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IMB-CNM-CSIC. Research Axes

8 Research Groups

Introduction
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Introduction

www.imb-cnm.csic.es/index.php/en

Main Clean Room @ IMB-CNM-CSIC

• 1,500 m2

• Class 100-10,000

• CMOS processing technology

• Microsystems processing

• Nanolithography  &
Nanofabrication

Back-End Clean Room 
• 40 m2

• Class 1000-10,000
• Chip packaging
• Hybrid circuit assembly

10 Specialized Areas or Labs

• Graphene Tech, SIAM, RadLab,
PDS-Thermal, Rapid Prototyping,
Printed-Electronics...

 Integrated Clean Room for Micro/Nano fab @ IMB as key facility

IMB-CNM-CSIC. Capability

http://www.imb-cnm.csic.es/index.php/en
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Onset of Nanofabrication @ IMB-CNM-CSIC

Nanopatterning

Electron Beam Scanning Probe Ion Beam

Nanotechnology 2005 JVST B 2012, NIMS B 2014, …

Advanced Characterization

FE-SEM AFM FIB

• Setup Electron Beam Lithography. • Implementation EBL 2002-2008

Introduction



7

CNTFET

NEMS Si
SG-GFET

EG-SiC
RadDet

Introduction
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Fabrication and Integration of
Emerging Electronic Devices and Nanomaterials

1. Fabrication of staple
Superconducting

Devices and Circuits

2. Exploring Hybrid
Devices based on 2D 

Materials and 
Superconductors

3. Miniaturization of 
Devices for

Unconventional
Environments or

Applications

4. Micro-Nano 
Fabrication of Novel 

Emerging Devices

QUANTUM TECHNOLOGIES HARSH Appl. Emerging ICT

TRL 1 - 5 TRL  1 - 7 TRL 1 - 4

Introduction
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2nd Quantum Revolution

Second Quantum revolution is about controlling individual quantum systems,
to take these rules and use them to develop new technologies .

First Quantum revolution was a revolution in atomic and subatomic physics,
as the new principles governing the physical reality.

Examples of outcomes that could deliver Quantum Technologies in 
coming decades include knowledge, devices and applications related to,

- quantum information technology
- quantum electromechanical systems
- coherent quantum electronics
- quantum optics 
- condensed matter technology

Towards Quantum Technologies
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Quoting Feynman

“Nature isn't classical, dammit, and if you
want to make a simulation of nature,
you'd better make it quantum
mechanical, and by golly it's a wonderful
problem, because it doesn't look so easy.”

“What I want to talk about is the
problem of manipulating and controlling
things on a small scale. (…)
Why cannot we write the entire 24
volumes of the Encyclopedia Brittanica

on the head of a pin?”

Towards Quantum Technologies
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Nanotechnology, stands for both Nanoscience and Nanotechnology

On the ability to understand & control matter at the nanoscale (1-100nm)

Matter can exhibit unusual physical, chemical, and biological properties at

the nanoscale, differing in important ways from the properties of bulk

materials, single atoms, and molecules.

Disruptive. It leads to ongoing (r)evolutions in technology and industry

With the aim to benefit society in widespread applications.

10-9

Nanotechnology

Towards Quantum Technologies
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Physics

Chemistry

Biology

Size Filter Nano

Miniaturization Matter Knowledge

Nanofabrication Nanomaterials Applications

Caracterization Simulation

Nanotechnology

Towards Quantum Technologies
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Disruption in Nanotechnology
Advanced Materials based Electronics

Avances en Fabricación e Itegración de Dispositivos y NanomaterialesTowards Quantum Technologies
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Two dimensional semiconducting materials for ultimately scaled transistors (2022)

Novel Nanomaterials
Applications in Emerging Devices

Towards Quantum Technologies
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McKinsey & Co (2021)
https://www.weforum.org/agenda/2021/10/technology-trends-top-10-mckinsey/

Technology Trends of this and next Decade

Towards Quantum Technologies

https://www.weforum.org/agenda/2021/10/technology-trends-top-10-mckinsey/
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“Microelectronics (…) refers to integrated electronic devices and
systems generally manufactured using semiconductor-based
materials and related processing.

