TOPOLOGICAL OPTIMIZATION OF INTEGRATED INDUCTORS IN FD -SOl
TECHNOLOGY FOR RF AND QUBIT CONTROL APPLICATIONS: USE OF MAGNETIC
AND SUPERCONDUCTING MATERIALS AT CRYOGENIC TEMPERATURES

Franck Sabatier

Under the supervision of : Dr Philippe Galy and Pr Dominique Drouin

Examination Committee:
Florence PODEVIN
Professeure des Universités, Université Grenoble Alpes (Examinatrice)
Jean-Baptiste BEGUERET
Professeur des Universités, Université de Bordeaux (Rapporteur)
Christian MARTIN
Professeur des Universités, Université Claude Bernard Lyon 1 (Rapporteur)
Fabien NDAGIJIMANA
Professeur des Universités, Université Grenoble Alpes
Marie-José GOUR
Professeure des Universités, Université de Sherbrooke

' Institut
626 - A - . interdisciplinaire ’l
L @ ; -/ d’innovation
P et ab Université / ) technologique [UpS | life.augmented

Grenoble Alpes

December 6, 2024



A Study context

A EM simulations of identified levers
A NiFe deposition process
A Inductors measurements
A Superconducting thin film silicides
A Innovative gate magnetic structure

A Conclusion and perspectives



Context



Contextr Inductors In RF
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2.8-t0-5.8 GHz harmonic VCO in a 28 nm UTBB FD-SOI CMOS process

(Operates at room temperature)

Fanori. L.. IEEE RFIC Inductor occupy 60 % of area of RF integrated devices .
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Contextrt Place of inductors in quantum
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Contextr inductor technology for quantum
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Cryo-CMOS system for the readout of the state of spin Optical micrograph of the multiplexing
gubits integrated in standard 40-nm CMOS technology Chip using NbN inductors

Different technologies of inductors are used in quantum

J. M. Hornibrook, Appl. Phys. Lett. (2014)
Peng Y, Solid-State Circuits, [2022]




Contextt Quantum computing revolution

Quantum superposition Works at cryogenics
of 2 states temperatures

Field impacted by quantum computing : fundamental physics
research, telecommunications, cyber and software security,
energy, chemical s, phar maceuti ci

Saltan & Hyrynsalmi, ICSOB | Quantum computing will bring many benefits in its path 7
Companion [2022]




Context- CMOS technology

Back end of _J
line (inductors )

Front end
of line

CPU of the Samsung Galaxy S6 : the Exynos 7420

Etienne Sicard, thesis, [2017] 3
D. James, chipworksrealchips.blogspot.com, [2015]



Contextt Summary of RF and quantum requirem

Inside the LNA

Qubit readout

Inductance Few nH 8071 400 nH
Not measured in
literature but
Q-factor ~18
probably about
hundreds
Number of turns Few from 20 to 150
Working frequency 0.2 -10 GHz 400 MHz
Working temperature 4 K few mK
Technology CMOS for RF custom
Track material Copper and/or aluminum NbN or Nb
Inductor type rectangular/octagonal Spiral

Inductors specifications inside LNA and qubit readout circuit




ODbjectives and problematic

How can the Q-factor and the intrinsic inductance of
integrated inductor structures in 28 nm FD-SOI, be improved
for use in qubit readout systems and RF applications?
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Selected paper of literature
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Levers for higher performance inductors

A Design and material used in inductor
A Using a shield to lower inductor-substrate interaction
A Adding soft magnetics materials

A Use above-IC method
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EM Simulation



SimulationT iInductor geometry

\nsys

A 3D EM simulator: HFSS

HFSS
A 2.5 D EM Simulators: Momentum and FAST
_— ®
Cd d ence A Typical simulator for inductors
Momentum
FAST (ST)

Quantifying the impact of the different identified levers
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SimulationT inductor geometry
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Simulationr investigation of 3D magnetic structures

3 View:

Inductor with patterned magnetic material

Inductor with unpatterned magnetic material

Cross section view:

[ 1 Magnetic Materials

Silicium dioxyde
- Silicon substrat
Inductor track Confine structure

Evaluation of magnetic material impact iy




Simulationr investigation of 3D magnetic structures
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Soft magnetics material impacts the inductor performances
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This study was done at room temperature



Simulationr investigation of 3D magnetic structures
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Plain magnetic material

Soft magnetics material patterning impact Eddy current flowing

At room temperature

Jvol [A/m*2]

'Max: 1.155E+11

6.217/E+10
- 1.551E+10
3.8/1E+08
9.661E+08
2411E+08
6.016E+07
1.501E+07
3.746E+06

9.349E+05
. 2.333E+05
5.822E+04

"Min: 5.267E+04

18



Simulationr Effect of metal shield addition

Shield Inductor

Top view:
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\ Inductor
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Simulationr Effect of metal shield addition

Cross section

Substrate

At room temperature

Inductor

Cross section
Inductor

Substrate

Controlling inductor -substrate interaction
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Simulationr Effect of cryogenics temperatures

100

Quality factor

- Classical Inductor
- Inductor with Cryogenic Track Il
-100 | |
1E8 1E9 1E10 1E11
Frequency (Hz)

- Inductor with Cryogenic Track
and Shield

Inductor with Cryogenic Shield
Increasing inductor quality by lowering temperature 21
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Simulation conclusion

A Inductor geometry influence the performances
A A wide chosen shield shape could enhance the quality factor
A Magnetic material could enhance the inductance but lower the quality factor

AChoosing high conductivity material f
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Deposition Process of NiFe



Deposition of NIFe ST Inductor set
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life.augmented

A Spiral inductors

A 2 inductors geometries

A 210 5 turns

A For RF application

A Reuse of NiFe

A 65 nm SOl mmW

A Process development
done at 3IT ( Sherbrooke)
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Deposition of NiFe Soft Magnetic Material

deposition

A Chosen magnetics material: Ni45Fe55
A Electrical resistivity: 40 pg .cm
A Seed layer: 30 nm Titanium / 100 nm copper

- dat AP2a0E0258 ag = Wi dhwnel| HY curr | 10 pm
D 95147 AM 2 000 = 4. 20.00 ps 10,00 kV 65 pA Axia ChemiSEM
NiFe is compliant with literature 25



Deposition of NiFe Established process

Process flow:
Mask alignment
Patterning
photoresist

C4F8 etching
02 Cleaning
Ti/Cu Blanket
Deposition
Resist patterning
NiFe Deposition
lon milling
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Deposition of NiFe Established process

Process flow: Photoresist
Mask alignment ]

Patterning
photoresist
C4F8 etching
02 Cleaning
Ti/Cu Blanket
Deposition
Resist patterning
NiFe Deposition
lon milling

NiFe was successfully deposed around the inductor 21



Measurements



Deposition of NiIFe Temperature variation

Unpatterned NiFe was used in this work.
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