
IEM Distinguished Lecturers Seminar EPFL. 14.05.2025Frontiers in nanofabrication for IC

Nanofabrication contributions to 
the future of integrated circuits: 

ultimate power consumption and 
quantum computing

Francesc Perez-Murano
IMB-CNM, CSIC
Francesc.Perez@csic-es

1



IEM Distinguished Lecturers Seminar EPFL. 14.05.2025Frontiers in nanofabrication for IC

2

Shown at the SPIE Advanced Lithography and patterning conference.  San Jose, CA. February 2025

Eric A. Karl "Evolutions in technology enabling the AI era", Proc. 
SPIE 13425, DTCO and Computational Patterning IV, 1342502 (23 
April 2025); https://doi.org/10.1117/12.3056887

https://doi.org/10.1117/12.3056887
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NO!!!!

Has Moore’s law era ended?
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Moore’s law

Miniaturization in microelectronics for more 
than six decades has enabled increased 
performance of integrated circuits (ICs) with 
reduced power consumption per device. 

Electronics, April 19, 1965
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Eric A. Karl "Evolutions in technology enabling the AI era", Proc. SPIE 13425, DTCO and 
Computational Patterning IV, 1342502 (23 April 2025); https://doi.org/10.1117/12.3056887

https://doi.org/10.1117/12.3056887
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Microelectronics
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Hans Mertens. Imec.  SemiconEuropa, TechArena, Advanced Materials Session, 15/11/2017

Alberto del Moral. PhD Thesis

Integrated circuit technology

Current density integration: 109 transistors per mm2
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Christophe Fouquet. ASML. Scaling to support Moore’s Law through the AI era. SPIE Advanced Lithography and Patterning. San Jose, CA. 2025 8
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9Michael Wu. TSMC. Riding the wave of AI with semiconductor technology innovations. SPIE Advanced Lithography and Patterning. San Jose. 2025
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New players: 3D Integration

CMOS 2.0 

Wafer to wafer 
bonding 

System on Chip 
(SoC)

Design-technology 
co-optimization 

(DTCO)

Backside power 
delivery  network 

(BSPDN) 

Dense 
logic layer

https://www.imec-int.com/en/articles/cmos-20-bringing-heterogeneity-inside-system-chip
10
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Michael Wu. TSMC. Riding the wave of AI with semiconductor technology innovations. SPIE Advanced Lithography and Patterning. San Jose. 202511
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Michael Wu. TSMC. Riding the wave of AI with semiconductor technology innovations. SPIE Advanced Lithography and Patterning. San Jose. 202512
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Datta, Suman, Wriddhi Chakraborty, and Marko Radosavljevic. 
"Toward attojoule switching energy in logic transistors." 
Science 378.6621 (2022): 733-740.

Energy consumption per operation

Su, Lisa, and Sam Naffziger. 
" Innovation For the Next Decade of Compute Efficiency." 
2023 IEEE International Solid-State Circuits Conference (ISSCC). IEEE, 2023.

100 GFLOPs/s Watt 109 GFLOPs/s  ->   10 MW 1012 GFLOPs/s  ->   10 GW
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Electrical power today
needed for a data center: 
100 MW
Electrical power needed
in 2033: 1 TW

Maximum electrical power available in Catalonia in 2023: 12GW
Maximum electrical power available in Catalonia from renovable sourcers in 2023 : 4 GW
Maximum electrical power available in Spain from nuclear energy: 7.4 GW 14
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Visit to a Supercomputer: Mare Nostrum 5. April 2, 2025 
663.040 Cores NVIDIA



IEM Distinguished Lecturers Seminar EPFL. 14.05.2025Frontiers in nanofabrication for IC

#1 JEDI-JUPITER. Jülich. 

4.5 Pflop/s (#222 in speed)

Power: 67 kW

72 Gflops/watt

19.584 Cores NVIDIA

Fastest

https://www.top500.org/lists/green500/2024/11/

More efficient

#18 El Capitan. LLNL, USA.

1.724 Pflop/s. (#1 in speed) 

Power: 29.6 MW

59 Gflops/Watt  

11.039.616 Cores AMD 

2nd fastest

#22 Frontier. Oak Ridge, USA. 

