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* What is a single electron transistor (SET)?
 How SET operates?
* Why we need SETs? Applications?

« What technology should | use to fabricate an SET? Can I do it in an
academic clean room?

* Is SET technology compatible with silicon CMOS? Is it possible to co-
fabricate them?

* Any benefits in the co-design of SET and CMOS on silicon platforms?
Low power? Speed? Other functionalities?




SET is a 3-terminal electronic switch using Coulomb blockade

Single Electron Transistor MOSFET

SET MOSFET

Géte
Source Drain

/}\ conductive
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Electrostatics of charged dots: Coulomb repulsion

Repulsion force
from charged dot
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* The key point 1s that charge passes
through the island in quantized units
For an electron to hop onto the island, its
energy must equal Coulomb energy, e2/2C.

* When both the gate and bias voltages are
zero, electrons do not have enough energy to
enter the i1sland and current does not flow.

- As the bias voltage between the source
and drain i1s increased, an electron can pass
through the island when the energy in the
system reaches the Coulomb energy.

* This effect 1s known as the Coulomb
blockade, and the critical voltage needed to
transfer an electron onto the island, equal to
e/C, 1s called the Coulomb gap voltage

Equivalent
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’Vd =—el(n)+
! g (M+

ALE\g =ely -el(n) + L,
AEQR — =€ Vg + eV(n) + Ec,

gate 2

tunnel junction C, R,

SET electrostatics

- Potential of the island as a function of the number of electrons for a SET with two gates:
V(H) — (-Hé’ + Q() + Cl Vl + C2 V2 + Cgl Vgl + ng ng)/Cz
The energy for an electron to be placed from ground to the island:

(s=C; +C, + Cg1“|‘Cg2+C0.
Four tunnel events — if any of these energies is negative tunneling takes place:

ALy, =-el) +el(n) + E.,
AEZL — eVz -€ V(H) + Ec.

1sland LR,
\o,

G

\ .
¥ stray capacitance

©Adrian M. Ionescu, 2023



« SET principle (orthodox theory): K.K. Likharev, 1985
« SET first experimental validation: Fulton & Dolan, 1986

Orthodox theory of Single Electron Transistor

* Tunnel resistance is much higher than quantum resistance:

Rips >> Rg = h/e?=25.8kW )
’ e
* Quantization of energy is neglected : AExAt>h— —x RTC > h
Ex << kgT ou E¢ <<E C
* Tunneling time is neglected: ~10-14-101% s h
. o R. >R, =— = 25.8kQ -
* Co-tunneling (multiple) is neglected T Q e2 2
. . R, is not ‘real’ resistance ;
SET is not a real quantum device: but a quantum
% charge 1s discrete phenomenological z

N/

% energy & current are not resistance




Single Electron Transistor MOS transistor
(SET) (MOSFET)

MOSFET
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- many electrons simultaneously

 electron conduction is one by one (})

o
N
o
N
e
O
wn
)
o
o
—
=
<
g
=
e
<
©

* drain & gate control Coulomb blockade (CB) participate to the conduction

Ry > Rg~26kW - junctions highly transparent
* needs very small island (~1nm) for room * works inherently at room
temperature operation temperature



Key conditions (criteria for good

C-SET T=300K design & fabrication):
100

50K

1 [gate 20 1) Electron localized in the island
| ‘% :
f 01K R, >h/e” =R, =26k

drain

Drain Current, | ps (nA)

source / \

< P
Coulomb blockade Threshold 2) Charging energy higher than

region VOltage thermal energy

\ \ e E.=e°/2C, > kT

-20 0 20 40

Drain to source voltage, Vps (MmV)
E. >> kT

Low Vp, current is zero: device is under EC = (10 - 40) kBT

Coulomb Blockade

DAdrian M. Ionescu, 2023
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Drain Current, | ps (nA)

I

peak

-50 0 50 100 150

Gate to source voltage, Vgs (MV)

e C, (1 Cg,

= VDS/2(RD + RS) Vpeak =

T 5~ |VDs

2C., C, (2 C;

* Current oscillations with V4
resulting in positive and negative
values of the transconductance for
the same device:

this is a fundamental difference
compared to MOSFET

transconductance
* logic can be built with a unique
type of transistor (no need of p and

n types)

Q: Conditions for
room temperature?