Such devices and systems include analog and digital electronics,
power electronics, optics and photonics, and micromechanics,

for memory, processing, sensing, and communications.”

Ubiquitious Microelectronics

NIST (2019) https://nvlpubs.nist.gov/nistpubs/CHIPS/NIST.CHIPS.1000.pdf

Semiconductors are the foundations of any modern technology

Chips are embedded in a wide range of products: automotive, 
computers, medical devices, etc.

Towards Quantum Technologies

https://nvlpubs.nist.gov/nistpubs/CHIPS/NIST.CHIPS.1000.pdf
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ICT & Microelectronics Hardware
Nanotechnologies

Towards Quantum Technologies

Microelectronics Evolution - Much more than geometrical down scaling
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Nano to Quantum

Quantum Technology allows us to organise and control the components
of a complex system governed by the laws of quantum physics, instead
of exploiting classical physics as in conventional technology.

Two essential drivers in quantum technology:

- Miniaturization, as the dominant trend in last decades:
to build devices on a smaller and smaller scale.

Ultimately this will deliver devices at length scales of nanometres and
action scales approaching Planck's constant.
At that point design must be based on quantum principles.

- Principles of quantum mechanics: the promise of a vastly improved
performance over what can be achieved within a classical framework.

Towards Quantum Technologies
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Quantum Principles

Goal: to deliver useful devices and processes that are based on quantum principles

- Quantisation or quantum size effect - the allowed energies of a tightly confined
system of particles are restricted to a discrete set.

- Uncertainty principle - for every perfectly specified quantum state there is always at
least one measurement, the results of which are completely certain, and
simultaneously at least one measurement for which the results are largely random.

- Quantum superposition - if an event can be realized in two or more indistinguishable
ways, the state of the system is a superposition of each way simultaneously.

- Tunneling - the ability of a particle to be found in spatial regions from which classical
mechanics would exclude it.

- Entanglement - the superposition principle applied to certain nonlocal correlations, if
a correlation can be realized in two or more indistinguishable ways, the state of the
system is a superposition of all such correlations simultaneously.

- Decoherence - what happens to quantum superpositions when an attempt is made to
distinguish previously indistinguishable ways an event can be realized. It renders
superpositions of probability amplitudes into superpositions of classical probabilities.
Decoherence has no analogue in classical physics

Towards Quantum Technologies
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Quantum Matter (or Materials)

Towards Quantum Technologies

Q

Properties

Structure Processing
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Quantum Technologies
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Quantum information science (QIS) is an emerging field that harnesses
the power of quantum mechanics and information sciences to build
innovative technologies, including quantum sensors, networks, and
computers that are capable of new speed, precision, and functionality

Quantum communication. Quantum information
systems hold out the possibility of extremely secure
encryption—a major attraction in an age where
cybersecurity is constantly at risk.
Quantum sensing and microscopy. Sensors based on
quantum effects could be exquisitely sensitive and
could aid in understanding everything from biological
systems to the nature of DM.

Quantum computing. Rather than relying on bits (value of 1 or 0), quantum
computing uses qubits, which can exist in a probabilistic mix of both values
simultaneously. Quantum computers, while not a substitute for classical
computers, have the promise to be extraordinarily powerful at solving some
problems in science, including certain simulations, optimization, and ML tasks.
Analog quantum simulation. It is believed that quantum systems would be
especially apt at simulating actual physical quantum behavior, whether in
material or chemical systems.

Quantum Technologies



QUANTUM FRONTIERS IN BRIEF 

1. Expanding Opportunities for Quantum Technologies to Benefit Society a. Elucidating
Fundamental Capabilities of Quantum Technologies b. Engaging QIS Researchers with Domain Specialists
and End-Users

2. Building the Discipline of Quantum Engineering a. Integrating Quantum Hardware, Software,
and Support Technology b. Exploring System-level Architectures, Abstractions, and Testing c. Enabling
Modular Systems

3. Targeting Materials Science for Quantum Technologies a. Using Materials Science to Improve
Device Performance b. Pursuing New Approaches to Materials Design, Fabrication, and Characterization

4. Exploring Quantum Mechanics through Quantum Simulations a. Developing Quantum
Simulation Applications b. Implementing Algorithms on Available Devices and Exploring Their
Performance

