME-2)1 52 Hivd,
dVen _ _i% dep 4-2)

dT ~ 2q dT = dT
dog/dTITEMX v U 7 En OREERGFEMICHER T Z & L0, L@-3). X@E-HEHNT
N@4-5THA LIS,

2kT1 (Na) 4—3)
=—-In|— —
Y q ni

N.N,e~Eg/2kT (4—4)

dop _ d le N,
dT ~ dT n [N_N,e~Eq/2KT
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g N, N.N, dT togar

B D IR L N K OMHi 7R -7 D FEDRAERE FE Ny (33 TSIl 5 Z & KD
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1
d(NN,)2 _ 3NN,

dT 2 T (4-6)
K(4-5) L K(@4-6) 2 5 LU FORG-BEHN D,
dVen  k VNN, 3
ar "5[”‘( N, )+§] (4—7)
RA-DEFIZATH D728, FD-SOL k7 2 VA X OBIEELV,, [ FRET D & 32 <
5.
(ii)S fE Db

S B & X Fig. 4-1 1Z/R T & 5 ICBHEEEAHL O 16-V, ,ﬁ@@ Y L, @4-8) TER
END, STHMEL 72D ERHERFO A 7 BRI S D &3, BIERO A4 BFEANE N
L MOSFET DA A v F v ZHENNM L3 2, 3705 S i MOSFET OEMERHEEE 2
HETHERNRNTA—FTHD,

Vg
5= dlogl,

(4-38)
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1 ¢ CgoxCsor
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NIRRT ¥ RN EFRNDF X VT OBEEILF v U 7 OBELSEAD T 5 & HEn
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7 — 1 CHGELIZE R T D BB pcoutoms (IR HIMIE E Now (SHEEHI L, ERE ¥+ U
THEE Niy IZHHIT 5 Z b TR0, LLTFOR(4-10)D eBIERBFET 5,
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On
/””‘________-—- current
| /'
o,
Off dlog.o1,4
current
>
Vq

Fig. 4-1 The definition of S-factor. Decreasing s-factor causes decreasing off current and increasing

on current.

4-2 FD-SOI DFAfE

CMOS i LRI IV D FD-SOI b 7 > ¥ 2 % OARIR T D% 20~ % 728, FD-
SOI k5 ¥ A% DMER1T> 7=, Fig. 4-2 12 FD-SOl ® 7 1t 27— Fig. 4-3 |2 CAD
VAT U N&ERT, Figd-2 (a) TRt X 9 I8 O SOl i 2 HIE 3%, RCA i z1T
WV, Si BHEAETETRL LR, v AT BLEITO Si KHERET D, MMEADEOTZHO~
— 7 % BOX J8 T Si ZAIAER L 7%, Fig. 4-2 (b)) T/RT L 512 Mesa LIFEIEILD KT v
VAP SN DN S LD, WRICEWB L Z 1TV — MR LR A TERL L 7=
CVD ZH\W T Poly Si ##if&, VYV 777 4, =y F T %{ToTr— NEMEERS
Do AT EANEITV, BLTT T4 TY—A -« R A VEEER LTIZRICERT =—
IVEATWVE Si Zftfafb S 2, FRRICHREEN 25 372 OICKE T =— L 2TV E
DTN TRy RaKEET D, £ D%, Fig. 4-2 (e) Td K O ICIRFERE LI 2 HE
S, 7yBABIC LY a2 7 MAR—VEERIL | K&%IZ Al % Sputtering 2 (VT F
VI EATo TCRRB AR U, il 7 o & AEMIIM IR T, ERE DT 1 A
X % Fig. 4-5 (273, BOX EOEX1X200nm TH Y, SiEOE XL 85 nm TH D, fE
B 72 FD-SOl D% TN a7 a— "= |2 LHWE CEFIEL R LIk, A7 74N
—ZHWTH I AREIEEZMT, 77r By BTHLEIS Z LT3 mm A~
TR L7, ~EBD%, IR~ Y U L% HAOTAKERE D= DI TV T 4 L F—IZ Ag
NR—=Z NTREY AT 721812, VA Y —Rr T 4 T %ITo72, Fig 4-5 1 C~&HEOH 7
NWEH TN T F N — T RT,
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SiO '
Si substrate 2

(2)SOI substrate. (b) Mesa etching.
I Poly Si l
(c)Gate oxide formation. (d) Poly Si deposition and etching.
(e) Protected oxide film deposition. (f) Contact hole formation.

