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Résumé

Cette these étudie 1’électronique cryogénique et la réalisation de boites
quantiques (QD) sur substrat SOI pour le calcul quantique. Deux technolo-
gies sont proposées pour la démonstration de boites quantiques d’électrons
(trous). La premiere s’appuie sur les dispositifs Trigate SOI développés au
CEA-LETT et la seconde exploite la technologie FD-SOI 28 nm développée
par STMicroelectronics. Dans un premier temps, les dispositifs a double-
grille du LETI sont mesurés a tres basse température (60 mK) pour met-
tre en avant le principe d’exclusion de Pauli pour les premiers trous con-
finés a l'intérieur des deux QD. Au travers de cette expérience réalisée sur
un double QD nous étudions une brique élémentaire permettant a terme
I'initialisation et la lecture d’un qubit. Cette expérience a par la suite
été étendue a d’autres dispositifs possédant quatre grilles pour lesquels un
protocole de mesure est proposé pour la démonstration de deux qubits de
spin d’électron. Dans un second temps, nous avons adressé la question du
controle, de la lecture et de la manipulation des qubits de spin par une
électronique pouvant fonctionner a basse température. Les performances
digitales et analogiques des transistors FD-SOI ont été étudiées sur une
large gamme de température. La réduction de la température montre une
nette amélioration de la mobilité des électrons et des trous mais également
une plus faible pente sous le seuil (SS) qui s’accompagne également d’une
augmentation de la tension de seuil (Vrg). La saturation de la S'S pour les
faibles températures est expliquée a 1’aide d’un modele analytique développé
dans le cadre de cette these. En modélisant une queue étroite de densité
d’états pres des bords des bandes de conduction et de valence et en util-
isant la statistique de Fermi-Dirac, un excellent accord est obtenu entre les
mesures et le modele. L’ajout d’une variation exponentielle dans la densité
de pieges d’interface permet de reproduire I'évolution de la S'S sur plus de
6 décades de courant. Par ailleurs, nous montrons que 'effet d’'une polari-
sation face arriere qui permet d’ajuster la Vg des transistors FD-SOI pour
viser des applications haute performance ou basse consommation fonctionne
parfaitement a basse température. La modulation de la Vi reste la méme




de 300 K a 4 K pour les grandes et petites longueurs de grille des transistors
NMOS/PMOS. Afin de tirer avantage de la technologie FD-SOI et d’évaluer
son intérét pour I’électronique cryogénique, nous avons caractérisé plusieurs
oscillateurs en anneaux (RO) jusqu'a 4 K. L’étude a été réalisée en deux
temps. Dans un premier temps, l'augmentation de la Vg a basse tempéra-
ture n’a pas été corrigée. Puis, cette augmentation de la Vg a été corrigée
grace a la polarisation face arriere afin de conserver la méme Vrg que celle
mesurée a 300 K. Afin de conserver les avantages tirés des plus fortes mo-
bilités des porteurs a basse température, nous montrons que la Vyg doit
étre corrigée pour réduire significativement le délai de commutation d’une
chaine d’inverseurs. Nous montrons qu’a 4 K un régime de fonctionnement
optimal alliant a la fois haute performance et basse consommation peut
étre obtenu avec une tension d’alimentation (Vpp) de 0.3 V contre 1 V a
300 K. Cela permet de réduire de facon significative la dissipation statique
et dynamique des RO. Un produit Energie-Délai de 6.9 fJ-ps avec un délai
par étage de 37 ps sont obtenus a Vpp = 0.325 V grace a 'utilisation
de la polarisation face arriere. Pour finir, nous discutons de la dualité des
transistors FD-SOI canal court qui peuvent étre utilisés soit comme MOS-
FET ou comme transistors a électron unique. La présence de QD dans
les transistors FDSOI est démontrée avec des caractéristiques proches de
celles obtenues avec d’autres architectures (type nanofil) offrant ainsi des
perspectives intéressantes pour une future co-intégration d’une électronique
cryogénique avec des qubits de spin réalisés a partir d’'une méme plateforme
industrielle.
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Abstract

This thesis studies cryogenic electronics and quantum dots on silicon-
on-insulator (SOI) for quantum computing. Different types of electron and
hole quantum dots are fabricated with Leti’s SOI nanowire (NW) and pla-
nar 28 nm FD-SOI technology. In the first part, Pauli Spin Blockade (PSB)
is studied for the first holes down to 60 mK. We show that it is governed by
a strong spin-orbit coupling (SOC). The intradot relaxation rate of 120 kHz
was found for the first holes. The access barriers tunability realized with
additional gates was proven to be efficient regarding the isolation of qubit
from source/drain metallic leads. Following the recent demonstration of
electron-dipole spin resonance (EDSR) achieved in electron quantum dots
confined in the corners of silicon nanowire (CDs), we deeply investigated
quantum dots in several n-type samples under different body-biasing condi-
tions. Based on preliminary cryogenic transport measurements, an opera-
tion protocol for a compact two electron spin qubit gate has been proposed.

Regarding cryogenic electronics required for efficient control, manipula-
tion and read-out of a large number of qubits, the low temperature digital
and analog performance of 28 nm FD-SOI MOSFETs were analyzed from
room temperature down to 4 K. Significant improvements in transistor per-
formance are achieved with a clear enhancement of carrier mobility and
a strong reduction of subthreshold swing (S5), even for short-channel de-
vices with gate length down to 28 nm. The saturation of the subthreshold
swing at low temperature is explained with a new analytical model devel-
oped in this thesis. By introducing a narrow tail in the density of states at
the edges of the conduction and valence bands and using the Fermi-Dirac
statistics, an excellent agreement of SS is achieved between experiments
and modeling. The analysis of the SS — Ipg metric under different forward
body-biasing (FBB) conditions has revealed that the increased density of
interface traps cannot be responsible for the SS saturation at low tempera-
ture. By adding a slight exponential variation in the interface trap density,
we show that the SS — Ipg curve can be well reproduced over more than 6
decades, paving a way for an efficient cryogenic design of CryoCMOS. In a
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second time, the cryogenic performance of Ring Oscillators (RO) down to
4 K was investigated. We have shown that the optimal supply voltage can
be reduced down to 0.3 V. This allows to efficiently reduce the dynamic and
static power dissipations. At the same time, a small Energy-Delay product
of 6.9 fJ-ps with a delay per stage of 37 ps was achieved at Vpp = 0.325 V
under aggressive FBB.

Finally, in the last chapter, the duality of short-channel FD-SOI transis-
tors operation as FETs or SETs is demonstrated at 4 K. By benchmarking
the QDs with respect to the common silicon platforms, we show that 28 nm
FD-SOI technology has a great potential for both cryogenic electronics and
qubits.
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Thesis outline

This thesis consists of six chapters and is organized as follows. In
Chapter 1, the current challenges towards silicon-based large scale quan-
tum computing are reviewed. We first start with a brief introduction into
the physics of quantum bits (qubits) and list the major achievements re-
cently obtained in the silicon spin qubit progress. This includes the real-
ization of a robust silicon electron qubits in purified silicon as well as the
demonstration of CMOS compatible electron and hole qubits fabricated on
300 mm silicon substrates using Leti’s silicon-on-insulator (SOI) nanowire
technology. Then, more sophisticated few-quantum bits experiments are
mentioned and the challenges towards many-qubits system regarding the
requirements for long-range coupling, advanced solutions for qubit’s read-
out, scalable architectures, purification of natural silicon to improve the
spin qubit performance, the optimal temperature of qubit operation and
the need of cryogenic electronics to efficiently control qubits. Indeed, a par-
ticular attention to cryogenic electronics (CryoCMOS) based on advanced
CMOS technologies was a driving force of this thesis.

Then, low temperature experiments on multi-gate nanowire transistors
are described in the next chapter 'Silicon Nanowire Technology for Qubits’.
First, the fabrication of SOI nanowire multi-gate devices is briefly described.
Pauli Spin Blockade (PSB) for the first holes is studied and the role of the
spin-orbit coupling is analyzed down to 60 mK. Moreover, electrostatic tun-
ability of access barriers using a p-type device with four gates in series is
demonstrated and its importance regarding improvements in hole spin qubit
performance is discussed. Then, the electron quantum dots confined in the
corners of nanowire (corner dots) are reviewed for all-electrical electron
spin control using electron-dipole spin resonance (EDSR). The importance
of using a special design with split-gates (Face-to-Face) is emphasised. We
study electron corner dots in several n-type devices and discuss the role of
disorder and dopants in the channel using addition energy values as the
main metric. Our analysis of low temperature stability diagrams is sup-
ported with realistic simulations. Finally, by investigating different double
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quantum dot (DQD) regimes in a n-type device with four gates, we propose
an operation principle for the demonstration of CMOS two-qubit gate, the
building block of quantum computers.

The next chapter summarises the digital and analog performance of
28nm FD-SOI MOSFETs from room temperature down to 4 K. It begins
with a description of key features of this commercially available technology
and room temperature analysis. Then, transfer Ips — Vs and output
Ips — Vps characteristics of a large number of isolated devices are given
and the low temperature behaviour of FD-SOI is discussed. We investigate
the low temperature evolution of the effective mobility ugrr for NMOS
and PMOS devices with different gate oxide thickness using the C-V split
technique. The effect of channel doping on pprpr(T), the shift of threshold
voltage (Vry) at low temperature, the subthreshold behaviour in terms of
SS —Ips metric are discussed. A variability analysis of long-channel devices
is presented and the variability issues associated to a cryogenic operation are
mentioned. The overdrive drain currents Ioprry and Ippgar are discussed
for a large set of NMOS and PMOS transistors with short- and long gate
length. Then, the body-biasing capability is analyzed down to 4 K. The
low temperature behaviour of effective currents of short-channel NMOS
and PMOS are reviewed as well as the extended window of body-biasing
at low temperature are discussed. An excellent efficiency of body-biasing is
demonstrated down to 4 K. The analog performance at 4 K is analyzed.

In Chapter 4, the low-temperature saturation of the subthreshold swing
(S9) in FD-SOI MOSFETs is discussed. First, we show the saturation of
SS(T) for a set of different samples and review the existing theories and
approaches used to explain the saturation. Then, by introducing a narrow
tail close to the edges of the conductance and valence bands and using
the Fermi-Dirac statistics to describe charge carriers, we develop a physics-
based model explaining the saturation of S.S below 35 K in FD-SOI devices.

Cryogenic performance of 28 nm FDSOI Ring Oscillators (ROs) is ana-
lyzed down to 4 K in Chapter 5. The chapter starts with a description of the
circuit, its principle of operation as well as room temperature characteriza-
tion. Then, a thorough analysis of cryogenic performance of ROs fabricated
with different technologies and the existing solutions for optimization of low
temperature performance are presented. Two different modes of operation
are reviewed. Within the first one the measurements are done without
body-biasing having the Vipy-shift attenuating the impact of low temper-
ature mobility enhancement on RO performance. In the second approach,
forward body-biasing (FBB) is used to keep Vrg = Vrp (296 K) of NMOS
and PMOS transistors down to 4 K. Then, several metrics are used to an-
alyze the cryogenic performance of ROs, such as the dynamic and static
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currents Ipyn srar (power Ppyn srar), the delay per stage (7p), the en-
ergy per transition (EPT), the energy-delay product (EDP) under different
FBB conditions. We find a good agreement between the low-temperature
gain in 7p obtained from the measurement of ROs and the gain estimated
using the effective current Igpp from isolated NMOS and PMOS transis-
tors from 296 K down to 4 K. By exploring very aggressive FBB voltages
(Vepp) up to 5.8 V, we show that the performance-power tradeoff can be
efficiently managed at 4 K and the supply voltage can be reduced down to
Vpp = 0.325 V while keeping an excellent performance. We present the
low-field mobility (1) comparison between 296 K and 4 K and show that,
even for the shortest Ly = 28 nm, the short-channel py(4K) is enhanced
as compared to room temperature. Then, by comparing the key metrics
of ROs with Lgs = 28 and 46 nm, we demonstrate that comparable per-
formance can be achieved for these devices thanks to FBB. The variability
analysis of short-channel NMOS and PMOS devices is discussed and the
choice of optimal temperature for the cryogenic electronics of control based
on FD-SOI of 4 K is justified.

The last chapter describes the duality of short-channel FD-SOI transis-
tors. Here by measuring wide (W = 200 — 300 nm) and short-channel tran-
sistors, we show that the same NMOS and PMOS devices can be operated
either as field-effect transistors (FETS) or single electron transistors (SETS)
depending on the drain voltage Vpg and body-biasing. In two similar NMOS
devices, we find almost the same features in 4 K stability diagrams with high
addition energies as well as an excellent electrostatic control. By bench-
marking different silicon platforms currently used to fabricate robust and
efficient quantum dots, we demonstrate the interest of FD-SOI technol-
ogy for qubit applications. In addition, PMOS short-channel devices were
deeply analyzed and the effect of boron dopants diffused from Source/Drain
regions is illustrated by using the Coulomb spectroscopy. The chapter ends
with a description of a prototype cryogenic circuit recently fabricated using
28 nm FD-SOI which integrates both cryoelectronics and quantum devices.

Finally, we outline the main conclusions and perspectives of this thesis
in terms of different silicon quantum dots for spin qubits and cryogenic
electronics based on industrial FD-SOI technology.
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QD - Quantum dot.
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FBB/RBB - Forward and reverse body-biasing.
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CryoCMOS - Cryogenic digital and analog electronics specially de-
signed to control, measure and read-out large-scale qubit systems.
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Chapter 1

Current challenges towards
Si-based large scale quantum
computing

In this chapter a brief review of main ideas behind quantum comput-
ing is given. The progress in silicon-based spin qubits with close to con-
ventional CMOS fabrication route is presented. The difficulties associated
with scaling up, i.e. increasing the number of qubits with respect to main
constraints are mentioned. The interest of co-integration of the qubit layer
with cryogenic electronics is justified. Finally, the correspondence between
the results presented in this thesis with the challenges of silicon CMOS
large-scale quantum computing is established.

1.1 Towards large-scale silicon quantum
computing

The necessity of quantum computers (QCs) to simulate 'physics’ by
exploiting the problem of many-particle quantum wavefunction was first
foreseen by Richard Feynman in the 80ties [1]. Quantum computing is
fundamentally different from the classical binary logic where the informa-
tion is encoded into bits storing either logical ”1” or 70 [2]. This principle
is illustrated in Fig.1.1 (a) using a simple inverter. Indeed, the quantum
computer composed of quantum bits (qubits) can store exponentially more
information than the one using classical binary logic [3]. For instance, to
represent n-qubit system one needs to have n quantum and 2" classical
bits. A large number of new quantum algorithms for resolving problems
not accessible by standard computers (SCs) has been proposed [4]. The
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CHAPTER 1. CURRENT CHALLENGES TOWARDS SI-BASED
LARGE SCALE QUANTUM COMPUTING

following algorithms are of particular interest : (i) Shor’s algorithm [5]
for integer factorisation (running time O(logN)? for QC and exponentially
larger exp(O(logN)3(O(log logN)?/3)) for SC [6]); (ii) Grover’s algorithm
[7] for unstructured search problem (nearly quadratic speedup for QC [4]),
to calculate dynamical properties by resolving the Schrodinger equation of
(interacting) many-body systems which is currently a topic of active re-
search in the fields of quantum chemistry[8], quantum field theory[9], etc.
Finally, quantum computing can be efficiently applied for solving large sys-
tems of linear [10] and differential equations [11], data fitting [12], and
machine learning [13].

Similarly to the binary classical logic, a qubit can be characterized by
two states : |0) (ground state) and |1) (exited state) as shown in Fig.1.1
(b). However, the difference lays in the quantum nature of qubits systems.
The qubit can be in the linear combination of computational basis states
leading to the superposition: |1)) = «|0) 4+ «|1). Thus, the qubit can exist
in a continuum of states until is measured and o, 32 give the probability of
finding |0) or |1) after the measurement. A convenient way to represent a
two-level quantum system is to use the Block sphere. Then, the pure states
|0) and |1) (spin-up and spin-down for spin qubits) point towards the north
and south poles of the Block sphere whereas the interior points correspond
to the mixed states (see Fig.1.1 (b)).

The famous paper on the requirement for the physical implementation of
quantum computation [15] (so-called DiVincenzo criteria) describe a list of
necessary condition for realizing the QC: (1) a scalable physical system with
well-characterized qubits (few-electron/hole regime, cryogenic temperature,
static magnetic field); (2) the ability to initialize the state of the qubits (3)
long relevant decoherence (T} to corresponding the relaxation from excited
to ground state and T, describing the dephasing time), much longer than
the gate operation time; (4) A universal set of quantum gates (quantum
"XOR’ or "CNOT’ gate will be discussed in details); (5) A qubit-specific
measurement capability (read-out through spin-to-charge conversion or us-
ing a reflectometry technique); (6) The ability of interconvert stationary
and flying qubits; (7) The ability to faithfully transmit flying qubits be-
tween specified locations. The last two conditions (6-7) are additional to
(1-5) and are required for quantum communication protocols and will only
partially be addressed in this chapter.

The principle of qubit operation is given in Fig.1.1. A very simplified
operation sequence consists in: (i) initializing the qubit in the ground state
|0) (a static magnetic field By splits the lowest energy level by lifting the
spin degeneracy), (ii) sending both DC (few mV) and AC (typically from 1
to 10 GHz for silicon spin qubits) signals to detune the quantum dot system
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1.1. TOWARDS LARGE-SCALE SILICON QUANTUM COMPUTING

a) CMOS logic: b) 19
the case of inverter

VDD 10) + i[1)

p-MOSFET, 2

0~ -1

IN o =0 ouT |o)‘7§|1)

n-MOSFET
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0 ]
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Microwave “g” or “e” ADC
Source

Figure 1.1:  (a) Illustration of classical binary logic using an inverter.
(b) Qubit representation with a Block sphere formalism. (c¢) Principle of
operation of a qubit. Taken from [14]

and to coherently drive the qubit between |0) and |1), (iii) waiting for the
system located in a dephasing environment to evolve, (iv) reading-out the
final output and thus determining the Rabi frequency and dephasing times
[14]. Finally, typical key parameters used to benchmark different qubit re-
alization are : clock speed, coherence time, the fidelity and speed of single-
and two-qubit logic gates, read-out time, susceptibility to crosstalk between
qubits, footprint for scalability, architectural complexity (how many gates
to define a single qubit, the number of levels of metal gates, etc), the con-
straints imposed on the control and read-out hardware [14].

Regarding quantum computation with superconducting qubits, this plat-
form uses superconducting Josephson junctions which are usually realized
as tunnel junctions in which two superconductors (typically made of alu-
minum) are separated by an insulating region (oxide layer). Tremendous
progress has been achieved in the field of superconducting qubits [16, 17].
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a) Single spin (LD) qubit c) Exchange only qubit

b) Singlet-triplet qubit d) Hybrid QD qubit

o0

Figure 1.2: Different quantum dot spin qubits.

But, given the possible issues with large scaling-up of macroscopic super-
conducting systems, we will focus our attention on the semiconductor spin
qubits. Furthermore, since there exist several limitations for the gate fi-
delity and spin coherence times in III-V systems due to a high percentage
of nuclear spins in the host material [18, 19], in this section we will focus
on silicon-based quantum dot system realizations.

Indeed, tremendous work has been done to make these silicon-based sys-
tems compatible with industrial CMOS technology characterized by high-
yield, reproducibility and cleanliness [20]. Although initially solid-state
quantum qubits were realized through manipulation of a single charge in
quantum dot systems [21], it was found advantageous to encode the infor-
mation into a spin degree of freedom since spin qubit coherence times are
much less impacted by charge noise. Particularly long coherence times and
high fidelity were recently reported for silicon spin qubits [22-24].

There exist several types of implementations of semiconductor spin qubits
based on gate-defined quantum dot systems. For instance, a single spin
(Loss-DiVincenzo) qubit is the most compact architecture which is realized
with only one quantum dot [25] as shown in Fig.1.2 (a). It requires mag-
netic manipulation (AC B-field for electrons [22]) or electron-dipole spin
resonance EDSR-manipulation with AC E-field only for holes [26] or elec-
trons (depending on the strength of spin-orbit coupling SOC) [27]. Other
common qubit implementations schematically shown in Fig.1.2 (b - d) are
the following;:

- a singlet-triplet qubit which consists of realizing a spin qubit with two
quantum dots controlled using one gate voltage, thus having one electric
and one magnetic axis [28];
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- an exchange only qubit is obtained with three dots and controlled with
two gate voltages, having two electric axes [29];

- a hybrid quantum dot qubit which uses two dots controlled with one
gate voltage having two electric axes [30].

1000000
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S
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Figure 1.3: Graph adapted from [16], showing the number of operations
per error for various implementations of superconducting qubits versus pub-
lication year. The added star symbols represent recent demonstrations of Si
spin qubits in electrostatically-defined quantum dots. The figure of merit
was estimated as the dephasing time 73 divided by the time needed to
induce a m-rotation of the spin. Taken from [31].

While Google, IBM and a number of other companies and academic labs
have achieved considerable progress in superconducting systems as large as
50 qubits [32], more recently silicon-based electron (hole) spin qubits were
demonstrated to operate close to the operation per error threshold or 'Q’-
factor as shown in Fig.1.3. Maximizing the Q-factor is crucial for performing
robust calculations since it sets an upper bound to the number of operations
that can be sequentially performed on a number of qubits for the imple-
mentation of quantum error detection protocols [31]. Thus, owing to the
silicon spin qubit compatibility with state-of-the-art technologies continu-
ously improved over several decades by the IC manufacturing industry, the
stage of the superconducting qubit progress will possibly be achieved and
overpassed in the near future.

In Fig.1.4 three recent demonstrations of silicon spin qubit architecture
are shown. All these architectures were used for electron spin qubit exper-
iments. In Fig.1.4 (a) a single electron was trapped in a natural Si/SiGe

8



CHAPTER 1. CURRENT CHALLENGES TOWARDS SI-BASED
LARGE SCALE QUANTUM COMPUTING

quantum well and a quantum dot was electrostatically formed with gate
voltages [33]. Vandersypen and colleagues performed the electron spin ma-
nipulation using EDSR-mechanism thanks to an on-chip micromagnet gen-
erating an inhomogeneous B-field across the quantum dot. A high fidelity
exceeding 99% and long inhomogeneous dephasing time Ty during free-
evolution as well as relatively fast qubit manipulation rate were found. In
contrast, using isotopically purified 2857 in MOS structure with a microwave
antenna close to the quantum dot (as shown in Fig.1.4 (b)), Veldhorst and
colleagues could achieve much longer Ty and higher fidelity rate [22] due to
reduced impact of hyperfine interaction with nuclear spins since approxima-
tively 4.7% of non-zero nuclear spin 2.7 is usually present in natural silicon.
The manipulation of spin was performed through electron spin resonance
(ESR) induced thanks to the microwave antenna generating AC B-field.
Finally, Muhonen and colleagues found even larger T; [34] by using a single
electron spin bound to a phosphorus dopant in isotopically purified 2854, see
(as shown in Fig.1.4 (c¢). The same mechanism of ESR-manipulation using
an on-chip microwave antenna was used. In all cases, the spin read-out was
performed using a single electron transistor (SET) capacitively coupled to
the quantum dot. A common feature of all above-presented architectures is
the use of 'planar’ geometry, many gates and several layers of metal gates
to realize a single qubit. Although these qubit experiments have confirmed
the expectation that individual electron spins in silicon can be highly de-
coupled from their environment and can be controlled coherently with high
accuracy, regarding the scalability issues and problematic integration into
common CMOS technologies, these architectures are not optimal.

An alternative route based on the fabrication of industry-standard CMOS
transistors was proposed to obtain devices with qubit functionality. Fig.1.5
(a) shows a p-type double gate nanowire transistor fabricated on a 300 mm
Silicon-on-Insulator wafer. Using hole double quantum dot (DQD) in Pauli
Spin Blockade (PSB) configuration, a fast, all-electrical, two-axis control of
the first hole spin qubit was demonstrated (see Rabi oscillations in 1.5 (b)).
Regarding a common CMOS silicon nanowire fabrication high-x metal gate
(HKMG) process [36], the only additional step is the use of electron-beam
lithography to obtain sub-100 nm gate pitch and thick 20 nm spacers isolat-
ing the DQD from Source/Drain regions. The main difference here is that
due to the strong SOC for holes in silicon, no additional micromagnet or
microwave lines are needed to produce EDSR-manipulation. Another dis-
tinct feature of this architecture lays in its compactness: one gate-confined
quantum dot can provide a qubit and the adjacent one can be used for PSB
read-out [37]. Despite the obvious advantage regarding the device yield,
variability, and reproducibility due to the well-established fabrication pro-
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Figure 1.4: Three breakthrough, proof-of-concept electron spin qubit ex-
periments demonstrated in 2014. Adapted from [35]

cess, the qubit functionality was demonstrated in the many-hole regime.
However, the first hole-regime which is very difficult to achieve was ob-
served in similar nanowire devices in [38, 39] and in planar Si MOS QDs
[40].

Nevertheless, an ultra-compact and very promising hole spin qubit plat-
form was successfully demonstrated with remarkably high manipulation fre-
quency frapr = 85 MHz and rather moderate dephasing time from Ramsey
experiment Ty = 60 ns (due to the many-hole region and the presence of
boron dopants in the channel).

More recently, an experimental demonstration of electric-dipole, spin-
valley resonance mediated by intrinsic spin-orbit coupling (SOC) in a silicon
electron double QD has been reported [27]. Although SOC is intrinsically
weak in silicon, its effect can be enhanced in the corner QDs of an etched
SOI device, owing to their reduced symmetry. Then, SOC enables EDSR
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Figure 1.5:  (a) Simplified 3-dimensional schematic of an SOI nanowire
field- effect transistor with two gates (Gatel and Gate2). Using a bias-
T, Gate 1 is connected to a low-pass-filtered line, used to apply a static
gate voltage V1, and to a 20-GHz bandwidth line, used to apply the high-
frequency modulation necessary for qubit initialization, manipulation, and
read-out. (b) Rabi oscillations for different microwave power as a function
of microwave bursts demonstrating controlled spin rotations. Taken from
26].

on the spin-split doublet of the first, lowest energy valley by mixing the
up-spin state of this valley with the down-spin state of the second valley.
Importantly, the EDSR Rabi frequency is strongly enhanced near the cor-
responding anti-crossing, namely when the valley and Zeeman splittings
are close enough [27, 41]. In turn, the valley splitting can be efficiently
electrically-tuned via body-biasing in such nanowire devices [42]. This tun-
ing is essential in order to enhance the above-described EDSR mechanism
for electrons [27]. A signature of Rabi oscillations and thus of the coherent
control can be found in [43].

Thus, all-electrical control of a hybrid electron spin/valley qubit, as well
as the first hole spin qubit using the same SOI CMOS nanowire technology,
have marked an important step towards large-scale quantum computing.

Similarly to the classical binary logic build up from the NOT and AND
gates, arbitrary quantum logic can be generated from a small set of quan-
tum gates. Two different realizations of controlled-NOT (CNOT) quantum
gates using exchange interaction are shown in Fig.1.7 (a - b). Whereas the
demonstration of an efficient CNOT gate for spins in silicon opens a path
for multi-qubit algorithms in silicon-based quantum computing (in [44], the
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a)

Hybrid electron spin/valley qubit
fabricated on 300mm
using Leti’s SOl CMOS
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Figure 1.6: (a) Sketch of the sample and measurement setup consisting in
the silicon nanowire with the source/drain extensions colored in yellow, the
two top gates in green, and the side gate in purple. The gate oxides are
colored in orange and the buried oxide (BOX) of the SOI in blue. (b) Color
plot of the measured drain current I as a function of the magnetic field
B and microwave frequency v. The gates are biased in the spin-blockade
regime. Three different measurements are gathered for clarity. EDSR tran-
sitions are revealed by oblique straight lines, labeled with letters A and B.
Adapted from [27].

resonantly driven gate operation of 200 ns is much shorter than the qubit de-
phasing time), the complexness of the architecture is significantly increased
as compared to the single spin qubits described above.

Alternatively to the spin read-out using single electron transistors (SETs)
or quantum point contacts (QPCs) challenging for scalability, gate-coupled
radio-frequency (RF) reflectometry has been recently proposed as an al-
ternative approach to qubit read-out [47]. In this read-out technique, the
qubit sensing is accomplished by measuring the dispersive response of an
electromagnetic RF resonator connected to one of the qubit gates and ex-
cited at its resonance frequency. Very recently, significant improvements in
RF-based read-out were reported using Si MOS design [48] (average fidelity
73%), dopant-based architecture [49] (average fidelity 83%). In these ex-
periments, resolving the qubit state within single-shot (single measurement)
was demonstrated marking another step towards viable read-out method for
spin qubits in silicon. A major improvement in RF-based read-out was also
reported for the SOI CMOS nanowire platform (using a similar multi-gate
device as those used for hole and electron qubits) [50].

In addition to the single qubit and CNOT gate demonstration, a dy-
namic random access architecture for efficient read-out of complex quan-
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Figure 1.7:  (a - b) Implementation of CNOT gates within electron spin
qubit architectures using Si/SiGe and Si MOS platforms. Taken from [44]
and [23]. (c¢) An example of a CMOS dynamic random access architec-
ture for radio-frequency read-out of qubit devices. Taken from [45]. (d)
Main steps from single qubit demonstration up to the realization of quan-
tum computer with the number of qubits necessary to fulfil each stage’s
requirements. Taken from [46].

tum circuits was demonstrated at millikelvin temperatures using Leti’s SOI
CMOS nanowire technology [45]. The circuit divided into cells containing a
CMOS quantum dot (QD) and a field-effect transistor that enables selective
readout of the QD, as well as charge storage on the QD gate is shown in
Fig.1.7 (c¢). This is analogous to the 1 transistor - 1 DRAM cell approach
used in CMOS technologies. Using an RF-resonator, the dynamic read-out
of two cells was successfully reported thus paving the way for reducing the
number of input lines per qubit and enabling addressing large-scale device
arrays.

Fig.1.7 (d) shows the roadmap towards a quantum computer illustrat-
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ing the increasing complexity of qubit experiments, described by technology
levels T to VII. Numbers in parenthesis show approximate qubit numbers.
Errors for 1 qubit, 2 qubits and measurement are described by €, €2, €,
which leads to an error suppression factor A. The fault-tolerant error cor-
rection is achieved when A > 1 [46]. Here, it is worth mentioning that con-
trarily to the classical logic where each physical bit corresponds to a single
logic bit, in order to achieve high computational tolerance by correcting dif-
ferent type of errors occurring during CNOT operation [51, 52], a quantum
logic bit typically consists of several physical qubits (the actual number de-
pends on a particular technology used as well as the error-correcting code
and can reach 10%).

Although a classical computer can compete up to about 50 qubits, solv-
ing relevant problems in quantum chemistry or code-breaking using known
quantum algorithms and error correction methods require a large number
of physical qubits 10% — 108 [20, 53, 54]. Thus, adoption of well-established,
mature CMOS technologies for fabrication of high-quality, reproducible sin-
gle qubits seems to be one of the most promising paths towards large-scale
quantum computation.

In order for a functional quantum computer to become a reality, different
architectures integrating many qubits are currently investigated. In Fig.1.8
(a), a 12-quantum-dot device (for potentially 9 qubits and 3 charge sensors)
fabricated on an undoped Si/SiGe heterostructures as a proof of concept
for a scalable, linear gate architecture for silicon QDs is shown.

Using this design, similar quantum dots were obtained with approxima-
tively 20% of relative variation of single quantum dot parameters (charging
and orbital energies) [56]. Whereas it has marked a major achievement, it is
not clear whether such variability is acceptable for large-scale quantum com-
puting. Thus, top-down close-to-industrial CMOS fabrication process with
several additional e-beam lithography steps was recently developed at Leti
(in theory, the same gate pitch can be achieved using extreme UV lithogra-
phy which will be brought into production fabrication for the most advanced
technological nodes [57]). The left array of 8 Face-to-Face gates can be used
to electrostatically define QDs in the corners of nanowire whereas the right
array is used for RF read-out [58].

As we already discussed previously, silicon spin qubits in isotopically
purified 2Si present remarkably longer, by more than two orders of mag-
nitude, 75 as compared to their natural silicon counterparts. For instance,
Ty = 120us for qubits based on Si MOS quantum dots [22], 140 — 270pus for
qubits based on phosphorus donors [34], 20us for qubits based on 857 /SiGe
heterostructures [24] for 99.92% 2857 were reported.