5. Harnessing Quantum Information Technology for Precision Measurements a. Deploying
Quantum Technology for Improved Accuracy and Precision b. Creating New Modalities and Applications
for Quantum Sensing In Situ and In Vivo c. Using Entanglement and Quantum Computers to Improve
Measurements

6. Generating and Distributing Quantum Entanglement for New Applications a. Developing
Foundational Components for Quantum Networks b. Enabling Quantum State Transduction c.
Integrating Quantum Networking Systems d. Exploring Quantum Networking Algorithms, Applications,

Protocols, and Approaches

7. Characterizing and Mitigating Quantum Errors a. Characterizing and Controlling Multi-qubit
Systems b. Approaching the Fault-tolerant Domain c. Using Current Devices to Expand the Limits of
Performance for Qubit Performance

8. Understanding the Universe through Quantum Information a. Exploring Mathematical
Foundations of Computation and Information b. Expanding the Limits of Physical Theory c. Testing the
Standard Model of Particle Physics

Quantum Technologies
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Quantum - Europe

Quantum Technologies

Quantum Initiatives – CHIPS Act, QuIC, ISO and more
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Quantum Communication

 Quantum communication is about transferring quantum
information from one place to another.

• Quantum states encode quantum 
information

• Quantum communication implies 
transmission of quantum information and 
the distribution of quantum resources, 
such as entanglement. 

• Quantum Key Distribution (QKD) is a major 
focus: a way to establish a confidential key 
between distributed partners. 

• Covers aspects from basic physics to practical current applications very relevant to society
• Cybersecurity. In our information based society, as well as emerging problems associated 

with long term secure storage (e.g. for health records and infrastructure), QKD is 
considered most desirable solution 

• Secure operation of applications involving the Internet of Things and Cloud Networking, 
or related to e.g. banking.

• Q. Comm technologies are considered strategical assets at National level
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Quantum Communication

 QKD systems are now available as compact and autonomous 
systems, becoming a growing commercial market. 

Long-term goal: Quantum-based security over many-node networks running in 
various places worldwide
- long-distance communication (100s-1000s km)
- higher bit rates

Requires: quantum and conventional cryptography, quantum repeater technologies, 
i.e. quantum memories
To deliver practical, autonomous, systems capable of performing continuous secure key distribution 
> 100 Mbps rates

Low-cost devices for access networks and even hand-held devices, 
exploiting integrated photonic technologies 

 Staple device are Quantum Random
Number Generators (QRNG)

- Lists of random numbers at high rates
- True randomness
Applications include: numerical
simulations, PINs, gaming and lotteries…

The archetypal QRNG involves a photon
impinging on a beamsplitter followed by two
detectors associated to the bit values 0 and 1.
Whether the photon is reflected or
transmitted at the beamsplitter is a
fundamentally random process and as there is
only one photon at a time, only one detector
will register this random outcome.
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Quantum Computing

 Quantum computers have the potential to perform
calculations in fundamentally different ways from classical
computers

• Qubit. Physical device as most basic
memory block of a quantum computer

• Quantum versions of the classical bits

(transistors) used in today's computers

and smartphones.

• Both bits and qubits have the same

role: to physically record the data that
each computer is processing

• The bit or qubit must be modified to

reflect the change in information as it is

altered throughout computation.

• Quantum computers store information

in quantum states (superpositions and

entanglement states)

• Qubits must be able to physically
represent these quantum states.

• Quantum events only occur (and last)
in the most severe circumstances. Probabilistic
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Quantum Computing

 Quantum computing is not a general-purpose technology

 Quantum computing cannot be used to solve all of existing (business) challenges
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Quantum Computing

 One of the current challenges of Quantum Computing is identifying Use Cases
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Quantum Computer

 Converging Quantum Physics, Materials Science, Micro/Nanotechnologies, …

Quantum Computing
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Quantum Devices

G. Popkin. The Quest for Qubits Science (2016) https://www.science.org/doi/10.1126/science.354.6316.1090

Quantum Computing

https://www.science.org/doi/10.1126/science.354.6316.1090
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Superconducting Qubits

Quantum Computing
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Silicon Qubits

