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La soutenabilité des technologies planétaires?

• Soutenable: (a) Qu'on peut défendre au moyen de raisons recevables. (b) Qui peut 
être supporté.

• Durable: Qui présente les conditions requises pour durer longtemps, qui est 

susceptible de durer longtemps.

• Scénario « business as usual »: faire perdurer le monde actuel le plus longtemps 

possible.

• Soutenabilité forte: qui peut durer au-delà du 21e siècle et sur plusieurs siècles.

• Soutenabilité faible: qui ne dure que pendant le 21e siècle et pas au-delà des 

siècles suivants.

• Les technologies modernes sont planétaires.
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Soutenabilité forte

1900 1950 2000 2050 2100 2200

Soutenabilité faible

Quelles inventions ?

Successions d’inventions dont la soutenabilité augmente?

Inventer des technologies soutenables selon quels critères?
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1970
Début de la prise de 
conscience écologique 
planétaire

??
?

? ? ?



Les systèmes techniques
Il existe une interdépendance entre les 
matériaux et les sources d'énergie.

L'utilisation des combustibles fossiles 
modifie la nature des matériaux et les 
quantités produites, en raison des 
interactions entre les matériaux, la 
puissance (l'énergie concentrée), les 
techniques et les nouvelles institutions.

Un système technique est constitué d'un 
ensemble de techniques et de technologies 
associées, de matériaux, de sources 
d'énergie, de savoir-faire, d'institutions, de 
pratiques et de normes sociales, et de 
régimes socio-économiques.
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Metabolism
Set of physical-chemical processes that 

maintain and operate the system

organisms

technologies

Planet Earth
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Planétarité des technologies
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Two major energy transitions: in fossil fuels, out of fossil fuels

Transition
into fossil 

fuels

Fossil fuel
phase-out 
transition

But what is an 
energy transition 
in/out fossil fuels?

It's a major power 
(W) transition.

It's a major 
transition in terms of 
materials (kg).

Ceci n’est pas une prédiction !



Système technique: combustibles fossiles & minéraux
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Transition du système technique alimentée 
par les combustibles fossiles
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Causes physiques
v Épuisement des ressources 

géologiques.
v Technique: extraction de 

plus en plus complexe.
v Technique: augmentation de 

l’énergie nécessaire à 
l’extraction.

v Impacts systémiques : 
réchauffement climatique et 
catastrophes écologiques

La fin des combustibles fossiles ?
Causes anthropiques
v Réductions rationnelles des 

émissions à gaz à effet de 
serre pour des raisons 
écologiques.

v Invention d’un nouveau 
métabolisme industriel.
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Current Research in Environmental 
Sustainability 4 (2022) 
https://doi.org/10.1016/j.crsust.2022.100
174 
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La fin du pétrole ?
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Thèse, déploiement du PV,
 Joseph Le Bihan, 2024
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Des questions géopolitiques cruciales et compliquées
Matières premières
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Des questions géopolitiques cruciales et compliquées
Fabrication des semiconducteurs
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Mineral raw 
materials

High purity 
ingots

Devices

Scrap

High 
power

High 
power

High 
power

High 
power

Waste

Technological  systems: from mines to trash
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Je considère les technologies actuelles comme mortes à 
l'aune d'une soutenabilité forte, mais elles continuent à 
envahir le monde au détriment de l'humanité et d’une 
partie du vivant, je les appelle "technologies zombies".

Elles sont des zombies pour trois raisons principales :

ü elles dépendent des stocks de combustibles fossiles 
pour être fabriquées et pour fonctionner ;

ü elles sont basées sur des matériaux qui ne sont pas 
conçus pour être recyclés et créent une pénurie par 
l'épuisement des ressources ;

ü elles produisent des catastrophes écologiques au 
détriment de l'humanité et des êtres vivants.
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Trois critères favorisent la 
zombification :

 (i) l’utilisation de stocks finis qui 
par définition imposent une limite 
à l’activité́ ;

(ii) l’utilisation d’une puissance 
dépassant les capacités du milieu 
dans lequel s’insère cette 
technique ;

(iii) la généralisation de ces 
caractéristiques a ̀ grande échelle.. 