Two-qubit CNOT gates fabricated using isotopically purified 99.92%
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Figure 1.8: (a) False-color SEM image of a typical overlapping gate design
for Si/SiGe electron QDs architecture. A linear array of 9 QDs is formed
under plunger gates P1 - P9 and the tunnel couplings are controlled using
barrier gates B1 - B10. Quantum dot charge sensing is realized using sensors
formed under S1 - S3. Taken from [55] (b) An SEM image after gate etching
of one-dimensional array of qubits along Si nanowire using 'Face-to-face’ (F-
to-F) devices in series recently fabricated on 300 mm wafers by Leti.

851 also have been demonstrated with high fidelities [24, 23], much better
than those based on natural silicon [33, 60]. Recently, qubits based on
isotopically purified Si MOS structures on 300 mm wafers covered with a
100 nm thick layer 2857 purified at 99.92% have been reported and long
spin relaxation time 77 = 145 ms has been measured [61].

In Fig.1.9, SIMS analysis of 2857 CVD-grown on 300 mm bulk Si sub-
strates demonstrating 99.992% percentage of 254 is shown [59]. The level of
288 enrichment reported in this work is larger than in all previous reports
concerning silicon qubits and hits the record purification for large-area sili-
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Figure 1.9: Secondary ion mass spectrometry measurements of 300 mm
wafers fabricated by Leti. Left panel: targeted layer composition. Right
panel: SIMS depth profiles of the Si isotopes in the resulting layer. The
concentration of the 2°Si isotope which contains a nuclear spin 1/2 is less

than 0.006% in the top layer and the concentration of the nuclear spin-free
3057 isotope lower than 0.002%. Taken from [59].

con films. In addition, a detailed investigation of the isotopic concentration
profile as a function of annealing temperature is given in [59] which allowed
to identify the thermal budget range for the successful qubit fabrication on
300 mm using standard CMOS foundries.

Having discussed different single qubit and CNOT gate architectures
as well as advanced read-out techniques, another important brick towards
large-scale quantum computing is to achieve long-range coupling. There
exist a great variety of different strategies to fulfill this long-range coupling
requirement. We will focus on the two most promising approaches which are
spin-photon coupling with on-chip microwave cavity [62-64] and extended
Heisenberg exchange interaction using a quantum mediator [65].

A silicon spin qubit coupled to a superconducting NbTiN resonator
reported in [62] is shown in Fig.1.10 (a). In this work, the authors demon-
strated that an electron spin can be efficiently coupled to a microwave
photon from the resonator. Given large pm-dimensions of the resonator,
the coupling of distant qubits separated by less than 100 nm was argued
to be possible. Indeed, using this approach, multiple qubits can possibly
interact through the same resonator thus providing a route towards scalable
networks of spin qubit registers [62, 20].
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Another scalable strategy for long-range qubit interactions is to use
intermediate quantum dots to accomplish the coupling between neighboring
qubits. In [65], this approach was applied to QDs electrostatically defined
in GaAs two-dimensional electron gas and separated by more than 200 nm
as shown in Fig.1.10 (b). In theory, the same method can be adopted for
silicon QDs if the gate pitch is reduced below 100 nm [20]. Malinowski and
colleagues have shown that a many-electron quantum dot (mediator) can be
efficiently used for long-range exchange interaction providing another path
for scaling large quantum-dot based qubit circuits.

Figure 1.10:  Long-range qubit coupling using (a) spin-photon coupling
with on-chip superconducting resonator (taken from [62]) and (b) extended
Heisenberg exchange interaction via an intermediate quantum dot (taken
from [65]).

Finally, the qubit control signals and the wiring solutions as explained
in [14, 20] require local electronics for running a large number of qubits in
parallel. Indeed, connecting 10¢ — 10® qubits from sub-100 mK to room
temperature voltage source via wires or coaxial lines is hardy achievable
as it conflicts with Rent’s rule in classical systems and the total number
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of pins on a chip [66]. Thus, the most straightforward strategy for Cry-
oElectronics meeting the necessary requirements for qubits (clock speed,
resolution, frequency range, memory, power dissipation) [67, 20] is to adopt
an existing advanced sub-100 nm CMOS technology (typically 1 — 10 GHz
frequencies are needed to run silicon spin qubits) to balance cryogenic con-
straints. In addition, contrarily to III-V semiconductor qubits, in order to
be able to couple/decouple adjacent qubits through exchange interaction,
silicon spin qubits are denser with a typical 20 — 100 nm pitch. Thus, if
the co-integration of hot spin qubits working at 1 —4 K [61] with local elec-
tronics is carried out on the same chip, the density requirement imposes
using very advanced CMOS technologies [20]. Depending on the actual
qubit requirements regarding functionality, power budget, the spacing be-
tween qubits different complexity of classical electronics can be realized [68].
Importantly, special attention should be paid to the thermal power dissi-
pation from cryoelectronics defining at which temperature stage the local
electronics should reside.
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Figure 1.11: (a) A sketch showing the co-integration of qubit physical level
and the control and read-out cryogenic electronics. Taken from [67]. (b)
An example of qubit arrays with corresponding local electronics placed in
the qubit plane for simplicity. Taken from [20].
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1.2 Results presented in this thesis with
respect to the challenges of silicon
CMOS quantum computing

From the progress in Si-based quantum computing presented in the pre-
vious section, it seems to be clear that a thorough analysis of multi-gate
Leti’s qubit close-to-industrial architecture with an eventual benchmarking
with the most common Si architectures is crucial for advancing towards
many-qubit arrays. This is why in Chapter 2 we give a detailed analy-
sis of both n- and p-type quantum dots of different flavor (usual quantum
dots centered in the nanowire and corner dots confined in the corners of
nanowire) using Leti’s SOI nanowire technology. Moreover, the tunabil-
ity of quantum dots in multi-gate devices using body-biasing is presented.
Pauli Spin Blockade for the first holes in a double quantum dot is studied
as it is commonly used in qubit read-out schemes. The role of intentionally
placed and diffused dopants in the channel is discussed and the main results
are supported with tight-binding simulations.

In Chapter 3, the requirements of CMOS cryogenic electronics are dis-
cussed. The digital and analog performance of 28 nm FD-SOI isolated
transistors is analyzed from 300 K down to 4 K. The saturation of sub-
threshold swing and threshold voltages are explained by physical modeling
in Chapter 4. Chapter 5 is dedicated to the analysis of low-temperature
performance of Ring Oscillators fabricated within the FD-SOI technology.
Several important conclusions regarding power-performance management
at low temperatures are drawn. Finally, a review of the FD-SOI technol-
ogy for qubit applications is given in Chapter 6 by an extensive analysis of
single quantum dots electrostatically defined in conventional short-channel
transistors.
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Chapter 2

Silicon Nanowire Technology
For Qubits

This chapter begins with a brief introduction on the fabrication of SOI
nanowire multi-gate devices followed by room temperature characterization
of a large number (many thousands) of samples.

Then, Pauli Spin Blockade (PSB) for the first holes is studied at different
temperatures and the dip-behavior of the leakage current is explained by
the spin-orbit interaction mechanism.

Moreover, by measuring a p-type device with four gates in series at low
temperature, we demonstrate the electrostatic tunability of access tunnel
barriers required to couple/decouple an inner double quantum dot (DQD)
from the Source/Drain regions which can be used to improve the hole spin
qubit performance.

We study quantum dots in using split-gate or the so-called Face-to-Face
(F-to-F) geometry and analyze the first electrons confined either in the dots
located in the edges of silicon nanowire or on a cluster of dopants under
aggressive forward back-biasing (for the device with channel doping).

Our analysis of Face-to-Face devices is supported by realistic simulations
based on the effective mass approximation used to compute the electron
wavefunctions and addition energies E4pp as well as the constant interac-
tion method. All the simulations of n-type F-to-F samples were performed
by Leo Bourdet (CEA-INAC).

Finally, we propose a four-gate geometry for the realization of a CMOS
two-qubit logic gate and investigate different quantum dot configuration
within this system.

The results presented in this chapter were partially published in [38, 69—
71].

20



CHAPTER 2. SILICON NANOWIRE TECHNOLOGY FOR QUBITS

2.1 Brief description of Leti’s SOI nanowire
technology and 300K systematic
characterization

The fabrication of multigate nanowire transistors on 300 mm SOI sub-
strate starts with active area patterning. The whole process flow is adopted
from [36, 72] with few unconventional fabrication steps such as the use of
thick spacers to enhance quantum dot confinement at very low tempera-
ture and electron-beam lithography to achieve 30 — 40 nm spacing between
adjacent gates [70]. In the following, the front-end-of-line (FEOL) process
is briefly reviewed. [110]-oriented nanowire field-effect-transistors (N- and
PMOS) with high-x/metal gate stack were fabricated on (100) SOI wafers
with BOX (buried oxide) thickness of 145 nm. The silicon layer is patterned
to create nanowires by mesa isolation technique. Each transistor is isolated
from each other with the Si0O, buried oxide of the SOI substrate. Nanowire
patterns are defined by deep-UV (193 nm) optical lithography and followed
by a resist trimming process in order to shrink the dimensions of nanowires.
After the active patterning, a high-x/metal gate is deposited. The high-x
oxide is 1.9 nm H fO, deposited by chemical vapour deposition technique
(CVD) onto thermally-grown SiO, of 2.5 nm. This gives the equivalent
oxide thickness (EOT) of 2.9 nm. Note that the 2.5 nm of SiO, is larger
than the usual sub-1 nm value used in advanced CMOS, since we infer a
large impact of Remote Coulomb Scattering (RCS) on the low-field mobil-
ity [73]. Indeed, in order to improve the stability of quantum dots at very
low temperature, pushing this SiOs/H fO, interface further away could be
an important point for qubit applications. The atomic layer deposition
(ALD) of 5 nm of TiN as the metal gate is followed by doped poly-Si of
50 nm. The gate is wrapped around the channel in the Trigate configura-
tion [36] which guarantees an excellent electrostatic control of field-effect
transistors (FETS) including high Ipy, low Ippp, close-to-60 mV /dec sub-
threshold swing at room temperature, etc., and single electron transistors
(SETs) with high charging energies, close-to-1 lever arm parameter, etc.
The silicon film thickness is approximately 10 nm. In practice, nanowire
width down to 10 nm can be achieved after active patterning [36], however,
for the devices presented in this chapter, a typical width is 25 — 50 nm.

The role of the silicon nitride (SiN) spacers formed on the sidewalls of
the gate is crucial. The first spacer is mainly used to protect the chan-
nel during low dose (LD) ion implantation (II) used to form LDD regions
providing low access resistances and avoiding semiconductor-metal junc-
tions (Schottky diodes). In addition, to improve access resistance, Si raised
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Source/Drain (¢ = 18 nm) are realized by CVD. Finally, the second spacer
consisting of a tetraethyl orthosilicate (TEOS) liner and a nitride layer was
fabricated before Source/Drain high dose (HD) implantations, activation
spike anneal (to activate the dopants) and silicidation (NiPtSi silicide to
obtain low contact ohmic resistances). The FEOL process flow with the
main fabrication steps is summarized in Fig.2.1.

To complete the fabrication, tungsten contact and standard Cu back-
end-of-the-line process flows were used [70]. Thus, the interconnections, the
bonding pads were created and the devices were encapsulated in a protective
glass.

Some of architectures developed for different qubit experiments are sum-
marized in Fig.2.2. An important progress towards CMOS quantum com-
puting has been recently achieved using Leti’s SOI nanowire technology:

- Fig.2.2 (a) - using the double gate in series, the first CMOS hole qubit

Color code for the (i) @ mesa-isolated Si-nanowire (i) HKMG stack
FEOL fabrication on 300mm wafer EOT =2.9nm

Si SiN
L sio, Si:B LD
HfO, Si:B/BF, HD
TiN
Poly-Si

(i) e-beam lithography (iv) First 15nm-spacer (v) Raised S/D epitaxy
to obtain 35nm gate
pitch and CD 30nm

PN = Y = 3
g & ANk . AM)
== == t,=10nm Source Drain

Si bulk Si bulk Si bulk

(vi) several LD ion im.  (vii) Second 15nm-spacer (viii) HD ion im. with B,BF,

to form LDD regions deposited to form HDD S/D regions
l l o N l l fm J ISiN spacers

Si bulk Si bulk

Figure 2.1: Simplified FEOL process flow for a double gate PMOS with
the key fabrication steps schematically shown. Adapted from [43].
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Figure 2.2: (a - f) SEM images of different multi-gate NW transistors used
as quantum devices at low temperature. The images were taken after gate
patterning (before the first spacer deposition).

was demonstrated [26] as well as the double gate reflectometry technique for
an efficient qubit read-out [47]; Pauli Spin Blockade in the few-hole regime
at 4 K and 15 mK will be presented in this chapter.

- Fig.2.2 (b) - the quantum dots (QDs) formed in the top corners of
nanowire, also called Corner Dots (CDs) were extensively characterized at
low temperature under different body-biasing conditions [71, 74]. In the
light of recent theoretical models of all-electrical control through Electron
Dipole Spin Resonance (EDSR) over the spin of electron, these unusual
QDs are of great importance for scalable CMOS electron qubits [27, 41]; A
thorough analysis of CDs regarding the addition energies E4pp, lever arm
a and the backgate tunability will be presented in this thesis.

- Fig.2.2 (d) Electrically driven electron spin resonance mediated by
spin-valley-orbit coupling in a corner dot was demonstrated [27] as well as
Rabi oscillations using PSB spin-selective read-out technique [43].

- Fig.2.2 (e) high-fidelity (above 99% for 1 ms integration time) gate-
based spin read-out was demonstrated in [50] using the latched spin block-
ade mechanism [75]. In addition, low temperature characterization and
tunability of similarly fabricated 4-gates-in-series devices (not shown) will
be presented in this chapter.

- Fig.2.2 (f) the F-to-F geometry with additional access gates to locally
couple/decouple corner dots (electron spin qubits) will be discussed in this
chapter.

One of the key features of our close-to-industrial CMOS fabrication is
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2.1. BRIEF DESCRIPTION OF LETI'S SOI NANOWIRE
TECHNOLOGY AND 300K SYSTEMATIC CHARACTERIZATION

Figure 2.3: Probe station characterization over a 300 mm wafer at 300 K.
Statistics over 20 random samples with Ips— Vg at Vpg = 40 mV is shown.
A low degree of variability is demonstrated for both access (a, b) and F-to-F
(¢, d) gates in terms of Vyy and SS.

that, at the end, a large amount of quantum devices is available for room
temperature (RT) analysis with 300 mm probe station. This preliminary
testing at RT allows us to verify the proper operation of different gates and
their symmetrical operation.

In Fig.2.3 the transfer characteristics Ipg — Vs of a four gate NMOS
device at 300 K is shown. The channel width is relaxed to 60 nm as it
is required for devices that can host CDs. The gate length Lg is 40 nm
for all four gates and the spacing between gates along the channel and
for F-to-F gates is 35 nm. We note, that special measurement sequences
were developed in order to have a better understanding of performance of
F-to-F or Access gate. For instance, we open all the gates by applying a
positive voltage and consecutively sweep the Access gates, see Fig.2.3 (a -
b). Testing of the F-to-F gates consists in setting positive voltages to the
Access gates and trying to close the channel with one F-to-F gate while
sweeping the second one as shown in Fig.2.3 (c - d).

Then, despite the complexness of multi-gate device fabrication, for a set
of 20 quantum devices we find a relatively low dispersion in terms of single
device variation and an excellent electrostatic control comparable to the
single-gate devices [36]. Due to an unintentional misalignment, we observe
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a slightly higher degree of variability for F-to-F gates. It should be noted
that this variability can be reduced by further optimizing the fabrication
process.

2.2 Low temperature characterization of
PMOS devices: PSB and the QD
tunability

2.2.1 Brief review of charge transport through
double quantum dot

When a double gate devices (see Fig.2.2 (a)) are cooled down to 4 K
and below, the so-called stability diagram are typically recorded to probe
transport through quantum dots [77]. They are obtained by sweeping the
gate voltages and recording the drain current Ipg. In our case, artificial
atoms or QDs with discrete energy spectrum are formed due to structural

VG,Z

I .
(1.0))(0,1)
o

(1.0)3¢0,1)
@| ©.1)

a0 .1)

v

Figure 2.4: A triple points appearing in a DQD system at low tempera-
ture for a small Vpg. A triangle is formed from each triple point. Transport
through the dot is energetically allowed only within this bias triangle and
Coulomb blocked outside. Gray lines and regions in the triangles illustrate
(Ve1,Ve2) at which transitions excited-state levels play a role. Electro-
chemical potentials corresponding to transitions involving an excited state
are shown in gray in the level diagrams. Taken from [76].
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and electrical confinement. The gate spacers provide the isolation from
Source/Drain regions and serve as tunnel barriers and QDs are capacitively
coupled to the gates [76]. Then, at low temperature, the phenomenon of
Coulomb blockade determines the properties of transport (typically when
the thermal energy is much smaller compared to the charging energy). In-
deed, the Coulomb repulsion between charge carriers on the QD leads to an
energy cost for adding an extra electron/hole to the dot and a precise con-
trol over the QD population can be achieved. Due to this charging energy,
the charge carriers need to pay in order to tunnel from metallic leads onto
a QD. The drain current becomes blocked if the electrochemical potentials
within the double quantum dot system are not aligned as shown in Fig.2.4.

In Fig.2.4, a typical signature of transport through a double quantum
dot in series is shown. At Vpg of few mV, resonant current through aligned
electrochemical potentials results in pairs of triangles outside of which the
transport is Coulomb blocked. It should be noted that upon increasing Vpg,
the triangle tend to overlap, finally forming a single triangle at sufficiently
high drain voltages. When decreasing Vpg, the triangles evolve into triple
points.

Moreover, from the stability diagram analysis, the strength of cou-
pling between two quantum dots can be deduced [76]. This coupling is
parametrized by the mutual capacitance Cs. Generally, it is important to
be able to finely tune this coupling in order to tune two adjacent quantum
dots.

2.2.2 Theory of Pauli Spin Blockade in the presence
of strong SOC

The Pauli exclusion principle leading to a spin blockade in semiconduc-
tor QDs was proven to be a powerful tool for read-out of the spin degree
of freedom of single electrons [78, 79, 18]. More recently, PSB read-out
technique was successfully used for CMOS electron [43] and hole [26] spin
qubits fabricated with Leti’s nanowire technology.

When a DQD is electrostatically tuned in the regime with the (0,2) oc-
cupation of QDs (or equivalent charge occupation such as (m,n + 2) where
m and n are integers) and the transition to (1, 1) is probed, depending on
whether Vpg is negative or positive, the spin blockade phenomenon might
occur when external magnetic field is applied. It can be understood from
Fig.2.5 (b): the transition from the energy lowest triplet state 7°(1,1) to
the energetically allowed singlet state S(0,2) is forbidden and the resulting
transport is blocked. However, depending on the hosting semiconductor
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material, type of charge carriers (electrons, holes), and other parameters,
the blockade can be lifted via different relaxation mechanisms. Indeed,
depending on the dominant mechanism for mixing of blocked and allowed
spin states, one can distinguish different manifestation of PSB. For PSB
governed by hyperfine coupling, at zero magnetic field B,,;, a peak in leak-
age current appears. This is due to nuclear-field induced mixing between
the unblocked singlet and the blocked triplet states [80]. Then, the cur-
rent can be suppressed when a relatively small B, of typically few mV
is applied. Another well-studied PSB mechanism is so-called spin-flip co-
tunneling which also manifests a peak at B.,; = 0 T. In this case, the
second-order tunneling process allowing to exchange an electron with the
source reservoir can result in an effective spin flip [81]. This spin relax-
ation mechanism is also suppressed at finite B.,;. In this case, however,
typical critical field can reach few hundreds of mT since it is related to the
electronic temperature in the source reservoir [37]. The third commonly
reported mechanism of PSB is due to strong spin-orbit coupling (SOC).
This mechanism will be studied for the first holes in silicon in the next sub-
section. Contrarily to electrons in III-V materials [82], electrons in silicon
have weak SOC and PSB for them is typically governed either by hyper-
fine interaction or spin-flip cotunneling. A dip in current at zero B.,; for
PSB governed by SOC mechanism can be understood in the following way
[83]: by applying external magnetic field, the blocked triplet states start
to mix with singlet S(0,2) state and thereby the spin blockade is lifted
via relaxation of different triplet states into S(0,2) if magnetic field mixing
blocked and unblocked states is applied as shown in Fig.2.5 (¢). Another
type of relaxation occurs between the blocked states (note that there are
four blocked states due to the splitting of 7. (1, 1) in magnetic field) and is
described by T',¢; (relaxation to the ground state) [83].

2.2.3 Pauli Spin Blockade for the first holes:
Experiment

In this section, we will investigate PSB for the first holes observed at
60 mK and 4 K using a p-type device with double gate in series as shown in
Fig.2.2 (a). All the measurements for this samples were done with Vgacx =
0 V.

To achieve the base temperature Ty, of 60 mK, we cooled down the
device in an Air Liquide dilution refrigerator. This cryostat does not have
the 1 K pot and the lowest temperature is reached when “He is pumped.
We used home-made opto-isolated voltage sources to DC bias gates and
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Figure 2.5: Double quantum dot in the Pauli Spin Blockade regime. (a)
[Mustration of transport through a DQD characterized by the strength of
the tunnel interdot coupling ¢ and the decay (relaxation) rate of the S(0,2)
[ in PSB. (b) Due to the Pauli exclusion principle, the transport is blocked
for S(0,2) — T(1,1) transition. (c) Different energy levels and transition
rates for non-spin-conserving interdot coupling. Taken from [83].

transimpedance amplifier to convert current into voltage and then read-out
using a commercial digital multimeter. Typical electronic temperature 7.,
is somewhat higher that Ty,... By fitting the Coulomb blockade resonance
in similar nanowire devices, T,; was previously found to be around 200 mK.
More details on the dilution refrigerator can be found in [84].

Since the proposal of Loss and DiVincenzo in 1998 [25] to make quantum
bits based on spins confined in semiconductor quantum dots, substantial
progress has been made. First, in III-V materials, where the maturity of
growth techniques has allowed the emergence of top-down qubits based on
the confinement of a two-dimensional electron gas in GaAs/AlGaAs hetero-
structures [76], but also bottom-up qubits made from nanowires (InAs or
InSb) [85, 86]. In all III-V qubits, the dephasing time is limited by the
interaction of the electron spin with the nuclear spins present in the host
material [87, 88]. In contrast, silicon presents a low natural abundance of
nuclear spins and can even be isotopically purified. It can be used to make
electron spin qubits with extremely long dephasing time [89, 90, 33, 22].
An all-electrical control of single dot spin qubit by a single gate voltage
microwave signal without the need of local magnetic field gradient would
be a clear asset for future developments. Fast and local electrical manipu-
lation using spin-orbit interactions has already been demonstrated in I1I-V
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materials [85, 86]. Thus focusing on holes in silicon appears as an appealing
strategy since holes present a limited hyperfine interaction [91] as well as a
strong spin-orbit interaction (SOC) due to their p-orbital nature. Recent
experiments [92, 93] have indeed revealed SOC-related spin properties and
a hole spin qubit has even been demonstrated [26]. Here, we present a sili-
con hole double quantum dot based on the Leti nanowire technology. The
device is tunable in the few hole regime in which we investigate Pauli spin
blockade, the key ingredient for spin qubits initialization and readout in
several qubit implementations [76]. More specifically, we focus on the mag-
netic field evolution of the leakage current through the device in the PSB
regime. It reveals a dip around zero magnetic field linked to spin-orbit mix-
ing [83]. The spin relaxation rates determined from the PSB are comparable
with the values extracted for electrons in InAs nanowire double quantum
dots [82] and are compatible with the operation of a hole spin-orbit qubit
in silicon [26].

Our devices are nanowire field-effect transistors fabricated in a 300 mm
CMOS facility on silicon-on-insulator wafers with 145 nm-thick buried ox-
ide. The 11nm-thick Si channel is doped with 4 - 10** Boron m~3. Re-
garding the previously described FEOL process flow, the low-dose channel
implantation was done before patterning the active area as described in [72].
Nanowire width down to 18nm is achieved after patterning. Two gates (G1
and G2) in series are patterned by electron-beam lithography and are iso-
lated from the channel by 2.5 nm of Si0O; and 1.9 nm of H fO,. Silicon
nitride spacers are then deposited and etched on the sidewalls of the gates
(see Fig.2.6 (a-b)). The spacers effectively protect the inter-gate spacing
from the silicidation and dopant implantation used to reduce the access
resistances [70]. The resulting structure, sketched in Fig.2.6 (c), yields a
compact DQD with optimal gate control. At low temperature, two quan-
tum dots, QD1 and QD2, are formed by accumulation below G1 and G2
respectively (see Fig.2.6 (c-d)). The same process has been used to produce
n-type DQD [94].

The stability diagram shown in Fig.2.7 (a) reveals overlapped bias tri-
angles [95] with vertical and horizontal edges. This is a characteristic of
an excellent electrostatic control of each dot by one gate. The gate ca-
pacitances associated to G1 and G2, Cg and Cgq are therefore the domi-
nant capacitances and the lever arm parameters g—gl and CG2 are close to 1
(Cs1 = Cg1+Cs+Chz and Cxy = Cge+Cp+Cho are the total capacitances
for QD1 and QD2, (5 being the capacitance between QD1 and QD2 and

Cs (Cp) being the source to QD1 (drain to QD2) capacitance).

In order to precisely know (n,m)-the charge state with n(m) the ex-
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(b) 2})_nrp

Figure 2.6: (a) Top view scanning electron micrograph of a typical DQD
device after spacer etching, featuring the gates with the length of 30 nm
separated by 35 nm. (b) Transmission electron micrograph along the source-
drain axis. (¢) Schematics of the DQD made by hole accumulation below
G1 and G2. (d) Schematic Pauli spin blockade for the (1h,1h)—(0,2h) tran-
sition at reverse bias Vpg < 0, analogue to the (3h,3h)—(2h,4h) transition
in the inset of Fig.2.9 (c¢). The black line is the top of the valence band.
The green regions indicate the hole reservoirs in the source and drain.

cess holes in QD1(QD2), a large Vps has been applied. Even if transitions
(I,m) — (0,m + 1) and (n,1) — (n + 1,0) have not been detected at
Vps = 20 mV, they appear above | Vpg | & 100 mV thanks to the enhanced
tunneling through the barriers under the spacers: the latter are markedly
tilted at highVps so that the tunnel transparencies I'g, ['p increase sig-
nificantly. In Fig.2.7 (a), the drain current recorded at Vps = —100 mV
is shown in a region where no current is detected at Vpg = 20 mV. This
row of triangles corresponds to the second (1—2) transition in dot 2. The
conducting parts of the triangles are replicated as a result of the ionization
of dopants near the channel at large bias [96].

Interestingly, the charging energies are significantly larger in the few
holes regime (up to 70 meV) than in the many holes regime (~ 20 meV).
We have, therefore, performed tight-binding calculations [97] in a realistic
geometry in order to understand the nature of the very first low-lying hole
states. The first few holes do not localize in edge states as in [74] because
the channel is doped with Boron atoms and the back gate is grounded.
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Figure 2.7: Stability diagrams obtained by sweeping Vi1, Voo and recording
Ips at T'= 60 mK. (a) Vps = 20 mV. White lines indicate the position
of four lines of current detected at larger bias (see b). The absolute hole
occupation numbers are indicated for the few hole region. The red square
indicates the region studied in Fig.2.8 (a). (b) Vpg = —100 mV. The region
where no current was detected at Vps = 20 mV ((n,1) — (n,2) transition
line). (c) A typical pair of triangles obtained at Vpg = —3 mV in the many
hole regime. (d) Vps = —70 mV. The region where PSB was studied (see
Fig.2.9) is shown. The absolute hole occupation numbers are indicated.
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Therefore the holes are not pulled in the upper corners. They might rather
be bound to clusters of two or more nearby Boron impurities which exist in
the doped channel. Assuming a random distribution of Boron atoms, there
is indeed > 50% (resp. > 95%) chance of having at least two impurities
closer than d = 1.5 nm (resp. d = 2.5 nm) under the gate. Configuration
interaction calculations [74] show that such clusters show larger binding and
charging energies E. than single impurities (E. ~ 75 meV at d = 1.5 nm
and E. < 60 meV when d > 2.5 nm). The charging energy decreases once
the deepest clusters are filled and the confinement gets dominated by the
structure and gate fields. Despite doping, the SOC is mostly mediated by
the silicon matrix as the probability that the holes sit on the Boron atoms
is always small.

Once the first holes are added in the channel, the DQD is defined by
the geometry of the sample. We have simulated the stability diagram in
the (n,m) > (5,3) regime with the orthodox Coulomb blockade theory.
We solved the master equation for transport [98] with the parameters given
in Table 2.1. In addition to the capacitances defined above, we set the
electronic temperature 7., as well as the tunneling rates I'g, I'p and I'y5
associated to Cg, Cp and (), respectively. The simulation shown in Fig.
2.9 (b), reproduces the shape of the measured bias triangles.

The value for (5 is deduced from the gate voltage separation AVg
between the triple points [95] observed at small Vpg (see Fig.2.7 (c)):
AVg = eC13/C1Cq2 ~ 1.8 mV. In addition, from Fig.2.7 (c) the first
excited state is observed approximately 1 meV above the ground state sim-
ilarly to what was reported for a similar n-type DQD device [94].
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Figure 2.8: (a) Ipg versus Vg and Ve measured with Vpg = 20 mV at
T = 60 mK (region highlighted in red in Fig.2.7 (a)). (b) Electrostatic
simulations with the parameters given in table 2.1.
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T, = 150 mK

CGI = CGQ =7.6aF

Cs = CD =0.15 aF

Cip = 0.65 aF
Tg=0p=1D15=10"¢c/h

Table 2.1: Numerical values used in the simulation of Fig.2.8 (b)

We now turn to the investigation of PSB. Spin blockade in a DQD
arises when the current follows a transport cycle equivalent to (0,1) —
(1,1) — (0,2) — (0,1) [99]. Since the (0,2) ground state is a spin singlet,
the cycle stops as soon as the DQD enters in a (1,1) triplet state. The
remaining leakage current results from spin relaxation or spin-orbit mixing
mechanisms. Depending on the relevant mechanism, the leakage current
will behave differently as a function of the magnetic field and detuning
(83, 82].

Fig.2.9 (a-b) present current triangles in which PSB has been evidenced
at T'= 60 mK thanks to the magnetic field dependence of the drain-source
current. As expected, a reduced current is detected at the base of the bias
triangles [76] corresponding to the (1,3) — (2,2) transition in Fig.2.9 (a)
and to the (3,3) — (2,4) transition in Fig.2.9 (b), respectively. Fig.2.9 (c
- d) displays the leakage current as a function of the out-of-plane magnetic
field, Beg, and of the detuning axis in the PSB regime of Fig.2.9 (a) and
Fig.2.9 (b), respectively (detuning axis are indicated by white arrows in
Fig.2.7 (a) and (d). The leakage current decreases around B, = 0 in
both cases. The current does not depend on magnetic field for the reverse
polarity (Vps < 0) as well as for the two other triangles shown in Fig.2.7
(d), i.e. for (3,2) <+ (2,3) and (2,3) «» (1,4) transitions. Note here that
the (1,1) — (0,2) transition - at which PSB is also expected - was not
caught even at large bias.

A cut at zero detuning taken in Fig.2.9 (c¢) and 2.9 (d) is shown in
Fig.2.9 (e) and in Fig.2.9 (f), respecively. It reveals a current dip which
can be fitted to a Lorentzian function, in line with a model assuming both

strong SOC [83]:

8 B} )
9 B + B?
with [,,,4. = 4el’,¢; the dip height, where I',; is the spin relaxation rate

among the (1,1) states, B¢ is the dip width and [, is a B-independent
background current [92] (0.15 pA for the (1,3)—(2,2) transition and 1.3 pA

[=1I.(1 A (2.1)
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for the (3,3)—(2,4) transition). B¢ accounts for the cross-over between
leakage currents resulting from spin relaxation at small field and spin-orbit
mixing at higher field. The rate I'sp of spin-orbit mixing between (1, 1)
states and the (0, 2) singlet can be estimated with:

g,U/BBC ~ h\/Frel X FSO (22)

Contrarily to what has been reported in [100, 92], we always see a dip of
current at a low magnetic field that we attribute to the dominance of spin-
orbit mixing over hyperfine [82] or spin-flip cotunneling mechanisms [100,
37]. We also observe two current peaks at B = £20 mT and 7" = 60 mK (see
Fig.2.9 (c) and (e)). Peaks of current at finite magnetic field, whose origin
remains unclear, are also reported in references [101, 100, 102]. Recently,
Zarassi and the colleagues developed a theory explaining a double-peak
structure in the magnetic field [103]. With simulations and experiment,
they argued that this complex structure might appear for a given DQD
configuration depending on I',.; and I'sp. The dip observed at zero magnetic
field extends in detuning up to several meV, which indicates that the (0, 2)
singlet-triplet splitting in our QDs - as other orbital splittings - is large. As
a result, PSB can be seen even at T' = 4.2 K which will be shown later.