Quantum Computing

To construct the two-qubit gate, layered tiny Al wires onto a highly ordered silicon crystal are used.
The wires deliver voltages that trap two single electrons, separated by an energy barrier, in a well-
like structure called a double quantum dot. 
By temporarily lowering the energy barrier, the researchers allow the electrons to share quantum 
information, creating a special quantum state called entanglement. 
These trapped and entangled electrons are now ready for use as qubits
While a conventional bit can represent a 0 or a 1, each qubit can be simultaneously a 0 and a 1, now 
an exponential number of possible permutations can be compared instantaneously. 
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Quantum Computing Hype

Quantum Computing

Quantum computing has been classified as an emerging technology since 2005
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Quantum Computing Hype

Quantum Computing

Quantum computing has been classified as an emerging technology since 2005
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Yet, an Innovation Trigger

Quantum Computing
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Quantum Sensing & Metrology

Quantum Sensing

 Time and frequency standards, 
 Light-based calibration, 
 Gravitometry, 
 Magnetometry
 Accelerometry
 New medical diagnostic tools,… 

New modes of measurement, sensing, and imaging that offer unprecedented levels of
precision, spatial and temporal resolution, stability, ultra-sensitivity...

Key: operation relying on quantum phenomena, such as coherence and entanglement

 Extend the reach of quantum
sensing and metrology into
other fields of science to
uncover novel natural
phenomena, e.g. biology,
fundamental physics, high-
energy physics, quantum gravity.

Atom interferometry provides top-level performance
in terms of sensitivity, long-term stability and accuracy

Portable system that measured the absolute
gravitational acceleration continuously with
a long-term stability below 10 nm.s−2
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Quantum Sensing & Metrology

 Original techniques are needed to make quantum-enhanced metrology and sensing
 Deployable in non-laboratory environments.
 Wide range of prospective applications, each with certain specificity/ies
 Broad range of physical platforms to be considered:

trapped ions,
ultra-cold atoms,
room-temperature atomic vapors,
artificial systems, such as quantum dots or defect centers,
all-optical set-ups with e.g. on nonlinear optical interactions.

 Theoretical analysis of noise or losses mechanisms is needed

Quantum-enhanced strategies

1. Novel sources of non-classical radiation and
methods to engineer quantum states of matter for
quantum-enhanced operation
2. Develop detection schemes that are optimized with
respect to extracting relevant information from
physical systems

Optimization criteria selected for specific applications.
These techniques may find applications in other
photonic technologies, e.g. increasing transmission
rates in optical communication…
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 Exploring Quantum Mechanics through Quantum Simulations 
a. Developing Quantum Simulation Applications 
b. Implementing Algorithms on Available Devices and Exploring Their Performance 

 Harnessing Quantum Information Technology for Precision Measurements 
a. Deploying Quantum Technology for Improved Accuracy and Precision 
b. Creating New Modalities and Applications for Quantum Sensing In Situ and In Vivo
c. Using Entanglement and Quantum Computers to Improve Measurements 

 Understanding the Universe through Quantum Information 
a. Exploring Mathematical Foundations of Computation and Information 
b. Expanding the Limits of Physical Theory 
c. Testing the Standard Model of Particle Physic

“Not only is the Universe stranger than we think, 
it is stranger than we can think.”

Werner Heisenberg

Selection from QUANTUM FRONTIERS IN BRIEF 
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Quantum Computing Solutions for High-Energy Physics – QuantERA project

Investigate and assess the potential of quantum computation for
experimental particle physics challenges.

Specifically, quantum algorithms as a solution to the increasingly
challenging, and soon intractable, problem of analyzing and
simulating events from large experiments in particle-physics.

1. To develop quantum algorithms for event selection and event reconstruction
2. To use them to perform proof-of-principle analysis of real data from CERN
3. Benchmarking the potential advantage of this novel quantum-enhanced processing

Deliverables:
- Development of software libraries to simulate particle physics’ objects

(elementary particles, composite particles, jets…)
- Using them as building blocks to develop the quantum simulation of scattering processes
- Proof-of-principle scattering quantum simulation

By combining classical and freely-available quantum processors - benchmarking against CERN
classical simulations to characterize a quantum advantage threshold for HEP processes.