1.353 Pflop/s (#2 in speed)

Power: 24.6 MW

55 Gflops/watt

9.066.176 Cores AMD. 

#31 Mare Nostrum 5, Barcelona 

175 Pflop/s (#11 en velocitat)

Power: 4.2 MW

48 Gflops/watt

663.040 Cores NVIDIA. 

Mare Nostrum at BSC

SUPERCOMPUTING CENTERS:  Power consumption 

16
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17www.imb-cnm.csic.es

www.imb-cnm.csic.es

NANOFABRICATION CONTRIBUTONS FOR FUTURE IC 
PROCESSING at IMB-CNM

The flagship center in Spain dedicated 
to micro and nano electronics

Micro/Nano fabrication clean room
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To push the limits of current technology , research is needed

Pushing down lithography resolution Beyond CMOS devices

Directed self assembly of block co-polymers

Platform for 
semiconductor spin 

qubit fabrication

Single 
electron 
devices

18

Quantum computing
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Directed self assembly of block co-polymers

19
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“EUV optics: status, outlook and future”, Paul Graeupner et al, Proceedings

Volume 12051, Optical and EUV Nanolithography XXXV; 1205102 (2022)
https://doi.org/10.1117/12.2614778
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Eric A. Karl "Evolutions in technology enabling the AI era", Proc. SPIE 13425, DTCO and Computational 
Patterning IV, 1342502 (23 April 2025); https://doi.org/10.1117/12.3056887

https://doi.org/10.1117/12.3056887
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One limitation of EUV lithography (*): line edge roughness

(*) Performance as of today: 
Resolution: 8 nm. Wafers per hour: 185.  Overlay alignment: 1.2 nm. 22

Han, E. et al. “DSA materials and processes 
development for ≤ P24 EUV resist L/S pattern 
rectification,” Proc. SPIE 12956 (2024)
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https://semianalysis.com/

23
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General concepts about DSA

24

Microphase-separation of block copolymers

• Occurs on the nanoscale, since the two 
blocks are covalently bound

Morphology of PS-b-PMMA thin films

• The relative composition between blocks and their 
molecular weight dictates morphology and feature size

24
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Line/space density multiplication Contact shrink

Tiron, R. et al. , “The potential of BCP’s DSA for contact hole shrink and 
contact multiplication”, Proc. SPIE, 8680, p. 868012 (2013)

S. Gottlieb, D. Kazazis, I. Mochi, L. Evangelio, M. Fernández-Regúlez, Y. Ekinci, F. Perez-Murano 
SPIE Advanced Lithography, San José. (2017)

25
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Directed self assembly of block copolymer thin films

150 nm
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https://semianalysis.com/

Line edge roughness improvement by DSA

Han, E. et al. “DSA materials and processes development for ≤ P24 
EUV resist L/S pattern rectification,” Proc. SPIE 12956 (2024)

28
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DSA for line/space: high resolution guiding patterns

Sub-10 nm line width

demonstrated

Pitch: 90 nm) 

750 nm
Gottlieb et al., 2018, Soft Matter, 14, 6799(808)

High resolution guiding patterns by EBL

29
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Nano-confinement and defectivity

Gottlieb et al., 2018, Soft Matter, 14, 6799(808)

(1) HSQ deposition (2) EUV exposure (3) Development (4) Neutral

brush + DSA

(5) Selective

PMMA removal
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PS-b-PMMA (11 nm half pitch)S. Gottlieb, D. Kazazis, I. Mochi, L. Evangelio, M. Fernández-Regúlez, Y. Ekinci, F. Perez-Murano 
SPIE Advanced Lithography, San José. (2017)

31



IEM Distinguished Lecturers Seminar EPFL. 14.05.2025Frontiers in nanofabrication for IC

Nano-confinement and defectivity
Gottlieb et al., 2018, Soft Matter, 14, 6799(808)

110 nm trench width

600 nm

150 nm
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• The spin of an electron or a nucleus functions as an excellent qubit.
• It provides a natural two-level system that is insensitive to electric fields, leading to long quantum coherence 

times.
• This coherence survives when the spin is isolated and controlled within nanometer-scale, lithographically fabricated 

semiconductor devices, enabling the existing microelectronics industry to help advance spin qubits into a scalable 
technology.