I'e; and I'sp can be estimated from the above experiments. For two
QDs in series, ['sp mainly depends on the interdot coupling. The hole g-
factor was found to be anisotropic in similar nanowire transistors [93], with
g =1.5-2.6. Then, Eq. (2.2) yields I'so = 1.4—4.3 meV for the (1,3)—(2,2)
transition and I'sp = 0.6 — 1.8 meV for the (3,3)—(2,4) transition. The
spin relaxation is dominated by the spin-orbit coupling in our DQD rather
than by hyperfine effects. Indeed, we estimate a fluctuating Overhauser
field [104] By &~ 20uT, which is much smaller than the current dip width
of 10—20 mT [100, 93]. I'so is larger than in previous reports [82, 92] while
the critical field B¢ is comparable to that of refs. [82, 100] (for electrons)
and smaller than in refs. [102, 92] (for holes). This can be attributed to
the small value of I',..;. A large I'so can limit qubit readout fidelity through
unwanted transitions from (1, 1) triplet to (0,2) singlet [105] and it would
be favorable to reduce the interdot coupling.

I'yer = 120 kHz (resp. 2.0 MHz) for the (1,3)—(2,2) (resp. (3,3)—(2,4))
transition is smaller than in previous reports [82, 100, 102, 92] where it
ranges between 0.8 [100] and 6 MHz [105] (3 MHz in ref. [92], Ips = 6 pA
for B > B¢ in [102]). T, which limits the inelastic relaxation time 77,
should be primarily minimized for hole spin-orbit qubits. Contrarily to
I'so, I've; cannot be adjusted by changing the interdot coupling and its
optimization is material and process dependent.
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Figure 2.9: Current in the PSB regime as a function of detuning and
out-of-plane magnetic field B,; at T = 60 mK. (a) Drain current versus
Vo1 and Vg at Vpg = 70 mV and B.,; = 0. (b) Same as in (a) except for
Vps = —70 mV. (c¢) Current versus detuning energy e and magnetic field
for the (1,3)—(2,2) transition (white arrow in a)). (d) Same as in (c) but
for the (3,3)—(2,4) transition (white arrow in b)). (e) and (f) are cuts of
the (1,3)—(2,2) and (3,3)—(2,4) transitions at ¢ = 0. The curves are fitted
(black lines) assuming that PSB is spin-orbit mediated [83].

Given that it is desirable to have silicon spin qubits operating at a
higher temperature (ideally above 1 K), we measured the same (1,3)—(2,2)
transition at 7' = 4 K. The same dip-behavior but this time with no double-
peak structure is shown in Fig.2.10 (a - b). By fitting the cut at € = 0 in the
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Figure 2.10:  (a) Current in the spin blockade regime as a function of
detuning and out-of-plane magnetic field B, for the (1,3)—(2,2) transition
at T' = 4 K. The dip in the current near zero magnetic field can be seen.
Two symmetric peaks at 20 mT observed for this transition at 60mK have
disappeared. (b) Current at zero detuning versus magnetic field. The black
line represents the fit.

same way as it was done previously, we find the set of parameters given in
table 2.2. As the temperature is increased it is expected an increase of I',;.
Nevertheless, its value is well below few MHz obtained for silicon DQD in
the many hole regime at 20 — 50 mK temperature [26, 92]. In addition, the
decay rate I'gp is reduced at 4 K due to narrower dip and lower Be. It can
be explained by the temperature-increased T',; competing with T'so [83].

To conclude, the few-hole regime has been reached in a silicon CMOS
DQD and Pauli spin blockade has been observed at different charge transi-
tions. We found that this blockade is dominated by the SOC. By analyzing
the magnetic field evolution of the leakage current in the blockade regime
we deduced a small intradot spin relaxation rate (=120kHz for the first

(1,3)=(2.2) T = 60 mK T=4K
Iy 0.15 pA 0.73 pA
Be 10.23 mT 5.23 mT
Tre 0.49 neV (120 kHz)  1.23 neV (297 kHz)
Tso 1.5 meV (363 GHz) 0.168 meV (40.6 GHz)

Table 2.2: Parameters of PSB for the (1,3)—(2,2) transition at 7' = 60 mK
and 4 K obtained by fitting the current dip at e = 0 using Eq.2.1
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holes), an important step towards a robust hole spin-orbit qubit.

2.2.4 P-type quantum dots with electrostatically
controlled tunnel coupling

An effective way to improve the coherence time of the hole spin qubit
demonstrated in [26] consists in reducing the coupling to Souce/Drain re-
gions by tuning the access tunnel barriers. In addition, decoupling from
S/D has been proven to be an efficient technique for similar 3-gate-in-series
devices to reduce I's and I'p and isolate the DQD [50].

This decoupling mechanism has been achieved by adding two additional
access gates (G1 and G4) as shown in Fig.2.11 (a). The sample consists in
four gates in series with the same channel doping as in the previous section.
The geometrical parameters are given in Fig.2.11 (a). The tunability of the
corresponding potential barriers is demonstrated in Fig.2.11 (b - d) where
the resonant current through the central DQD confining holes is plotted as
a function of gate voltages (Vigo,Vis) for different values of Vi and Vigy. A
stability diagram for the DQD created with G2, G3, was recorded at 4 K
and was found to be similar to the double gate p-type device presented
in the previous subsection (not shown here). Again, the first holes regime
was not accessible at low Vpg. For the chosen triple point in the many
holes regime which also exhibits PSB (not shown), the tunability analysis
was performed. The current level decreases upon increasing the voltages
Vi1 and Vg, following enhancement of the access tunnel barriers. Varying
V1 and Vigy does not affect the (Vige,Vigs) position of the current resonance,
indicating that the electrostatically defined DQD is not affected by parasitic
cross-capacitances.

Although only symmetrical Vi = Vg are shown in Fig.2.11 (¢ - d), we
analyzed asymmetric barrier lowering by separately biasing Vi1 and Vigy.
Very weak dependence on I'g of resonant current through DQD was found.
It can be explained by the theory of resonant tunneling via two discrete
states explained in [106]. Basing on this theory, Ipg is given by:

Ips = et’Tp/(t*(2+Tp/Ts) +TH/4+ (e — AE)?/R?) (2.3)

where ¢ is the interdot coupling, € the detuning, AFE the energy splitting
between the ground and the excited states. Thus, from Eq.2.3 it is obvious
that the major decay rate governing the drain current is imposed by the
decay rate to escape from QD2 to Drain.

Additionally, we could achieve similar DQD configurations using G1,
G2, and G1, G3 and stability diagrams revealed an excellent electrostatic

37



2.2. LOW TEMPERATURE CHARACTERIZATION OF PMOS
DEVICES: PSB AND THE QD TUNABILITY

gate control (not shown). The last configuration is of particular interest as
the intermediate gate can be used to control the exchange coupling between
adjacent qubits as explained in Chapter 1.

W =25nm, S;; = 35nm
Loy =35nm, L ;4 = 60nm

V1> Vs - Tunable Access Barriers
Vg2, Vs - Tunable hole DQD

VGI = VG4 =-0.12V]

880 885 890 895 960 880 885 890 895 900
Vg (mV) Vg, (mV)

Figure 2.11: PMOS NW MOSFETs with four gates in series: (a) 2D sketch
of the device (b) Operation principle based on the access gates (G1, G4)
tuning the access barriers (Hg, Hp) of a hole double quantum dot created
with the inner gates (G2, G3). The tunability of the same triple point at
1.4 K is shown. The triple point without any voltages applied on Access
Gates is given on (c). (d) Access barriers are symmetrically lowered by
applying Vg1 = Vg = —0.12 V and as a result higher Ipg is observed. (e)
Access barriers are symmetrically raised by applying Vg = Vg = 0.12 'V
and then Ipg is suppressed.
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2.3 Back-gate tunable QDs and Coulomb
spectroscopy of the first electrons

2.3.1 N-type Corner Dots under zero and reverse
body-biasing

In this subsection, we will demonstrate electron quantum dots con-
fined in the edges of silicon nanowire within the Face-to-Face geometry
(see Fig.2.2 (b)). First, the potential of such QDs for electron spin qubits
with all-electrical control through EDSR will be presented. Then, low-
temperature characterization of CDs of different samples and supported by
simulations will be presented.

The quantum dots defined in the edges of n-type silicon nanowire MOS-
FETs with F-to-F geometry were already reported in [74]. Most recently,
such electron QDs have gained an increased interest due to the possibility to
explore EDSR mechanism for coherent control of the electron spin despite
weak SOC for electrons in silicon [27].

Here, the EDSR-experiment for electrons (reported in [27]) using the
geometry shown in Fig.2.2 (d) is described in [31]. Asshown in [74], electron
localization occurs along the upper edges of the mesa (silicon nanowire). We
consider two QDs, QD1 and QD2 confined in the corners’ defined by the
gates G1 and G2. If both electrons are in the same spin state (e.g. parallel
spins, which is the ground state in a finite magnetic field B), PSB prevents
charge movement from QD1 to QD2. However, a spin rotation obtained
by applying a resonant RF electrical field to G1 will lift PSB and thus will
induce a non-zero current. Yet for electrons in Si, the additional valley
degree of freedom needs to be considered. The conduction band of bulk Si
features six degenerate A valleys. Structural and electrical confinement in
our device, however, leaves two lowest energy valleys v and v, separated by
an energy Av. From these two valleys, four distinct states can be resolved
upon applying a static magnetic field B: |v1, 1), [v1,71), |v2, ), |2, T).

Then, the two states |v1,71) and|vs,]) can be mixed if the inter-valley
spin-orbit coupling coefficient C,,,, in the Hamiltonian is non-zero. As
illustrated in Fig.2.12 (a), this criterion is fulfilled if the mirror symmetry of
the electron wavefunction with respect to the (XZ) plane is broken [107, 27].
The partially overlapping top gate leading to the ’Corner Dot’ confinement
is, therefore, the key to spin-valley-orbit mixing in this case.

As magnetic field is increased and the spin splitting E; = |g|ugB ap-
proaches the valley splitting Ay, the |v,71) and |vo, ) energies may either
cross (Cy,,, = 0) or anticross (C,,,, # 0). In the case of anticrossing shown
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Figure 2.12: (a) Impact of device geometry on inter-valley SOC. The cou-
pling term C,,,, is non-zero if the symmetry of the electron wavefunction
with respect to the (XZ) plane is broken. This condition is fulfilled in the
case of Corner Dots. (b) Zeeman splitting from v, and vo when the inter-
valley SOC exists and states anticross is shown on the left and the EDSR
spectrum on the right. The dotted frame highlights the region experimen-
tally measured in [27]. Adapted from [31].

in Fig.2.12 (b), due to states mixing near the anticrossing, B-dependent
spin/valley transition diagonals due to RF E-signal can be seen. They
result in EDSR-driven electron spin resonance [27].

Therefore, in this thesis, we studied the corner dots in the Face-to-
Face geometry under different body-biasing conditions. Two similar samples
without (F-to-F #1) and with (F-to-F #2) channel doping were cooled
down to 4.3 K. Both devices have the same W = 45 nm and Spr = 30 nm
and slightly different gate length : Ls = 50nm for the undoped device and

40



CHAPTER 2. SILICON NANOWIRE TECHNOLOGY FOR QUBITS

70nm for As-doped channel device (2 x 10 cm™2) (see Fig.2.13 (a)).

In this section, to simulate CDs, we used the effective mass approxima-
tion to compute the wavefunctions and the addition energies. The potential
in the system was computed using a 3D Poisson solver, including surface
roughness (SR), individual dopants and remote Coulomb scattering (RCS).
We then took into account electrons interactions using the Configuration
Interaction method [108], to compute the many-particles energies. From
this, the average number of electrons in the system was calculated using
the grand canonical ensemble.

In Fig.2.13 (b), the electron wavefunction calculated for the geometry
of F-to-F #2 is shown. It should be mentioned that although we analyze
CDs under reverse body-biasing with Vgacx = —8 V, a similar behavior of
quantum dots confined in the corners was also observed at zero Vpack as
reported in [69].

4 K stability diagrams for both devices are shown in Fig.2.13 (c - d)
featuring two uncoupled corner dots beneath G1 and G2 (no anticrossing
between parallel vertical and horizontal lines of resonant current, close to
zero Cp). An important feature of these NMOS devices is that the first
electrons at 4 K start to populate CDs at gate voltages close to Vg (300K).

In Fig.2.13 (e - ), Coulomb diamonds of corner dots are shown for both
devices. Large addition energies can be visible in both cases. For the doped
channel device, the energy to add the first additional electron is surprisingly
high and exceeds 35 meV.

To understand such high F4pp, we introduced different types of disorder
in the simulations and we analyzed the following cases:

- No disorder (ref.): maximal Eapp up to 24.5 meV;

- Surface Roughness (SR): for Si/Si0O, interface with realistic correla-
tion length L. = 1.5nm and rms Agg = 0.35 nm [42] calibrated on 300 K
mobility measurements [109], Eapp can reach 32 meV;

- Surface Roughness and Remote Coulomb Scattering (SR+RCS). We
found slightly higher F4pp = 34 meV by considering the same parameters
for SR and accounting for 2x10'® cm™2 positive charges at the SiOy/H fO,
interface [109, 110].

- Dopants in the channel without SR and RCS: addition energies up to
60 meV can be found due to the dopant-assisted confinement as explained
in the section on PSB for the first holes;

The simulated stability diagram with up to 3 additional electrons put
on each CDs shown in Fig. 2.14 (a), agrees the experiment. From the
Coulomb-spectroscopy, we could extract the addition energies for the first
electrons as well as the lever arm parameters for both devices. A remarkable
conclusion from the experimental data is : (i) very large Eapp for both
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Figure 2.13:  (a) A 3D sketch of n-type F-to-F device. (b) The wave-
function for a corner dot defined below G1 at Veacx = —8 V obtained
from realistic simulations accounting for the real device geometry. (c)-(d)
Stability diagrams for two F-to-F devices with doped and undoped channel
recorded at 4.3 K. Geometrical dimensions are given in the inserts. (e)-(f)
Coulomb spectroscopy for the first electrons. Vps — Vg 2 are plotted as a
function of 9*Ipg/0*Vrga 1.

devices, (ii) for the undoped device, the experimental value is close to the
one obtained from simulations without the disorder. It means that the first
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electrons are very likely to be confined thanks to the electrostatic and are
not imposed by stochastically distributed disorder in the channel. In case of
the doped channel device, Fopp for the first electron is above the reference
value and those obtained with SR+RCS. It probably signifies that the first
two additional electrons are confined due to the dopants close to the edges
of the nanowire.

Eaop @ Veack = -8V :

Vrez (V)

0.01ef. - 24.5meV

_o.1|SR-32meV

SR+RCS - 34meV
—0.2
Dopants - up to 60meV
(w/o SR and RCS)

—0.2 —0.1 0.0 0.1 0.2

b) Va1 (V)
40 © F-to-F #1 (undoped channel)
4 F-to-F #2 (channel doping)

Ofto-F#1 = 0.73
OF-to-F #2 = 0.66

EADD (meV)
N
o

Veack = -8V

2 4 6 8 10
Electron number, N

Figure 2.14: (a) Simulated stability diagram for the geometry of F-to-F #2
for Veacx = —8 V. The shape reproduces well the experimentally observed
pattern. The insert shows E,pp for different types of disorder introduced
in the system. (b) The addition energies are extracted for the undoped and
doped channel devices from Fig.2.13 (e - f). The threshold value indicating
the energy above which the electrons are most likely confined on the dopant-
assisted QDs from the simulations results in (a).
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2.3.2 Dopant-assisted QDs under forward
body-biasing

In order to capacitively couple the QDs created in F-to-F n-type de-
vices, we decided to apply forward body-biasing in order to bring close
the wavefunctions of electrons defined by G1 and G2 as it was suggested
with simulations in [69]. Indeed, the possibility of tuning the interdot cou-
pling would be a great asset for large-scale parallel arrays of F-to-F gates
[69]. In addition, the tunability of CDs with body-biasing is crucial for
all-electrical manipulation of electron spin qubits based on spin-valley mix-
ing [41] as valley splitting was demonstrated to be tunable with Vpack in
similar nanowire devices [42].

Here we will explore the regime of FBB when the electron wavefunctions
are pulled towards Si/BOX interface and a CD transforms into a usual
QD. For F-to-F #1 with arsenic-doped channel, several stability diagram
evolution steps happen when Vgaco is increased from +12 to +30 V as

b)os F-to-F #2 (3-10 “cm ° As)
0.6 \
10
0.4
—~ 3
2 0.2 00 _
£ o 10° g
0.2 10
MR Veack = 12V
Vg = 7mV 1
-0.6 =
0.6 04 02 0 02 04 04 0 04 08
VTG1 (V) VTG'I (V)
C) o FtoF#23.10°m’ as)] ) o [F-to-F #1 (undoped)]
-0.2 5 -0.5 104
10 ,
— = 10
2 -0.4 - 2 -l S
g CAPN 10° 5
> N\ 2 >as 3
T = 4.3K 10
-0.8 Veack = 30V -2 1
Vps = TmV 1
08 -0.6 -04 02 0 22 2 18 -1.6 -1.4
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Figure 2.15:  (a) - (c) Evolution of 4 K stability diagrams for different
FBB voltages up to +30 V in the case of doped channel F-to-F device. (d)
Stability diagrams for the undoped channel device at Vgacx = +30 V.
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shown in Fig.2.15 (a - ¢):

- for intermediate Vpacr = +12 and +20 V different multi-dots in the
channel are created featuring double or triple quantum dots due to the
dopants.

- at Veack = +30 V the desirable DQD configuration is obtained. The
DQD can be populated up to (2,2) charge configuration.

However, at the highest FBB voltage, the addition energies for the first
electrons are very high and reaches 58 meV as deduced from the Coulomb
spectroscopy in Fig.2.16 (b). Such degree of confinement cannot be ex-
plained by our simulations including a different type of disorder and must
be related to confinement on dopants as it was reported for a cluster of six
phosphorus dopants in STM-defined silicon QD [111]. In addition, a differ-
ent signature for initially undoped F-to-F #2 was observed with asymmetric
quantum dots below G1 and G2 as shown in Fig.2.16 (d). In this case, un-
der G1, a quantum dot with addition energy close to the values reported
for CDs are observed whereas a similar E4pp for the QD under G2 can be
visible.

To gain a better understanding of such unexpected behavior, since the
confinement on a single dopant cannot give such high charging energies and
it is unlikely to achieve the double occupation of the same arsenic atom,
we performed simulations of stability diagram for Vgicx = +30 V. In
these simulations, two clusters of four As dopants were put at the Si/BOX
interface. The electron wavefunction is pulled towards this interface when
FBB is applied. For such artificial clusters separated by 28 nm and located
symmetrically in the channel, we could obtain a similar stability diagram
revealing Fapp up to 100 meV for the first electrons as shown in Fig.2.16

(a).

Therefore, now we can associate the patterns observed for the channel-
doped device to the confinement on the clusters of arsenic at very aggressive
FBB (Vpack = +30 V). For the undoped device in Fig.2.15 (d), we con-
clude that one of the QDs (below G2) is also linked to the confinement due
to residual/diffused dopants from S/D regions. We conclude that for re-
producible and similar NMOS F-to-F devices which are building blocks for
electron spin qubits, particular care of residual channel doping and thermal
budget must be taken.
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Figure 2.16: (a) Simulated stability diagram at Vpacx = +30 V. To
achieve DQD pattern, two artificial As-clusters were put in the channel
allowing us to reproduce both the shape of experimental stability diagram
in Fig.2.16 (c) and the high E4pp in (b). (b) The Coulomb spectroscopy
analysis for high FBB voltage revealing E4pp = 58 meV which is consistent
with the confinement on a cluster of dopants. Note that the lever arm
parameter is much lower as the strength of coupling to the front gates is
reduced.
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2.4 Towards scalable electron spin qubits
with Corner Dots

In this section, we present low-temperature characterization of a 4 gate
n-type F-to-F device with two additional access gates. The SEM image after
gate patterning is shown in Fig.2.2 (f). The geometrical dimensions of the
device are: Lagi2 = Lrgi2 = 40 nm, W = 60 nm, Sqgq = Spp = 35 nm as
shown in the sketch in Fig.2.17 (a). The sample was measured at Vpacx =
0 V at low temperature using a Cryoconcept wet dilution refrigerator with
Tbase =15 mK.

By adding two additional 'access’ gates to the Face-to-Face geometry
(see Fig.2.2 (a)), we obtain a good candidate for a two-qubit logic whose
possible operation principle can be the following:

- Corner dots defined with TG1 and TG2;
- Coupling between two CDs is modulated by back-biasing;

- Both CDs are manipulated via EDSR [27] and then read using AG2
through Pauli Spin Blockade;

- Two qubits can be coupled/uncoupled from the source region using
AGI;

In order to validate the proposed approach, we demonstrate two dis-
tinct regimes of operation with the access gates used to create artificial
S/D reservoirs (Fig.2.17 (c) and (e)) or read-out QD (Fig.2.17 (d) and (f))
depending on the applied voltages.

Indeed, when the source access barrier is open with Vage = 1V, Vage >
0.58 V, and Vrge = 0, a corner dot is formed below TG1 by applying
positive Vrgi. In this scenario, we artificially obtain transport through a
single quantum dot coupled with semi-metallic dots below AG1 and AG2
(see the regime (I) in Fig.2.17 (f)). Similarly, the same operation can be
achieved for a CD below TG2, thus resulting in a usual F-to-F stability
diagram as shown in Fig.2.17 (e).

However, if Vago < 0.58 V and Vygo = 1V, we obtain a DQD configura-
tion with a small CD below TG1 coupled to large quantum dot accumulated
with AG2 (see the regime (II) in Fig.2.17 (f)). Coupling down the device
to 15 mK in this voltage configuration, we observe a well-resolved pair of
triangles indicating transport through two dots in series.

Finally, in this section, we demonstrated the versatility of multi-gate
geometry for which different QD configurations can be achieved and a two-
qubit gate can be demonstrated.
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2.5 Conclusions

In this chapter, we described the fabrication of SOI nanowire multi-gate
devices fabricated with conventional high-x metal gate and present room
temperature characterization of multi-gate architecture for silicon spin qubit
applications.

Using a p-type double gate transistor used to demonstrate the hole spin
qubit functionality in the many hole regime [26], we studied Pauli spin
blockade (PSB) for the first holes and compared its behavior at 4 K and
60 mK. We find that PSB is mediated by spin-orbit coupling as expected
for holes in silicon. By analyzing the magnetic field evolution of the leakage
current in the blockade regime, we observed a small intradot spin relaxation
rate (=120kHz for the first holes) which limits 7} relaxation time.

For the four gates in series PMOS device, we demonstrated an efficient
electrostatic tunability allowing to couple/decouple an inner DQD from the
Source/Drain regions.

Regarding the importance of the electron quantum dots confined in the
corner edges (CDs) of the silicon nanowire, we analyzed and quantified
CDs in terms of addition energies (Fapp) and lever arm parameter for
the first electrons in different n-type samples. Our analysis is supported
by realistic simulations based on the effective mass approximation used
to compute the electron wavefunctions and E4pp as well as the constant
interaction method to estimate the average number of electrons (up to three
additional electrons) in the system. We found a good agreement between the
experimentally observed addition energy and the simulations without the
disorder, thus we argued that the CDs are electrostatically defined and not
due to disorder. By performing forward body-biasing analysis, we revealed a
double quantum dot occupation on clusters of arsenic dopants for the sample
with channel doping and reproduce the experimental stability diagrams with
simulations.

Within a more elaborated F-to-F geometry upon adding two additional
access barriers, we showed the versatility of this geometry allowing to have
several DQD configurations. Based on these results, we proposed a protocol
for a two-qubit logic gate using this geometry.
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Figure 2.17:  (a) 3D sketch of an electron Face-to-Face with tunable Ac-
cess Gates. (b) The operation principle of using this geometry for CMOS
two-qubit gate.(c) Sketch of a system with two CDs defined beneath TG1
and TG2 and surrounded by two quasi-metallic islands formed when Vg
and Vo are positive enough. The corresponding 4 K stability diagram is
shown in (e). (d) Ilustration of two different regimes depending on Vg
experimentally observed in (f) at 4 K: if Vg9 is positive enough, we have
a metallic island next to the CD, otherwise transport through a double
quantum dot in series occurs. The insert of (f) demonstrates two partially
overlapped triangles which are a typical signature of transport through
DQD at finite bias voltage at T'= 15 mK.
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Chapter 3

Digital and Analog
performance of 28 nm FD-SOI
MOSFETs down to 4 K

In this chapter, a simplified process flow for the fabrication of high-x
metal gate 28 nm FD-SOI MOSFETs is given and an excellent room tem-
perature (RT) variability is demonstrated for short-channel devices. Two
different well architectures for regular (RVT) and low (LVT) threshold volt-
ages are reviewed in this thesis.

Then, analysis of transfer and output characteristics of short- and long-
channel NMOS and PMOS devices with different equivalent oxide thick-
ness (EOT) is performed. Reduced subthreshold swing (SS) and increased
threshold voltages (Vrpy) are discussed down to 4.3 K. The body-biasing
capability to compensate the shift of Vg at low temperature and thus to
highly improve NMOS and PMOS performance is used by keeping Vrpy
constant down to 4.3 K thanks to forward body-biasing (FBB).

Using the C-V split technique, long-channel mobility of NMOS and
PMOS transistors with different EOT is analyzed down to 4.3 K. The
main scattering mechanisms impacting the effective mobility (ugpr) such as
phonon scattering (PS), Coulomb scattering (CS), Soft phonon scattering
(SPS) due to the presence of H fO, are discussed down to 4.3 K. The effect
of body-biasing on pgrpr(T) is reported. Finally, we show that the overdrive
current in the linear regime at Voypr = 0.5 V and Vps = 50 mV (Ioprin)
is well correlated to the gain in effective mobility from room temperature
down to 4.3 K for different body-biasing voltages (Vpack)-

By comparing identical long-channel PMOS devices with undoped and
intentionally doped channel, we observe a highly unstable subthreshold be-
havior for the doped channel device below 77 K. It results from the channel
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doping impacting the effective mobility (highly reduced pgpp for the case of
the doped channel) and the cryogenic shift of Vg (more than twice larger
shift for the doped channel).

Then, we demonstrate an excellent 4 K long-channel variability which
is comparable to room temperature. For both low and high Vpg = 50 mV
and 0.9 V., a low degree of variability in terms of 4 K threshold voltages
and SS — Ipg metric is demonstrated.

The analysis of the cryogenic shift in Vg is given for short-channel de-
vices with variable Lg and W. In addition, Drain-Induced Barrier Lowering
(DIBL) quantifying the short-channel effects is analyzed down to 4.3 K.
For the shortest Ls = 28 nm, the overdrive current at Voyrgr = 0.5 V and
Vbs = 0.9V (Iopsar), we show that Iopsar/W is almost the same for
W between 80 nm and 1um for both NMOS and PMOS. Additionally, we
show an important enhancement in Ipprry and Ippsar at 4 K due to the
increased short-channel mobility even for Lgs = 28 nm.

We also explore the 4 K body-biasing capability in a large range of
voltages (—5.8...4+5.8 V) for both long-and short-channel devices and study
the cryogenic evolution of N- and PMOS effective currents used to model
an elementary logic gate.

Finally, cryogenic analog performance is given using different metrics.
The importance of Vpack is demonstrated for both NMOS and PMOS
devices.

The results presented in this section were partially published in [112-
114].

3.1 Introduction in 28nm Fully Depleted
Silicon-on-Insulator technology

Fully-Depleted Silicon-on-Insulator (FD-SOI) technology is a promising
candidate for the development of advanced ultra-scaled CMOS transistors.
It allows using back-gate voltage (Vpack) in parallel to the top gate volt-
age (Vi) to modulate the threshold voltage. Moreover, the buried oxide
(BOX) below the channel limits the current coming from the bulk Si re-
gion and offers excellent isolation of adjacent transistors [115]. In addition,
the electrostatic control is much better than in bulk Si transistors owing to
steeper Source and Drain junctions and smaller depletion regions. Also the
fact that the channel is undoped results in very low variability in terms of
technological parameters such as the threshold voltage (Vrg), on-current
(Ion), off-current (Ippr), subthreshold swing (S.S), ete. [116, 117].
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Main interest of using 28nm FD-SOI technology for low-temperature
applications lays in its intrinsic properties among which the already men-
tioned undoped channel, the presence of back-gate enabling modulation
of Vry (an essential requirement for low-temperature circuits made out of
transistors designed for room temperature (RT) operation), and an excel-
lent electrostatic control in terms of subthreshold swing (S.S).

a) Simplified process-flow : b)
1) STI isolation
2) Well implantation
3) Back-plane implantation
4) Deposition of HKMG
5) Raised S/D epitaxy
6) LDD implantation
7) Rapid annealing
8) Salicidation

c) Low V,, (LVT) d) Regular V., (RVT)
Vnwere NMOS  PMOS VP-V?VELL Vnwere PMOS  NMOS VP-V+IELL

ntype

pe
back-plane back-plane

N-well P-well N-well P-well

Figure 3.1:  (a) Simplified process-flow adapted from [116]. (b) TEM
image taken from [116] showing the cross-section of NMOS device with
Lg = 24 nm and a channel thickness of 7 nm. (c) Low Vpy (LVT) ar-
chitecture designed for high-performance applications with a possibility to
apply forward back biasing up to +3V/ — 3V for NMOS/PMOS at room
temperature. (d) Regular Vg (RVT) architecture used for ultra low-power
applications with a possibility to apply reverse back biasing up to —3V/+3V
for NMOS/PMOS at room temperature.

Planar FDSOI transistors are fabricated on 300 mm Silicon-on-Insulator
(SOI) wafers with the buried oxide (BOX) thickness of 25 nm. The device
fabrication starts with shallow trench isolation (STI) done in order to iso-
late MOSFET devices. It is a different approach comparing to the mesa
isolation used in the silicon nanowire technology. Then, well and back-plane
implantations are performed to be able to address either NMOS or PMOS
through a dedicated back-biasing. Afterward, high-x metal gate is formed
using a combination of Si0Oy, H fO5 and Tt N layer deposition and etching.
Raised silicon source and drain are epitaxially grown. Then, LDD ion im-
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plantation to reduce access resistance is followed by rapid thermal annealing
in order to activate the dopants. The front-end fabrication ends with sali-
cidation during which low resistance contacts are achieved.The 7 nm-thick
channel is undoped. LDD doping below 9 nm-thick Si/N spacers results in
a low access resistance. A simplified process-flow is shown in Fig.3.1 (a)
and a transversal TEM image of resulting device is given in Fig.3.1 (b).
Two different types of transistors with thin (GO1) and thick (GO2) gate
oxides were studied. In table 3.1, the corresponding EOTs are given.

GO1 GO2
EOTNMOS (nm) 1.55 3.7
EOTPMOS (nm) 1.7 3.7

Table 3.1:  Two different families of equivalent oxide thickness (EOT)
transistors measured at low temperature.

Throughout this chapter, RVT and LVT architectures were explored
as shown in Fig.3.1 (¢ - d). The room temperature limitations for forward
(FBB) and reverse (RBB) body-biasing are mainly due to the N-well /P-well
diode which must be maintained in the reverse biasing [117]. In addition,
the range of RBB and FBB at 300 K is defined by the breakdown voltage
and the threshold voltage of the N-well/P-well diode. Importantly, since
thin BOX can result in strong coupling from the drain through the lightly
doped substrate and thus degrade the gate control over the channel [118],
a special backplane low doping (N/P-type for LVT NMOS/PMOS for FBB
and P/N-type for RVT NMOS/PMOS for RBB) is introduced below the
channel [119].

Typical example of 300 K transfer characteristics Ipg — Vg over 30
identical NMOS RVT GO1 samples with Lg = 28 nm and W = 210 nm is
shown in Fig.3.2.

3.2 Transfer and output characteristics
down to 4 K

There exist many different approaches to extract MOSFET’s threshold
voltage [120]. Throughout this thesis, we use the constant current method
with different criteria for NMOS and PMOS devices commonly used for this
technology by STMicroelectronics engineers:
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Room temperature variability

. NMOS RVT GO1
1070 | =28nm

10l W=210nm
30 samples

los (A)

VDS = 50IT‘IV
10 Vpack = 0V
BACK =
1014 N L n L
-1.0 -0.5 0.0 0.5 10

Figure 3.2: Room temperature short-channel Ipg — Vg characteristics
over 30 samples.

VTH(NMOS) =Vgg at Ipg = 1077 W/LG (A) (31)
Vea(PMOS) = Vgs at Ips =2 -107% W/Lg (A) (3.2)

Concerning SS-values discussed in this chapter, we will always give the
values extracted in the very weak inversion for Ipg =1 — 10 pA. For some
short-channel PMOS devices having irregular subthreshold behavior, we
will give the minimal value of SS extracted using the SS — Ipg metric.