Technology system

Energy sources

Materials

Know-how

Teaching

Geopolitics

Political choices
Social norms 

and practices

Socio-economic 
system

Imaginaries

Cosmology
Technicalities

Research
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It is not only climate change, it is everything change



AlphaGo defeated Lee Sedol

~100 W per CPU
~200 W per GPU
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AlphaGo defeated Lee Sedol

Brain ~ 20 W
2500 kCal/day ~ 120 W

130 GJ = 9.7 days 34 years = 130 GJ 

~ 155 kW
(600 kW)
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Mineral
& Dry 
chemistry

Organic
& wet 
chemistry



CHNOPS : one organic 
chemistry

One (nearly) universal 
genetic code

The metabolism of living 
systems differs completely 
from that of the 
technosphere.
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Attention à la question de l’efficacité énergétique et des matériaux
La technologie des semiconducteurs est la plus efficace que je connaisse !

1945:     150 kW     30 tonnes 2024:     1-2 W     ~200 g
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Extremely material efficient: “Moore’s law” 



José Halloy — LIED UMR 8236 — Université Paris Cité 25

Koomey, Jonathan G., H. Scott 
Matthews, and Eric Williams. "Smart 
everything: Will intelligent systems 
reduce resource use?." Annual Review 
of Environment and Resources 38 
(2013): 311-343.

EG38CH12-Koomey ARI 16 September 2013 12:59
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Figure 2
Energy efficiency of general-purpose computers over time (1946–2009). Adapted from Reference 7.
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In the Green500 the 
systems of the 
TOP500 are ranked by 
how much 
computational 
performance they 
deliver on the HPL 
benchmark per Watt 
of electrical power 
consumed. This 
electrical power 
efficiency is measured 
in Gigaflops/Watt.

Top#10#of#the#Green500#"



1. Chip Intellectual Property (IP) Cores

2. Electronic Design Automation (EDA) Tools

3. Specialized Materials and subsystems

4. Wafer Fab Equipment (WFE)

5. “Fabless” Chip Companies

6. Integrated Device Manufacturers (IDMs)

7. Chip Foundries

8. Outsourced Semiconductor Assembly and 
Test (OSAT)

Semiconductor technological system

IP Cores

EDA

Materials & 
subsystems

WFE

Chip compagnies

Foundries
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The $150 Million Machine Keeping Moore’s Law Alive
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It contains 100,000 parts and 2 kilometers of cabling.
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1. Inert and Carrier Gases

Used as inert atmospheres, 
purging, and carrier gases in 
various processes.

•Nitrogen (N₂)
•Argon (Ar)
•Helium (He)
•Neon (Ne)
•Krypton (Kr)
•Xenon (Xe)

2. Oxidation and Oxide Formation 
Gases

Employed in oxidation processes 
to grow oxide layers on silicon 
wafers.

•Oxygen (O₂)
•Nitrous Oxide (N₂O)
•Nitric Oxide (NO)
•Ozone (O₃)

•Nitrogen Dioxide (NO₂)
•Nitrogen Monoxide (NO)
•Chlorine Monoxide (ClO)
•Chlorine Dioxide (ClO₂)

3. Reducing and Annealing Gases

Used in annealing processes and 
to create reducing environments.

•Hydrogen (H₂)
•Forming Gas (H₂/N₂ Mixture)
•Deuterium (D₂)

Non-exhaustive list of gases and their use in microprocessor manufacturing
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4. Doping Gases

Introduce impurities into silicon to 
modify its electrical properties.