DAdrian M. Ionescu, 2023
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Drain Current, | ps (nA)

SET |-V characteristics: summary

High temperature: CB cancelled

10
8 - C-SET % A : _
6 - drain bs=30m
R
2 || .
0.1K 8
0" -
source %
2] £ 50 K _
4 N—Pi (é 5 g Perio
Coulomb blockade o R .
6 - I ’ region i . Co=2aF 20K — e/CG
8 - : i 10K
! i Ves =30 mV K
-10 ‘ - ; ‘ ‘
-40 .20 i 0 2:0 50 100 150
Drain to soijrce voltage, Vps (M) Gate to source voltage, Vos (V)
EL v o~ " Low temperature: CB works
<o Vo (Tl Vo E. —e2/2C, > kyT
iCB works | CB cancelled o z - KB

SET has two threshold voltages, in VG and VD!
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* no easy-to-derive analytical expression of SS for quick comparision

« similations of SET: SS 1s not better than MOSFET @ room temperature ~ 300K (looks
even worse >100mV/decade)

* Interesting values for T < 20K, as many issues with MOS at such low temperatures
(the slope saturates)
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* The origin of the background charge problem is the extreme charge sensitivity of SET's. A
single charged vacancy or an interstitial ion in the oxide near a SET can be enough to switch
the transistor from the being conducting to being nonconducting.

* Needs quasi-ideal (charge-free materials) or adapted circuit design for charge-induced I-V
shift compensation.

Charged lock loop that
automatically tunes away the
background charge (BC).
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12
Possible theoretical R-SET
solution, resistive SET, g | drain T2300K
R-SET: | = gate &7/ )%f 100K
» Issues are the resulting <= 4- n N 50K
— ~N
gate current and k) | | ol
practical S 0- source 0.1K
. . =
implementation of 3
: : = < > )
such resistance in g 47 Coulomb blockade region - S
=]
nanotechnology: Cro=Crp=1aF
* Never reported in i 8- Re = Rip = Rig = IMO ¢
practice. Vs =15mV
-12 | | | §
-80 -40 0 40 80

Drain to source voltage [Vps] (mV)




1000 T

Dimensions needed for 300K
Room Temperature (RT) ¢ | .
. g 100 1 %
Operation = :
-§ 10 + ’:t
N~~~ S El
= Il
Sub-1nm 1
. 0.1 1
DOt S1ze fOI‘ Total island capacitance, Cy (aF)
operation @ T~300K |
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E. =40k, T C =

* Replace g, with ggin,




Digital SET ICs possible with the same type of SET,
achieves ultra low power consumption

- Almost all digital CMOS ICs can be replicated with SET but they

lack current drive and speed! 15 e
. T=0.1K Vop =20 mV
- SET inverter Rrs = Rrp = IMQ
Cg=3aF
. N o —_ CTS=CTD=1aF ] -8
- with two identical SETs 2 1
C . . = S S 5
* power dissipation is essentially 3 i =
static: ¢ A | =
@ 3 107 = S
= ] ® =
Power ~ 10-3-10° W S E 2
4-5 decades lower than CMOS! 32 5 -
o . 8 10-10:‘> ;
* very sensitive to temperature: -
works under Coulomb Blockade E
-vdd Power @ 0.1K (W) ©
-15 . . . 10"
-20 10 0 10 20

Input voltage, Vin (mV)




* Q1: What type of nanotechnology should to use for the
fabrication of SETs?

* Q2: Which tools and materials?

Two solutions:

1. Top-down fabrication of SETs: metal and
silicon SETs.

2. Bottom-up fabrication of SETs.




Single-island Single Electron Transistor

dielectric 117
: Cor

* Materials: conductive island and S, D, G, separated by
thin insulating layers.
* Dimensions?

< 10nm 1sland

~few nm tunnel oxides.