In Fig.3.3 and 3.4, transfer characteristics Ips — Vg for Vegacxk =0V
are shown for GO1,GO2 long/short channel NMOS and PMOS transistors.
Main features common for both GO1,GO2 long/short channel devices are:

- Increased VTH—LIN (|VD5| = 50 mV) and VTH—SAT (|VD5| = 0.9 IIlV)
due to low temperature. Indeed, reducing the temperature results in a
steeper Fermi function [121] and thus the threshold voltages increase as
shown with simulations in Chapter 4.

- Subthreshold swing at both |Vpg| = 50 mV (SSpn) and [Vpg| = 0.9 V
is highly reduced but the values SS(4.3K) are much higher than 0.8 mV/dec
predicted from Inl10 kgT'/e as reported in [112, 114]. The low temperature
saturation of SS will be explained and modeled in Chapter 4;

- Mobility enhancement for long-channel devices can clearly be seen at
low temperature. A detailed analysis of the long-channel effective mobility
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evolution for different devices will be presented later;

- Almost the same (especially for long-channel devices) SSrry and SSsar
are observed down to 4.3 K. In addition, for all NMOS and PMOS transis-
tors given in Fig.3.3 and Fig.3.4, a saturation of SSy;n, SSsar is observed
at low temperature. The curves at 10 K and 4.3 K are almost superimposed;

- Classical, oscillationless transfer characteristics are observed down to
4.3 K for all NMOS long- and short-channel devices. However, an irregu-
lar subthreshold behavior for short channel PMOS devices can be seen in
Fig.3.4 (c,e,f). We attribute these oscillations below Vry (Fig.3.4 (c - f))
to the impact of enhanced boron diffusion from source/drain regions for
the shortest Lg = 28 nm [122] and a thorough analysis of dopant-assisted
transport is given in Chapter 6. Nevertheless, when L is relaxed to 46 nm,
a stable subthreshold behavior can be obtained for PMOS devices at 4 K
as demonstrated in Chapter 6.

- The Vrg_rin, Vru_sar variations between 296 K and 4.3 K are very
similar for long-channel NMOS and PMOS devices for GO1 and GO2 as
shown in Fig.3.3 (a - d) and Fig.3.4 (a - b).

- Whereas the zero temperature point (Z7P) [121] at which the Vrg-
shift is fully compensated with the increase in mobility can be observed for
all NMOS devices, no clear ZT' P is observed for PMOS devices.

- Although not shown in this chapter, the gate current is highly reduced
at low temperature and is close to zero for long-channel devices and typically
in the sub-100 pA range for the short-channel devices.

Note that in this section we will refer VBACK to VN—WELL; VP—WELL
for LVT NMOS,PMOS and VP—WELL) VN—WELL for LVT NMOS,PMOS
Although the NMOS and PMOS mobility increases at low temperature
due to suppression of phonon scattering, the Vg shift, as the temperature
is reduced, is partially canceling the improvement of performance of FD-
SOI transistors shown in Fig.3.3 and Fig.3.4. Indeed, from the output
characteristics recorded at Vaacxk = 0 V of NMOS LVT GO1 transistor
with Lg = 34 nm and W = 210 nm shown in Fig.3.5 (a) it can be observed
that Ion(4.3K) measured at Vgg = Vps = 1 V is increased only by +12%.
However, for Vgs = Vps = 0.5 V (Vgs is below ZTP), Ioy at 4.3 K is
reduced by —51%.
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Figure 3.3: Transfer characteristics Ips— Vgs of GO1,GO2 long- and short
channel NMOS devices at Vps = 50 mV /0.9 V from RT down to 4.3 K.
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Figure 3.4: Transfer characteristics Ips — Vs of GO1,GO2 long- and short
channel PMOS devices at Vps = =50 mV/—0.9 V from RT down to 4.3 K.
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Thus, it seems to be unlikely to reduce significantly Vpg for a low-
power cryogenic operation which is imposed by the thermal budget [20, 14].
The difference in Ips — Vps at low temperature in the absence of body-
biasing is even more drastic for PMOS LVT GO1 transistor of the same
Le = 34 nm shown in Fig.3.6 (a), (c) due to higher Vry. We observed
almost unchangeable Ipy at Vgs = Vps = —1 V. The PMOS device cannot
be used at Vgs = Vps = —0.5 V as temperature is reduced down to 4.3 K
due to Vrg(4K) < —0.5 V.

Then, when FBB voltages are systematically applied to keep Vry_nyos
and Vry_pyos constant in temperature (see Fig.3.3 (e) and Fig.3.4 (e)),
a significant improvement in NMOS and PMOS output characteristics was
observed at low temperature. For NMOS/PMOS short-channel device, the
gain in Ioy at |Vas| = [Vps| = 1 V at 4.3 K was found to be +32.5% and
+50% as shown in Fig.3.3 (b) and Fig.3.4 (b).

Much higher gain was found at |Vgs| = [Vps| = 0.5 V with +83% and
+211% for NMOS (Fig.3.3 (d)) and PMOS (Fig.3.4 (d)). Note that in
order to compensate Vry-shift at 4.3 K by approximatively 160 — 170 mV
for NMOS and 250 — 280 mV for PMOS , FBB voltages up to 1.6 — 1.7 V
for NMOS and —2.9 — 3.1 V for PMOS were applied. Importantly, the
forward body-factor given by v = AVrgy/AVpackx was found to be almost
unchanged down 4.3 K indicating that the backplane doping of FD-SOI
transistors is not frozen-out [123].

From the analysis of oy currents for NMOS (Fig.3.3 (f-g)) and PMOS
(Fig.3.4 (f-g)) devices, another important conclusion can be derived. The
measured total resistance (Ry; = Vps/Ion) reveals a pronounced saturation
behavior below 100 K (as well as threshold voltages of short-channel devices
which will be discussed later). This result can be explained by a partial
freeze-out of LDD regions [124] possessing a relatively low concentration of
dopants designed to have good access resistances at RT.
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Figure 3.5: Output characteristics Ips — Vpg of NMOS LVT GO1 tran-

sistor with Ls = 34nm and W = 210 nm recorded approximatively every
10 K from RT down to 4.3 K. (a),(c) the case of Vgacx = 0V for Vgs
above (Vgs = 1 V) and below (Vgs = 0.5 V) ZTP. (b),(d) Ips — Vps
for temperature-constant Vrpy achieved using FBB-compensation at each
temperature. (e) The temperature dependence of Viy for Vpg = 0.5 V
and 1 V and the FBB values deduced from Ipg — Vg required to have
Vru(T) = Vrp(296K). (f),(g) On-current Ipy and measured resistance
Ry for Vps = 0.5 V and 1 V plotted for Vg (T) = Vrg(296K). Note that
for both Vpg = Vigg, the measured resistance is saturating approximatively

below 100 K.
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Figure 3.6: Output characteristics Ips—Vpg of PMOS LVT GO1 transistor
with Lg = 34nm and W = 300 nm recorded approximatively every 10 K
from RT down to 4.3 K. (a),(c) the case of Vgacx =0V for Vgg = -1V
and —0.5 V. (b),(d) Ips—Vpg for temperature-constant Vyy achieved using
FBB-compensation at each temperature. (e) The temperature dependence
of Vrg for Vpg = —0.5 V and —1 V and the FBB values deduced from
Ips — Vs required to have Vg (T) = Vrg(296K). (f),(g) On-current Ipy
and measured resistance Ry, for Vpg = —0.5 V and —1 V plotted for
Vru(T) = Vrg(296K). Note that for both Vps = Vgg, the measured
resistance is saturating approximatively below 100 K.
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3.3 Long-channel mobility down to 4 K

The mobility of charge carriers in the channel is one of the key pa-
rameters of MOSFET that is continuously optimized and improved by the
microelectronics industry for the most advanced CMOS technologies. It can
be defined as a factor of proportionality between the charge carrier veloc-
ity and the applied electric field. Typically, the drain current in the linear
regime is given by [125]:

Ips(Vas) = (W/La) perr Ninv(Vas) € Vs (3.3)

where pugpp is the effective mobility and Njyy is the inversion charge
carrier density. Depending on the technology, it is important to determine
both the value of ppppr as well as its dependence on the effective electric
field or the inversion charge density.
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Figure 3.7: (a) Different mechanism affecting the effective mobility. Taken
from [73]. (b) An electrical scheme for the C-V split long-channel mobility
measurement. (c¢) Three main sources of scattering and their evolution as
temperature is decreased. Taken from [73]. (d) An example of the measured
gate capacitance Cgs—Vgs of NMOS LVT GO2 as a function of temperature
measured at Vo = 20pV and 100 kHz.
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Although there exist a large variety of scattering mechanisms defining
the effective mobility, especially in the presence of high-x material H fO, in
the gate stack (see Fig.3.7 (a)), the following sources of scattering essentially
define MEFF:

- Phonon Scattering (PS): interactions between charge carriers and acous-
tic phonons [73];

- Coulomb Scattering (CS): Coulomb interactions with charges located
in the channel [126];

- Surface Roughness (SR): mobility degradation due to the finite rough-
ness at the Si/5i0, interfaces [126].
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Figure 3.8: Effective mobilities from RT down to 4.3 K for GO2 NMOS
(a), PMOS (b) and GO1 NMOS (c) and PMOS (d) long-channel transistors
obtained using the C-V split technique.

Additionally, given that there is a thin layer of H fO5 in the gate stack of
FD-SOI transistors, two additional mechanisms should be considered [73]:
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- Remote Coulomb Scattering (RCS) due to the charges at the SiOs/H f O
interface [127, 128];

- Soft optical Phonon Scattering (SPS) induced by the use of HfO,
[129, 130].

At low temperature, acoustic phonon scattering (PS) decreases as lat-
tice vibrations become weaker and are almost suppressed at 4 K. Coulomb
Scattering (CS), however, is strengthened at a cryogenic temperature which
can be understood by a slower thermally-activated motion of charge carriers
resulting in larger deflections by residual dopants in the channel, charges
trapped in the oxide and finally smaller scattering time. Regarding Surface
Roughness (SR), this scattering mechanism is dominant in the strong inver-
sion regime and has almost no temperature dependence. The temperature
dependence of these three mechanisms is summarized in Fig.3.7 (c). At
room temperature, the low field mobility in the weak/intermediate inver-
sion regime (for example Nyyy = 5 - 102 cm™2) is mainly governed by PS
whereas at low-temperature CS becomes the dominant mechanism.

A commonly used technique for measuring the effective mobility is the
so-called C-V split [131] which is well suitable for the measurement of
long gate length devices. It is based on the measurement of inversion
charge Q;yv (or the charge density often normalized by area Niyy =
Qinv/eLeW) at small excitation AC voltage and f = 100 kHz when
source/drain are grounded and a capacitance meter is used to record gate
capacitance Cgg as Vgg is swept (see Fig.3.7 (b)). Then, by integrating
the measured Cgg with respect to Vg, Qrny is derived and the effective
mobility can written as :

perr(Ninvv) = (Lg Ips)/(e W Ninv Vps), at Vps = 50mV (3.4)

All the effective mobilities measured using the C-V split technique pre-
sented in this chapter were measured at 100 kHz. In Fig.3.7 (d), the temper-
ature evolution of Cgg — Vizg for NMOS LVT GO2 long-channel transistor
is shown at Vgacx = 0 V. Two main features of low-temperature curves can
be observed: (i) the maximal value of Cgg in the strong inversion regime is
almost independent on temperature and (ii) the overall profile Cgs — Vs
is shifted and becomes steeper at low temperature. Having a limited res-
olution of the capacitance meter, it thus becomes impossible to apply this
mobility measurement technique to short-channel devices because of the
small area. That is why for short-channel device another technique is com-
monly used to derive (low-field) mobility, the so-called Y-function method
[132]. This technique will be used for extraction of low-field mobility down
to Lg = 28 nm in Chapter 5.
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In Fig.3.8, the effective mobility as a function of inversion charge density
is plotted from 296 K down to 4.3 K. An important mobility enhancement is
observed for all GO1 and GO2 devices since phonon mobility is sufficiently
weak and can be neglected at a very low temperature. It can also be
noted that thick gate oxide (GO2) weakens remote Coulomb and soft-optical
phonon scattering (the SiOs/H fO, interface is displaced further from the
silicon channel). It, therefore, leads to an improved carrier mobility [133,
134]. Thus, the low-temperature mobility enhancement is much stronger for
GO2 devices, especially in the weak/intermediate inversion regime. This is
illustrated in Fig.3.9 (a), where the peak of uppp is plotted as a function
of temperature for GO1 and GO2 devices.
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Figure 3.9: (a) Maximal effective mobility as a function of temperature for
long-channel GO1 and GO2 transistors at Vyacx = 0 V. (b) The effect of
body-biasing on pgpr extracted at Nyyy = 10 cm ™2 for GO1 and GO2
NMOS. (c),(d) An illustration of the effect of moderate body-biasing on
effective mobility for GO1 NMOS and PMOS 4.3 K.
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Importantly, as we already discussed in the previous section, the com-
pensation of the Vyg-shift with body-biasing is essential at low temperature
to keep the advantage of high charge carrier mobility. In Fig.3.9 (b) we
show an example of the body-biasing capability to modulate the mobility
at low temperature in the strong inversion regime at Nyyy = 103 cm=2 for
NMOS GO1 and GO2 devices (the same holds for PMOS devices not shown
here). Much higher modulation of pgrr for GO2 devices can be explained
by thicker EOT and the fact that the SiOy/H fO, interface is further away
from the channel. Indeed, at 4.3 K, it is still possible to greatly improve the
effective mobility by bringing the conductive channel towards the bottom
Si/BOX interface for both NMOS and PMOS devices as shown in Fig.3.9
(c) and (d) (the same holds for GO2 devices not shown here). In addition,
the back-interface scattering is expected to be lower than the front interface
one [134]. The density of interface traps at back-interface in FD-SOI tran-
sistors is typically at least ten times lower than the front one, for instance,
3 x 1010 against 5 x 10! traps/em?/eV was reported in [135].

Given the low-temperature shift in Vg, in order to quantify MOSFET’s
performance, the overdrive current can be used instead of Ipy extracted at
a given Vg as it was done in Fig.3.5 and 3.6.

In this chapter, we will use the following expressions for the overdrive
drain current:

IODLIN(T> = [DS at |VTH(T) -+ 05‘/‘ at VDS = 50mV (35)
IODSAT(T) = [DS at |VTH(T) + 05V| at VDS =0.9V (36)

At low temperature, we can observe a clear improvement of Ipoprrn
and Ippgar for both NMOS and PMOS, GO1 and GO2 devices as shown
in Fig.3.10 (a - b). Furthermore, according to 3.3, the gain in pugpp(7T)
should be directly correlated to the gain in Ipprrn (7). Indeed, we show
in Fig.3.10 (¢ - d) an excellent correlation between the Ioprrn(7T) and
perr(T) improvements. The same trend was observed for PMOS GO1 and
GO2 devices not shown here.

3.4 Comparison between intentionally
doped and undoped long-channel
PMOS

In this work, PMOS RVT GO2 devices were highly doped during the
poly-Si ion implantation (II). Due to the increased dose of II of poly-Si,
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Figure 3.10: (a),(b) The overdrive current for Vpg = 50 mV (Ipprrn) and
0.9 V (Iopsar) for NMOS and PMOS GO1/GO2 devices for |Vovgr| =
0.5 V. (¢),(d) The correlation between the gain in effective mobility in the

strong inversion regime and the corresponding Ioprin,lopsar for the same
Niny = 103 cm—2.

PMOS RVT GO2 are likely to contain a non-negligible amount of dopants in
the gate stack down to the Si/Si0O, interface. Here, such PMOS devices are
compared with the behavior of undoped channel device (residual impurities
concentration in FD-SOI transistors is typically as low as 10'® cm™3).
When cooled down, the first important observation from the experiment
is that below 100 K (see Fig.3.11 (a - b), the subthreshold current becomes
irregular displaying an oscillating behavior previously observed in short-
channel PMOS. It is consistent with the freeze-out of boron atoms below
100 K highly impacting the subthreshold transport. Indeed, whereas for
the identical but undoped PMOS device (see Fig.3.6 (a- b)) SSpin, SSsar
reached 8 — 9 mV/dec at 4.3 K and shown regular SS — Ipg behaviour,
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Figure 3.11:  (a),(b) Ips — Vs measured at low and high Vpg for the

doped channel PMOS RVT GO2 device at low temperature. (c¢) Comparison
between the evolution of Vg for the PMOS transistor with Lo = W =
2 pm for the doped and undoped channel down to 4.3 K. (d) The irregular
behaviour of SS — Ipg for the doped channel PMOS transistor. (e) The
effective mobility for the doped channel PMOS transistor. (f) Comparison
between the low temperature behaviour of the peak of ugppr for the doped
and undoped PMOS of the same dimensions and EOT.
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here it is not the case as shown in Fig.3.11 (d). Similar SS-values of
20 — 40 mV/dec at 4.3 K for long-channel PMOS devices fabricated in con-
ventional 160,40 nm bulk Si technology were already reported in [67, 136].
However, the irregular SS — Ipg behavior and large long-channel variability
were not discussed.

In addition, much larger Vrg-shift is obtained at low temperature up to
0.5 V for the doped device as shown in Fig.3.11 (c) (similar Vyg — T curve
and the value of Vpy-shift were reported for conventional bulk Si PMOS
devices in [137]).

At room temperature the difference in low and high field mobility for
doped and undoped channel is not as significant as at low temperature
due to the effect of CS and RCS drastically impacting the doped channel
PMOS as shown Fig.3.11 (e) (to be compared with Fig.3.8 (b)). Indeed, the
difference can be clearly observed from Fig.3.8 (d) where the peak of pgrp
as a function of temperature is plotted for the doped and undoped channel
PMOS devices of the same dimensions and EFOT. The gain in the maximal
(peak) mobility for the undoped and doped channel devices is +64% at
4.3 K.

Finally, FD-SOI technology seems to be much more advantageous com-
paring due to much steeper S5, regular behavior in SS — Ipg, more than
twice lower shift of Vry (as shown in this section and reported in [138]),
much higher effective mobility due to lower CS and RCS, and potentially
much lower Vpg-variability.

3.5 Long-channel device variability at 4 K

Regarding the requirements of CryoCMOS, the question of device vari-
ability of MOSFETs at very low temperature is of great importance for
the successful design of cryogenic circuits. If there is a large variability at
low temperature for FD-SOI transistors, it becomes difficult to achieve the
optimal power-performance tradeoff at 4 K. Indeed, once the Vypy-shift is
compensated, further reduction of Vpg to obtain lower power dissipation
requires applying more FBB in order to have higher driving current (lower
switching resistance of a CMOS inverter [2]) and thus higher circuit’s speed
(typically frequencies between 1 — 10 GHz are required for driving silicon
spin qubits [20]). However, if the low-temperature device variability is large,
the close-to-zero-Vr g operation may result in non-negligible off-current thus
making it challenging to further reduce the operational point.

In Fig.3.12 (a - b), Ips — Vigs characteristics of 5 identical NMOS RVT
GOL1 devices with Lg = W = 1 pm are shown at room temperature and
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4.3 K. Almost the same variability at 4.3 K compared to 296 K can be seen
in terms of Vrgy and Ipn (not shown) as expected for undoped channel.
More importantly, a regular subthreshold behavior with a low degree of
variability was observed using SS — Ipg metric as shown in Fig.3.12 (c - d).

The same behavior was observed for a series of PMOS LVT GO2 devices
showing a low degree of variability at both low and high Vpg by comparing
Ips — Vgs and SS — Ipg. The analysis of short-channel NMOS and PMOS
device variability can be found in Chapter 5.
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Figure 3.12: (a),(b) Transfer characteristics at RT and 4.3 K at low and
high Vpg for 5 long-channel NMOS RVT GO1 devices. (c),(d) SSrry and
SSsar as a function of Ipg for these 5 identical devices in (a-b) at 296 K
and 4.3 K.
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3.6 Short-channel devices: the effect of W

In the first section of this chapter, the increase of Vrg_rin, Virg_sar
was already evidenced with cryogenic transfer characteristics down to 4.3 K.
In Fig.3.13 (a, ¢) and 3.14 (a, c¢), the evolution of Vrgy_ ;v and Vrg_gar
as a function of temperature is plotted for long- and short-channel devices.
The following conclusions can be drawn.

For long channel GO1 and GO2 NMOS and PMOS devices, Vry_rrn
and Vrg_gsar vary almost linearly with temperature as expected from the
low-temperature behavior of the Fermi function. However, for NMOS and
PMOS RVT GOL1 a small Vg saturation occurs at low temperature. For
short-channel NMOS and PMOS devices with Lg = 28 nm and W varying
between 80 nm and 1 pm, a deviation from the linear law below approxi-
matively 100 K can be observed.

To better understand this unexpected Vi behaviour of short-channel
devices, we calculated the relative shifts Vg (T) — Vrg(296K) at low and
high Vpg which are shown in Fig.3.13 (b,d) and 3.14 (b,d). In both cases, we
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Figure 3.13: (a),(c) Vrg_rrn and Vg _sar as a function of temperature for
two long-channel NMOS RVT GO1 and LVT GO2 devices and three RVT
GO1 transistors with Lg = 28 nm of different W measured at Vgacx =
0V. (b),(d) The same analysis but for VTH—LIN<T) - VTH—LIN(296K) and
Vru—sar(T) — Vrg_sar(296 K) showing the Vyy-shift at low temperature.
(e) DIBL as a function of temperature.
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observe less saturation for wider W. Although, a saturation behavior of Vg
for short-channel devices at low temperature was reported and an analytical
BSIM modeling was proposed for bulk Si devices [137], this phenomenon is
still not fully understood. Dao and colleagues in [137] explained the short-
channel Vyy saturation by the charge sharing effect (which depends on
the depletion layer width). However, to understand the saturation of Vg
in short-channel devices with fully-depleted and undoped channel, more
statistical data are required. It also should be noted that for RVT NMOS
devices with Lg = 28 nm, Vpry_gar is more impacted by the saturation at
low temperature than Vyy_p;y as it can be seen by comparing Fig.3.13 (b)
and (d).

By analyzind the Drain-induced barrier lowering (DIBL = |Vry_rin —
Vrr—sar|/(Vbs—sar — Vps—rin)) as a function of temperature, we observe
that at 4.3 K an initially low value (5—10 mV/V at 296 K) drops to almost
zero for short-channel devices as it can be seen in Fig.3.13 (e) and 3.14
(e). For NMOS devices with W = 210, 1000 nm, DIBL seems to be weakly
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Figure 3.14: (a),(c) Vrg_rin and Vg _gar as a function of temperature for
two long-channel PMOS RVT GO1 and LVT GO2 devices and three RVT
GOL1 transistors with L = 28 nm of different W measured at Vgacx = 0 V.
Not that the absolute values of |V | are plotted. (b),(d) The same analysis
but for VTHfLIN(T> — VTHfLIN(296K) and VTHfsAT(T) — VTHﬂS'AT(296K>
showing the Vppg-shift at low temperature. (e) DIBL as a function of
temperature.
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Figure 3.15:  (a),(c) Iopriy and (b),(d) Iopsar as a function of T for

NMOS and PMOS devices with Lg = 28 nm and diffrent W.

dependent on temperature. No significant difference in terms of electrostatic
control between different W was observed by analyzing SS(T') down to
4.3 K. The DIBL situation is different for short-channel PMOS devices as
shown in Fig.3.14 (e). Here, for wider W, DIBL(T) increases significantly
at low temperature. It should be mentioned that short-channel PMOS
devices are highly impacted by enhanced diffusion of boron atoms from
Source/Drain regions and thus it is expected to have irregular, oscillatory
behavior in the subthreshold regime (see Fig.3.4 (c - f)).

In Fig.3.15, Ioprrv and Ippsar normalized by W as a function of tem-
perature are plotted for NMOS and PMOS transistors with Lg = 28 nm
and variable W. Importantly, for both NMOS and PMOS devices, an im-
portant enhancement of Ipprrn is observed down at 4.3 K. It is a clear in-
dication that contrarily to what has been reported for short-channel 14 nm
FD-SOI transistors, there is an improvement in short-channel mobility. As
the mobility is expected to be higher for larger W in planar devices [139],
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we observe this trend for all NMOS devices (shown in Fig.3.15 (a)) and
for PMOS with W = 300,1000 nm plotted in Fig.3.15 (b). The reason
for a drop in Ipprry for the PMOS with W = 80 nm is probably due to
the highly irregular oscillatory behaviour around Vs = Vg as shown in
Fig.3.4 (c). Importantly, the low-temperature enhancement of Ippgar/W
is almost the same for both short-channel NMOS and PMOS device for
W = 80...1000 nm. This observation will be used later in Chapter 5 to
correlate the cryogenic performance of RO with the effective currents of a
CMOS inverter [2].

3.7 Short-channel devices: the effect of L

After having studied the effect of W for a given short Lg, here we
compared the cryogenic performance of GO1 NMOS and PMOS transistors
from room temperature to 4.3 K. The overdrive drain currents at |Vpg| =
50 mV and 0.9 V at 4.3 K were found to increase as Lg was reduced from
1 pm to 28 nm as shown in Fig.3.16 (a, b) and 3.17 (a, b).

In [140] the charge carrier mobility in 14 nm FD-SOI devices was stud-
ied down to 77 K. By comparing the low-field mobility extracted using the
Y-function method as a function of temperature for different Lg, it was
argued that neutral defect scattering (defects originating from the fabrica-
tion of source/drain regions [141]) becomes the dominant mobility limiting
factor below typically Ls = 50 nm and is independent on the gate stack.
In our case, using a well-optimized 28 nm FD-SOI technology we expect
that the short-channel mobility is not completely saturated below a certain
temperature. By plotting Ioprinv/(W/Le) and Iopsar/(W/Lg) at 4.3 K
for different Lq, we observed a non-negligible gain in the overdrive currents
as compared to 296 K for both NMOS and PMOS devices as shown in
Fig.3.16 (c, d) and 3.17 (c, d).

Then, given that the linear drain current is proportional to (W/L¢g) prrr
according to 3.3, we obtained a usual increase of mobility (or Ippriy) as
the gate length is reduced [139]. We already demonstrated that the gain
in Ipprry current is directly proportional to the gain in the long-channel
mobility. Thus, we expect the same behavior for the short-channel NMOS
and PMOS devices. For the case of Lg = 28 nm, a gain at 4.3K as com-
pared to room temperature in terms of Ioprin(Lg/W') of approximatively
+45% for NMOS and +63% for PMOS devices is achieved.

In Chapter 5 we will show that the low-field mobility for the case of
Lg = 28 nm extracted using the Y-function method, increase by almost a
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Figure 3.16: NMOS RVT GO1 transistors at 296 K and 4.3 K. (a),(b)
IODLIN/W and IODSAT/W as a function of LG for W = 210, 1000 nm.
(C,)(d) Normalized by L(;, ]ODLIN/(W/LG) and ]ODSAT/(W/LG) as a func-
tion of Lg for W = 210, 1000 nm.

factor of 2 at 4.3 K compared to RT and an efficient power-performance
tradeoff for Ring Oscillators can be performed.

3.8 Body-biasing at low temperature

It will be shown that in order to at least maintain the RT performance of
ROs, especially for reduced Vpg, it is essential to compensate the cryogenic
shift of VTH-

The effective currents of NMOS and PMOS devices shown in Fig.3.18
(a - ¢), can be calculated as following [2]:
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Figure 3.17:  PMOS RVT GOl transistors at 296 K and 4.3 K. (a),(b)
]ODLIN/W and IODSAT/W as a function of LG for W = 300,1000 1nI.
(c,)(d) Normalized by Lg, loprin/(W/Lg) and Iopsar/(W/Lg) as a func-
tion of L¢g for W = 300, 1000 nm.

Iprr—npy = (g +11)/2
Igpr =1/(1/1gpp-N + 1/Igrr_p)

where Iy = Ipg extracted at Vigs = Vpp, Vp = Vpp/2 and I, = Ipg
extracted at Vgs = Vpp/2,Vp = Vpp. Vpp is the supply voltage. By
analyzing the effective currents of the NMOS and PMOS devices shown
in Fig.3.18 (a - b), we realize that without the compensation of Vypy-shift
with FBB, Igpp is drastically reduced at low temperature, especially for
the PMOS device as it was already shown from the analysis of Ioy currents
in the first section of this chapter.
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3.8. BODY-BIASING AT LOW TEMPERATURE

We demonstrate that at 4.3 K, Igpp_n and Igpp_p can be efficiently
controlled with body-biasing as shown in Fig.3.18 (d).

In Fig.3.19, we demonstrate the extended body-biasing capability at
4.3 K for GO2 devices with Lg = 100 nm and GO1 devices with Lg =
34 nm. Regular transfer characteristics for FBB voltages up to +5 V are
observed for both GO2 devices and the GO1 NMOS transistor for low Vpg
as shown in Fig.3.19 (a, b, d). An oscillatory behaviour in the subthreshold
current of short-channel PMOS device shown in Fig.3.19 (e) can be reduced
by relaxing L.

In Fig.3.19 (¢), the 4 K Vg tunability for |[Vpack| up to 5 V is shown for
GO2 devices. Almost the same body-factor + for both NMOS and PMOS
devices was found at 4.3 K. The measured GO2 body-factors at 4.3 K are
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Figure 3.18: (a), (b) Effective currents for NMOS and PMOS LVT GO1
devices with Lg = 34 nm and Wy yos = 210 nm, Wpyos = 300 nm from
296 K down to 4.3 K. (c¢) The total Igrp calculated from (a),(b) as a function
of temperature for the case of Vgscx = 0 V and with the threshold voltage
compensation Vrg(T) = Vrp(296K). (d) The 4 K tunability of Igpp_y
and Iprpp_p as a function of Viacxk.
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close to the room temperature values: 183 and 178 mV/V for NMOS and
PMOS, respectively. The situation is similar for GO1 devices. Due to
the difference in back-plane doping 95 mV/V for NMOS and 69 mV/V for
PMOS GO1 devices were observed at 4.3 K. Supporting our assumption
of the body-biasing effect not altered by freeze-out of back-plane dopants,
these values are close to what was observed at room temperature: 89 mV/V

for NMOS and 73 mV/V for PMOS.

3.9 Analog performance at 4 K

The analog performance of 28 nm FD-SOI NMOS devices was reported
down to 77 K in [142]. Here we extend the analysis down to 4.3 K by
measuring the normalized drain current Ipg (Lg/W) and the normalized
transconductance Gy (Lg/W) for different Vpg. Furthermore, the Gy /Ips
vs Ips (Lg/W) metric is discussed from room temperature down to 4.3 K.
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Figure 3.19: (a - b) the effect of Vgacx on NMOS and PMOS GO2 devices
with Lg = 100 nm and (c) the tunability of Vpy at 4.3 K. (a - b) the effect
of Vpack on NMOS and PMOS GO1 devices with Lg = 34 nm and (c) the
tunability of Vg at 4.3 K.
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3.9. ANALOG PERFORMANCE AT 4 K

The effect of Lg and Vpack regarding G /W vs Ay metric (where A, is

the intrinsic voltage gain) is shown at 4.3 K.

First, we start the analysis of analog performance by comparing the
Ion currents from Ipgs (Lg/W) vs Vgg for NMOS LVT GO1 device with
Le =34 nm and W = 210 nm as shown in Fig.3.20 (a). That is why in this
section we will also analyze the analog performance at Vpg = Vgs = 0.3 V.
By comparing the 4.3K/296 K gain at Vgs = Vps = 0.3,1 V after the Viy-
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Figure 3.20: (a) Ips (Lg/W) and (b) Gy (Lg/W) as a function of Vg for
different VDS with VBACK =0V and VBACK applied to keep VTH<43K) =

Vi (206K).
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compensation, we found an Iox (Lg/W) increased by +33% for Vps =1V

5|
1 2 - 10 94
8+
R
= 10— T s
3 S -
—_ <
3 8 & o
<
= ]
\\/ == Vgg = Vps = 0.3
2 6 — = Vgs = 1V, Vpg/= 0.3V
o | = Ve vos=03v
4 — 10 T T T T T
-4 0 4
Veack (V)
2
0= T
-500
b) 0.8 1.4
V = +5.8V
0.6 F1.2 ~ BACK
£ 4 a0{ <
5 2
5 (?)
- 'I 5 .
0.4 ‘9‘_“ S 304
S g
= < B
g 0.8
> 2 ® 20+
0.2 3 ,_,?D
3 <
F06% = 10-
04 / \ 2 <
// T vos = S0V A S = Veack = OV
/= Vps =0.3V 0.4 o il : |
02 / “Vos= VN 0 400 800 1200
Y. T T T T T V. (mV)
-4 0 4 6s
Veack (V)

Figure 3.21:  NMOS LVT GO1, Lg = 34 nm and W = 210 nm: (a)
Ips (Lg/W) and (b) Gar (Lg/W) as a function of Vg for different Viacx
at Vpg = 0.3 V at 4.3 K. The inset shows the normalized Iy current as a
function of Vpack for different Vigg at Vpg = 0.3 V. (b) The tunability of the
Ion gain under body-biasing and the corresponding Vrg. (¢) Gar (Lg/W)
as a function of Vgg for different Vpacx at Vps = 0.3 V at 4.3 K.