Sio,

(g) Al spattering and etching.
Fig. 4-2 Process flow of fabricated FD-SOL
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Poly Si gate

Al

Contact
hole

W: 100 um
Ap—-

L: 100 um

Mesa (Si)

(a) CAD layout of the transistor. Channel width and Channel length are 100 pum.

13 mm
(b) All view of CAD layout.
Fig. 4-3 CAD layout of the fabricated FD-SOL.
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Poly Si gate

The thickness of Si layer
:85 nm

Al electrode

The thickness of BOX (SiO,) layer
:200 nm

Fig. 4-4 Cross-section of fabricated FD-SOI. The thickness of BOX layer is 200nm. The thickness of

Si layer is 85 nm. The thick ness of gate oxide is 10 nm.

Fig. 4-5 Sample and sample folder.
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4-3 PIEFIE

0y A LT T AW ASRIIE OWIE R & Fig. 4-6(a), [H i w2 FV 72 BRI
EOWER% Fig. 4-46)277, KR F TOHREDEZIET T 17— "—Z% > 7R £+
. 42K OEIRA~Y 7 A FCRIEEIT > 72, Table 4-1 [ZHIEIZH W= HIERR 2 RT,

Voltage
source
AC current
_b )
DC voltage Lock in amp
Current | Reference
G amplifier AC signal
L |
Function
D S Low pass filter generator
Resistance
divider
or
D
Attenuator AC signal
voltage
(a) AC measurement diagram.
Voltage
source
DC current
— Digital
DC voltage multimeter
Current
amplifier
|
D S Low pass filter
Voltage current
— source
DC voltage

(b) DC measurement diagram.

Fig.4-6 Schematic of measurement equipment.
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Table 4-1 Measurement equipment.

Measurement equipment Company, name
Lock in amp Stanford Research Systems, SR830
Voltage source Tektronix, KEITHLEY 2400 Source meter
Function generator Tektronix, AFG3102
DL Instruments, MODEL 1211 CURRENT

Current amplifier
PREAMPLIFIER
KEYSIGHT TECHNOLOGIES, 34410A
Digital multimeter
Digital multimeter 6 1/2

Voltage current source YOKOGAWA, GS200
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Fig. 4-7 Id Vg characterization. Red line is measured at T=4.2 K and V=100 pV. Black line is
measured at T=300 K and V4&~=100 pV.
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Fig. 4-8 SSmin dependence on temperature at Vq—=100 pV.
100

LV =100 pV
8ot -

60 -

20 -

o 100 200 300
T (K)

Fig. 4-9 Body factor n dependence on temperature at V4=100 pV.
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Fig. 4-10 Id Vg characterization. Red line is measured at T=4.2 K and V=1 mV. Black line is
measured at T=300 K and V4&=1 mV.
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Fig. 4-11 SSnin dependence on temperature at Vg=1 mV.
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Fig. 4-12 Body factor n dependence on temperature at V4=1 mV.