©Adrian M. Ionescu, 2023



l-Dimensiun Si Wire

Corain

Single-island Single Electron e X T

1-Dimensional Si Wire

Y

[}
( Superficial

PAD OX Silayer  (b)

Transistor

(@)
* NTT research laboratory introduced PADOX 5 o
(PAttern Dependent OXidation) techniques °f w2
for fabricating SET devices on SOI. af 17 7

conductance (uS)
(95 ]
8
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* The process 1s based on the thermal oxidation 61K S
ey . 2 -
of a short silicon wire, whose two ends are ; “/x A
connected to wide Si layers: building-up stress RE =S N
induces equivalent tunnel junctions! "0 2 ‘
(c) gate voltage (V)

* Thermal oxidation of silicon 1s one of the most
stable and controlled processes in CMOS

technology, PADOX also appears to be a very
reliable technology for CMOS-SET co-fabrication.
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Bandgap reduction by
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PADOX & V(ertical) PADOX techniques

Trench technique for twin island
fabrication by thermal oxidation

Fine trench

Buried oxide Thick reginn
Si substrate of the Si wire

(a)

L Twin Siislands

(b)

Realisation of aF capacitances:
Operation @ ~30K

—
o

T=30K O

o

8

Gate Capacitance (aF)
n

-

0 100 200
Designed Wire Length (nm)

300
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 Different channel cross-section shapes and dimensions can obtained with the same
process: pentagonal, triangular and circular.

* Technology characteristics: no SOI and no e-beam litho.

B
v > 0. 4” Si wafer {100}
— 15 -3
Boly R R Boron p=10*cm
tilicon
B!
AA’ lateral cross section BB’ channel cross section
Spacers< 1. 25nm growth SiO,
Sio, Nitride Spacer =) 100nm LPCVD nitride

_ Lithography (optical)
'!!!!!!!!!!‘!!!!!!!!!!!!!t!!!!!!!!!!!!!!!!!!!!!!!!!!!!ﬂiiiii!!' sotropic =, > Isotropic Si etch

dry etch ~ — cer . .
N Sacrificial oxidation
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Top-down fabrication of Gate-All-Around Nanowire

Single Electron Transistor

LTO N

‘/Wire
Pad Pad
__ Source Drain —
Silicon

X

/Silicon wire
x
N

Silicon

Phosphorous implantation

P

Pad

— Source

Silicon

AR

Polysilicon

e
Pad

Drain —

Phosphorous implantation

Vi

RN

~>> Polysilicon

LTO

Silicon

(b)

2. Wire release (BHF)
LTO deposition
Planarization
Wire release

3. Gate oxidation (20nm)
Polysilicon deposition
Gate lithography + etch
Implant + anneal

(a) Released Si wire

(b) Triangulair Si wire

surrounded by 500nm
PolySi
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Top-down fabrication of Gate-All-Around Nanowire

Single Electron Transistor

AIST 1% 7 AlSi 1%
} 1 v 4. LTO passivation
LTO Contacts opening
Polysilicon ~>  Polysilicon Metal sputtering + etch
LTO PMA

|;Iicon —| Silicon

GAA polysilicon structure
after etching

©Adrian M. Ionescu, 2023

FIB cross section of a
triangular wire.

V. Pott et al, Proc. of ESSDERC, pp. 427-430, 2006. Tox Is 20nm.



TEM: 1-2nm corner radius
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Y Dimension [nm]

Simulation
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« Important for low channel doping densities
X Dimension [nm] (<5-107cm-3).
Channel doping: p-type 1017cm?3 » Displacement decreases with increasing V. ®
Gate doping: n-type 101°cm-3
Threshold voltage: oV

Gate oxide thickness: 12nm



|
|
Sub-threshold I Above-threshold
|
107 |
< 1 1
0 N 45nm
4 r—
C
S 10 T W 30nm
3 Si0, !
put M
= .
()] 10 : T=5K
. Vp=1mV
: Measurement
] |
102 I | | §
-0.6 -0.5 -04 -0.3 2
Gate voltage Vg (V) 7
E
Wequiv=120nm E
L = 1lum SET oscillations in small devices and at low temperature (<20K) 3
T, =20nm Depletion to weak inversion: with oscillations
T = 5K MOS above-threshold: no oscillations




Drain current I (A)
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Gate voltage Vg (V) =
=
Wegquiv=120nm 7 oscillations observed in weak inversion 3
L  =600nm |, peak = 10 pA
T, =20nm CB period AV = 20mV (Power FFT)
T = 5K Extracted SET gate capacitance C;=e/V;=8aF