79



3.9. ANALOG PERFORMANCE AT 4 K

and by +13.4% for Vpg = 0.3 V respectively due to the improved low tem-
perature mobility as shown in Fig.3.20 (a). Then, by plotting Ips (Lg/W)
vs Vg for the same NMOS device (see Fig.3.20 (b)), an increase of the
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Figure 3.22:  PMOS LVT GOI1, Lg = 34 nm and W = 300 nm: (a)
Ips (Lg/W) and (b) Gar (Lg/W) as a function of Vg for different Veack
at Vpsg = —0.3 V at 4.3 K. The inset shows the normalized Ioy current
as a function of Vgack for different Vgg at Vps = —0.3 V. (b) The tun-
ability of the Ipy gain under body-biasing and the corresponding Vry. (c)
G (Lg/W) as a function of Vg for different Vo at Vps = —0.3 V at
4.3 K.
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normalized G, at 4.3 K can be observed. At 77 K in FD-SOI devices,
G M—maz Was found to be increased by 28% and 42% for Vpg = 1 V and
50 mV respectively [142]. In our case, an improvement of G'yr_as by 33%
at Vps = 1 V and 57.6% at Vpg = 50 mV is obtained due to the higher
mobility. Similarly, for PMOS LVT GO1 devices with Lg = 34 nm and
W = 300 nm, we found Gp/_,nq. at 4.3 K enhanced by 53% at Vpg = -1V
and 86% at Vpg = —50 mV.

It is worth mentioning that the gain in Gj/_ ... for NMOS and PMOS
devices can be logically correlated with the gain in low-field mobility ex-
tracted using the Y-function method in Chapter 5. It results in similar
enhancement at 4.3 K as compared to RT, thus, we present another prove
of the improvement in short-channel FD-SOI NMOS and PMOS mobilities
at low temperature.

The extended body-biasing capability was already discussed in the pre-
vious section. Here, using |Vpg| = 0.3 V, we demonstrate that a signif-
icant gain in normalized Ipy can be achieved under aggressive FBB for
both short-channel NMOS and PMOS devices as shown in Fig.3.21 (a) and
Fig.3.22 (a). Actually, in Chapter 5 we will demonstrate that the optimal
supply voltage of 28 nm FD-SOI transistors (at which the energy per cy-
cle is spent in the most efficient way [2]) can be reduced down to 0.3 V.
That is why in the insets of Fig.3.21 (a) and Fig.3.22 (a), we plotted the
Ion for two different configurations with |Vpg| = 0.3 V, |Vgs| =1 V and
|[Vbs| = |Vas| = 0.3 V. From these graphs, it can be concluded that body-
biasing can be efficiently used to improve the device performance for the
reduced power dissipation.

In Fig.3.21 (b) and 3.22 (b) the gain in the Ioy at |Vpg| = 0.3 V is shown
for NMOS and PMOS devices with respect to the current at Vescx =0 V.

Finally, the study of transconductance as a function of Vgack is pre-
sented in Fig.3.21 (c) and 3.22 (¢) for NMOS and PMOS devices. An
interesting feature of the dependence of G 4 as a function of Vpacx
can be observed from these graphs. For both NMOS and PMOS devices,
the maximum of G;_,,q. is obtained at Vgacx =0 V.

In this section, the device analog performance is assessed down to 4 K
through the key parameters such as the transconductance G, the output
conductance G'p and the intrinsic gain A, = G;/Gp. The figure of merit
Gur/Ips vs Ips - Lg/W for NMOS and PMOS RVT GO1 transistors is
shown in Fig.3.23 (a - b). Given that Gs/Ipg being inversely proportional
to the subthreshold swing (in weak inversion) and proportional to pugprp (in
strong inversion), the 'Gy;/Ipg vs Ips’ metric at 4.3 K is strongly improved
compared to room temperature. Indeed, we found a gain by 5.5 and 4.5
times for NMOS and PMOS devices with Lg = 28 nm for low /intermediate
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currents suitable for base-band applications, where high gain and high preci-
sion are required [143]. A non-negligible gain for high currents as compared
to 296 K can also be visible. This is suitable for high-frequency applica-
tions where high drive currents are needed [2]. Note, that a slightly irregular
behavior for the lowest drain currents for PMOS shown in Fig.3.23 (b) is
explained by the impact of dopants and can potentially be made more sta-
ble when L is slightly relaxed and the regular subthreshold behavior in
SS — Ipg is achieved.
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Figure 3.23: (a),(b) Ga/Ips as a function of Ipg(Lg)/W at 296 K and
4.3 K for NMOS and PMOS RVT GO1 devices with Lgs = 28 nm and
W =80 nm at |Vpg| = 0.9 V. (¢),(d) Gar/W vs Ay for different T, W, Lg
and Veacx for NMOS and PMOS GO1 transistors.
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Finally, G, /W as a function of the intrinsic voltage gain A, is shown in
Fig.3.23 (c - d). It is demonstrated that low temperature and body-biasing
significantly improve the transconductance G /W (due to increased pprr)
and A,g (due to reduced Gp). All these metrics used to quantify the analog
performance of 28 nm FD-SOI transistors are highly improved at 4.3 K as
compared to 77 K [142].

3.10 Conclusions

Main conclusions of low-temperature study of digital and analog perfor-
mance over a large number of different FD-SOI transistors are given below.

At low-temperature long-channel NMOS and PMOS transistors have a
regular and stable subthreshold behavior suitable for both analog and digi-
tal applications. More precisely, SSrrn, SSsar falls down to 7—12 mV /dec
and the effective mobility is highly improved.

Short-channel NMOS devices are much more stable in the subthreshold
regime than PMOS. The later suffer at low temperature from the enhanced
boron diffusion from Source/Drain regions leading to oscillatory, irregular
behavior in the SS — Ipg characteristics.

Using forward body-biasing modulate Vg for NMOS and PMOS tran-
sistors is crucial to modulate in order to benefit from the low-temperature
enhancement of mobility.

The low-temperature effective mobility extracted using the C-V split
technique is greatly enhanced due to the suppression of phonon scattering
for both thick (GO2) and thin gate oxide (GO1) transistors. It is higher
for the thick gate oxide (GO2) devices due to the reduced impact of remote
Coulomb scattering and soft-optical phonon scattering as the SiOs/H fO,
interface is located further from the channel. In addition, an efficient tuning
of effective mobility with moderate FBB is demonstrated for all GO1, GO2
NMOS, and PMOS transistors.

By analyzing the doped channel PMOS device in terms of the cryogenic
shift of Vry, pprr and subtreshold behavior, we emphasize on the impor-
tance of the undoped channel to improve device performance at cryogenic
temperature.

The analysis of long-channel device variability revealed almost the same
degree of variability in terms of Vrg_rriv, Vrg_sar and Ipy at 4.3 K as
compared to room temperature. Moreover, a very regular 4 K cryogenic
behavior was demonstrated using SS — Ipg metric.

Regarding the overdrive currents, we observed an important increase of
Iopriy and Ippgar for short/long channel devices with a set of different
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Lg and W. Tt was shown that Ippgsar/W for Lg = 28 nm is the same for
W = 80...1000 nm for NMOS and PMOS RVT GO1 devices.

We have argued that at low temperature the short-channel mobility
is not completely dominated by the scattering on neutral defects from
Source/Drain regions. An important improvement is found at 4.3 K for
both NMOS and PMOS even for the shortest Lg = 28 nm.

We demonstrated the efficiency of body-biasing in tuning Vg and Ipn
currents within an extended range —5.8... + 5.8 V of Vpacx at 4.3 K.

The potential of 28 nm FD-SOI technology for cryogenic analog appli-
cations was also analyzed using different metrics.
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Chapter 4

Low-temperature Saturation of
the Subthreshold Swing in
FD-SOI MOSFETs

A new model which explains the low-temperature behavior of subthresh-
old swing (595) of FD-SOI MOSFETs is presented in this chapter. The
modeling introduces a disorder-induced tail in the density of states at the
conductance and valence band edges which (with Fermi-Dirac statistics)
are used to calculate the mobile charge density and the current in the sub-
threshold regime.

In the first approach describing an energy-independent distribution of
interface traps, for a set of MOSFETs with different gate oxide thicknesses
and gate lengths, we were able: to (i) reproduce the saturation of SS at
cryogenic temperatures in the weak inversion regime commonly observed
in both bulk Si and FD-SOI transistors and (ii) to obtain the saturation of
the threshold voltage (Vry) below typically 40 K. Then, by accounting for
the energy dependence of interface-trap distribution within the silicon band-
gap, we qualitatively reproduce the tailing in SS'— Ipg characteristics which
affects the subthreshold operation of MOSFETS at cryogenic temperatures.

By displacing the conductive channel from the top Si/5i0; to the bot-
tom Si/BOX interface via forward back-biasing (FBB), we show that the
disorder is not solely due to the defects on the interfaces since the same
saturation of SS is observed for both N- and PMOS devices.

Moreover, dynamic threshold MOS (DTMOS) operation is successfully
demonstrated for short channel NMOS transistor at 4.3 K. Indeed, a very
steep SS below 3 mV/dec over more than 4 decades of Ips and highly
reduced Vg by more that 250 mV compared to the case of Vgacx =0V
are demonstrated under DTMOS operation with Vg = 16Veacr. Thus,
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4.1. EXPERIMENTAL EVIDENCE OF THE SATURATION OF SS IN
FD-SOI DEVICES

despite the limitations for minimal 5SS due to disorder, we demonstrated
that thanks to body biasing, SS can be further reduced at 4.3 K. We discuss
a potential interest of using such outstanding transistor’s sharpness for both
digital and analog applications at 4.3 K.

Finally, the outcomes of the physical modeling presented in this chap-
ter capture most of the features of the subthreshold current at cryogenic
temperatures and provide an in-depth understanding of the role of disorder
in MOSFETs. Furthermore, our results might be of great interest for their
implementation into existing compact models for the design of cryogenic
circuits. A part of experimental data together with the model’s description
has been submitted for a publication in IEEE Electron Device Letter.

4.1 Experimental evidence of the
saturation of SS in FD-SOI devices

The saturation of SS that occurs at temperatures below approxima-
tively 40 K was already pointed out in Chapter 3. In this chapter, we
develop a novel physical model, explaining the temperature dependence of
SS from room temperature down to 4.3 K. Although the S.S-saturation was
observed at both low and high drain voltages, the experimental data and
the correlation with the developed model will be shown only for the case of
Vps = 50 mV. Actually, almost no difference between SSr;x (Vps = 50 mV)
and SSsar (Vps = 0.9 V) was experimentally observed for long-channel
transistors, as it has been demonstrated in Chapter 3, since the subthresh-
old current is mainly governed by the diffusive transport [125]. Consid-
ering only the case of low Vpg simplifies the analysis allowing us to avoid
the problems of short-channel effects such as drain-induced-barrier-lowering
(DIBL). Indeed, to describe the operation of short-channel MOSFET at
high Vps, DIBL should be included in the calculation of SS [139] since
the channel-to-drain capacitance can become comparable to the gate ca-
pacitance. The gate capacitance per unit area imposed by the transistor’s
geometry can be expressed as Cox = keg/tgor, where k = 3.9 - is the
relative dielectric constant of Si0,, €y the free-space permittivity and tgor
the equivalent oxide thickness. To support the generality of our modelling,
two cases of thin (GO1, tgor = 1.55 nm) and thick (GO2, tgor = 3.7 nm)
gate oxide will be addressed.

The subthreshold drain current is well known to have an exponential
gate-voltage dependence because of the diffusive nature of transport in the
weak inversion regime (at higher inversion charge density Nyyv, the drift
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component of transport due to the transverse electrical field should be taken
into account). The Ipg — Vs relation can be expressed as Ipg ~ eVas/ksT
[125], where e is the elementary charge, kp is the Boltzmann’s constant,
and T is the temperature. Then, the expression for SS can be obtained by
taking the derivative of Vizg with respect to log Ipg:

SS(T) = dVGg/dlog ]DS =1n10 kBT/e (41)

It should be noted that (4.1) is valid for an ideal, defectless transistor.
This equation gives 60 mV /dec at 300 K which is the well know thermal
activation limit for the transistor’s sharpness at room temperature. How-
ever, with a few hundred fabrication process steps, a transistor is very likely
to contain various kinds of defects resulting from a crystalline disorder, in-
terface traps, residual impurities and strain, charges in the oxide, surface
roughness etc. Despite the existence of different types of disorder, the in-
terface traps density (Djr) is the main parameter used to quantify the
degradation of SS for FD-SOI transistors (considering bulk Si MOSFETs,
one should also take into account the depletion capacitance) [139]. The
interface traps located at the Si/SiOs-interface act as a parasitic capaci-
tance connected in series with Cpx. Moreover, the semiconductor capaci-
tance (Cg;) [139] arising from the inversion charge layer connected in series
with Cox should also be taken into account. We will discuss the potential
drops over both Cpx and Cg; and how they contribute to Vg in section
"First approach to model SS(T): disorder-induced tail below band edges
and m = 1. Finally, for an FD-SOI transistor, one obtains the following
expression for SS [139]:

SS(T) = ((Cox + Cir + Cs;)/Cox)In10 kgT/e = mIn10 kgT/e (4.2)

where Cy; is very small compared to Cpx in the weak inversion region
and thus m is mainly given by the value of Cjp with respect to Cox.
A more complete SS(T) description can be obtained by connecting the
BOX capacitance Cgpx in series to the previously mentioned ones and
considering Cyr at the Si/BOX interface [144]. However, the additional
term due to the presence of the back interface (Si/BOX) is canceled out in
the weak inversion regime and (4.2) can be used (see the equation for the
case of single sheet conductivity and equal trap density for top and back
interfaces in [145]).

One of the numerous advantages of FD-SOI is that close-to-one values
of m give an excellent SS(300 K) thanks to good electrostatic control over
the undoped and fully-depleted channel [115]. Finally, we should note that
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whereas for long-channel devices a finite Crr (Crr = €2Dyr) is responsible
for m slightly higher than 1, short-channel devices also suffer from short-
channel effects which cause more degradation of S.S and higher m.
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Figure 4.1: Cryogenic behaviour of different MOSFETs at Vpg = 50 mV
using the SS — Ipg - metric (a)-(b) Long-channel, thick EOT (GO2) LVT
N-, and PMOS transistors. (c¢) Long-channel RVT NMOS with thin EOT
(GO1). (d) Short-channel, GO1 RVT NMOS transistor with relatively sta-
ble subthreshold behaviour at low temperature.

The transfer characteristics of MOSFETs down to 4.3 K analyzed in
this chapter were already presented in Chapter 3. The SS — Ipg curves
will be the main metric used in this chapter for a better understanding
of low-temperature behavior of MOSFETSs in the subthreshold regime. In
Fig.4.1, the evolution of SS — Ipg down to 4.3 K is shown for four different
long and short-channel transistors. Each successive data point corresponds
to the change of Vg by 5 mV. We also note that these measurements were
performed in the absence of body-biasing (Vpacx = 0 V). For all the tran-
sistors presented in Fig.4.1, the saturation of SS can be clearly observed:
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for instance, the curves corresponding to 10 K and 4.3 K are superim-
posed. Oscillatory behaviour above few nA for the short channel NMOS
with Lg = 28 nm and W = 80 nm can be seen in Fig.4.1(d). It is explained
by the very small geometrical dimensions which would lead to the forma-
tion of single electron transistor (SET) due to mesoscopic fluctuations and
quantum confinement effects for ultra-small devices [125, 139]. The SET-
behaviour and analysis of quantum dots in 28 nm FD-SOI N- and PMOS
short-channel devices will be discussed in Chapter 6. The boron dopants
diffused from source/drain regions hinder a stable and oscillationless cryo-
genic operation of FD-SOI PMOS with Lgs = 28 nm [122, 112, 114] at low
Vps. Actually, the subthreshold operation of short-channel PMOS becomes
much more stable when Lg is relaxed to 46 nm but for such devices, we
could not perform the measurements within the whole temperature range
but only at room temperature and 4.3 K. This is the reason why we do
not address short-channel PMOS devices. In this section, we restrict our
analysis only to short-Lg NMOS devices. Another important observation
from the data in Fig.4.1 is an increased 'curving’ in S.S — Ipg at low tem-
peratures. Contrarily to the 'flat’ behavior of S5(296 K) with very small
dependence on Ipg (or Vgg), this is no longer the case at low tempera-
tures. We will give an explanation for such behavior of SS — Ipg in terms
of energy-dependent interface traps later in section 'Second approach to
model SS(T'): disorder-induced tail below band edges and m = m(FE)

In this chapter, the quantitive comparison between the model and ex-
perimental data is performed only for the very weak inversion regime. The
values of SS for all samples were extracted at Ipg = 10 pA and are shown in
Fig.4.2. A clear deviation from the temperature dependence derived in (4.2)
can be observed below 40 K. The values of mq_4 were extracted at room
temperature by comparing the measured SS with the theoretical 60 mV /dec
value. m; was extracted at 160 K due to parasitic noise presented in the
room temperature data (see Fig.4.1(d)). In the legend of Fig.4.2, the no-
tations NMOS/PMOS GO2 long correspond to the transistor’s dimensions
given in Fig.4.1 (a-b) and the NMOS GO1 long/short devices correspond
to Fig.4.1 (c-d)

The subthreshold swing at 4.3 K for both long and short channel devices
reaches 7 — 8 mV /dec which is much higher than the theoretical prediction
from (4.2) giving a value below 1 mV/dec. It is worth mentioning that by
analyzing more than 50 samples with different dimensions and EOT, we
always observed the saturation of SS. This suggests that this phenomenon
is of 'universal’ nature. Moreover, almost the same SS5(4.3 K,10 pA) were
observed with a statistical variation of £ 1 — 2 mV/dec for long-channel
devices and a slightly higher variation for short channel devices.
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In addition, although the case of high Vg is not discussed in this chap-
ter, as previously mentioned, the same SS(4.3 K) at Vpgs = 0.9 V were found
for long-channel devices and a slightly higher value of SS (12 mV/dec) for
the short-channel NMOS with Lg = 28 nm.
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Figure 4.2:  SS(T') extracted in the weak inversion regime at Ips = 10 pA
for samples presented in Fig.4.1. Using In 10 kT /e with different m-factors,
the experimental data down to roughly 40 K can be reproduced. Below this
temperature, the data points deviate from the classical SS(T") dependence.

Finally, to sum up the experimental data presented in this section, we
emphasize the fact that the saturation of SS(7") was generally observed in
all characterized samples and up to now, there exists no theory explaining
this behavior for temperatures ranging from 300 K down to 4.3 K. A value
of 7 mV/dec was recently reported also at 20 mK in FD-SOI devices at
Veack = 0V [145] which reinforces the hypothesis of complete saturation
of SS at very low temperatures. Also, the stronger Vg dependence of
SS(T) at low temperature is another important general observation from
experimental data. Finally, we need to be able to explain and numerically
describe these both phenomena which can be crucial for cryogenic compact
modeling and further design of robust CryoCMOS circuits based on 28 nm
FD-SOI technology.
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4.2 Existing theories and approaches to
explain SS(7T') in bulk Si and SOI
technologies

The temperature dependence of the subthreshold current was a very
studied topic of research back in the 90ties. For instance, a physics-based
model for the subthreshold current in pm bulk Si MOSFETs with m =

mo (1/2Cox)\/q€0ksio,/¥s (¥p is the bulk potential and my is the SS-
degradation measured at room temperature) was successfully used for com-
pact modelling and design of cryogenic circuits [146, 121]. However, for the
sub-pm technologies, such modeling failed to predict the values of SS at
deep cryogenic temperatures down to 4.3 K [121].

Recently, due to the growing interest in cryogenic electronics to run effi-
ciently large qubit-systems [67, 14, 20], more advanced CMOS technologies
have been carefully studied at temperatures as low as 20 mK. Standard
160 nm and 40 nm technologies were studied down to 100 mK in [136] and
SS(1 K) = 55(100 mK) = 10 mV /dec were reported for long-channel de-
vices. This saturation was explained by a rapid increase of the depletion
capacitance Cpgp due to the freeze-out of dopants in the channel below a
certain temperature (note that highly doped and degenerate source/drain
regions do not suffer from the freeze-out phenomenon down to 4 K [124]).
Then, the saturation of S.S was transformed into a temperature-dependent
parameter m reaching very large values at 100 mK with m = 500 [136].
Similar results were reported by the group of TU Delft for Si bulk tran-
sistors fabricated in 160 nm technology [147]. They are shown in Fig.4.3
(a). A clear saturation below approximatively 100 K is also observed in
the dynamic threshold voltage MOSFET (DTMOS). Another experimental
observation from this work was that standard bipolar transistors fail below
roughly 77 K (see Figd.3 (a)) as it is logically expected for a bipolar tran-
sistor with a strong reduction of minority carrier lifetime at low tempera-
ture [148]. Therefore, MOSFET transistors appear to be the best choice for
cryogenic circuits fabricated with standard semiconductor technologies that
operate at 4 K and below. The same approach of temperature-dependent m
was also applied for cryogenic characterization of 28 nm bulk Si resulting in
m = 10 — 20 for long channel (SS = 10 — 20 mV /dec) and m = 20 — 30 for
short channel devices (5SS = 20 — 30 mV /dec) at 4 K [149]. Furthermore,
an analytical temperature m(7") was incorporated in a cryogenic compact
model for 160 nm bulk Si [150]. But again, in all herein mentioned ref-
erences, only analytical description of SS(T') were proposed without any
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rigorous physical explanation.

More recently, the SS(7) of 28 nm bulk Si long channel transistors mea-
sured at 300 and 4 K has been argued to be strongly related to interface
trap density [151]. In Fig. 4.3 (b), the effect of 4 traps (arbitrarily located
in the silicon band-gap and separated by kgT) on the mobile charge den-
sity (which is proportional to the subthreshold current) is shown. Although
the model allowed to fit the 300 and 4 K data, this choice of D;r-energy
distribution and the inability to reproduce the SS-behaviour for interme-
diate temperatures between 300 and 4 K make this theory suitable only for
analytical modelling at a given temperature without a complete physical
justification.
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Figure 4.3:  (a) Subthreshold swing of standard 0.16 pm bulk Si: non-
ideality factor m strongly depends on temperature. The same saturation
of SS(T) is also observed for DTMOS. Adapted from [147]. (b) Standard
28 nm bulk Si: interface trap density is introduced in the silicon band-
gap with an energy spacing Ur = kgT' to model the mobile charge. A clear
increase of S5(4.2 K) is observed as the interface trap density is considered.
Adapted from [151].

In partially-depleted SOI (PD-SOI) technologies with channel doping,
much higher SS values than these given by (4.2) were measured at 10 K
[138] (10 — 30 mV/dec). A strong inhomogeneity of the energy profile of
interface states in the band-gap was put forward to explain SS(T). The
authors proposed the following explanation: given that at low temperature
the Fermi level approaches the band edges and the energy dependence of
Dy rapidly increases close to the band edges (at 4 K, 103 — 10 em=2eV !
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[152]), an increase of Crr is responsible for the large S.S values. Due to low
channel doping in PD-SOI, the role of Cpgp was not considered to be crucial
in the SS(7T) dependence.

Even though cryogenic characterization of 14 nm FD-SOI devices pro-
vided SS values close to the theoretical limit SS = 15.3 mV/dec at 77 K
with rather weak D;p-dependence in [140], the temperatures below 77 K
were not addressed.

Similarly to 28 nm FD-SOI devices, SS(4K) = 8 mV /dec was reported
for short-channel silicon nanowire transistors fabricated with Leti’s Trigate
technology [153].

There exist several techniques commonly used to evaluate D;r : (i) by
studying the temperature dependence of SS which takes into account fast
traps located at the Si/Si0; interface and ignores the slower traps due to,
for instance, parasitic charges in oxide (as we discussed previously); (ii) by
doing low- and high-frequency capacitive sensing [125]; (iii) by measuring
transconductance as a function of frequency [152]; by using spectroscopic
charge pumping where a pulse is applied to the transistor’s gate (it means
filling the interface traps with electron and holes) and then measuring the
recombination current flowing in a specific design of gated diode [154]. All
these techniques show an important increase of Dr close to the band edges.

In Fig.4.4 (a), the D;r profiles within the silicon band-gap for electrons
and holes are shown for planar SOI devices [154]. An important increase of
Dyr close to the band edges is observed.

Finally, 28 nm FDSOI NMOS devices were recently measured down to
20 mK with the extraction of D from the SS(T')-behavior [145]. The SS-
model dependent on the density of interface traps at the top and bottom
interfaces was taken from [144]. The results are shown in [154]. We note
the anomalously high D7 values below 4 K reaching few 107eV"tem =2 at
20 mK. Such unrealistic values (much larger than the silicon free-electron
2D density of states available in the channel) were explained by the use of
Maxwell-Boltzmann statistics to describe the subthreshold current.

Summarizing the experimental results of SS(7T') for different technologies
mentioned in this section, we would like to emphasize that although some
of the models could give an acceptable correlation with experiment, no
one could physically explain the complete temperature dependence SS(T')
from 300 K down to sub-K temperatures. In the next two sections, we will
demonstrate a new physical model based on a narrow tail in the DOS close
to the band edges and m moderately depending on energy. The increased
gate-voltage dependence in SS — Ipg (see Fig.4.1) is also captured by our
theory. Finally, our modeling approach also reproduces another important
experimental observation in both bulk and SOI transistors: the saturation
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Figure 4.4: (a) Energy distribution of interface traps (symbols) for planar
FD-SOI devices. FE; stands for the intrinsic Fermi level. The profiles are
obtained by scanning temperature from 300 K down to 25 K with 6T =
25 K. The bold red line represents the mean value D;r(E). The dashed
black line is the directly measured mean value of D;r(E) over the full energy
range at 300 K. Adapted from [154]. (b) D;r — Ipg in the inversion regime
measured in long-channel 28nm FD-SOI NMOS devices. SS(T') is used to
extract the D;p(T') dependence. Adapted from [145].

of threshold voltages at cryogenic temperatures [123].

4.3 First approach to model SS(T) :
disorder-induced tail below band edges
and constant m

The model presented in this section will be developed for the case of
NMOS with thick EOT (GO2), although we will see that the same approach
can also be applied to all NMOS and PMOS samples presented in the first
section.

First, in our approach, we assume that the subthreshold current is given
only by diffusive transport (with a constant diffusion parameter or constant
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mobility) and the drift component dependent on the transverse electric
field (or Vpg) is neglected [125]. Thus, Ipgs becomes proportional to the
mobile charge density n(¥g), where Wy is the surface potential, i.e. the
electrostatic potential in the semiconductor [125] (see Fig.4.5 (b)). The
discretization of the energy in the direction perpendicular to the interface
charge layer results in the formation of 2D subbands [124]. Then, the
total sheet electron density can be found by summing the contribution
from each subband and neglecting the intervalley scattering (following the
Kubo-Greenwood formalism) [155]. In our modeling of FD-SOI, we assume
that only the lowest subband is occupied which is a reasonable assumption
for a very thin channel and relatively widely spaced subband energies [139].
Then, using the Fermi-Dirac statistics for the occupation of electron states
[139, 156], n can be expressed as a function Wg in the following way:

n(¥s) = [~ F(B)N(E)E (43)

with the Fermi function f(F) = 1/(e®~Fr)/ksT 1 1) and a step func-
tion for the two-dimensional density of states N2P(F) from zero to N2P =
gem*/mh? [139] at the conductance band edge which we define as E, =
Eg — 6\115.

a) Flat band condition b) Inversion for NMOS
VGS! l-IJS =0V VGS’ LIJS >0V
EC [} EC 8
® 2 ) 5
VGS = 0 'g EF § 8 V %
FM o Q %
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Figure 4.5: (a) Flat band condition when no gate voltage is applied.
It is assumed that there is no band bending and the Fermi level in the
metal gate (Fpys) and in the channel (Er) are aligned. (b) The inversion
regime for fully-depleted NMOS when a positive gate voltage is applied.
Note that both schematics are simplified, i.e. we do not consider the bulk
silicon located below BOX and there is only one surface potential at the
top interface.
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For the flat-band condition where no gate voltage is applied and Vg = 0,
the Fermi level is taken at mid band-gap with E? = 0.55 eV (see Fig.4.5
(a)) which is a reasonable assumption since for non-defective undoped semi-
conductors the Fermi level (see Er in Fig.4.5) must be positioned close to
mid-gap to satisfy the charge neutrality in the material [125]. m* is the
effective electron mass in the direction perpendicular to transport and in
our case is equal to m* = 0.19 mq [139] with my the free-electron mass.
g, = 2 is the silicon valley degeneracy factor. Note that we neglect the
weak-temperature dependence of silicon band-gap, changing from 1.125 at
room temperature to 1.17 eV at 4 K [157] and consider 1.1 eV for the whole
temperature range. Then, by applying the Gauss’s law at the Si/SiO, in-
terface to relate the drop of potential over gate oxide to the inversion charge
density [139], the equilibrium electron density n(¥g) can be transposed to
n(Ves) as :

VGS = \I/S + n(\Ifg)e/COX (44)

In (4.4) we neglect the Crr contribution (m = 1) and throughout this
section suppose that m does not depend on temperature.
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Figure 4.6: (a) A sketch from [158] giving the ensemble of complex pa-
rameters used in FD-SOI compact modelling. (b) A simplified equivalent
circuit used for the modelling in this work.

Actually, a realistic FD-SOI compact modeling reproducing all transis-
tor’s characteristics (Vry, SS, lon, effects of body-biasing, etc.) takes into
account several other MOSFET parameters as it can be seen from Fig.4.6
(a). Among the parameters that should be considered, there is the metal
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workfunction for the top and back gate and the density of fixed charges at
the interfaces and in the oxides that define Vrg, the surface potential at
the bottom interface due to the back-gate connected to the channel via the
BOX capacitance, etc. [158, 159]. Since the aim of our model is to explain
the saturation of SS(T), we will assume that there is no difference between
the Fermi levels Ery; and Er at Vgg = 0 V. In our case, we fix the zero-level
energy at the mid-gap. Therefore, the equivalent circuit considered for the
zero body-biasing regime is given in Fig.4.6 (b).

Using (4.3) and (4.4), the calculated n(Vgg) data for a sharp band edge
shown in Fig.4.7 (a), reveal the exponential dependence Ipg ~ e¢Ves/kaT
reported in Fig.4.7 (b). This rather simplified model description confirms
the linear dependence of SS(T') given in (4.1). However, taking into ac-
count only the Fermi-Dirac statistics does not explain the saturation of SS
experimentally observed at low temperatures in Fig.4.2. The calculated SS
continuously decreases giving 1 mV /dec at 5 K and 0.4 mV /dec at 2 K as it
can be seen in Fig.4.7 (¢). It should be noted that Ipg in Fig.4.7 is given in
arbitrary units on a wide range of drain current to match the experimental
data as shown in Fig.4.1.

Thus, to describe the saturation of S\S at low temperatures, a broadened
band edge was added to the density of states in the form N2Pe(F=Fe)/ksTo for
E < E. (see Fig.4.7(d)) where kpTj represents the extend of the exponen-
tial tail resulting from, e.g., crystalline disorder, residual impurities, strain,
surface roughness, etc. To find the experimentally observed saturation at
approximatively 7 mV /dec, we set Tj to 35 K (kgTy = 3 meV).

Actually, the exponential tail close to the of band edges in disordered
materials was firstly introduced by Lifshitz in the 60ties [160]. It was con-
sidered important to explain the DOS in the band-gap for heavily doped
semiconductors [161, 162]. The tail of localized states leading to a non-
zero density of states in the band gap depending on the dimensionality
of disordered material can take many different forms such as exponential,
Gaussian, power laws, etc [163]. The localized states can contribute to
the mobile charge density via Mott variable-range hopping (tunneling of
carriers despite the presence of potential barrier) [164].

Although we do not know the exact nature of the complex disorder in
FD-SOI, we chose an exponential tail of kgTy = 3 meV width that is much
narrower than the Djp - profiles shown in Fig.4.4 (a). The latter extends
over more than 100 meV.

