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Abstract

In the current era of Noisy Intermediate-Scale Quantum (NISQ) based quantum
computers, as many as 1121 qubits can be integrated into a single Quantum Pro-
cessing Unit (QPU). However, for these quantum computers to be used as general-
purpose computers solving complex problems, the number of qubits in a QPU must
be in millions. To achieve this milestone, the use of industrial CMOS platforms is
increasingly being proposed as a feasible alternative. The industrial CMOS plat-
forms offer tight packaging densities, small on-wafer footprints and excellent control
over the geometry of the fabricated devices, which can, in principle, allow large-
scale integration of thousands of qubits into a small QPU volume. However, as the
physics behind the operation of quantum devices in QPU differs drastically from the
operation of classical FETSs, the design of quantum devices in the industrial CMOS
platform has been extremely challenging.

To help circumvent this problem, the presented thesis showcases how an industrial
short channel FinFET, designed in 10-12 nm technology node can be used to realize
quantum devices of a QPU such as Single Electron Transistors (SETs), Quantum
Dot Thermometers (QDT), Coulomb Blockade Thermometers (CBTs) operational
at cryogenic temperatures. Results show that the cryogenic operation of these indus-
try standard short channel FinFETs operating at its subthreshold bias regime leads
to the formation of a gate-defined Quantum Dot (QD) in the channel, which is elec-
trostatically confined by the potential barriers in the Lightly Doped (LDD) region of
the channel just below the gate spacers. The small channel volume of these FETs al-
lows the channel’s QD to have extremely small spherical equivalent diameters (10 to
15 nm). This allows these devices to work in QD / Quantum mode for temperatures
as high as 40 K, where only a handful of quantum devices have been reported to be
operational. The quantum mode of operation in these devices thus allows them to
be used as a CMOS-friendly alternative to traditional non-CMOS processing-based
large-footprint devices such as SETs, QDTs, CBTs, and qubits commonly used in a
QPU.

The performance of these industrial FinFETs operating at 8 K is comparable to the
state-of-the-art quantum devices operated at much smaller cryogenic temperatures
(10 mK). Moreover, as these proposed FinFET based QD devices can be operated

at relatively higher cryogenic temperature stages (above 7.8 K) where the thermal



cooling capacity of the cryogenic hardware is sufficiently large, a large scale QPU
volume can be realised /tolerated within the thermal budget of the cryogenic cooling
assembly:.

Although the QD-based operation in the cryogenic FinFETs is distinctive for a small
gate bias range, experimental results show that the variation in the Number of Fins
and/or Threshold voltage enables the precise tuning of the gate bias range in which
the QD-based operation is desired to be operated. The impact of other geometry-
dependent parameters, such as the Number of Fingers, masked gate length, and
channel type (p-type and n-type) on the properties of the channel’s QD is explored
in grave detail. This geometry-dependent study is expected to serve as a rule book
for any CMOS device engineer to help build QD-based devices using these FinFETs.
The QD size is also found to be highly uniform across identical geometries of Fin-
FETs, which helps further advocate the precise control of the QD properties offered
by these industrial CMOS platforms.

To help feasibly design and validate the operation of these FinFET based QD de-
vices before its physical fabrication, a Verliog-A based compact model is proposed.
The proposed model is built on top of the BSIM-CMG compact model and accu-
rately captures the classical performance and quantum performance of these Fin-
FETs across the wide dynamic temperature range of 300 K down to 8 K. The pro-
posed model can be used to design the cryogenic-CMOS-based control and readout
electronics of a co-integrated QPUs. The model helps evaluate the performance of
Hybrid SET-FET circuits built entirely using the proposed FinFETs. The chal-
lenges with such full-CMOS-based design of hybrid circuits and their solutions are
discussed in grave detail to fully comprehend the design prospects with these new
FinFET-based QD technologies.

COMSOL multiphysics simulations of the QD performance in FinFETs operating at
cryogenic temperatures are also presented in this work to showcase how the body
bias can be used to fine-tune the charge sensitivity of the QD formed in the channel.
A compact modeling framework for the simulation of a silicon spin qubit is also
presented to help simulate simple quantum-gated operations in popular stimulative
platforms such as MATLAB.