Coulomb gap in GAA NW SET

Drain current Iy (nA)

100 -
45nm
——
80 - J
v 30nm
60 - _ 1 .
SiO, Blockade region:
40 -10mV < Vp <10mV
: ' T=20K, 10K
20 ] é: ;:
0 | Vg = 200mV
-20 //
-40 |
-60 |
-80
-100 \ \ \ I\ \ I\ \ \ \ \

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05
Drain to source voltage Vp (V)

Silicon nanowire biased in weak inversion
Coulomb gap of 20mV centered at V=0
Linear characteristics (no Coulomb Gap) at T=77K
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Drain current Iy (A) = lggt + leet

102 - . A 3
Vp=1mV ! : 8
10 | v |
Model lseT + lret !
10—11 :
:
|
1
1
! lger * ket
: T
: SET _
! oxide  corner with
-14 "
107 MOS sub-threshold: | MOS above-threshold: SET dot
] SET behavior ! FET behavior
10-15 7 ‘ I \: T T T 1
-0.26 -0.24 -0.22 -0.2 -0.18 -0.16 -0.14 -0.12

Gate voltage Vg (V)

I-Vg simulation based on Iyanowire=lsetH et

SET: based on orthodox theory (MC simulator) —

FET: based on EKV modeling —
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Point contact
channel

(a)

2.0

15

Id (nA)

0.5

0.0

Si-substrate

1.0 |

Vds=1mV SIMOX
T=20K SOI=28 nm
Sln%—lcel'_lanl;leple S”lgllaenne]
ransistor Electron
’ —, Transistor
1
| 200 ‘: JK
AW A il

U2 <10 -8 -6 -4

(b)

-2 0 2 4 6 8

Ve (V)

10 12

* very narrow point contact
MOSFETSs are fabricated on SOI
wafer using electron beam
lithography and anisotropy etching
technique. The width of the
constricted point contact channel is
less than 30 nm.

* When the positive bias 1s applied
to the gate, the electrons are
induced in the channel and device
operates as normal SET. In
contrast, when a negative bias
applied, the device acts as a SHT
(Single Hole Transistor).
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CMOS and SET and highly complementary as functionality and
performance: co-design can offer added value for new applications.

Comparison Between Advantages and Limitations of SET and CMOS Technologies

operable technology

SET CMOS
Advantages Nanoscale feature size High gain and current drive
Unique Coulomb blockade High speed
oscillation characteristics Very matured fabrication -
Ultralow power dissipation technology S
Limitations Low current drive Sub-10-nm physical limits §
Lack of room temperature Power density E
2

©

Background charge effect




Example of hybrid CMOS-SET circuit

SETMOS: How does it work? We amplify the oscillations of a constant current

biased SET by a MOSFET (co-integration is required):
« period dictateed by the SET
« current peaks dictated by the MOSFET amplification
 Hybrid operation principle

lous= 40 NA T=-100"C
Drain

—U

lus D * Oscillations with peaks

. ' | ':T , @ microAmp range enable
E ﬁ c ’ new apps: (i) negative
] Vm\p ] differential resistance Ics,
Vs v\* 47V (i) oscillators, (iii) analog

amplification @ very low
Source .l current.
g /ﬁv‘ﬁ\l « Cryogenic operation is
= ~6/C,
needed for the SET - N
> -1.0 0.5 0.0 0.5
Gate-to-source voltage, V. (V)

Drain current, /; (eA)
= — ] [ 4 [y | [ ] —d = =] (=]

v

Vﬂ.’.‘ (V)=
1.6
e/C;

1.0



A solution for the SET-FET co-integration:
Multi-Gate FD-SOI SET

Vps=5mV

{ === | eft barrier
= == Right barrier

~
o

10mK 4K

w
o
L

Vi = Vaur
[mV] 2740 2500

SOURCE

=
o
1

- T=10mK
- T=4K

Drain current, lps [nA]
S

o
1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Barrier voltage, Vg [V]

- Simple patterning of top-gates through lithography

- Complete vertical depletion through barrier gates SET
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- Volume inversion f§ ECSETHqDotE EVPG
R — b | [+
- Optimal candidate for hybrid CMOS/quantum circuits é EJ' i
- Low power consumption (FD-SOI) e L -
* Threshold tunability through back-gate bias Ve Vb