Finally, by putting the density of states in the form of N2Pe(F=Ee)/ksTo ip
(4.3) (Fig.4.7 (d)), we calculated the subthreshold current shown in Fig.4.7
(e). The saturation of SS at low temperatures can be clearly observed.
Also, such modeling predicts the saturation of threshold voltage generally
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Figure 4.7:  (a) Schematic representation of the exponential tail of the
Fermi function f(E) for E > EF and of the sharp conduction band edge.
(b) Calculated Ipg as a function of Vg for different temperatures from 300
to 2 K. (¢) SS — Ipg extracted from (b) plotted in log scale : no saturation
of SS occurs. (d) Schematic representation for a tail in the DOS N?P(E)
for E < E.. (e) same as (b) but calculated with kgTy, = 3 meV. Note
that the saturation of Vpy can also be observed. (f) SS — Ipg for different
temperatures: SS(T") saturates to 6.94 mV /dec below 35 K. Note that the
gate voltage dependence of SS' is flat up to Vyy which is not the behavior
observed in the experiment.

observed for long- and short-channel FD-SOI devices (see Chapter 3).
SS — Ipg plotted in log scale for the case of kgTy shows the saturation
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of SS for T' < Tj as it can be seen from Fig.4.7 (f).

Now, our model can be compared with the experimental data shown in
Fig.4.2. In Fig.4.8, the experimental data are normalized by m estimated
from the deviation of SS from 60 mV/dec at room temperature. Even
though the model was derived for NMOS GO2 devices, we note an excellent
agreement for PMOS GO2 and NMOS GO1 long and short-channel devices.
The gate oxide thickness does not play an important role in the modeling
of subthreshold current since in the weak inversion regime Cs; < Cpx and
Vs drops mainly on Clg;. Since no difference in the metal gate workfunction
was considered at Vg = 0 V (see the flat band condition shown in Fig.4.5
(a)), we conclude that the same modeling can be applied to PMOS devices
with the same band tailing at the valence band edge.

Finally, we remind that only diffusive transport is considered in our
model. To model the current above Vg, a complex carrier mobility depen-
dence on temperature (which we already discussed in Chapter 3) should be
taken into account.

60
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Figure 4.8: Two modelling approaches for SS(T') compared to experi-
mental data normalized by m: (i) sharp edge resulting in (In10 kgT'/e) -
dependence for SS(T') and (ii) the narrow bandtailing with kg7 = 3 meV
at the conduction/valence band edges giving the saturation of SS for
T < 1y = 35K. Note that in these models we do not consider the Djp-
contribution to m (m = 1).

99



4.4. SECOND APPROACH TO MODEL SS(T):
DISORDER-INDUCED TAIL BELOW BAND EDGES AND M = M (E)

4.4 Second approach to model SS5(T):
disorder-induced tail below band edges
and m = m(FE)

In our previous approach, we could reproduce both the saturation of
SS(T) and Vyy at low temperatures. However, the gate dependence of
SS — Ipg in the subthreshold regime (the effect of 'curving-up’ at low tem-
peratures) was not captured by such simplified model. Inspired by the
exponentially decreasing profiles of D;r shown in Fig.4.4 (a), we have in-
cluded an energy dependence into the m parameter in the following way:

Vas = m¥g + n(\I/g)e/C’OX , m = mmaxe(EciE)/Em_e“ (45)

In Fig.4.9 (a) a rather sligth increase of m up to 1.2 with an exponential
tail is shown. It already drastically affects the subthreshold current for both
cases with the sharp edge and kpTy = 3 meV as shown in Fig.4.9 (b).

Two important conclusions can be drawn: (i) for the case of kgTy =
3 meV, only a 20% variation in m already gives the effect of the curving-
up in SS — Ipg and (ii) including m = m(FE) for the sharp model leads to
unreasonably high threshold voltages (the saturation of Vg (T') was demon-
strated in Chapter 3) and a weaker tailing in SS — Ipg.

To understand the role of the energy extension and the magnitude in
m = m(E) (see 4.5), we modeled several configurations with different
E,_cor and my,q, values. First, for a given E,,_.,; = 20 meV we calcu-
lated SS — Ipg for different m,,,, values as shown in Fig.4.9(c). Then, for
Momaz = 1.2 by varying E,,_..; from 0 to 20 meV, the analysis of SS — Ipg
was performed (see Fig.4.9(d)). From these results, we conclude that both
parameters can highly affect SS — Ips dependencies at a low temperature.

The results of energy-dependent m with m,,.. = 1.2 and E,,_¢n =
20 meV for the cases of sharp edge and kgTy = 3 meV for temperatures
between 300 K and 2 K are given in Fig.4.10. For the sharp edge model
(Fig.4.10 (a)) with m = m(E), we observe that Vg does not saturate at
low T as it was the case for m = 1 in Fig.4.7 (b). Regarding the SS — Ipg-
behavior in Fig.4.10 (b), a saturation of SS occurs when the Fermi level,
shifted to the edge of the conduction band, intersects the tail in m(E)
for temperature between 100 and 20 K. However, when the temperature is
further lowered below T < 20 K, SS rapidly decreases. This effect is due
to the decaying exponential dependence we have taken for m = m(FE).

For the case of kgTy = 3 meV, Ips — Vgs and SS — Ips down to 2 K
are shown in Fig.4.10 (c-d). Besides the saturation of SS extracted in the
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Figure 4.9: (a) Exponential decrease of m = m(F) from the conductance
band edge in the form of m = myyegePe=E)/Ercot with my,e, = 1.2 and
Ep—ezt = 20 meV. (b) The effect of m(E) with m,., = 1, 1.2, 1.4 on the
subthreshold current calculated at 10 K. (¢) SS — Ipg for different 1,4,
and E,, e, = 20 meV. (d) SS — Ipg for different E,, cpy and my,q, = 1.2.

weak inversion regime, we observe the curving-up (strong Vs - dependence)
of SS — Ipg experimentally reported in Fig.4.1. It is worth mentioning
that from the D;p profiles shown in Fig.4.4 (a) we observe that the energy
tailing from the band edge is rather narrower for NMOS compared to PMOS
transistors. Another observation is that m,,.. = 1.2 and E,,,_c;: = 20 meV
at below 30 K lead to slightly increased SS: SS(30 K) = 9.8 mV /dec and
SS(2 K) = 10.5 mV/dec. We will see later that a correct calibration of
Mmaz and E,, ..+ allows us to accurately reproduce the experimental profile
of S§ —1 DS-

The modelling approaches with and without m = m(E) are compared
in Fig.4.11 (a). We already provided the arguments why the sharp edge
with m = m(FE) cannot be used to explain the subthreshold swing at low
temperature. Then, by using a tail in the DoS with kgTy = 3 meV and
considering m = 1 and m = m(F) (data extracted at 10 pA from Fig.4.10
(d)) we conclude that both theories capture the saturation of SS(T') ex-
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perimentally observed. Less abrupt transition below T' < Ty = 35 K seen
in experimental data can be reproduced by adjusting the magnitude or the
energy tailing in m = m(E) and Tj.

To validate the improved model with m = m(E) presented in this
section, a quantitive comparison between experiment and simulations is
shown in Fig.4.11 (a) for NMOS GO2 long device. For the modeling with

kgTy = 3 meV, we accounted for m > 1 at room temperature (1.15
for this transistor) and introduced m = m(E) with m,., = 1.35 and
E,_cxt = 10 meV. The simulation curve was shifted to the lower gate

voltages to match the real threshold voltage defined by the TiN metal gate
(typical T@N work function is 0.43 — 0.465 eV depending on the process pa-
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Figure 4.10: The effect of m = m(FE) with me: = 1.2, Ep_epr = 20 meV
extension for the cases of sharp edge (a-b) and kT = 3 meV (c-d). For
data in (a-b) we do not observe the saturation of Vyy and SS whereas the
modelling with m = m(FE) and kgTy = 3 meV shown in (c-d), reproduces
the gate voltage dependence of SS — Ipg observed in experiment.
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Figure 4.11: (a) SS(T) calculation with different approaches of modeling :
sharp edge and kpTy = 3 meV - cases with a constant and energy-dependent
m(E) with m,., = 1.2 and E,,_ ¢y = 20 meV. (b) Quantitive comparison
between the simulation with kpTy = 3 meV and m = m(FE) with m.. =
1.35 and E,,_ ¢t = 10 meV at 4.3 K. Note that the experimental SS —
Ips is not normalized. m = 1.15 is deduced from the room temperature
characteristic is used.

rameters [165]). An excellent agreement with experimental data was found
up to Vrg @Q Ips = 0.1 pA. It should be noted, that for the first time, we
present a model which captures the ’curving-up’ in SS — Ipg at cryogenic
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temperatures. At 4.3 K we obtain SS(1 pA) = 7.3, SS(1 nA) = 10.9,
SS(0.1 pA) = 23, and SS(1 pA) = 51.2 mV/dec. Therefore, for realistic
cryogenic compact modeling, such strong Vg - dependence must obviously
be taken into account. For Ipg > 0.6 uA, the simulation starts to deviate
from experiment due to the drift component of current which is neglected
in our modeling.

Finally, the main outcomes of this section are : (i) the density of states
with a sharp edge at the conduction band edge cannot adequately describe
the experimentally observed saturation of SS(T") and Vg neither with con-
stant m nor with m = m(FE). (ii) Introducing a narrow tail in the density
of states of 3 meV close to the band edges captures both the saturation of
SS(T) and Vppy. (iii) the tailing observed in SS — Ipg characteristics can
be modelled by introducing a energy-dependent m(F) with the magnitude
changing by typically 20% (M., = 1.2) at the band edges and exponen-
tially decaying away from the band edges with a typical characteristic width
of By —ext = 10 — 20 meV.

4.5 Cryogenic behavior of SS under
body-biasing

At low temperature, due to the shift of threshold voltages, forward
body-biasing is needed to recover Vry(300 K) and then to improve the
performance of MOSFETs. In the case of 28 nm FD-SOI transistors, we
have already shown in Chapter 3 that the slope of subthreshold current
is rather weakly dependent on body-biasing (at least for the top-gate op-
eration). SS — Ipg curves for GO2 NMOS and PMOS transistors with
Le = 150 nm are shown in Fig.4.12 (a) and (b) for different FBB. For
NMOS, SS — Ips does not change up to Vgacx = 3 V indicating more
uniformly distributed disorder. A slightly higher tailing in SS — Ipg for
FBB up to Veacxk = —5 V for PMOS is observed. This difference might
be explained by different disorder for PMOS with lower energy extension
of m = m(FE) for the back interface (note that the minimum value does not
change). Thus, our analysis of SS vs Vgacx shows that the variation of
interface trap density between the top and back interfaces [135] cannot be
used to explain the saturation of SS.

Finally, using the dynamical threshold MOSFET (DTMOS), for which
the top gate and back gates are biased at the same time, is a particularly
interesting operation for achieving high performance at low supply voltages
and highly reduced Iprp at room temperature [166, 167]. At low tempera-
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Figure 4.12: SS — Ipg-analysis under different forward body biasing con-
ditions for (a) GO2 NMOS and (b) GO2 PMOS with Ls = 150 nm and
W =2 pm.

ture, the ability to effectively compensate the Vyp-shift via body-biasing is
of particular importance for optimizing power-performance tradeoffs which
will be discussed in details in Chapter 5. The SS — Ipg dependence for
a short-channel NMOS transistor at 4.3 K and Vpg = 0.5 V is shown in
Fig.4.13. Each data point corresponds to the increase of Vzg by 0.5 mV
and Vpacx by 8 mV. Such configuration was chosen to approach the ideal
dual-gate mode [139] of DTMOS operation by choosing Vs = 16 X Vgack
where 16 is the ratio between the FOT of top gate and tpox.

For the first four decades, we observed an average SS less than 3 mV /dec.
Highly reduced Vrg_pryos which can be estimated from Fig.4.13 is below
140 mV at Vpg = 0.5 V, whereas in the absence of body-biasing V(4.3 K)
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Figure 4.13: DTMOS operation of a short-channel GO1 NMOS transistor
with FOT = 1.55 nm. An average SS measured over the first 4 decades
is less than 3 mV /dec. The current compliance of 4 nA prevented us from
measuring SS for higher currents.

= 0.4 V. Moreover, the steepness of SS of DTMOS is highly reduced com-
pared to an average SS of 11 mV /dec for the first four decades when FBB
up to +5.8 V is applied. Therefore, this outstanding sharpness of FD-SOI
DTMOS transistors at 4 K is of great potential for low-power and very-high-
performance cryogenic circuits. Another interest in using DTMOS lays in
its excellent analog performance: very high transconductance GGj; and low
output conductance Gpg in the strong inversion regime can be achieved
[168]. The improved values of Gy and Gpg under DTMOS operation also
result in higher oscillation frequency (fina.) [169].

Thus, our results provide an additional knob (unavailable for standard
bulk Si technologies) to boost the low-temperature performance of 28 nm
FD-SOI transistors (in addition to the Vpp-compensation with FBB ap-
proach given in Chapter 5) for both digital and analog cryogenic circuits.

4.6 Conclusion

In this chapter, a new physical model is proposed to explain the low-
temperature behavior of the subthreshold current and the saturation of
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threshold voltage (discussed in Chapter 3). For the first time, the saturation
of subthreshold swing is explained from room temperature down to 4 K. Our
model also predicts the saturation of SS(7T) at deep sub-K temperatures
(down to 20 mK) observed in both bulk Si and FD-SOI transistors.

By introducing The model initially developed for GO2 NMOS long-
channel transistors, gives an excellent correlation with the experimental
data for both NMOS and PMOS transistors of different gate lengths and
gate oxide thicknesses. Therefore, despite the transistor’s dimensions and
type of charge carriers, the universality of our approach based on the
disorder-induced tail at the band edges is emphasized.

In addition to the narrow 3 meV tail, when a very small variation (by
only 20%) of the density of interface traps was included in the modeling,
we were able to explain another important phenomenon of the tailing in
SS — Ips characteristics at cryogenic temperatures. Then, the model was
validated using experimental SS — Ipg data and an excellent agreement
over six decades of Ipg was demonstrated.

Forward body biasing analysis demonstrated that, by solely considering
the effect of interface trap density at the top and bottom interfaces, the
saturation of SS(T") cannot be explained.

By performing dynamic threshold MOSFET characterization of a short-
channel NMOS, we found an average SS(4 K) below 3 mV/dec over four
decades of Ipg. Then, the importance of such outstanding transistors sharp-
ness for both digital and analog applications was discussed.

Finally, our analysis allowed a direct determination of the technology-
dependent band-tail extension and an energy-dependent m = m(FE) which
could form a crucial element in future compact modeling and design of
cryogenic circuits.
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Chapter 5

Cryogenic Performance of
28 nm FD-SOI Ring Oscillators

In this chapter, the performance of Ring Oscillators (ROs) is character-
ized from room temperature down to 4.3 K for different gate lengths 28, 34
and 46 nm. The speed of RO is evaluated in terms of delay per stage while
keeping the same threshold voltages within the 296 — 4.3 K temperature
range. The relative gain in terms of RO’s speed-up is correlated with the
effective current calculated from isolated NMOS and PMOS transistors and
thus, the low-temperature behavior of load capacitance is addressed. The
extended body-biasing window at 4.3 K and its potential use for CryoC-
MOS design are discussed. Thanks to aggressive forward body-biasing (up
to 6 V), we observe no minimum in Energy-Delay product as a function of
supply voltage down to Vpp = 0.325 V, proving that 28nm FD-SOI tech-
nology provides a unique solution for low-supply voltage cryoelectronics.
The impact of gate length on the cryogenic performance of ring oscillators
is discussed. We have demonstrated that the same performance with highly
reduced power dissipation can be achieved when the gate length is relaxed
from 28 to 46 nm. The variability of short-channel devices at low temper-
ature is analyzed as well as the zero-threshold-voltage mode of operation.
Finally, we conclude with some reflexions on the choice of the optimal (low-
est) temperature of operation for the cryoelectronics based on the 28 nm
FD-SOI technology. Some of the results presented in this chapter were
published in [113].
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RING OSCILLATORS

5.1 Setup used for cryogenic measurements
of ring oscillators

The ring oscillator devices cleaved from a 300 mm wafer have been
provided by R&D department of STMicroelectronics. They were mounted
onto a printed circuit board (PCB) and wet bonded. DC polarizations were
provided by state-of-the-art electronics for low-temperature measurements
using the IVVI-DAC-rack designed at TU Delft [170]. Currents were mea-
sured using a transimpedance amplifier, converted to voltage and recorded
using a commercial digital multimeter (Agilent 34401A). The sample holder
was placed inside a vacuum tube with a small amount of exchange gas and
loaded into a helium dewar. Precise temperature control for measurements
between 296 K and 4.3 K was achieved thanks to a small amount of ex-
change gas providing long cooling-down times. Pulling the sample insert
up and down in a helium dewar allowed us to fix a given temperature. The
temperature of the sample was monitored with an ultra-precise tempera-
ture controller TRMC2 developed at Neel Institute [171]. Although we use
only standard DC lines, we have verified that AC signals can be detected
without much degradation for the frequencies of interest (up to 500 kHz).
To visualize the output AC signal and to measure the frequency, a digi-
tal oscilloscope (TBS1064) was used. The Python-based data acquisition
framework Qcodes [172] was used with several additional driver develop-
ments.

5.2 Principle of operation and room
temperature performance of RO

To evaluate the performance of given CMOS technology, especially in
terms of relative speed and power consumption, in addition to the charac-
terization of isolated MOSFETS, basic circuits such as Ring Oscillators are
often measured. An RO is a device which gives an AC signal at the output
when it is polarized using only DC voltages. The circuit is composed of a
chain of elementary logic gates, inverters (IV). The number of IVs is crucial:
for an odd number of IV (101) attached to the enabling AND gate as in
our case (see Fig.5.1 a), the signal at the output of any IV will oscillate
with the period being 101 times larger than the elementary propagation
delay of IV (also called delay per stage or 7p). The principle of operation
can be briefly formulated as following: given that a finite time is needed
to charge the gate capacitance before the MOSFETSs start to conduct, the
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output of every IV provides either the logical state "0” or 717 after a finite
delay [173]. Therefore, we will have an AC signal with a magnitude set by
the supply voltage Vpp. ROs fabricated using advanced CMOS technology
are characterized by a delay per stage 7p lower than 20 ps [2]. Therefore,
to be able to measure such a high frequency with conventional electronics,
a chain of inverters with a frequency divider at the output are usually used
(in our case having the highest frequency of about 500 kHz at the output,
we could use classical low-frequency DC lines for measurements). In our
devices, we have 101 invertors and a frequency divider by 1024. Considering
an average equal pull-up and pull-down times of the AC signal, the delay
per stage can be expressed as 7p = 1/(four X 2 x 101 x 1024) [2], where
four is the measured output frequency.
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Figure 5.1: LVT Ring Oscillator characterized at low temperature. (a)
Schematic layout of 101-stages ring oscillator with 1024-frequency divider
(FD). The circuit starts to oscillate when ENABLE (Vgng), Supply volt-
age (Vpp), and Frequency Divider (Vo) are polarized. The measurement
protocol is given in the table of Fig.5.2. (b) Single inverter stage composed
of n- and p—MOS. VN—WELL (VPfWELL> attached to n-MOS (p—MOS) are
not shown. (c) Illustration of LVT transistors in the flip-well configuration
designed for forward body-biasing. The allowed range of body-biasing at
room temperature is shown in Fig.5.2

In contrast to usual bulk technology, LVT FD-SOI architecture enables
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an extended body-bias range from —0.8 V (reverse body-biasing RBB for
NMOS, 4+0.8 V for PMOS) up to +3 V (forward body-biasing FBB for
NMOS, —3 V for PMOS) as shown in Fig. 5.2 [117, 116, 115]. In order
to compensate the increase of Vry at low-temperature already discussed
in Chapter 3, LVT transistors are used to provide a strong improvement
in the switching delay thanks to FBB (a typical body factor is around
Vru/Veack = 85 mV/V at room temperature) at the cost of a higher
leakage current. When no input is provided on the AND logic gate, static
current Igrar and then static power Pspar consumption occurs due to
leakage current from supply to ground. If Vgyp is applied, dynamic current
Ipyy and dynamic power Ppyy can be analyzed.

a) LVT @ 300K C) Parameter | Unit Description Measurement protocol
Vens=Vop, Vee=1V and
< Vywe =0V I Hz RO frequency measure OUT.
-0.8V ﬁ +3V Tp ps RO delay per stage = 1/(fx2x101x1024).
H Dynamic current
. Veng=Vop, Vec=GND
e e v | | e |V v oD
RBB FBB 2 oscillating state )
, Static current per _ _
VP-WELL=0V"E Tsoar nA/ stage in non- Ving= Vee=GND and measure
stage B OUT.
-3V oscillating state
W/ Dynamic power per
%’—Ji\_Y_) Ppyy ::age stage in oscillating = Ipyn X Vop
state
FBB RBB AW/ Static power per
Pstr stage stage in non- = Istar X Vpp
b) s oscillating state
Terr = 1/(1/ Tgppx + 1/ Tgprp)
1000 \“vaD =0.7V T =296K Terrney = (It 1L)/2 where
'qb}‘) Effective drive Iii=Ips (Vs = Vop, Vb= Vpp/2)
*2 VneweLr = -Vewenr = 2.8V Ierr HA current of FD-SOI I.=1Ips(Ves=Vpp/2, Vb= Vpp)
:é 100 Vo =07V transistor where Vs, Vps, and Ips are
£ DD ’ MOSFET gate voltage, drain
§ 0 Vawsir = -Vewer = 1.6V voltage and drain current.
<
- Ierr enhancement at
o -
E L2v Glerr) & low temperature = Uleer (T) - Terr (296K)] / Terr (T)
=
o “\N\‘\’\‘\\iiv Tp enhancement at
Q DD N 0, = -
= G(w) % low temperature [ (T) - 7 (296K)] /e (T)
7 Vawerr = Veowerr = 0V
0.1 |Vborstep SomV NWELL T PWELL EPT fl E;‘:;fl’l'lgﬁ' =101 x p x (Ipyx - Istat) XVon
10 15 20 25 30 40 Energy Delay
Delay/stage, zp (ps) EDP | fIxps product = x EPT

Figure 5.2: (a) Body-biasing limitations at room temperature (b) Static
current vs delay per stage for a set of Vpp from 0.7 to 1.2 V (6Vpp = 50 mV).
Three different FBB voltages are considered. [gr 47 is significantly increased
at high Vppp illustrating that ROs are well optimized at room temperature

with Vegp = 0 V. (¢) Definitions of the RO parameters used in this work
and their measurement protocol.

Throughout this chapter, we will use RO delay, static and dynamic cur-
rents (power) normalized by the number of inverters as it is commonly done
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5.3. EXISTING SOLUTIONS FOR THE OPTIMIZATION OF
CRYOGENIC PERFORMANCE USING STANDARD SILICON
TECHNOLOGIES

in this work to evaluate the low-temperature performance of ring oscillators
are Energy Per Transition (EPT') and Energy-Delay product which will be
discussed later. For the details on measurement procedures of 7p, Ipyn,
and Isr47r and other parameters see the table in Fig. 5.2.

In Fig.5.2, we show Israr as a function of 7p measured at room tem-
perature for different Vpp ranging from 0.7 V to 1.2 V. As supply voltage
is increased, we observe the RO speeding up due to higher overdrive cur-
rent and lower threshold voltages of MOSFETs. For instance, in the case
of Ve = 2.8 V, 7p is reduced by 33% at Vpp = 1 V. We characterized
the RO under three symmetric FBB conditions: Vx_werr = —Vp_werLr =
0,1.6,2.8 V. Under forward body biasing, static current is increased mainly
due to non-negligible leakage currents at Vizg = 0 V because of reduced
threshold voltages. Thus, we can conclude that even though the LVT ar-
chitecture is designed for high-performance applications, static power dissi-
pation may become a limiting factor at room temperature if an aggressive
forward body-biasing is applied.

5.3 Existing solutions for the optimization
of cryogenic performance using
standard silicon technologies

For a long time, standard [174, 121, 123] and specially designed [175]
CMOS ring oscillators fabricated in bulk Si have been characterised at
low temperature for high-performance cryogenic circuits. Despite an im-
provement in switching time (typically few ns per stage) obtained in pm-
technologies at low temperature down to 4—10 K [175, 123] and a possibility
to reduce supply voltage, these circuits operated at typically Vpp =5—15V
[174]. Hence, it might be problematic to use the pm-technologies for low
power and high-performance CryoCMOS applications. Indeed, typical re-
quirements for the use of cryoelectronics for large qubit arrays [176] are:
much less than 2 mW /qubit power dissipation, deep sub-um technology for
scalability, noise budget less than 0.1 nV Hz 2, bandwidth for frequency
multiplexing 1 — 12 GHz and avoidance of non-ideal kink behaviour and
hysteresis in the MOSFET’s characteristics as observed in bulk Si [121].

It has been believed for a long time that standard CMOS technologies
are not suitable for low-temperature circuits due to the above-mentioned
non-idealities. This is why hybrid technologies were extensively character-
ized at low temperature for high-performance applications. For the gen-
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Figure 5.3: Two common strategies for optimization of low temperature
performance if wide-range body-biasing is not available (as in case of bulk
Si technologies): (a) To design NMOS and PMOS transistors with Vrgy
close to zero at low temperature by adjusting the channel doping, adapted
from [175]; (b) To increase Vpp (VCC_INT) at low temperature in order
to have higher driving currents and thus to obtain the room temperature
performance. Note that at 4 K, the relative speed of FPGA (fabricated in
standard 28 nm bulk Si) plotted in this graph is increased by 260% when
Vpp is lowered only from 1 V to 0.85 V, adapted from [147]. The TDC
resolution stands for the delay of a single carry element of FPGA which is
equivalent to the inverter’s delay per stage.

eral references see [121, 123] and for more recent results, see the cryo-
genic performance of a ring oscillator fabricated in silicon-germanium (SiGe)
hetero-junction bipolar transistor (HBT) technology with 7p of only 2.3 ps
at 25 K [177]. More recently, the cryogenic characterization of advanced
CMOS technologies (28,40, 160 nm technology nodes [136, 149, 178]) was
performed in view of the arising need of CryoElectronics for qubits, and
also other applications such as low temperature sensors, low power neu-
romorphic computing (to replace superconducting circuits [179]), and ex-
treme environment electronics (Aerospace, Space Exploration, etc.). The
general drawback of the above-mentioned bulk Si technologies regarding
low-temperature operation is the inability to reduce the supply voltage to
optimize the power-performance. For these technologies there is no means
to compensate the low temperature Vygy-shift and then the supply voltage
must be increased [136] which is not consistent with the low-power con-
sumption requirement.

Typical strategies for optimization of cryogenic RO performance are
the already-discussed increase of Vpp as used in [147] (see Fig.5.3(b)) or
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a special design of MOSFETs accounting for the low-T shift of threshold
voltages and thus resulting in close-to-zero Vg operation as demonstrated
in [175] (see Fig.5.3(a)).

In addition to standard bulk Si devices, low-temperature characteri-
zation of 45 nm partially-depleted silicon-on-insulator (PD-SOI) RO has
revealed promising results at a temperature as low as 2.8 K. As compared
to 300 K, a decrease of 7p by 15% and a static power reduction by 15 times
were achieved [180]. However, the low-temperature body-biasing was not
addressed probably due to its low efficiency in PD-SOI.

Finally, the co-integration of ring oscillators fabricated using Leti’s FD-
SOI Trigate technology (with MOSFETs of Lg = 60 nm, W = 1000 nm)
and the single-electron transistors featuring Coulomb blockade at low tem-
perature (Lg = 40 nm, W = 25 nm) was recently demonstrated marking an
important step toward hybrid Quantum-CMOS circuits [181]. It is worth
mentioning that a similar device was used for the recent demonstration of
the first CMOS hole spin qubit [26, 182]. Regarding the RO performance
at 4 K reported in [181], the body-biasing capability for the Viry_pros
compensation was demonstrated at 4 K resulting in a +14% increase of
the output frequency at Vgacx = —8 V (RBB for NMOS and FBB for
PMOS) comparing to the case of zero body-biasing. However, having a
145 nm-thick BOX and the unique body-biasing for both N- and PMOS,
an efficient performance-power optimization couldn’t be performed.

To sum up, in this chapter, we will show that commercially available pla-
nar 28 nm FD-SOI technology with addressable body-biasing to NMOS and
PMOS (FBB can be applied for both separately) and much thinner BOX of
25 nm provides significant opportunities toward optimizing highly-efficient
and ultra-low-power cryogenic circuits for large-scale quantum computing.

5.4 RO performance at low temperature
without Vyy compensation

Operation of FD-SOI transistors at cryogenic temperature was already
reported in [114, 183, 112]. Since the scattering of charge carriers with
phonons is sufficiently weak and can be neglected at liquid helium temper-
ature, electron and hole mobilities are strongly enhanced and should lead
to a smaller 7p at low temperature for a given Vpp. Mobility enhancement
of short-channel NMOS and PMOS transistors at low temperature will be
quantitatively addressed in the section 'Boosting the RO performance with
relaxed Lg'.
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Figure 5.4: (a) - (c¢) Ring oscillator performance in terms of 7p from 296
down to 4.3 K with Vx_werr = Ve_werr = 0V for Lg = 28, 34, and 46 nm
(Wnmos = 420 nm and Wpp0s = 600 nm). All the ROs slow down due to
the increase of Vi at low temperature for Vpp = 0.8 Vaand Vpp =1 V. (d)
Transfer characteristics Ips—Vgs at Vpg = 1 V recorded every 5—15 K from
296 K to 4.3 K illustrating the effect of Vyp-shift at low temperature. Inset
shows the subthreshold behaviour with subthreshold swing greatly reduced
at low temperature. The dimensions of LVT GO1 NMOS and PMOS are
Le = 34 nm, Wypy0s = 210 nm, and Wpep0s = 300 nm. (e) The decrease
of effective current (inversely proportional to the inverter delay) extracted
from (d) explains the increase of 7p observed in (a - ¢).

However, despite a significant increase of drive current expected at low
temperature [112], the ROs of different Lo = 28, 34,46 nm slow down as it
can be seen in Fig.5.4 (a)-(c). This effect is especially pronounced for longer
L (having higher Vry) and when Vpp is reduced. This increase of delay
per stage is explained by the Vyg-shift at low temperature for both N- and
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PMOS transistors as shown for the case of Lg = 34 nm in Fig.5.4(d). As
the ON-currents at Vgs = Vps = Vpp are smaller for longer Lg because
of higher Vg, it explains why the delay-degradation at low temperature
is more important for Lg = 46 nm (see Fig.5.4(c)) than for devices with
shorter Lg as shown in Fig.5.4 (a - b). Note that when the supply voltage
was set to Vpp = 1.2 V for all gate lengths, 7p remained unchanged within
the whole 296 — 4 K window. This can be explained by higher driving
currents in the strong inversion regime at |Vgg| = 1.2 V (see Fig.5.4(d))
making the ROs less sensitive to the Vyg-shift.

Apart from directly measuring the RO delays, another common prac-
tice in CMOS modeling is to predict the single inverter delay by measuring
the following currents: first from N-; PMOS transfer/output characteris-
tics [EFF—N(P) = ([H + [L)/Q where IH = IDS<VGS = VDDvaS = VDD/Q)
and Iy, = Ips(Vgs = Vpp/2,Vps = Vpp) are measured.Then the effective
current of a single inverter can be calculated as Igpr = 1/(1/1gpr-n +
1/Igrr_p) as specified in the table of Fig.5.2. Then, the delay of an in-
verter modeled with one NMOS and PMOS transistor can be linked to
Igrr using the load capacitance Crpap including the inversion capacitance,
the parasitic capacitances and the wiring capacitance of back-end-of-line as
7p = Croap X Vpp/Igrr [2]. This so-called two-point model for Igpp used
for the inverter delay modeling has been proven to be very efficient for deep
sub-p technologies [2, 184].

Finally, we should mention that to link 7p measured from ring oscillators
to Igpr of isolated N-, and PMOS transistors, the same physical dimensions
must be taken. In our case of Lg = 34 nm shown here, the width of
NMOS and PMOS are twice smaller for isolated transistors used to estimate
Izrpr. To be able to link the RO to the isolated transistors we have first
verified that the Vyg-shift and Iopsar/W (at |Vas| = |[Vrg| + 0.5V and
Vps = Vpp) remained almost unchanged for W between 80 and 1000 nm
for temperatures down to 4.3 K (see Chapter 3). This is why we could
directly relate the decrease of Igpp shown in Fig.5.4(e) to the variation in
7p (Fig.5.4(b)) as done in a quantitative analysis in the next section.