QC - HEP
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Vision and Synergies of Q Technologies - HEP

1. Connecting quantum information, 
quantum field theory, gravity, …

2. Tradition of HEP theory as asset 
and contribution

3. Quantum Computing intrinsically 
fitting HEP fundamental physics 
problems

4. Quantum Metrology bridging 
theory and sensing 

5. HEP as early adopter of new 
technologies

Learn from previous success:

HEP-Microelectronics

- Solid State detectors
- DAQs

Single qubit  computer, 

but 

It can be an ideal sensor

QC - HEP
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Quantum Computing

Quantum Computing & HEP

 High profile problems (banking, logistics, drug design, etc.)
 Numerical simulations for large entangled systems
 Compute quantities not traditionally accessible numerically
 New challenges for young scientists, technologists and engineers

 HEP provides complementary problems to high profile problems
 HEP provides data to be addressed quantum computationally
 QC enables insights for phenomena in quantum field theory,
 Prediction or classification of events, duality of QG..
 Alternative approaches or tools for more innovative HEP
 Rethinking of formulae or algorithms

Both theoretical & experimental aspects of HEP
Quantum Computing as game changer for HEP

QC - HEP
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Some hints on current Quantum Computing & HEP

 Both theoretical & experimental aspects of HEP
 Quantum Computing as game changer for HEP

 Near-Mid Term:
Classes of problems and corresponding algorithms,
tractable with NISQ devices, such as open/cloud IBM’s processors

1. Quantum Computing for HEP Theoretical Modelling

2. Quantum Computing in HEP Experiments

QC - HEP
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1. Quantum Computing for HEP Theoretical Modelling

Theoretical
Physical
Problem

Computing
Approach

Quantum
Algorithm

QC - HEP

VQE: Variational Eigensolver
varQITE: variational Imaginary
Time evolution
TN: Tensor Networks
QTN: Quantum Tensor Networks 
inspired from classical TN
varQTE: variational Quantum 
Real Time evolution
QNN: Quantum Neural Networks
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2. Quantum Computing in HEP Experiments

Experimental 
Challenges

Analysis
Approach

Quantum
Algorithm

QC - HEP

Large amount of complex, 
highly-structured data

QNN: Quantum Neural Networks
QAOA: Quantum Approximate
Optimization Algorithms
HHL Algorithm: Quantum 
algorithm for linear systems of 
equations
QBM: Quantum Boltzman
Machines
QCBM: Quantum Circuit Born
Machine
QGAN: Quantum Generative
Adversarial Networks
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QC - HEP

HEP

Fundamental behavior of Particles & Interactions

Described by Quantum Fields

Dynamics by Quantum Mechanics Principles

Data and descriptions, still Classical

Hindering Quantum Mechanical properties

Gain Fundamental Insights and New Phenomena
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Quantum Sensing

Quantum Sensing & HEP

 Important applications in fields such as physics, chemistry, biology, medicine or
data storage and processing

 Variety of measurement approaches include, high-precision spectroscopy and
microscopy, positioning systems, clocks, gravitational, electrical and magnetic
field sensors, to optical resolution beyond the wavelength limit.

 Physical platforms often common with Q Communication or Computing
 Quantum-enhanced precision beyond standard quantum limits relies on

generating, manipulating and measuring non-classical single-particle or
collective many-body quantum states

 QC (and QCom) builds qubits and entanglement, then they decohere, not by Q
fluctuations, but noise, TLS, 1/f, materials imperfections…

 QS (and QCom) enables quantum sensors for super small energies and no noise, then
background low energy processes arise, not linked for instance to DM

 HEP sensors typically use quantum effects in materials + classical signal amplification
 If target measurable is smaller than bandgap or ionization, it will remain hidden
 One trend is to apply superconducting qubits, as they are sensitive to those extremelly

small energies, such as for rare events in astroparticle physics
 Direct detection of DM or neutrinoless double beta decay
 Foundations theory and quantum metrology based on HEP can be applied beyond

QS - HEP



Energy channels in a silicon solid state detector.
Statistical fluctuations in the initial ionization-phonon
branching ratio fundamentally limit the energy resolution
of this type of detector, even if the energy in the charge
channel is measured perfectly before any of it decays.
For silicon this limit is about 118 eV FWHM at 6 keV.
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Quantum Calorimeters 4 HEP

QS - HEP

Already in 1984, novel low temperature particle
detectors were proposed for several applications
in nuclear physics, astronomy, and astrophysics.
… and continue to be investigated nowadays

Thermal detection of radiation, or more general the calorimetric

detection of energetic particles, is old strategy within physics.