Semiconductor spin qubits

Two seminal proposals

Loss- DiVincenzo

PRL. 1998
Kane
Nature. 1998
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SEMICONDUCTOR SPIN QUBITS

Electrostatic quantum dots (spin of the electron)

Single dopant  (nuclear spin)

Morello. 2010

Bédérrecats. 2021
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Neyens, S., Zietz, O.K., Watson, T.F. et al. Probing single electrons across 300-mm spin qubit wafers. Nature 629, 80–85 (2024)

a 12-qubit silicon chip

Tunnel Falls (2023)

https://newsroom.intel.com/new-technologies/quantum-computing-
chip-to-advance-research

• Industry-compatible process to fabricate spin qubit devices, Intel’s D1 factory, 
• 300-mm cryogenic probing process to collect high-volume data on spin qubit devices across full wafers
• All patterning is done with extreme ultraviolet lithography, gate pitches from 50 to 100 nm.
• The fabrication is based on fundamental industry techniques of deposition, etch and chemical-mechanical polish 35

Semiconductor spin qubits

https://newsroom.intel.com/new-technologies/quantum-computing-chip-to-advance-research
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Neyens, S., Zietz, O.K., Watson, T.F. et al. Probing single electrons across 300-mm spin qubit wafers. Nature 629, 80–85 (2024)

Tiled array of I–V curves taken on 12QD devices across a wafer
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ICN2, Bellaterra , April 22, 2022

Beyond CMOS: alternative computation

The problem of contacting a dense array of gates

Wonill Ha et al Nano Lett. 2022, 22, 3, 1443–1448

All gates are patterned simultaneously on the same plane (i.e., 
uniplanar);

Back-end-of-line (BEOL) interconnect layers, in which
vertical vias directly contact active gates and then spans
to macroscopic routing 10−50 μm away

Scale bar:100 nm

The requirements for e-beam overlay between V01-gate and
M1-V01 layers are approximately 5−15 nm,
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ICN2, Bellaterra , April 22, 2022

Beyond CMOS: alternative computation

A Flexible Design Platform for Si/SiGe Exchange-Only Qubits with Low Disorder
Wonill Ha, Sieu D. Ha, Maxwell D. Choi, Yan Tang, Adele E. Schmitz, Mark P. Levendorf, Kangmu Lee, James M. 
Chappell, Tower S. Adams, Daniel R. Hulbert, Edwin Acuna, Ramsey S. Noah, Justine W. Matten, Michael P. Jura, 
Jeffrey A. Wright, Matthew T. Rakher, and Matthew G. Borselli
Nano Lett. 22 1443 (2022)

https://doi-org.are.uab.cat/10.1021/acs.nanolett.1c03026
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t-SPL  and DSA for contact shrink with pattern placement accuracy

X placement error: µ=2.6 nm σ=3.6 nm

Y placement error: µ=1.3 nm σ=4.6 nm

-80 -60 -40 -20 0 20 40 60 80

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

70

80

Y
 p

la
c
e
m

e
n
t 
e
rr

o
r 

(n
m

)

X placement error (nm)

Map of X and Y placement error

100 nm

T. Bedecarrats et al., en 2021 IEEE International 
Electron Devices Meeting (IEDM)

39

Qu-Pilot
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t-SPL  and DSA for contact shrink with pattern placement accuracy

100 nm

a)

100 nm

b)

100 nm

c)

40 nm

d)

Si

Al2O3

SiO2

Pt

PS

I. Uranga, E. Berke, et al. SPIE Advanced Lithography 2025 40
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Quantum computing
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Implementation of semiconductor spin qubits

G. Burkhard et al. Rev.Mod.Physics. 95, 025003 (2023). 
43
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Qubits in fully-depleted silicon-on-insulator (FDSOI) technology

- spin degree of freedom of gate-confined holes in p-type devices
- In the case of holes, their inherently strong spin-orbit coupling offers the opportunity to 

perform single-qubit operations simply by a time-controlled microwave modulation of a 
gate voltage

S. De Franceschi et al SOI technology for  quantum information processing 2016 IEEE 
International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 2016, pp. 13.4.1-13.4.4, 
doi: 10.1109/IEDM.2016.7838409.

B. C. Paz et al., "FDSOI Platform for Quantum Computing," 2024 IEEE International 
Electron Devices Meeting (IEDM), San Francisco, CA, USA, 2024, pp. 1-4, 
https://doi.org/10.1109/IEDM50854.2024.10873521

44
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• CSIC semiconducting qubit module development on their internal 150mm process lines

Development for test vehicle concluded. Low temperature characterization on-going

(i) 200 nm SiO2 as field oxide

(ii) S/D implantation

(iii) Gate oxidation

(iv) S/D contacts
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1946

2025

2025
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