Finally, we conclude that without forward-body-biasing used to com-
pensate the Vpg-shift, it seems to be unlikely to achieve an optimized cryo-
genic digital control electronics combining high-performance and low-power
consumption.
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5.5 Forward body-biasing compensation of
the Vyy-shift down to 4.3 K

In order to preserve the benefit of higher carrier mobility and hence,
higher driving current at low temperatures, the Vrpg-shift must be com-
pensated. The ability to adjust Vg through body-biasing was successfully
demonstrated down to 4.3 K using 28nm FD-SOI transistors [112]. More-
over, we already discussed the forward and reverse body-biasing efficiency
for long- as well as for short-channel transistors in Chapter 3. Here, the
measurements were done in three steps.
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E < 3 oD
2 1000 T <
= T I
|- 3 ;
~ a ~
] 3 g5
= s g‘o Vpp = 1V
3 g Z
g =
= % % -6 ~\T:‘8\,
a 3 10° $Vbp = 0.8V
=
Z

- 05 1 0 50 100 150 200 250 300 0 100 200 300
Gate voltage, Vg (V) Temperature, T (K) Temperature, 7 (K)

Figure 5.5: The Vg compensation performed on LVT GO1 transistors
with Lg = 34 nm, Wy 05 = 210 nm, and Wpy0s = 300 nm. (a) Transfer
characteristics from room temperature down to 4.3 K. Note that the thresh-
old voltages are kept constant through FBB within the whole temperature
range as can be seen in the inset. (b) Vy_wgrr and Vp_werr applied at
each temperature to keep Vry constant for different supply voltages. (c)
Igpp for Vpp = 0.8, 1, 1.2 V corresponding to the case of constant Vrg
shown in (a). The effective current increases as the temperature is reduced
leading to a shorter 7p.

First, isolated transistors of the same dimensions as the ring oscillator
were measured down to 4.3 K with Vppp varying from 0 to —3(+3) V
for PMOS (NMOS). Then, the body factor was deduced at each tem-
perature. It turned out to be almost independent on temperature down
to 4.3 K. Afterward, once again we measured the same transistors by
applying V_werr and Vp_wgerr to keep constant the Vig_nyyos and
Vra—-pyvos (see Fig.5.5(a-b)). Threshold voltages were calculated using
the constant current method [2]. In the case of 28 nm FD-SOI, we de-
fine Vrg_nmos as Vas @ Ips = 0.1uA x Wynos/La and Virg_paos as
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Vas @ Ips = 0.02uA X Weyos/La as explained in Chapter 3. The thresh-
old voltages and Vpgp applied for the compensation at 4.3 K are given in
Fig.5.6 (d).
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Figure 5.6: FBB compensation of the ring oscillator down to 4.3 K with
Lg = 34 nm. (a) - (c) 7p, dynamic and static currents as a function of
temperature for the case of Vpy(T) = Vrg(296K). (d) Table comparing
room temperature and 4.3 K performance with and without compensation
including 7p, Ipyn, IsTaT, threshold voltages, and Vy_wgrr and Ve_wEeLL
needed for the 4.3 K compensation. (e) Energy per transition EPT =
101 x 7p X (Ipyn — IsTar) X Vpp decreasing at low temperature due to the
Tp-reduction (f) Energy-Delay product EDP = 7p x EPT showing that
Vbp = 0.8 V is more optimal than Vpp =1 V at low temperature.

Finally, as it can be easily guessed from Fig.5.5(a), the effective currents
for different Vpp were found to be significantly improved due to highly
increased carrier mobility at low temperature. For instance, a relative gain
in Igpp of approximatively 62% was achieved for Vpp = 0.8 V.
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In contrast to the previous results without FBB, a significant speedup for
different Vpp is observed when threshold voltages were settled to Vyy (1) =
Vru (296 K) within the full temperature range (Fig.5.6 (a)). Indeed, by re-
ducing the temperature from 296 K down to 4.3 K, the delay per stage
is decreased by 38% at Vpp = 0.8 V, 33% at Vpp = 1 V, and 31% at
Vpp = 1.2 V. The 7p-reduction is explained by the increase of I gppr shown in
Fig.5.5 (¢). Obviously, dynamic currents are also increased at low tempera-
ture (Fig.5.6 (b)). Furthermore, as compared to room temperature, greatly
reduced static currents resulted in static power (Psrar = Israr X Vpp)
decreased by a factor of 1600 (Vpp = 0.8 V), 100 (Vpp = 1 V), and 6.5
(Vpp = 1.2 V) at 4.3 K. This demonstrates the uniqueness of the FD-SOI
technology in achieving ultra-low power dissipation at cryogenic tempera-
tures.

The Energy Per Transition (EPT), also called Power-Delay metric, is
commonly used to compare different technologies [2]. It is proportional
to the active power dissipation during the RO switching and the delay per
stage EPT = 101 x7p X (Ppyn— Psrar). Smaller EPT values are desirable
to have either lower active (switching) power dissipation Ppyy — Psrar or
shorter time to propagate a signal when carrying out a logic operation. In
Fig.5.5 (e) a decrease of EPT for all supply voltages is observed proving
that despite the Ppy y-increase (Fig.5.5(b)), the RO becomes more efficient
in terms of power-performance tradeoff. However, EPT-metric has a ma-
jor drawback: it does not differentiate between changes in switching power
(Ppyn — Psrar) and 7p. To perform a more accurate power-performance
evaluation, the Energy-Delay metric can be used [2]. The Energy-Delay
product (EDP) is written as EPT X 7p. It is well known that for a given
technology, a transistor should work at the minimum energy point (M EP)
in terms of Vpp, thus allowing a logic circuit to spend the lowest energy
per operation for a given switching delay [185, 186]. M EP gives an opti-
mal Vpp for a given technology and can be obtained by minimizing £ DP.
For instance, for the 28 nm FD-SOI technology, the optimal Vpp at room
temperature is close to 1 V as shown in Fig.5.6(f). However, at 4.3 K, an
optimal operation point is obtained for Vpp = 0.8 V thanks to the de-
lay reduction via FBB. Having observed this reduction of Vpp at 4.3 K,
we will study in the next section different aggressive forward body-biasing
configurations to further optimize the cryogenic operation of RO.

Generally, to reduce RO delay and reach minimum power consump-
tion, the desirable properties of NMOS and PMOS transistors are: high
driving current (Ips at Vgs = Vps = Vpp), low leakage currents (lppp
at Vgs = 0 V and Vpg = Vpp), low intrinsic capacitances (Cryv, Crr,
Cpgp, etc.), and low parasitic resistances and capacitances mainly related
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to the interconnections and back-end-of-line. In the case of 28 nm FD-SOI
technology, C;yy in the strong inversion regime, where ROs are operated,
was already reported to be unchanged down to 4.3 K [112]. Consideration
of Cpgp can be neglected because of the fully-depleted channel. From the
S S-analysis presented in the previous chapter, we could conclude that Cp;r
also does not play a crucial role at low temperatures. Moreover, regarding
the low-x Cu metal lines used in interconnections, it is worth mentioning
that recent cryogenic studies of low-x materials revealed their temperature
insensitivity (no significant increase in capacitance and effective series re-
sistance) down to 4.3 K [147].
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Figure 5.7:  (a) Schematic of a single inverter modeling with /gpr and
Croap used to calculate the delay 7p = Croap X Vop/Igrr. (b) Example
of well-designed pair of NMOS and PMOS for which Igpr_n > Igrr_p,
adapted from [187]. (c) Relative enhancement of Igpp and 7p at Vpp =
0.8 V for temperatures between 296 and 4.3 K. FBB is applied to compen-
sate the increase of Vi at low temperatures. Note that both relative gains
are well correlated within the whole temperature range.

In Fig.5.7(a) the modeling of a single inverter is illustrated with a unique
Croap accounting for all the capacitances discussed above. Taking into
account the cryogenic behavior of intrinsic and parasitic capacitances dis-
cussed above, one would suppose that cryogenic variation of 7p can be
mainly explained by Igpp. A typical estimation of effective current using
Ips — Vpgs curves for a well-designed inverter is shown in Fig.5.7(b). It is
interesting to note that in such case Igpp_n should be higher than Igpp_p
which will lead to symmetric V;y — Vour voltage characteristic and thus
in almost the same pull-up and pull-down times of the AC signal from the
Ring Oscillator [2]. Finally, a good correlation between the relative gains in
7p measured from RO and Igpr deduced from isolated MOSFETs assuming
temperature-independent Croap are shown in Fig.5.7(c). This correlation
supports the above-mentioned assumptions about Co4p being very weakly
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dependent on temperature down to 4.3 K. The possibility to directly link
Igrr to Tp without taking into account the complex dependences of capaci-
tances at low temperature is of great importance for CryoCMOS designers.

5.6 Maximal performance and body-biasing
limitations at 4.3 K

We already demonstrated the body-biasing efficiency within —6...+6 V
for short-channel LVT NMOS and PMOS at 4.3 K in Chapter 3. Fig.5.8
(a) shows what happens if Vy_w g of an LVT NMOS GO1 transistor with
Lg = 34 nm and Wiy 05 = 210 nm is increased above +6 V. By fixing
Vas = —150 mV, we were able to probe the subthreshold region of Ipg —
Vn_werr. Importantly, we can observe that in the strong inversion region
the current suddenly starts to decrease above approximately Vy_wgrr =
6.1 V. This sets the upper boundary of FBB at +6 V. Above this upper
boundary, current leakage through BOX is most probably the reason for
the decrease of Ipg.

In Fig.5.8 (b) the static current appears only for the body-biasing region
where the RO oscillates as shown in Fig.5.8 (c¢). From the static current
analysis, we can directly observe that due to the Vpp-shift at low temper-
ature, much higher FBB can be applied compared to room temperature
before the transistors reach the zero-Vry regime. To be able to apply even
higher FBB, the room temperature Vi might be increased by changing the
gate stack or increasing L. It will result in higher charge carrier mobili-
ties for the close-to-zero Vrp operation and thus better power-performance
tradeoffs as it will be shown later.

Having identified FBB boundaries at 4.3 K, we will apply them to the
case of an LVT ring oscillator. For instance, as shown in Chapter 3, by
applying VN—WELL = _VP—WELL = 5.8 V to the LVT transistors with LG =
34 nm, Wyyos = 210 nm, and Wpy0s = 300 nm, we reached the near-zero-
Vrg condition with Vrg_yxaros = —24 mV and Vrg_paros = —49 mV. This
result was obtained for Vpg = 1 V. Then, the best FBB configuration at the
lowest VDD = 0.325 V was found to be VNfWELL =4V and VP7WELL =
—5.8 V (see Fig.5.9 (a - ¢)). From Fig.5.9 (a) no minimum in Energy-Delay
product versus Vpp for this FBB case can be observed down to 0.325 V.
Although we recorded reasonably high Ipy y for even lower supply voltages,
below Vpp = 0.3 V, the ROs stop to oscillate. Such behavior observed on
7 different samples with different Ls probably indicates that the design
of the RO circuits was done to operate at Vpp > 0.3 V. Nevertheless,
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Figure 5.8: (a) Ips — Vy_wegrr characteristic at Vpg = +30 mV and
Vas = —150 mV for LVT NMOS with Lg = 34 nm and Wy 05 = 210 nm
recorded at 4.3 K. (b) Israr-analysis for a RO with Lg = 34 nm under high
forward body-biasing. (¢) A zoomed region of Tp-analysis as a function of
Vv_werr and Vp_wgrr, where the RO approaches the close-to-zero Vg
mode of operation.

by comparing the blue and black curves of EDP(Vpp) in Fig.5.9(a), we
demonstrate that the optimal Vpp can be reduced by the factor 3.1 at
4.3 K. Then, having the power proportional to V3, [2], we are able to
reduce the power consumption by the factor 10 at 4.3 K. Note that at such
reduced Vpp = 0.325 V, the delay per stage is found to be reasonably
high as shown in Fig.5.9 (b)). Indeed, we obtained 7p = 37 ps/stage due
to lowered threshold voltages and highly increased effective currents under
aggressive FBB.

Some examples of power-performance improvement at 4.3 K are given
in Fig.5.9 (d). The data in this table illustrate the tremendous versatility of
28 nm FD-SOI technology for both ultra-low power and high performance
applications with highly reduced supply voltages at 4.3 K. They highlight
the possible tradeoffs between delay and static/dynamic power dissipation.
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If the specifications of a CryoCMOS circuit would require to have very
low dynamic power consumption with increased 7p (we do not need to have
all the circuits working in the 10 — 100 GHz-range), the 28 nm FD-SOI
technology can provide very efficient solutions as illustrated in Fig.5.9(c).
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Figure 5.9: (a) Comparison of Energy-Delay product vs Vpp at room
temperature and 4.3 K with different forward body-biasing conditions. Note
that for the case of very high Vepg (Vy_wprr = 4 V and Vp_werp =
—5.8 V) no minimum is observed down to Vpp = 0.325 V. (b) Static current
vs Delay/stage metric measured at RT and 4.3K for different Vpp (initial
and final values for the studied Vpp interval are given). (c) Static current vs
dynamic current for different Vpp at 296 K and 4.3 K. Note that depending
on FBB voltage, Ipyy between 30 nA/stage and 1760 nA/stage can be
achieved. Initial and final values for the studied Vpp interval are given. (d)
Typical examples in terms of RO performance-power estimation at 4.3 K
for highly reduced Vpp.
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Indeed, dynamic power dissipation of only 10—15 nW /stage can be achieved
in the sub-GHz range as it can be guessed from Fig.5.9 (b - ¢).

5.7 Boosting the RO performance with
relaxed Lg

Even though the mobility in the strong inversion regime is higher for
longer L¢, the threshold voltage difference may result in lower driving cur-
rents and thus longer 7p for ring oscillators [2]. Thus, for room temperature
applications, the shortest possible Lg with the lowest threshold voltages en-
abling high performance while keeping low power consumption is usually
chosen. In this section, it will be demonstrated that, at 4.3 K, by increasing
L¢ from 28 to 46 nm, we are able to achieve the same performance at highly
reduced power dissipation due to the possibility to apply more FBB.

In Fig.5.10 the low field mobilities for NMOS and PMOS transistors are
extracted using the well-known Y-function method [132] which consists in
fitting Ips/G%° vs Vs in the linear regime (Vpg = 50 mV). As already
discussed in Chapter 3, an important mobility enhancement is expected at
low temperatures due to the suppression of phonon scattering. In contrast
to previous data reported on 14 nm FD-SOI transistors [183, 140], where
short-channel mobilities were only slightly improved at low temperature,

a) 1000 {RVT GO1 NMOS b) RVT GO1 PMOS
W=210nm 2TW=300nm
_ 6] Veack=0V ®296K| Veack=0V.
» > ”
2 : 2100 1
o N 8
: 5
s 2 2 PO 2
=1 Ho at 4.3K (cm /V.s)| = 5 Ho at 4.3K (cm /V.s)
100 Lg=28nm : 207 4 Lg=28nm: 62
Lg=46nm: 330 3 Lg=46nm : 106
T 68 ;o a 68 T 68 2 T 68
100 1000 100 1000
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Figure 5.10: Low field po mobilities extracted using the Y-function method
for gate lengths between 28 nm and 1 pm. (a),(b) room temperature and
4.3 K low field mobilities for RVT transistors (W05 = 210 nm, Wpep0s =
300 nm) for different L extracted for Vy_wrrr = Ve_werr =0 V.
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here we found an important low field mobility enhancement at 4.3 K even
for Lg as short as 28 nm as shown in Fig.5.10(a),(b). For the shortest gate
length of 28 nm, the low field mobility is almost doubled at 4.3 K for both N-
and PMOS transistors. At the same time, increasing L from 28 to 46 nm,
to(4.3 K) increases by 59% for NMOS and 71% for PMOS transistors for
the same width. Similarly, using the recently developed Jazaeri mobility-
extraction method [188], the maximal mobility was found more than two
times higher at 4.3 K compared to 296 K for an NMOS transistor with
Le =46 nm and W = 80 nm [114].

In Fig.5.11, the delay and static/dynamic power dissipation are shown
for Lg = 28 nm and Lg = 46 nm. Note that the same FBB range is used for
both ROs. The first important observation by comparing Fig.5.11(c) and
(f) is that Pspar measured at high FBB is much higher for Lg = 28 nm.
This can be explained by the difference in threshold voltages between both
Lg. The effect of gate length is discussed by using different metrics to
compare the performance of ROs [2] such as: the same 7p, Ppyn, Psrar,
and Vx_werr / Ve-weLL-

For different benchmarking conditions, we used the data from Fig.5.11
recorded at Vpp = 0.5V. In Fig.5.12 (a) active and static power consump-
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Figure 5.11: Performance of ROs at T'= 4.3 K and Vpp = 0.5 V in terms
of 7p, Ppyn, and Psrar for the same forward body biasing ranges. (a - ¢)
Le =28 nm. (d - f) Lg = 46 nm. For both ROs W05 = 420 nm and
WNMOS = 600 nm.
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tion for the same 7p of ROs (15.8, 18.2, and 23 ps/stage) are plotted as well
as the FBB voltages applied for each case. Here, analysis of Pscr (Ppyn
- Psrar) [2] instead of Ppyy is easier to understand since Psrar highly
increases under aggressive FBB for Lg = 28 nm. For Lg = 46 nm, Croap
increases because of higher gate capacitance. Then, to achieve the same 7p
as for Lg = 28 nm, higher Igpp is needed. However, the active (switching)
power is lower for Ls = 28 nm due to non-negligible Psra7: 58.1 nW /stage
at the lowest 7p. This is why, despite a higher Ppyy for Lg = 28 nm, both
RO have the same performance. Even though much higher FBB voltages
are applied for Lg = 46 nm to achieve the same performance, due to higher
threshold voltages, Psrar remains very low even for 7p = 15.8 ps/stage.

On the other side, by keeping a constant dynamic power dissipation
(124, 200, and 257 nW //stage) shown in Fig.5.12 (b), we also found that
7p(Ppyn = 257 nW /stage) is lower for Ly = 46 nm due to higher active
power (see the difference in Pgpar in the last graph). Finally, Psrar of the
RO with longer L¢ is at least 10 times lower despite higher FBB voltages
applied to achieve the same Ppyy.

Then, by keeping constant the static power dissipation shown in Fig.5.11
(¢), it can be concluded that the RO with longer L¢ is much faster. This
difference in 7p is correlated with higher P,or obtained for more aggressive
FBB in the case of Lg = 46 nm.

By probing the ROs under the same body-biasing conditions, we find
that as FBB voltages are increased, the difference in speed becomes less
and less important (at Vy_wgr, = 4.4 Vand Vp_yrr, = —5.6 V less than
15%). Also, static power consumption is much higher for the shorter Lg
(at Vy_wprr = 44 V and Ve_wgrr = —5.6 V, we have 87 times lower
Psrar for the longer Lg). Therefore, the effect of higher Ppyy for shorter
L¢ is highly reduced regarding Pacr and very similar 7p are obtained for
VNfWELL =44V and VPfWELL =—-56V.

Finally, it can be concluded that despite an increase of C'rpap, it might
be potentially useful to relax the gate length due to: (i) higher mobility
for longer Lg, even for sub-100 nm Lg; (ii) higher threshold voltages for
longer L¢ allow to apply more FBB without having Psy 47 highly increased
in contrast to Lg = 28 nm. Then, Psor will be much higher for longer
Lg and the effect of increased load capacitance can be overcome. Another
argument for using longer L will be discussed in details in Chapter 6 where
we compare the subthreshold regime of PMOS transistors with Lg = 28 and
46 nm and find a lot of oscillations and non-idealities degrading the average
subthreshold swing below Vg for the shorter device.
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Figure 5.12: Analysis of ROs performance with Lgs = 28 and 46 nm using

different metrics: the same P, PDYN; PSTAT7 and VN—WELL / VP—WE‘LL-
For (a-c), first graph shows the FBB configurations used for the calculations

of TP, PDYN7 Psrar.

127
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TEMPERATURE OF OPERATION

5.8 Variability, zero-V;ry regime, and the
optimal temperature of operation

A typical Vyg-shift induced by low temperature is presented in Fig.5.13
(a). Generally, it is almost the same for long- and short-channel transistors
for high Vpgs as we already discussed in Chapter 3. This assumption of the
universal shift of Vg allowed us to apply the compensating FBB for the
LVT Lg = 34 nm RO with W09 = 420 nm and Wpy05 = 600 nm.

A great concern for reliable operation of circuits is the device variability
at low temperatures. Often, cryogenic characterization of the single de-
vice is only addressed due to the complexity of measurements [121, 123].
Moreover, in most of the recent cryogenic performance analysis, only long-
channel and rarely short-channel NMOS are studied leading to a possible
deduction that short-channel bulk PMOS transistors are problematic at
cryogenic temperatures. [136, 149, 178, 183, 151, 189, 67].

The device variation in terms of threshold voltages recorded at |Vgg| =
0.9 V for short-channel NMOS and PMOS with Lg; = 28 nm is shown in
Fig.5.13(b)-(c).
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Figure 5.13:  (a) Typical Vyy-shift at low temperatures for RVT GO1
NMOS and PMOS transistor with Lg = 28 nm and different widths for
[Vbs| = 0.9 V. (b)-(c) Vrg—sar variation between 5 identical samples giving
a standard deviation of 8.8 mV for NMOS and 31 mV for PMOS at 4.3 K.

Although only 5 different samples of each type of device were measured,
from these results we show that short-channel PMOS transistors have larger

variability at low temperature: a standard deviation of 31 mV is achieved
against 8.8 mV for NMOS at 4.3 K. Actually, the short-channel PMOS
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variability could be explained by the presence of dopants diffused from the
Source/Drain regions [122, 190]. The diffusion of dopants will be further
discussed in Chapter 6. Moreover, oscillations and instabilities in Ipg— Vg
for short-channel 28 nm FD-SOI PMOS in the subthreshold region should
also be carefully taken into account as discussed in [114, 112]. Summarizing
the variability analysis, we can conclude that the average Vry_namos can
be brought closer to 0 V without an important increase in Psrar whereas
reducing Vrg_puos close to zero would result in non-negligible static leak-
age because of their unstable subthreshold behavior and a larger average
subthreshold swing below Vpg.

A mode of operation with highly reduced threshold voltages (Vrg_nyaos =
0V, Vrg_pymos = —110 mV) at 4.3 K is demonstrated in Fig.5.14(a)
for LVT N-, and PMOS with Lg = 34 nm, Wxyos = 210 nm, and
WPMOS = 300 nm at VN—WELL =4.04 V and VP—WELL = —5.8 V. Some
instabilities in the transfer characteristic of PMOS can be observed even
for Vpg = 0.5 V. The static power dissipation of a RO with Lgs = 34 nm
was found to be 15.5 nW /stage. To understand the source of static leakage
we made a hypothesis that NMOS transistors are mainly responsible for
Psrar due to lower Vg _naos. Then, by decreasing Vy_werr to 3.2 V
the threshold voltage is increased and Pspar is reduced to 2.5 nW /stage.

Body-bias assisted sleeping mode Vpp = 0.5V : b
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Figure 5.14:  (a) Transfer characteristics for L = 34 nm NMOS and
PMOS transistors with highly reduced Vrg. Note that despite much higher
variability for short-channel PMOS, by reducing Vrgp of NMOS and hence
increasing Vry_navos, Psrar of a RO with the same Lg is reduced from
15.5 nW/stage (blue curve with the corresponding 7p = 16.7 ps/stage)
to 2.5 nW/stage. (b),(c) Opening the channel of NMOS and PMOS LVT
transistors with Lgs = 34 nm at 4.3 K. For both transistors, there is no
hysteresis for fast forward and back sweep with Vy_wgrr and Vp_wEerr.
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Contrarily to large hysteresis loops observed at 20 mK while sweeping
back and forward transistors with body-biasing fabricated [145] (due to
highly increased freeze-out of the backplane doping as explained in [121]),
no hysteresis was observed at 4.3 K in our samples when opening and closing
the transistors at a high sweeping rate of FBB voltages 0.85 V /s as shown
in Fig.5.14 (b - ¢). The time of read-out by digital multimeter at standard
integration time NPLC = 1 (16.7 ms per measurement point) is taken into
account. Thus, we conclude that an ultra-efficient body biasing of the
technology can be fully exploited down to 4.3 K. Moreover, the thermal
budget or the total power of the CryoCMOS circuits that can be dissipated
is limited to a few watts at 4.3 K [191]. For a sub-Kelvin temperature, this
restriction is even strongly increased: a state-of-the-art dilution cryostat
can manage only a 25 pW-power dissipation at 20 mK [192]. Then, we can
conclude that 4 K is the most suitable temperature for cryoelectronics build
with 28 nm FD-SOI technology because of: i) manageable power dissipation
of a few watt and ii) an efficient body biasing which is essential for the V-
shift compensation to drastically improve the circuit’s performance.

Finally, having demonstrated a very stable and efficient body biasing
capability, we can consider a dynamically-assisted RO mode of operation at
4.3 K. The principle described in [193, 194], consists in dynamically reducing
FBB voltages applied to the circuit in the sleeping mode to further decrease
static power dissipation. In our case, we can simply apply small AC-voltages
on Vy_werr and Vp_wgrr when the circuit is in the sleeping mode to
effectively reduce static power consumption as can be seen in Fig.5.11(c)
when, for instance, Vp_y g, is changed from —5.8 to —5.5 V. In addition,
DTMOS regime demonstrated in Chapter 4 might be of great potential for
low-power and high-performance cryoelectronics at 4.3 K [166]. However,
the impact of DTMOS operation regarding the dynamical variability of
Vru at low temperature due to low frequency and random telegraph noises
should be carefully considered as it was done for 28nm FD-SOI at room
temperature in [195].

5.9 Conclusions

In this chapter, for the first time, electrical characterization of 28 nm
FD-SOI ring oscillators down to 4.3 K has been demonstrated. The unique
capability of body-biasing being fully efficient at 4.3 K in the development of
fast power-efficient peripheral circuitry has been shown through the analysis
of the delay per stage, static and dynamic current (power) of ROs with
different gate lengths. Also, the tradeoffs between energy consumption and

130



CHAPTER 5. CRYOGENIC PERFORMANCE OF 28 NM FD-SOI
RING OSCILLATORS

delay per stage have been discussed for a large range of supply voltages. We
have demonstrated that by properly balancing power and performance, the
maximum benefit in terms of speed and energy consumption can be derived
at a very low supply voltage of only Vpp = 0.325 V.

At 4.3 K and close-to-zero-Vyy operation, a very small Energy-Delay
product of 6.9 fJ xps with 7p = 37 ps have been achieved at Vpp = 0.325 V.
Moreover, at 4.3 K, we have found the upper and lower boundaries of body-
biasing between —6... +6 V.

We could correlate the behavior of isolated transistors to that of RO
down 4.3 K and thus conclude that, for 28 nm FD-SOI technology, Cr.oap
of a single inverter is only weakly dependent on temperature.

Contrarily to the common strategies of increasing supply voltage and /or
re-designing Vg for low-temperature circuits, we have shown that thanks to
body-biasing, the 28 nm FD-SOI is fully suitable for CryoCMOS requiring
both ultra-low power dissipation and high performance.

It has been demonstrated that an improved power-performance tradeoff
can be met with relaxed Lg thanks to higher electron and hole mobilities,
and higher Vg allowing to apply more FBB.

While discussing the variability issues of short-channel transistors, it
has been argued that despite a stronger Vry_pros-variability at 4.3 K, it
is still possible to achieve an effective RO power management in the close-
to-zero-Vry mode of operation.

Finally, the absence of hysteresis loops when opening the transistor
through body-biasing at a high sweeping rate at 4.3 K and the thermal
budget constraint led us to the conclusion that the optimal temperature for
28 nm FD-SOI cryoelectronics will be probably limited to 4.3 K.
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Chapter 6

Duality of short-channel
FD-SOI transistors: from
FETs to SETs

In this chapter, the current progress in using conventional CMOS tran-
sistors for quantum computing applications (mostly oriented towards dopant-
based physics) is presented. Unexpectedly, we demonstrate a very high
degree of confinement in NMOS and PMOS short-channel devices with
W > L when Vpg is reduced typically below 20 mV leading to the tran-
sition FET-to-SET at 4.3 K. We thoroughly characterize the quantum dot
parameters such as the addition, charging and orbital energies; gate, source
and drain capacitances, lever arm parameter, etc. From our estimation
based on Cg, the size of QDs is found to be much smaller than the one
expected from lithographically-imposed geometry. The evolution of quan-
tum dots under wide-range body-biasing is presented at 4.3 and 1.4 K. In
addition, the benchmarking of the QDs obtained in standard FD-SOI tran-
sistors with respect to the most common Si-based devices is given. From
cryogenic characterization of PMOS with short-Lg at low Vpg, the issues
related to the diffusion of boron atoms from Source/Drain regions men-
tioned in Chapters 3-5 are explained. Finally, possible solutions to achieve
stable and tunable quantum dots as well as ’classical’-behavior FETs at
higher Vpg are proposed for the PMOS devices. We finish this chapter by
presenting a hybrid (cryoelectronics and quantum devices) circuit recently
designed using 28 nm FD-SOI and discuss the future of this technology
regarding the implementation of a qubit and its further co-integration with
CryoCMOS within the same FD-SOI platform.
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6.1 Setups used for low-temperature
measurements

The FD-SOI transistor cryogenic measurements down to 1.4 K presented
in this chapter were done using an 'Orange cryostat’ [196]. To achieve tem-
peratures below 4.3 K while using *He as a cryogenic liquid, we used an
additional pumping system to lower the temperature below 2.2 K (temper-
ature at which *He changes its state and becomes superfluid) [197]. The
programs for fast data acquisition using Labview-interface were developed
by Andrea Corna. Similarly to the setup description given in the previ-
ous chapters, we also had home-made optoisolated DC sources to feed the
voltages and a transimpedance amplifier (TTA) for current-to-voltage con-
version which then was recorded using a digital multimeter.

6.2 Conventional CMOS and Si-based MOS

structures for quantum computing

The interest of low-temperature characterization of CMOS and Si-based
MOS structures for quantum computing applications has grown up after
the famous Loss — DiVincenzo proposal of quantum computation with
quantum dots [25]. Even more, starting from the proposal of a silicon-based
nuclear spin quantum computer [198], different qubit platforms using silicon
as a host material were demonstrated, such as: Si/SiGe heterostructures
(scalabe 1D architecture [56], single spin qubits [33, 89, 60]), two-gate-
levels Si MOS structures (quantum dot characterization [199], the first two-
qubit logic gate [23]) and qubits using impurities to encode information (see
single/coupled atom transistors using phosphorous [111, 200] and arsenic
[201] in silicon lattice, and moreover, demonstrating donor and nuclear spins
qubits [34]).

Recently, as discussed in Chapter 2, a close-to-industrial CMOS nanowire
technology was used to demonstrate the first hole spin qubit [26, 182] and
an electrically driven electron spin (opening the way towards the electron
spin-valley qubit) [27].

The same nanowire platform was also successfully used to develop and
study new techniques of spin read-out [47, 202, 203]. Having already ex-
plained in Chapter 1 the advantages of using impurities to encode and store
quantum information, the dopant’s physics in MOSFETs has been largely
addressed. In [204], the spin lifetime of 30 s was reported and the co-
herent electrical control of two dopants [205, 206] was also demonstrated.
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To reinforce the importance of dopants in the MOSFET’s channel, within
the dopants-based quantum computing paradigm, it is worth mentioning
that the high-selectivity of donor-based Pauli Spin Blockade (PSB) read-
out was demonstrated with planar Si MOS structure [207] as well as with
a nanoscale SOI PMOS fabricated with 0.13 gm bulk technology [208].

However, the main drawback of the dopants-based large-scale quantum
computer remains scalability and reliability issues: indeed, depending on
the dopant’s position in the silicon channel, the experiment will give every
time high-fidelity and very performant qubits which are, however, unique
regarding gate voltages needed to achieve the quantum confinement to iso-
late spins.

Therefore, the most straightforward approach we follow in this chapter
is to: first, demonstrate the transition from field-effect-transistor (FET) to
single-electron-transistor (SET) as it was already shown for SOI nanowire
transistors in [153] and then to characterise the typical addition energies
Eapp (the energy needed to add an additional electron by overcoming
Coulomb interactions and accounting for orbital spacing [77]) and lever-
arm parameters « (an equivalent of subthreshold swing in usual MOSFET
devices [77]) of quantum dots created in FD-SOI transistors at 4.3 K and
below. Hence, in this chapter, we will argue that industrial-level 28 nm
FD-SOI technology, in addition to its excellent suitability for cryoelectron-
ics demonstrated in Chapter 5, can be used to create single electron and
hole quantum dots with an excellent electrostatic control and large addition
energies and thus, be of interest for qubit applications.