It is based on the first law of thermodynamics: energy conservation.

U = change in internal energy
Q = heat added
W = work done by the system

 Calorimetric detectors can be based on devices
such as, semiconductor thermistors, metallic
magnetic calorimeters, superconducting
transition edge sensors

U = Q - W
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Superconducting Sensors for Rare Events

QS - HEP

Transition Edge Sensors
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Superconducting Sensors for Rare Events

QS - HEP

Transition Edge Sensors

Several different advances, types or designs of TES detectors have been developed,

(a) Detection of optical photons. The particles are directly absorbed in the TES film
(b) Detection of X-rays. The TES film is deposited on a Si3N4 membrane and an 
absorber in electrical contact with the TES film is attached. 
(c) DM detectors. The incoming particles are scattered in large mass absorbers and 
the resulting high frequency phonons generate quasiparticles in a superconducting 
film which diffuse to the TES film. 
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Superconducting Sensors for Rare Events

QS - HEP

Transition Edge Sensors for meV DM

Ideally it allows to decouple the
target mass from the TES mass
The bigger the better for DM
interactions vs the smaller the
better for noise minimization

An energy blip produces phonons
with energy > thermal energy.
These live a while, before they
thermalize

Cooper pairs are sensitive / absorb
phonons and break them.
Generate quasiparticles*

Quasiparticles diffuse and reach
the TES, they get trapped there
and raise the TES temperature

*In qubits, for quantum computing this is bad: quasiparticle poisoning
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Superconducting Sensors for Rare Events

QS - HEP

 Error bursts from cosmic rays in large arrays of superconducting qubits
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Superconducting Sensors for Rare Events

QS - HEP

TES detectors are dissipative devices. 
- Not possible to enhance measurements with coherence strategies

Non dispersive detectors include, 
● Opto-mechanical resonators as phonon detectors (resonant)
● He quantum evaporation and detection with spin system (spin-spin coupling)
● Microwave kinetic inductance detectors (MKIDs) (dispersive)
● Superconducting Nanowire Single Photon Detectors
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QS - HEP

Superconducting Sensors for Rare Events

Microwave kinetic inductance detectors 
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QS - HEP

Superconducting Sensors for Rare Events

Superconducting Nanowire Single Photon Detectors
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QS - HEP

More than just measure and collect data…

- Inference, Calculations or Modelling of Physical Parameter of interest
E.g. Correlation of DM in QET direct detection with phononic generation, difusion,
in target
- Devices ultimate performance, as well as reproducibility or scaling
E.g. Low reproducibility of W thin films operating practically at a variable numbers
in the 10s of mK order.
- Detector implementation in relevant experimental setups for calibration and

actual data acquisition
E.g. Assessment of established methods, such as radiactive sources, to qualify
manufactured devices for the application of interest

Challenges in QS for providing data which
effectively generates new science including,

- Precise Modelling of Devices Operation
E.g. TES is the type of thermometer is most
widely used for cryogenic particle detectors,
the complex physics associated with operating
these devices at the superconducting phase
transition is not very well understood
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International Initiatives
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International Initiatives
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International Initiatives
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Thank you for your attention!

gemma.rius@csic.es

What are your ‘Take home messages?

What are you researching about?

Does Quantum Technology/ies somehow apply? Directly? Implicitly?
If Yes, share it with us!

If No, or not yet…
Could it be insightful, useful, original?
How could you benchmark your method against the quantum-based?
What skills, collaborations, resources would be needed?

Now, the floor is yours

mailto:Gemma.rius@csic.es


“Slow is very nice. 

When cycling up a hill, it feels hard. 

Just continue. You’ll get there.” 

Physicist and artist Alexander Lagaaij,
who has cycled from the Netherlands to Egypt.

https://nature.us17.list-manage.com/track/click?u=2c6057c528fdc6f73fa196d9d&id=3b2bc1a3cc&e=14f6b4c022
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https://www.nano.gov/about-nanotechnology
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