- 68 -



4-4-3SED KL A VEEK M

SHED R LA BRI Z TR D 7201 1o-V RO B E &2 1T - 72, Fig. 4-13 125
IR CORER K% . Fig. 4-14 1242 K TORERRZ RS, =R, KR TOREENZEN
IZBWT STEOR/METH D Smin 2 EF L. LA VEEREMEZ R, Fig 4-IC=E
TOSIED N LA VBIEWAFN A, Fig 4-IKIRTO STED R LA VEBEKRFEZ 7T, S
EIZ 300K D & F1E Vg 725-1.4V L0 & KEWFETO SEDOR/ME, 42K DL X3 Vg
$-03V E0HREWEEBTO SO KR/IMEZ SSmin & EFE L THME L7,

Fig. 4-13 £V, |ETIEIFEROEEZEL T LV HRENVS0mV LV REW R LA EE
ZHUNT 2 EYEERN L LW 2 Enbod, —J5, Fig. 4-14 X0 42K O L & 38,
BOED036mV LIV b REWRNUA EELEINT S & N A CEBEICHE L CERE
DML TWAD Z Enbnd, B, 7 ALy vai REROXILLTFOR(4-16)THE
HEohb, 27 LR @-16)iZBuk h TP AFZ DY T AL v g/l RERTH D,

W |ee0gN, (kT\?

X@4-16)E 0, LA VEBEBKTED b/hEane &, Y72y a/L NERIZRLA V&
Tt UCHEBBEBMIC AT 5, — . RbA VEENPHFZETED b REWE 1 3RA
WOIEMN 1 PRS2 H 7T ALy a /L RERITZE LAV, 42K DL X (28GR S
E}D 036 mV LV KEVWERTHEY T ALy gL FERBEZ TWDH DKW — &
JETRY 7 NERMHILTWD AN S 5,

Fig. 4-15 (2 300K TP SHHED K LA L EEERFMEZ hg4mc42K@@sf@Fv4
VR Z R, Fig. 4-15 £V 300 K T SIEIX R LA VEEICIEE A SR LRV,
—7J5.Fig. 4-16 X 0 42K TIX SEIX R LA VEEN 200mV D & X (T b EV 52.3 mV/dec.
R Lz e, FuA VEEORD &ILTHELITEA L, 1 mV & FlE 5k ciafnd 5
:kﬁb#éoL%SL1$74%@nmiofﬁmﬁéﬂ\%v4/% WZITRAE L 72
VY,

-69 -



s —V,=0.2mV
10° ——V,=0.5mV
10° —V=1mV

——V,=2mV
107 —V=5mV
z —V,=10mV
o 10°% —V,=20 mV
——V,=50 mV
10° —V,=100 mV
10/ ——V,=200 mV
—V,_=500 mV
10 [ i | R—)uth
-12 [ N 1 A 1 " 1 N 1 N 1 N :
-1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00
vV, V)
g
Fig. 4-13 1d-Vg characterization at T=300 K.
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Fig. 4-14 13-V characterization at T=4.2 K.
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Fig. 4-15 SSmin. dependence on Vd at T=300 K.
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Fig. 4-16 SSmin. dependence on Vd at T=4.2 K.
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Fig. 4-17 1d-Vd characterization at T=300 K.
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Fig. 4-18 1d-Vd characterization at T=4.2 K.
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Fig. 4-19 13-V characterization at T=300 K as a linear scale.
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Fig. 4-20 13-V, characterization at T=4.2 K as a linear scale.
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Fig. 4-21 Potential fluctuations.
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ETTFT VT EITY, Ist 77 A T F TRIITH O S5,
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*QGate_right _qubit
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*Gate left qubit
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C QR left.txt
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C QR left.txt
D QR left.txt
D QR _left.txt
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11.7
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D QR left.txt
D QR left.txt
D QR left.txt
D QR left.txt
D QR left.txt
D QR left.txt

3939
3939
3939
3939
3939
3939

* Gateoxide left qubit

D QR left.txt

3939

9
9
9
9

0-25.780
0-20.00 10
0-14.2220
0-8.44 30

40-25.78 0

40 -20.00 10
40-14.22 20
40 -8.44 30
20.1-25.78 0
20.1-20.0 10.1
20.1-14.22 20
20.1 -8.44 30