SIN

AT G H ARG eRT HeAH-Tehel SIiCH heR] <h faehd oh 1Y, ehel icH U gfHe
(i) # 1121 fIcH ht Tehlehd foRaT ST HehdT g1 gTcliich, 31 FieH el ohl 3U-
IRT THTI-36T heR o T4 H et GRS ol g1 e o iy o & folg, srgdig.
# gforcy hi ST aral | gl 91fgq| 9 HhM ohl 8T e o foly, sftenfies erg-
JfaTgs-Tichsdex (HTHSTY) T IUANT Ueh Hae fdehed o U H deit I UdTiad
fohar S g1 81 Sitenfiier duwsiuy S GdfSiT g+, Bi¢ dH-aw el sk Afda
IUHRUT & AT TR I<HE A0 U d €, St Figia & § geiRl Rfdcd &bl Ueh
B¢ RO afegd & I8 TA TR Yehichd e i SITATT & Tehd & | BTeliich, RIUY | adied
SURRUTT oh T oh Ul anl Hifadh! FemTiichel thice sthae gifsiex (Thad!) & ddre &
Itk {9 8, gafarg sieifies dunsiva # gaicd Iueaur o f3ame # srafden gfaar
TS | 3T AR ohl gl A oh oIy, Uga Uaier fearar 8 fob e 10-12 A1ter qepiht
e # f&aTeA fohy 7T Sfienfies Q1TE I97eT fthethe o1 IUTNT FRIUIY, & FaieH IJURRT Sidt
faTeT getaeA gifSier (TaEdl), gaied gic yAfiier (RgEIE), 3R Eeid selehs YHTHIER
() ht shrisifFes auHE R ardfdehar & @ o forg fohar ST gahar g1 ooy gaifd
g foh 371 IENT A ¢ I ththe &1 s T 3 qaielics I09 & |
e-aR9Tiva Faied gie (Fget) o FHfor 6t ik & ST 8, 99 99 & gooh 81y fohg 71
3 (TeTSish) &1 o aiefRraet smursi gRT Setagieefees & § et foham T g, Sit i W
% ek A1 811 81 34 Thadt & Bl AT dieyH h hRUT I T RIS Ad BI MAThR
e g (10 ¥ 15 AHHIR) W& | G&H gial 81 g 37 SUHUN hl 40 hicd= deh
YA R S [ FaicH A1 H R et hl AT ST 8, STEl hadl o IFaTcH IJUhN
<t R <t 715 ¢ foh o opredefiet €1 371 SueuTt & Faied AE o1 daTed I& Uy | 9T
S, it 3R Fgfaied & Yenrael HTASITY-3r gl faehed & w0 # IUANT e
A AT 81 8 hfcd™ TR A e Tt 34 Sitenfiies fthithe &1 Tasi srafdes S ohI-
groifeh araa (10 el dhfeam) TR M S aret UaTferd Faicd IUUN & 1Y Ja-1
&1 39 3retral, gfoh UdTiad fohthe TR SISt IUARUT hl T0&TThd I shidSii-eh
AT ORI (7.8 hfcas T 31fden) R Tarferd fohar ST 9endT & STl shidist—eh greaar &
ST oh3 I &HdT hTth! ISt gid! 8, Toh d8 9AM R Y diegd ohl shidtaif-ien Gfci
It h YH Foie & HiaR areafdendr & AT ST Gehar 21 gTeifch, shraisifAen fthethe &
RISI-SMMTRT TATA Yo BIC e F199 W7 & forg fafre 8, gaimares ufkom fiard g fon
fOhe &t e ofiR/aT Yeiteg dieest # fA=adT ggl-smemRa a9t &t o fie g e
d Tarferd fohar ST §, 39 9éla U & AuiRd o & g& S9! g1 o= sarfafa-fAeiR
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WRteR ST fhed & T, A e da1g, 3R A9 UehR (W-UehR 8TR TH-UehRR) & 9=t
h RIST T UTYHT TR YHTE o IR O sy fohar mam 81 ag sarfafa-fAR sregge fosdt
ot Hhomeiga fEaEy SeifFRr & g 50 fhthe &1 IuahT dh FRgS)-anemRa Iuesor
T H HEE e o [T Yok 99 gXaeh o ®U H hrf e hl STUET hl STt &1 RIST ol
3R g fhrthe Safafaat & dr srcafde ga™ urar mar g, St g9 sienfies -
THINQY gRT UaH hl T8 RIET TTerHT & Tleh F=0T ot ofR ifdes gl a1 81 &
fohthe s RISt Iuanvon & TaTe at Hifdes AT & uget ATagRe €U ¥ fesmea
3R O T § Heg o o foll, Uep ARANT-U SeniRd spiddeae Aiset URatfad fehar mar gl
ULTfad Alsd SUgSMSUH-TUHSH shirdee ATsd & i o= s9mam mar & 3R 300 e
Y 8 chfca T & fakqa AT f@et | g4 fththe & aTi¥iehel 3R eRIicH U hl dleh
&Y Y 30T T g | AT HISel I SUIRT Hg-5¢Riee RIURL & shidtsiAch-Higasigy
SR =0T 3R 33T Sotaei-ad & fSoie- # fehaT ST TehdT &1 I8 Aisd UdTiad
fohthe &1 SUTTT aveh Y ke 9 [ esfos qusd-umsdt afdhe & uesi™ & eaica
3 | Heg dT g1 grefae afdhe & gol-duasiug-snariRd fesmga & ary gHifaat ok
Ik THIYH R faEaR & =i &t 718 g drfes 31 ¢ fOhthe-snmariRd =il dersiienl & ary
fesirga &t Goramratl ol g ag & 9Han ST A fhithe & shiisif-eh dTgA™ R g8t
11 & piag Ttk R off 39w # yegd fohg 7y & aifes @ wefdia faar
ST Gk foh Y TS 1Y T IUTNT el | I gt I TSt GaeAMerdr Bl i et &
forg foraT ST HehdT 81 38k 31eTTdT, Aceld H ddicH-11dS HaTe i Frgele s & [y gen
Raferent= fe agfae & et & foly gas svirdae AtefeRT afan off vgd foram mar 81
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