6.3 FET-to-SET transition in NMOS at
4.3 K

In Chapter 5, we have shown that supply voltage of ring oscillator can be
drastically reduced down to 0.3 V while keeping high performance and low
power consumption. However, at a low supply voltage, advanced CMOS
technologies operating at cryogenic temperature often suffer from dopant-
or disorder-induced non-idealities which result in non-predictable Vi p-shifts
and highly irregular behavior in SS — Ipg metric in the subthreshold re-
gion [121, 123]. In Fig.6.1 (a) an excellent subthreshold behaviour of LVT
transistors (previously used for the characterization of ring oscillators) is
demonstrated at Vpg = 100 mV only. Importantly, when Vpg of the same
transistor is reduced to 5 mV, we observe a typical SET behavior with
Coulomb Oscillations due to the discrete energy spectrum of a quantum
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dot [125, 77] (see Fig.6.1 (b)).

To be able to define a QD or SET, two main conditions must be fulfilled.
Firstly, the temperature of operation must be lower than typical addition
energy [77]

Eapp = Ec + Eorp > kpT, (6.1)

where FE¢ is the charging energy required to overcome the Coulomb
repulsion and put the second electron (hole) with the opposite spin (as
required by the Pauli Exclusion Principle) on the same orbital of QD. E4pp
is the energy to be paid to populate a higher energy orbital once the lowest
energy one is populated. This condition is well fulfilled in our case for both
hole and electrons with E pp of 15 — 20 meV whereas the thermal energy
at 4.3 K is only 0.37 meV.

Secondly, the tunnel barriers modeled as the access resistances connected
in parallel with the Source/Drain capacitances (see Fig.6.1 (c-d)) must be
high enough to ensure a sufficient confinement [209]. Thus, the access
resistances should be much higher than the quantum of resistance :

Racc > Rg = h/e* = 25 kOhm (6.2)

If the condition given in 6.2 is not met, the peaks of current are induced
by the universal conductance fluctuations in the diffusive regime and, being
poorly sensitive to the temperature, they do not evolve into sharp reso-
nances (meaning a precise control over the number of electrons/holes in a
QD) at lower temperatures [190]. In case of a LVT NMOS transistor in
Fig.6.1 (b), for Vps = 5 mV at Vgg = 0.385 V (where the first clear res-
onant peak can be seen), we obtain the access resistances Racc(4.3 K) =
1.45 MOhm which is lower than typically 4 —5 MOhm observed in quantum
dots designed with Leti’s nanowire technology which uses 20 — 40 nm-thick
spacers (see Chapter 2 and [108]). The latter is explained by well optimized
LDD doping and the use of thin spacers. Indeed, 9 nm-thick spacers are
used in the case of 28 nm FD-SOI as shown in Fig.6.1 (¢). By accounting
for the relative cryogenic Vpg-shift of 0.2 V (Vgg = 0.385 — 0.2 = 0.185 V),
we have found a lower access resistance Racc(296 K) = 0.47 MOhm. The
higher access resistance at 4.3 K can be explained by a partial freeze-out of
LDD regions [209, 138].

To model a SET, we use the constant interaction method [76] where the
following assumptions are considered: (i) the Coulomb interactions among
electrons in the dot, and between electrons(holes) in the dot and those in
the environment, are parametrized by a single, constant capacitance Cror.
This capacitance is the sum of capacitances between the dot and the source

135



6.4. EVOLUTION OF N-TYPE QUANTUM DOTS UNDER
DIFFERENT BODY BIASING

Cs, the drain Cp, and the gate Cg. Thus, the total capacitance can be
described as : Cror = Cs+ Cp + Cg. The ratio Cq/Cror is the lever arm
parameter « characterizing the effectiveness of the gate control. Secondly,
we suppose that the single-particle energy-level spectrum is independent of
interactions with electrons(holes) already put in the QD and therefore of
the number of electrons(holes).

After having identified that the first electrons can be electrostatically
confined at low Vpg, high-resolution Vs — Vv_wgerr scans (stability di-
agrams) were recorded for two LVT NMOS transistors with Lgg = 28
(Fig.6.2(a)) and 34 nm (Fig.6.2(b)) with W = 300 nm. Note that although
the use of a charge detector is required in order to make sure that we mea-
sure the first electrons, by consequently increasing Vpg above 30mV up to
1 V, no new states in DC transport measurements were detected.

When carefully comparing the stability diagrams in Fig.6.2, one can
notice a very similar behavior of the resonant current peaks for reverse body
biasing (Vy_wgrr < 0) with the line of resonant current corresponding to
the first electron in the quantum dot clearly visible. It means that we are
able to tune the transistors in the SET regime. Another observation is that
when Vg is lowered, the channel remains empty below the first electron
line for a large window of body biasing. This illustrates the advantage of
the undoped channel to anticipate and control the few-electron quantum
dots. Analyzing the stability diagrams becomes much more complicated in
the forward body-biasing regime. For instance, for Vy_wgrr > 0 V one
can observe additional states with a different slope. It can be attributed
to the local density of states due to disorder (as discussed in Chapter 4)
or dopant-assisted confinement as the wavefunction is extended over the
Si/BOX interface [69, 41] and hence, the first electrons are more affected
by the proximity to the Source/Drain regions.

6.4 Evolution of n-type quantum dots
under different body biasing

Before analyzing the Coulomb diamonds observed in the LVT NMOS
devices presented in Fig.6.2, let us comment on Typical widths of QDs de-
fined in Si nanowires shown in Chapter 2 was 40 — 80 nm whereas in this
section, the quantum dots with comparable addition energy (relative size)
will be shown for W = 210 nm. Actually, in [190], the phenomenon of
Coulomb blockade was reported for nanoscale MOSFET transistors with
Lg = 50,100 nm and W = 1000,400 nm. The authors demonstrated that
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in the dielectric regime (silicon at low temperature in the very weak inver-
sion regime) for short-channel transistors with channel width up to pm and
W > Lg, the total conductance (current) can be dominated by a single
contribution from a square conductance of size Lg X Lg in MOSFETs in
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Figure 6.1: FET-SET duality at 4.3 K in LVT NMOS depending on
Vps. (a) Ips — Vs characteristics for different Viy_y grr of a short-channel
LVT NMOS transistor at Vpg = 100 mV fully suitable for ultralow-Vpp
cryogenic electronics applications. (b) Transfer characteristics at 296 and
4.3 K at Vpg = 5mV. (c) An illustration of SET regime where the spectrum
quantization at low Vpg typically below 20 mV can be observed (TEM image
taken from [116]). (d) Constant interaction model [76] to describe a SET
(QD). The QD is capacitively coupled to the gate (C¢) and the connection
to the Source/Drain is modeled with tunnel junctions (the access resistances
Ras, Rap with the corresponding capacitances Cg, Cp in parallel). Note
that the back-gate capacitively coupled to the SET is not shown.
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Figure 6.2: Stability diagrams Vs — V_wgrr for two LVT NMOS with
Le = 28 (a) and 34 nm (b). Note that the Coulomb oscillations can be
clearly observed despite W > Ls in both cases. For these high-resolution
scans, the current compliance was limited to 4 and 40 nA to achieve sub-pico
current resolution by setting high gains of 10° and 10® of TIA.

spite of Lz < W. Then, the QDs of a very small 2D size with 25 x 25 nm?
for L = 50 nm, W = 1pm and 50 x 50 nm? for Lg = 100 nm, W = 400 nm
were reported. Thus, it was concluded that at low temperature a disorder-
induced single quantum dot can be created in relatively wide-channel ge-
ometries. We have tested several short-channel LVT NMOS samples with
W = 1pm at 4.3 K but the Coulomb blockade with distinct resonant peaks
was not observed.

For the NMOS samples with W = 210 nm, we performed a detailed
analysis of the stability diagrams shown in Fig.6.2 by recording Coulomb
diamonds Vps— Vi at different Viy_w g, from reverse body biasing (RBB)
to forward body biasing (FBB).

For the shorter device with Lg = 28 nm, when changing Vy_wgr from
0 V to negative values (Fig.6.3(b - d)) we observed the tuning of QDs with
respect to Vg with quasi-constant addition energies for adding the first
additional electron Fapp_1 = 19.5 meV. Having observed no extra fea-
ture appearing below the first resonance up to Vpg = 40 mV, we suppose
that the first electrons in the channel have been observed. For the case
of V_wgrr = —2.8 V shown in Fig.6.3 (b), we see that while the first
diamond size is similar to the case of Vaacx = 0V (see Fig.6.3 (d)), the
second one becomes larger under FBB (E4pp = 10.2 meV against 5.6 meV
at Veacx = 0V). This change of the size of the second diamond means that
the orbital splitting increases. Therefore, the QD size doesn’t change under
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FBB but at Vx_wgrr, = 0 V it is more shallow than at Vy_wgrr, = —2.8 V.
It is consistent with the effect of RBB, e.g pushing the electron wavefunc-
tion towards the upper Si/Si0, interface and thus enhancing the quantum
confinement. This demonstrates an excellent tunability of QDs with body
biasing. However, in the case of FBB with Vy_wgrr > 0V shown in Fig.6.3
(e - f), an additional quantum dot having a different slope (coupling) with
respect to the backgate can be observed. Such double quantum dot con-
figuration under FBB can be used for the qubit demonstration (one QD to
store and manipulate the spin and another for PSB read-out as it was done
in [208]).

Then, the same kind of analysis was performed for the sample with a
larger gate length Ls = 34 nm and the results are shown in Fig.6.4. A
similar large Expp = 15.9 meV for adding the first electron was found up
to strong RBB with Vx_wgrrr, = —5.8 V as can be seen from Fig.6.4(b - d).

Upon increasing RBB, the QD levels become deeper. Indeed, at Vy_wgrr, =
—5.8 V shown in Fig.6.4 (b), we can put up to 3 additional electrons whereas
at lower RBB, after 2 electrons, the Coulomb-blocked region almost van-
ishes, see Fig.6.4 (c-d). Finally, contrarily to the case of Lg = 28 nm, at
high FBB (Vx_wgrr = 5.8 V), by analyzing the stability diagram shown in
Fig.6.4 (f), it can be seen that the Coulomb blockade region becomes highly
suppressed similarly to QDs defined in SOI nanowires reported in [153].

In Table 6.1, the main parameters of QDs for the NMOS samples ana-
lyzed previously are given for the case of intermediate RBB (Vy_wgrr =
—1.8 V). A notable result is that the gate capacitance C¢ (which is simi-
lar to the semiconductor capacitance Clg; discussed in Chapter 4) deduced
from the Coulomb peak spacing is much smaller than Cpx calculated from
EOTNyos = 1.55 nm. This observation is in line with the fact that in
the weak inversion regime (characterized by a very low charge density in
the silicon channel) Cox > Cs;. Source-to-gate Cg and drain-to-gate Cp
capacitances estimated from the slopes of the first Coulomb diamond (see
Fig.6.5 (a)) are much smaller than C which gives an excellent gate-control
with « close to 1 for both samples. Thus, the advantage of using an ultra-
thin FOT is highlighted. Then, the 2D size of the quantum dots can be
estimated from Cg. This gives 17.1 x 17.1 nm? and 17.6 x 17.6 nm? for
respectively Lg = 28 nm and Lg = 34 nm.

We can note that the QD size is much smaller than the gate surface
Lg x W . Although, it is difficult to explain the reason for such a high degree
of confinement and where the quantum dots are located in the channel, if
it turns out that similar E4,pp can be obtained for all such samples, the
28 nm FD-SOI platform might be of great interest for qubit applications.
Indeed, given the high addition energies (compared to the thermal energy)
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Figure 6.3: (a) Stability diagram from Fig.6.2 (a) for a LVT NMOS with
Lg =28 nm, W =210 nm at 4.3 K. (b)-(f) Coulomb spectroscopy analysis

Vbs — Vs for different Vy_wgrr shown in (a) with dashed lines of different
colour.

in Si-based quantum dots and typical spin relaxation times at 1 —4 K [20],
it would allow us to fabricate both the cryoelectronics of control and qubits
using the same industrial-level platform.

Finally, we benchmarked the quantum dots observed in FD-SOI transis-
tors with respect to the most commonly used structure for Si-based qubits:
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Si/SiGe heterostructures [56], Si MOS QDs [199] and dopant-based QDs
[111]. In Fig.6.5 (b) the effectiveness of gate-control in terms of « is demon-
strated for both 28 nm FD-SOI and SOI nanowire QDs. Regarding the
typical charging energies for Si/SiGe heterostructures and Si MOS QDs,
we obtain much higher E pp_; for the first additional electron. In addi-
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Figure 6.4: (a) Stability diagram from Fig.6.2 (b) for a LVT NMOS with
Lg =34 nm, W = 210 nm at 4.3 K. (b)-(f) Coulomb spectroscopy analysis
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Lg(nm) Oox(aF) Cg(aF) Cg(aF) C’D(aF) EADD_l(meV) (0%
28 131 6.55 0.89 1.11 19.5 0.77
34 159 6.93 1.11 1.25 15.9 0.75

Table 6.1: 4 K quantum dots parameters for two NMOS samples with
Lo =28 nm and 34 nm and W =210 nm at V_wgerr = —1.8 V. Eapp_1
stands for the addition energy of the first additional electron.
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Figure 6.5:  (a) Typical Coulomb diamonds observed in short-channel
NMOS. (b),(c) Benchmarking of FD-SOI quantum dots with respect to the
Corner Dots observed in F-to-F devices (see Chapter 2), Si/SiGe QDs [56],
Si MOS QDs structures with two levels of gates [199], and six-phosphorus-
based QDs [111].

tion, they are similar to Fapp_s for F-to-F devices. Note, that Expp_1
between 25 — 30 meV for SOI nanowire QDs are most likely due to the
dopant-assisted confinement as discussed in Chapter 2. Even though Espp
can be as high as 40 meV for STM-defined phosphorous-based cluster of
dopants in silicon, it should be noted that each additional electron is added
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on a different dopant.

6.5 Problems with short-L; PMOS at 4.3 K
and possible solutions

In previous chapters, we already mentioned the crucial role of dopants
regarding the cryogenic behavior of short-channel PMOS, especially in the
subthreshold region. In Fig.6.6 (a) a 4 K stability diagram recorded at
Vps = =5 mV for a LVT PMOS with Lg = 34 nm is shown.

When Vpg is increased to —100 mV, contrarily to the case of short-
channel NMOS (see Fig.6.1 (a)), we observe in Fig.6.6 (b) a highly irregular
behaviour in the subthreshold region with more and more oscillations when
negative (FBB) voltage is applied.

The hypothesis about boron atoms highly impacting short-channel trans-
port is now supported with the stability diagram analysis. Indeed, in Fig.6.6
(c - d) we can see very irregularly-shaped diamonds with the additional en-
ergy for first holes (30—40 meV) reaching this of boron clusters coupled with
disorder-induced surface states as demonstrated with simulations in Chap-
ter 2. It is worth mentioning, that despite ultra-thin EOTpp0s = 1.7 nm,
the presence of high-x material and spacers (both of which are likely to
contain positive/negative charges and thus affecting low-temperature trans-
port) we have not observed such replicas and switching behaviour for the
NMOS transistors (EOTppr0s > EOTnp0s) as it can be seen from Fig.6.5
(a). Hence, we can conclude that the issues with low-temperature transport
in short-channel PMOS widely mentioned in Chapter 3-5, are likely due to
boron dopants diffused from Source/Drain regions.

Given a reduced impact of dopants when the gate length is increased
(the hole effective mass is higher than the electron one and thus holes are
more sensitive to the disorder which impacts the confinement of hole wave-
function), an important improvement in the subthreshold region at higher
Vps is expected. In Fig.6.7, a comparison using the SS — Ipg metric be-
tween two PMOS transistors with W = 300 nm and different Lq is shown.
In case of Lg = 28 nm (Fig.6.7 (a)) for both low and high Vpg, strong
oscillations can be observed below Vi thus, partially cancelling the effect
of reduced SS.

These oscillations visible even at Vps = —0.9 V would likely introduce
non-negligible instabilities in a cryoelectronics circuit built using CMOS
logic. Nonetheless, when L is increased to 46 nm, much more regular sub-
threshold behavior even for Vpg = —50 mV is observed Fig.6.7 (b) which
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Figure 6.6: LVT PMOS with Lg = 34 nm and W = 300 nm at 4.3 K (a)
Stability diagram Vgs — Vp_werr recorded at Vpg = —5 mV. (b) Transfer
characteristics under different body-biasing at Vpg = —100 mV of the same
device as shown in (a). Strong non-idealities in the subthreshold region
can be observed. (¢) Coulomb spectroscopy at Vp_wgrr, = 0 V revealing
irregular diamonds as well as huge E4pp of 30 — 50 meV for the first holes
which are consistent with the confinement on clusters of boron mixed with

surface states as discussed in Chapter 2. (d) The first holes observation at
strong RBB.

confirms that such transistors can be used for a robust digital cryoelectron-
ics circuit working at ultra-low supply voltages.

1.4 K stability diagrams for PMOS transistors with Ls = 46 nm and
W = 80 nm and 300 nm are respectively shown in Fig.6.8 (a - b). Here,
for a relaxed Lg, we do not see additional states appearing under body-
biasing. Moreover, comparing to NMOS devices, here the resonant peaks
corresponding to the first holes are in the form of doublets. Such behavior of
quantum dots can be understood from Fig.6.8 (c). Indeed, for Eorp > F¢,

144



CHAPTER 6. DUALITY OF SHORT-CHANNEL FD-SOI
TRANSISTORS: FROM FETS TO SETS

the first two holes are added on the same orbital paying the corresponding
charging energy. However, to add an additional hole, one need to take into
account the additional orbital spacing contribution [77].

The PMOS quantum dots parameters extracted from Fig.6.8 (d - e) are
summarised in Table 6.2.

W(nm) Cox(aF) Cg(aF) FEogpp(meV) Eq(meV)
&0 74.7 7.7 20.9 7.1
300 280 8.2 19.6 3.9

Table 6.2: 1.4 K quantum dots parameters for two PMOS samples with
W = 80 nm and 300 nm and Lg = 46 nm at Vy_wgrr, = 0.8 V. a = 0.75
is used for the voltage-to-energy conversion.

Given that we did not perform Vgg — Vpg measurements to extract the
lever arm parameter, herein we used a typical value observed in NMOS
devices o = (.75 for the voltage-to-energy conversion. Basing on the esti-
mated orbital spacing, we can estimate the 2D size of p-type QDs using Cg.
It leads to 20 x 20 nm? and 19.4 x 19.4 nm? for respectively W = 80 nm
and W = 300 nm. Note the relative size deduced from the energy level
spacing, is similar for both n- and p-type QDs. It is worth mentioning
that Eorp = 20.9 meV is almost the same as the one observed for the first
holes in a p-type SOI nanowire QDs reported in [93]. However, for the QDs
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Figure 6.7:  Comparison the subthreshold swing for PMOS with Lg =
28 nm (a) and Lg = 46 nm (b) at zero body biasing using the SS — Ipg
metric.
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6.5. PROBLEMS WITH SHORT-Ls PMOS AT 4.3 K AND POSSIBLE
SOLUTIONS

defined in the undoped nanowire, the geometrical dimensions were only
Lg = 25 nm and W = 10 nm. Therefore, the reason for such enhanced
quantum confinement in PMOS samples remains unclear. Recently, low
temperature characterization of a p-type Si MOS structure with two levels
of gates was reported in the first hole regime [40]. Eaipp = 12 meV and
a = 0.17 were found for the first additional hole.

Finally, both p-type and n-type quantum dots observed in relatively
wide FD-SOI transistors are characterized by an excellent tunability under
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Figure 6.8: Stability diagrams for RVT PMOS transistors with Ls = 46 nm
and W = 80 nm (a) and W = 300 nm (b) recorded at 1.4 K. (¢) The p-type
QD energy spectrum which explains the peak doublets observed for both
devices. (d), (e) Coulomb oscillations for the first holes from the cuts shown
with black dashed line in (a - b). Note that the energies and voltages are
related through the level arm parameter.
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CHAPTER 6. DUALITY OF SHORT-CHANNEL FD-SOI
TRANSISTORS: FROM FETS TO SETS

body-biasing, surprisingly high addition energy, and very small size as com-
pared to the lithography defined geometry. A statistical characterization
over many NMOS and PMOS devices of the same dimensions is still neces-
sary to understand the nature of such confinement in FD-SOI transistors.

6.6 Towards FD-SOI based circuits with
quantum devices

A cryogenic hybrid circuit combining a ring oscillator and an SET fab-
ricated using Leti’s SOI nanowire has already been demonstrated at 1.1 K
[181]. In this circuit, the finite DC current flowing through SET when the
AC signal from the RO was sent to the SET was observed. Following the
low-temperature characterization of isolated FD-SOI transistors presented
in Chapter 3 and having observed an excellent cryogenic performance of
ROs in Chapter 5, a first prototype to validate the use of FD-SOI analog
and mixed-signal circuits for quantum device control was designed by L. Le
Guevel. The schematic of a typical cryo-circuit is shown in Fig.6.9.
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Figure 6.9: On-chip analog and mixed signal circuits for quantum device
control (electron pump) fabricated with standard 28 nm FD-SOI technology.
High and/or low-frequency AC signals from ROs are send to the multiplexor
and then depending on the capacitive divider to the electron pump. The
quantum device consists of two SETs tunable with the RF signal. Then,
the read-out is performed with a cryogenic TIA. Taken from [210]

By measuring this circuit, DC/AC control of an electron pump com-
posed of two gates in series (Lg = 40 nm with heavily doped integrate
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spacing 136 nm) will be soon performed. Electron pump is typically a de-
vice which consists of two SETs (with metallic-like equidistant spectrum)
connected in series and controlled with RF signals [211]. Such devices have
been widely fabricated and characterized at low temperature in order to bet-
ter define the fundamental value of Ampere for metrology needs [212, 213].
In addition, cryogenic measurements of several important devices such as
the variable capacitive divider and the transimpedance amplifier fabricated
using FD-SOI technology will allow us to validate the cryogenic operation
of hybrid circuits containing both cryoelectronics and quantum devices.
Another probable follow-up of the on-going work based on the results pre-
sented in this thesis will be to modify/decrease the intergate spacing (using
either an additional e-beam lithography or advanced patterning techniques)
in order to create two quantum dots in series. Then, it will be possible to
perform a qubit experiment using industrial-level FD-SOI devices as it was
done for the first CMOS hole spin qubit in [26].

6.7 Conclusions

The main conclusion of this chapter is that standard 28 nm FD-SOI
transistors can host very small quantum dots at cryogenic temperature when
drain voltages are sufficiently lowered. Indeed, we demonstrated the FET-
to-SET transition for both N- and PMOS short-channel devices.

For the case of short-channel NMOS devices , large addition energies for
the first electrons are found : E4pp_1 = 19.5 meV and E4pp_1 = 15.9 meV
for the samples with W = 210 nm and Lg = 28 nm and 34 nm respectively.
Similarly, for the PMOS devices we observed Forp = 20.9 and 19.6 meV
for the first holes in samples with Ls = 46 nm and W = 80 nm and 300 nm,
respectively. Moreover, we have shown an excellent gate control with the
lever arm parameter o = 0.75 — 0.8 deduced from the Coulomb diamonds.

By analyzing NMOS devices with different Lg under forward and reverse
body biasing, For the case of Ls = 34 nm, we demonstrated that the effect
of quantum confinement can be highly decreased and thus, when Vpg was
increased to 100 mV, we showed a close-to-ideal subthreshold behaviour
which is fully suitable for ultralow-power cryogenic electronics as discussed
in Chapter 5. However, it was found that using the shorter Lg = 28 nm and
forward body biasing and, thus pushing the electron wavefunction toward
the back interface, will result in new complex states most probably due to
the coupling to disordered source/drain regions. We suggest that further
modeling can bring more light on the nature of such enhanced quantum
confinement at cryogenic temperature and low bias voltages.
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For short-channel PMOS transistors, the effect of boron diffusion For
the p-type device with Lg = 34 nm, Furthermore, the addition energies
exceeding 30 — 40 meV were extracted in the few holes regimes. We could
relate these states to the boron clusters mixed with disorder as discussed
in Chapter 2. Finally, a proposed solution to achieve both FETs and SETs
for PMOS can be to slightly increase the gate length. Indeed, at Lg =
46 nm both regular quantum dot states and very stable subthreshold FET-
behaviour already at Vpg = —50 mV were observed.

The 2D size of both p- and n-type quantum dots estimated from Cg
has been found to be much lower than Cpy imposed by the geometrical
consideration. Whereas the reason for such enhanced quantum confine-
ment in standard FD-SOI transistors remains unclear, the possibility to
co-integrate CryoCMOS and qubits on the same FD-SOI platform seems to
be very advantageous for large-scale silicon quantum computing.

We concluded the chapter by presenting recently designed on-chip ana-
log and mixed-signal circuits for quantum device control (electron pump)
fabricated with standard 28 nm FD-SOI technology.

149



Chapter 7

(General conclusions and
Perspectives

In this thesis, two major axes of quantum computing research are con-
sidered. First, we studied different types of quantum dots using close-to-
industrial Leti’s nanowire technology and the 28nm FD-SOI planar tech-
nology from the perspective of silicon quantum computing. Second, the
potential of 28 nm FD-SOI technology for CryoCMOS was investigated.

In Chapter 1, we discussed the choice and the advantages of CMOS-
compatible technologies for building large qubit systems. It was shown
that within the paradigm of electron spin qubit driven by EDSR, a special
design corner dots must be realized. Finally, the importance of cryogenic
electronics to efficiently drive qubits is emphasized.

Main results from Chapter 2 are the following. The Pauli Spin Block-
ade in the few holes regime is demonstrated in a p-type double gate device
governed by strong spin-orbit coupling with a small intradot spin relaxation
rate (limiting 77) of 120 kHz for the (1,3)—(2,2) transition. Then, as the
hole spin qubit performance is impacted by the closeness of Source/Drain
regions, a p-type device with four gates was used to efficiently tune the ac-
cess barriers of a double quantum dot. It can improve the coherence times
of the hole spin qubit by electrostatically decoupling the DQD used for the
qubit from the metallic leads. Regarding electron QDs, we extensively study
QDs under different body-biasing conditions. In the weak coupling regime
under zero Vgacx or RBB, we find that the experimental addition energies
describing the relative size of QDs (up to 25 meV for the first additional
electron) can be obtained by realistic electrostatic simulation without any
disorder. For the FBB regime, we have found that depending on the chan-
nel doping, a DQD in series can be obtained due to the cluster of dopants.
Finally, we have shown that either a CD or a DQD in series can be obtained
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in a geometry with two F-to-F gates and two access gates. It was demon-
strated that depending on the access barrier voltages, either a semi-metallic
island or quantum dot can be accumulated below the access barriers. The
promising results obtained from transport measurements serve as a basis
for using this geometry to demonstrate a two-electron spin qubit gate in
the future experiments.

The outcomes of the digital and analog performance analysis of 28 nm
FD-SOI MOSFETs down to 4 K have shown to be of great potential for
cryogenic electronics applications. First, we have found that at low tem-
perature the currents above Vppy are greatly increased due to the mobil-
ity enhancement even for Ls; = 28 nm for both NMOS and PMOS. In
terms of electrostatic control, it was demonstrated that this technology
not only offers the best SS — Ipg characteristics below Vrgy but it also
provides the capability to compensate the cryogenic Vpg-shift by keeping
Vru(T) = Vrp(296K). By comparing the same long-channel PMOS device
with and without channel doping, we argued that in terms of variability,
the SS — Ipgs metric, the effective mobility and the Vyg-shift, it is cru-
cial to keep an undoped channel. Then, long-channel device variability has
been discussed. We have shown that the 4 K variability is comparable to
room temperature and that almost identical SSrinsar — Ips were mea-
sured over 5 samples. In-depth analysis of the Vyg-shift on short-channel
devices together with the measurement of the access resistance, revealed
that the saturation in the Vyy(T') dependence is probably due to a par-
tial freeze-out of low doping LDD Source/Drain regions. However, it was
shown that the normalized overdrive current Iopgsar/W is the same for
NMOS and PMOS with W ranging between 80 nm and 1 pm. By analyz-
ing the Ioprin(La/W) (proportional to the low field mobility) for the case
of shortest Lg = 28 nm down to 4 K, a 4.3 K gain compared to 296 K of
approximatively +45% for NMOS and +63% for PMOS devices was found.
Also, it was shown that an efficient body-biasing capability is kept down
to 4 K and the body-biasing window is greatly enlarged. Finally, by ad-
dressing the cryogenic analog performance using the key parameters such
as the transconductance GGy, the output conductance GGp and the intrinsic
gain A,y = Gy /Gp, we have shown a great potential of 28 nm FD-SOI
technology for both base-band applications (requiring high precision and
low currents) and high frequency applications (where high gain and cur-
rents are needed). As a possible follow-up of this section, more variability
analysis should be done on a larger amount of samples and the role of
high-x dielectric in the gate stack (introducing additional RCS and SPS)
on the stability of SS — Ipg characteristics should be clarified. Moreover,
the low-temperature study of noise and the dynamic measurements have to
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be performed in order to be able to design an efficient cryogenic circuit.

In Chapter 4, we have developed a physics-based model explaining the
low-temperature saturation of SS(7T") below typically 35 K. By introduc-
ing a narrow 3 meV tail at the edges of the conduction and valence bands
and using the Fermi-Dirac statistics, we have well reproduced the satura-
tion of SS(T) from the experiment. Although SS values dropping down to
7—10 meV were observed at 4 K which already presents great improvements
in SS— Ipg, we were able, for the first time, to explain the low-temperature
behavior of the subthreshold current over more than 6 decades in FD-SOI
transistors. By analyzing the S'S — Ipg metric under different FBB condi-
tions, we have argued that the increased density of interface traps cannot
be responsible for the SS(7T') saturation. The DTMOS operation of short-
channel devices has shown that even lower SS can be obtained reaching less
than 3 mV /dec over more than four decades. Finally, by introducing a slight
exponential variation in the interface trap density by typically 10 — 20%,
we could qualitatively reproduce the SS — Ipg behavior thus paving a way
for an efficient cryogenic design of CryoCMOS. In the future, the devel-
oped model should be adapted to deal with the saturation of Vyy(T) in
short-channel devices.

Regarding the cryogenic performance of ROs down to 4 K, it was shown
that the optimal supply voltage can be reduced down to 0.3 V thereby re-
ducing the dynamic and static power dissipations. At the same time, a
small Energy-Delay product of 6.9 fJxps with 7p = 37 ps were achieved
at Vpp = 0.325 V under aggressive FBB. Moreover, we could correlate the
behavior of isolated transistors to that of RO down 4.3 K and thus conclude
that the load capacitance of a single inverter is only weakly dependent on
temperature. Additionally, the variability issues of short-channel transis-
tors in terms of Vg variations were discussed. It was shown that despite a
stronger Virp_paros-variability at 4.3 K, it is still possible to achieve an ef-
fective RO power management in the close-to-zero-Vry mode of operation.
Finally, the absence of hysteresis loops when operating the transistor with
Veack at a high sweeping rate at 4 K and the thermal budget constraint led
us to the conclusion that the optimal temperature for 28 nm FD-SOI cryo-
electronics will be probably close to 4 K to limit the freeze-out of backplane
doping. The next logical step after having analyzed the isolated transistor
performance and ROs down to 4 K would be to measure other basic circuits
such as SRAM and analyzing the device circuit variability. Moreover, the
power dissipation limits for the 4 K should be precisely quantified.

Finally, in the last chapter, we have demonstrated the duality of short-
channel FD-SOI transistors operation as FETs or SETs depending on Vpg
and Vpack at 4 K. Although the exact mechanism of the electrostatic con-
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finement in channel-wide (200 — 300 nm) still needs to be further inves-
tigated, very stable and high-F4pp (up to 20 meV) electron QDs were
reported in the planar FD-SOI devices. By benchmarking these QDs with
respect to the common Si-platforms, we have shown that 28 nm FD-SOI
technology has a great potential for qubits. Indeed, it would be of great
importance for scalable quantum computing to have both CryoCMOS and
qubits designed within the same technological platform and then fabricated
on 300 mm wafers as a single circuit. The role of enhanced boron diffusion
from S/D regions on the short-channel device stability in the subthreshold
regime was explained with Coulomb spectroscopy at 4 K. In this case, we
have shown that the first holes are most likely to be confined on dopants for
the shortest Lg = 28 nm which can be problematic for both SET and FET
operations. Then, by relaxing L to 46 nm, we have demonstrated that
a stable SS — Ipg behavior can be achieved and electrostatically confined
hole QDs are found when Vpg is reduced to 20 mV. Finally, as a future
work towards the co-integration, we presented a prototype design for elec-
tron pumps driven with ROs and read-out with a cryogenic transimpedence
amplifier within the same technological platform. If a small intergate pitch
(30—40 nm) between two gates in series can be achieved either using e-beam
lithography, EUV or advanced gate patterning, a similar circuit containing
"qubits + CryoCMOS’ can potentially be realized using the 28 nm FD-SOI
technology.
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