0-15.78 0
0-1010
0-4.2220
20-15.790
20-10.2 10
20-4.23 20

40-15.780

0900

09010

2000

2000

20900

1055
1055

1055

1055

1055
1055
1055
1055
1055
1055

1055
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+ 0x4169¢l
+ 0x4169¢l
+ 0x4169¢l

0x4169¢l

+ 0x4169el
+ 0x4169el
+ 0x4169el

0x4169el

- Oxee82ee
- Oxee82ee
- Oxee82ee

- Oxee82ee

- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxee82ee

- Oxee82ee

- Oxee82ee



D QR lefttxt 3.93.9 40-1010

D QR lefttxt 3.93.9 40-4.22 20

* QD _right qubit lower

CQD lefttxt 11.7 000

D QD lefttxt 11.7 11.7 2000

* QD _left_qubit_lower

CQD lefttxt 11.7 4000

* QD _right qubit upper

CQD lefttxt 11.7 011.5520
D QD lefttxt 11.7 11.7 20 11.55 20
* QD _left_qubit_upper

CQD lefttxt 11.7 40 11.55 20
* dielectric medium

D QR left.txt 3939 20-15.80
D QR left.txt 3939 20-10.1 10
D QR left.txt 3939 20-4.3 20
Dbox d=6.92.txt 11.7 11.7 011.5420
Dbox d=6.92.txt 11.7 11.7 20 11.5320
Dbox d=18.46.txt 3.93.9 05.77 10
Dbox d=18.46.txt 3.93.9 205.76 10
D QD _left.txt 3939 05.78 10
D QD _left.txt 3939 205.78 10
D QD right.txt 3939 0242710
D QD right.txt 3939 2024.27 10
D box_d=30.txt 11.711.7  00-0.1

D box_d=30.txt 11.7 11.7 200-0.1

D box_top.txt 3939 01.5430
D box_top.txt 3939 20 1.54 30
Dbox d=6.92.txt 11.7 11.7 40 11.54 20
D box d=18.46.txt 3.93.9 405.7 10
D QD _left.txt 3.93.9 405.8 10
D QD right.txt 3.93.9 4024310
D box_d=30.txt 11.711.7 400-0.2
D box_top.txt 3939 401.530
* QD _right_sensor_lower

C QD right.txt  11.7 0300

1055
1055

10-35

10-35

1055
1055
1055
1095
1095
1095
1095
10-35
10-35
10-35
10-35
10155
10155
1095
1095
1095
1095
10-35
10-35
10155
1095
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- Oxee82ee

- Oxee82ee

0x87cefa

- Oxadd8e6

0x87cefa

0x87cefa
- Oxadd8e6

0x87cefa

- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxadd8e6
- Oxadd8e6
- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxadd8e6
- Oxadd8e6
- Oxee82ee
- Oxee82ee
- Oxadd8e6
- Oxee82ee
- Oxee82ee
- Oxee82ee
- Oxadd8e6

- Oxee82ee

0x87cefa



D QD right.txt
* QD _left_sensor_lower
C QD right.txt  11.7

* QD _right sensor upper
C QD right.txt  11.7

D QD right.txt  11.7 11
* QD _left_sensor_upper
C QD righttxt 11.7

* Gateoxide right sensor

D QR righttxt 3.93.9
D QR righttxt 3.93.9
D QR righttxt 3.93.9
D QR righttxt 3.93.9
D QR righttxt 3.93.9
D QR righttxt 3.93.9

* Gateoxide left sensor

D QR right.txt 3.93.9
D QR right.txt 3.93.9
D QR right.txt 3.93.9

*QGate right_sensor

C QR righttxt 11.7

C QR righttxt 11.7

C QR righttxt 11.7

C QR righttxt 11.7

D QR righttxt  3.93.9
D QR righttxt  3.93.9
D QR righttxt  3.93.9
D QR righttxt  3.93.9
*Gate left sensor

C QR righttxt 11.7

C QR right.txt  11.7

C QR righttxt 11.7

C QR righttxt 11.7

11.7 11.