F. Bersano, ESSCIRC, 2022, pp. 49-52



Multi-Gate FD-SOI SET/FET
characteristics

N W W b
u O U O
o o o o
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O Stable peaks with periodicity dictated by gate capacitance
(dimensions of the dot and dielectric)

U Broader peaks at 4K compared to mK

0 SOI enables the engineering of a back-gate

Drain to source voltage, Vps [mV]

F. Bersano, ESSCIRC, 2022, pp. 49-52.
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From Quantum Dots to Spin Qubits

Let’s take the example of Silicon.
Quantum dots

Bulk 20 Valley
(a) ¢ | s A Splitting
(& “."g CB minimum __.+' 4——fnl r *'.F_.E,EE
< .
s:g“, (W degenerate X E,

’ .
c ¢ e

C T

l'—Iih Ve ,/—x B
o) E 2-fold —l | 8UB
7

4

O Valleys degeneracy it split by quantum
confinement

1 Conduction band
minimum xé

OIsolation of a 2 levels system given by

Jeaw hﬂ'W quantum confinement and Zeeman splitting
\_- Light holes

do Energy (eV) o

O But can we use the same materials

Split-off band engineered for CMOS also for spin qubits
o e 2 - ko architectures?
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Example of spin qubit architectures

LA B1 P1 B2 RA d Inspired by FET technologies
| | | | | O Confinement along x,y,z given by electrical gates and
semiconductor geometry (planar, finFET, nanowires...)
0 Quality of interfaces and materials are very important for the
coherence of the quantum state and the definition of a “clean” 2-
Source Dot Drain levels system.
0 Most of spin qubits architectures implement SETs, why?
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( Gate 1 }
Veldhorst et al., 2015 CEA LETI, 2016 Geyer et.al, 2020




Qubits readout via an electron reservoir and
SET capacitive coupling

Elzerman protocol : one of the simplest way to readout the spin state of an

electron/hole
Vs

SET sensor
! i ____________ Er
: :‘g :CSET<—>qDot VPG El[..17
e | | . °
P S
O

Vee Vb
0 Readout based on the detection of charge transport L , : =
. I . i S
through a pair of quantum dots A . . g
Inject & wait §
. . . = " S
dSingle Electron Transistor is used as an 1 o Read-out oty -
(14 29 Ll * —— 2
electrometer”, very sensitive to charge fluctuations N - . Time =
LThe same architecture 1s used for other readout < | 0.0 In A X { a0 -
Out In
protocols —1 5

Michael Allan Fogarty. Spin-based quantum computing with silicon mos quantum dots. 2018.



SET for readout in Quantum Computing

with spins

= ISSG Si0, = Si

00 000000 00

(b) = ALD Si0, mALD TiN O 2DEG

(@)10?
| EI.DS
< 10'HRB=3V £
N . b
o =
5 100 |- JRorm-on threshold s 0.7
518 S
i ¥ =
20N 20.35
‘~ --300K w
102 = 1.6 K i
1 2 3 4 0 1 2 0 1 2 Q

0 \ Maximum sensitivity is
3.905 3.91 3915 3.92 3.925

TopGate voltage (V) LeftBarrier voltage (V) Right Barrier voltage (V)
Top gate voltage (V)

Dumoulin et al, IEEE EDL, 2020.

O Prototype spin qubit device in a 300
mm process, using state-of-the-art,
CMOS-compatible process steps

0 Dots with charging energies of 1-2 meV
and sizes of around 46 nm

0 Well-formed single-electron transistors
with a feature size of 50 nm, individual
electron controllability and show multi-
gate control uniformity from room-
down to low-temperature.

OSET used as a charge sensor to
readout the state of spin qubits
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Quantum dots on ultra-thin SOI nanowires
for enhanced electron spin qubit control
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O Based on Coulomb blockade for electrons
O Same process flow as the SET adapted for spin qubit devices
O SOI nanowire to optimize quantum confinement in 2D
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Bersano, F., et al., 2023, June. IEEE Symposium on VLSI Technology and Circuits (pp. 1-2).




A CMOS silicon spin qubit (with holes)

Bias tee
Vas |

Electrically driven coherent spin manipulation.

a) 3D schematic of a silicon-on-insulator nanowire
FET with two gates, gate 1 and gate 2. Using a bias
tee, gate 1 1s biased with a static gate voltage V,;
and to a 20 GHz-bandwidth line, used to apply the
high-frequency modulation necessary for qubit
c i Initialization, manipulation and read-out. (b), (c)
e Colorized device views.

(a) Color plot of the source-drain

b c :
ks Vi ..  current Isd as a function of o
< Spin blockade% Spin blockade 4 | okl . . =
45 i lﬁ\%‘ . L 1 o magnetic field B and frequency. P
4.0 o Y = = 4 £ . . . 2
35\ ‘\Mv/‘ _ I il* N I °° Electrically driven hole spin g
: I 1o USSR, |- 0.6 . k=
o B g " ||[,, resonance is revealed by two .
20 Initialization| Manipulation| Read-out * ‘ & ; : g
. e P o enhanced current ridges. The g
YT . ] ‘ i ;f 0.0 barely visible upper ridge 1is 2
. I i L . . . ©
-040 -030 -020 -0.10 012 016 020 indicated by a white arrow.
B(M B(T)

Maurand, R., et al. Nature communications 7.1 (2016)




« SOI Electron spin qubits
« Nanomagnets integration
« SOI Hole spin qubits

beam #2

beam #3

Ebeam #1
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Fabrication of SOI NW Spin Qubits

FD SOl MOSFET

Ultra-Thin BODY Undoped Channel & no Pocket
Excellent Electrostatic Control of the channel Less V, variability & SRAM V,;, improved
Low SCE, DIBL = Low V, @ High Vg Lower Power Consumption

Gate length shrink = continue device scaling Reduce Temperature dependency & no RDF

e -]
OurCe - . . . . .
Y Ubra-Thn Bured . I . Ti/Pd: first metallization layer

Cr/Co: second metallization layer

Total Dielectric Isolation & Ultra Thin BOX . . . . .

Lower SD capacitances & Lower SD Leakage Body Biasing (BB) - FBB & RBB T]./Pt. thlI'd metalllzatlon layeI'
Less Sensitive to Temperature Speed boost due to BB

Higher power efficiency GP Implantation - V, adjustment

SEM picture of
a single dot
NW device
after
patterning the
metal layers.

Possible advantages of FDSOI
electron/hole spin qubits:

* Device-to-device 1solation
* Low doping
» Back-gate
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Spin Qubit Architectures

B Al Co Bersano, Fabio, et al. "Quantum Dots
R . Array on Ultra-Thin SOI Nanowires
INvgp with Ferromagnetic Cobalt Barrier
Gates for Enhanced Spin Qubit
Control." 2023 IEEE Symposium on
VLSI Technology and Circuits (VLSI
Technology and Circuits). IEEE, 2023.

SEM/EDX
picture of a
double dot
FDSOI NW

device.

In a practical spin qubit device, it’s typical to require two quantum dots, as this configuration
allows for the manipulation and coupling of individual electron spins to perform quantum
operations. Additionally, a ferromagnetic component is integrated to provide the necessary
magnetic field control for these electrons. This ferromagnetic element generates a localized or
slanting magnetic field, which is essential for enabling electron dipole spin resonance (EDSR) and
for achieving precise spin manipulation through electric fields.
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- SET is a unique nanoscale device working with discrete charge tunneling; periodic
transfer characteristics under Coulomb blockade (orthodox theory)

* 1sland ~ 1nm for room temperature operation

« SET fabrication is very challenging: nano-scale features, defect-free materials,
possible by both top-down and bottom-up techniques

- PADOX (Pattern Dependent Oxidation) technology was proposed for single island silicon
SET fabrication with most successful results — SET logic operation a few tens of K

- multiple-island SET by ultra-thin nanograin materials is easier for room temperature
SET but the electrical characteristics are more irregular and are only suited for memory
applications and not for logic circuits

* use in metrology
« co-integration of SETs with CMOS for new hybrid functions: hybrid ICs

* New timely and trendy direction: SET AS SUPERSENSITIVE QUBIT READOUT @
CRYOGENIC TEMPERATURE
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