7

)

20300

4030-0.1

018.420
20 18.520

40 18.5 20

035.780
03010

024.3 20
203580
203010
2024320

4035.78 0
403010
4024220

045.78 0
04010
034.27 20
028.49 30
2045.70 1
2040.1 10 1
2034.220 1
2028.430 1

404580
4040 10
40 34.3 20
40 28.5 30

10-35 - Oxadd8e6
0x87cefa
0x87cefa

10-35 - 0Oxadd8e6
0x87cefa

1055 - Oxee82¢e

1055 - Oxee82ee
1055 - Oxee82ee
1055 - Oxee82ee
1055 - Oxee82ee
1055 - Oxee82ee
1055 - Oxee82ee
1055 - Oxee82ee
1055 - Oxee82ee
+ 0x4169¢l
+ 0x4169¢l
+ 0x4169¢l
0x4169¢l
055 - Oxee82ee
055 - Oxee82ee
055 - Oxee82ee
055 - Oxee82ee
+ 0x4169¢l
+ 0x4169¢1
+ 0x4169¢l
0x4169¢l
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2 BEFD-SOI D7 v 244
FD -SOI Process flow
(Last update 2019/1/31)
No. | process detail
0 | Dicing wafer: G8P-020-01 (SOI/BOX=100/200 nm, SOI: p-type 10" cm™,
sub: n-type 10'° cm-%), chip*3
Cleaning1 SC1  H202:NH40OH:H>0=1:0.25:5=80 ml:20 ml:400 ml, 75-85 deg.,
10 min.
1%HF 2 min.
SPM H,SO4+H20,=3:1 110-120 deg. 10 min.
1 | Cleaning2 Numbering (using diamond cutter on back surface)
SC1  H202:NH40OH:H>0=1:1:6=40 ml:40 ml:240 ml, 75-85 deg., 10
min.
1%HF 2 min.
SPM H,SO4+H20,=3:1 110-120 deg. 10 min.
elllipsometry Measure SOI thickness
2 | cleaning 1%HF 1 min.
SPM 125-130deg., 10 min.
1%HF 1 min.
Mask oxidation Dry Oxidation Oz 1.0 I/min 1000 deg. 10 min. target SiO2:10 nm
(Koyo-H. #1)
elllipsometry Measure Si and SiO, thickness
3 | <Markarea> Laser exposure
condition: HMDS 500 rpm. 5 sec, 6000 rpm 60
sec. prebake 100 deg., 10 min.
AZ1500 20CP 500 rpm. 5 sec, 6000 rpm 60
sec. prebake 100 deg., 10 min.
developer NMD-3 90 sec.
post bake 100 deg. 10 min.
BHF 15sec. (Mask oxide film removal)
post bake 120 deg., 15 min. (Pasting on 3 inch wafer)
4 | Markarea etch Recipe:Poly-masumi, step1:5 sec. step2: 40sec. step3: 0 sec., step4d: 0
(CDE etcher) sec.
5 | BHF BHF 3 min. (BOX layer removal)
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6 | Resist removal Acetone 30 min.
Ethanol
SPM SPM H,SO4+H»0,=3:1 125-130 deg., 10 min.
7 | <Mark> Laser exposure
condition: HMDS 500 rpm. 5 sec, 6000 rpm 60
sec. prebake 100 deg., 10 min.
AZ1500 20CP 500 rpm. 5 sec, 6000 rpm 60
sec. prebake 100 deg., 10 min.
developer NMD-3 90 sec.
post bake 120deg., 15 min. (Pasting on 3 inch wafer)
8 | Mark etch Recipe: Mark-Harata, step2: 5 sec., step3: 400 sec., step4: 0 sec.
(Silicon etcher)
9 | Resist removal Acetone 30 min.
Ethanol
SPM SPM H>SO4+H20,=3:1 125-130 deg., 10 min.
10 | <Mesa> Laser exposure
condition: HMDS 500 rpm. 5 sec, 6000 rpm 60 sec.
prebake 100 deg., 10 min.
AZ1500 20CP 500 rpm. 5 sec, 6000 rpm 60 sec.
prebake 100 deg., 10 min.
developer NMD-3 90 sec.
post bake 120 deg., 10 min.
BHF 15 sec. (Mask oxide film removal)
post bake 120 deg., 15 min. (Pasting on 3 inch wafer)
11 | Mesa-Etch (CDE | step2: 25 deg., 20 sec. target Si:100 nm, Recipe:Poly EB_RCP
etcher)
12 | Resist removal Acetone 30 min.
Ethanol
SPM SPM H>SO4+H»0,=3:1 125-130 deg., 10 min.
13 | cleaning 1%HF 15 min. (Mask oxide film removal)
SPM 125-130 deg., 10 min.
1%HF 1.5 min.
14 | Gate Ox. (Koyo- | condition: 1000 deg., 10 min., target: SiO>:10 nm
\2)
15 | Poly-Si depo condition: 250 sccm, 33 Pa, 45 min., 580 deg., target:200 nm Recipe:

(vertical CVD#1)

poly Si
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16

<Gate>

Laser exposure

condition: HMDS 500 rpm. 5 sec, 6000 rpm 60

sec. prebake 100 deg., 10 min.
AZ1500 20CP 500 rpm. 5 sec, 6000 rpm 60

sec. prebake 100 deg., 10 min.

developer NMD-3 90 sec.

post bake 120 deg., 15 min. (Pasting on 3 inch wafer)

17 | Gate-Etch (CDE | step2: 25 deg., 50 sec. target Si:325 nm, Recipe:Poly EB RCP
etcher)
Resist removal Acetone 30 min.
Ethanol
SPM SPM H>SO4+H20,=3:1 125-130 deg., 10 min.
18 | Ton implantation | prebake 120 deg., 15 min. (Pasting on 3 inch wafer)
condition: P+ 35 keV, 3.0x10"° cm™,
N+ 35 keV, 3.0x10" ¢cm™
Resist removal Acetone 30 min.
Ethanol
SPM SPM H,SO4+H20,=3:1 125-130 deg., 10 min.
19 | Passivation SiO; condition: SiH4:0,=200:100 sccm, 0.3 Torr, 400 deg., 60 min.,
(vertical CVD2) target:300 nm
SPM SPM H,SO4+H20,=3:1 125-130 deg., 10 min.
20 | Ion activation condition: 950 deg., 10 min.
(Koyo-H #2)
H; anneal (Koyo- | condition: H, 100 sccm, 400 deg., 25 min.
H #3)
21 | <Contact> Laser exposure
condition: HMDS 500 rpm 5 sec., 6000 rpm 60 sec.,
prebake 100 deg., 10 min.
AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec.,
pre bake 100 deg., 10 min
developer NMD-3 90 sec.
post bake 120 deg., 15 min. (Pasting on 3 inch wafer)
22 | Contact-Etch BHF Etching 5 min.

Resist removal

Acetone 30 min.

Ethanol

SPM

SPM H>SO4+H20,=3:1, 120-130 deg., 10 min.

-97 -




23 | HF 1%HF 1.5 min.
Al evaporation condition: 250 W, 50 min., target: -nm, Recipi: Al-250W

24 <Al> Laser exposure
condition: HMDS 500 rpm. 5 sec, 6000 rpm 60
sec. prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm. 5 sec, 6000 rpm 60

sec. prebake 100 deg., 10 min.
developer NMD-3 90 sec.
post bake 120 deg., 15 min. (Pasting on 3 inch wafer)

25 | Al-Etch Mixed acid (CH3COOH+HNO3) 40 deg., 90 sec. ~ (over-etch after Al

is thought to be completely removed.)

Resist removal

Acetone 10 min.

Ethanol
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