•Phosphine (PH₃) (n-type doping)
•Arsine (AsH₃) (n-type doping)
•Diborane (B₂H₆) (p-type doping)

•Boron Trichloride (BCl₃)
•Boron Trifluoride (BF₃)

•Phosphorus Pentafluoride (PF₅)
•Phosphorus Oxychloride (POCl₃)

•Boron Tribromide (BBr₃)
•Trimethylantimony (TMSb)
•Tris(Dimethylamino)Antimony 

(TDMASb)
•Trimethylphosphine (TMP)
•Tertiarybutylarsine (TBAs)
•Tertiarybutylphosphine (TBP)
•Hydrogen Selenide (H₂Se)
•Hydrogen Telluride (H₂Te)
•Hydrogen Sulfide (H₂S)

5. Deposition Gases (Chemical 
Vapor Deposition - CVD)

Used to deposit thin films of various 
materials on the wafer surface.

•Silane (SiH₄)
•Disilane (Si₂H₆)

•Dichlorosilane (SiH₂Cl₂)
•Trichlorosilane (SiHCl₃)
•Tetrachlorosilane (SiCl₄)

•Germane (GeH₄)
•Tungsten Hexafluoride (WF₆)
•Titanium Tetrachloride (TiCl₄)

•Tetrakis(Dimethylamido)Titanium 
(TDMAT)

•Trimethylaluminum (TMA)
•Trimethylgallium (TMG)

•Tetraethyl Orthosilicate (TEOS)
•Methylsilane (CH₃SiH₃)

•Dimethylsilane ((CH₃)₂SiH₂)
•Ethyl Silicate (Si(OC₂H₅)₄)
•Trimethylindium (TMI)

•Tungsten Hexacarbonyl (W(CO)₆)

6. Etching Gases

Used in plasma etching to remove 
specific materials from the wafer.

•Chlorine (Cl₂)
•Fluorine (F₂)

•Sulfur Hexafluoride (SF₆)
•Nitrogen Trifluoride (NF₃)
•Carbon Tetrafluoride (CF₄)
•Hexafluoroethane (C₂F₆)
•Octafluoropropane (C₃F₈)
•Perfluorocyclobutane (C₄F₈)
•Trifluoromethane (CHF₃)
•Hydrogen Bromide (HBr)
•Chlorine Trifluoride (ClF₃)
•Boron Trichloride (BCl₃)
•Hydrogen Chloride (HCl)
•Hydrogen Fluoride (HF)

•Silicon Tetrachloride (SiCl₄)
•Silicon Tetrafluoride (SiF₄)
•Hydrogen Iodide (HI)
•Fluoromethane (CH₃F)

•Hexafluoro-1,3-Butadiene (C₄F₆)
•Chlorine Pentafluoride (ClF₅)
•Xenon Difluoride (XeF₂)

•Carbon Tetrachloride (CCl₄)
•Dichlorodifluoromethane (CCl₂F₂)

•Carbonyl Sulfide (OCS)
•Oxygen Difluoride (OF₂)
•Nitrosyl Chloride (NOCl)
•Hydrogen Cyanide (HCN)
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7. Chamber Cleaning Gases

Used to clean deposition and 
etching equipment by removing 
residues.

•Nitrogen Trifluoride (NF₃)
•Fluorine (F₂)

•Hexafluoroethane (C₂F₆)
•Sulfur Hexafluoride (SF₆)
•Chlorine Trifluoride (ClF₃)
•Perfluorocyclobutane (C₄F₈)
•Octafluoropropane (C₃F₈)
•Oxygen Difluoride (OF₂)
•Hydrogen Peroxide Vapor 

(H₂O₂)

8. Photoresist Processing 
Gases

Utilized in photolithography for 
resist application and removal.

•Ammonia (NH₃)
•Hexamethyldisilazane (HMDS)

•Ethylamine (C₂H₅NH₂)
•Dimethylamine ((CH₃)₂NH)
•Isopropyl Alcohol Vapor 

(C₃H₇OH)
•Acetone Vapor (C₃H₆O)

9. Cleaning and Surface 
Preparation Gases

Employed to clean wafers and 
prepare surfaces for 
subsequent processes.

•Hydrogen Fluoride (HF)
•Hydrogen Chloride (HCl)
•Ammonium Fluoride (NH₄F)
•Ammonium Chloride (NH₄Cl)

•Carbon Dioxide (CO₂)
•Carbon Monoxide (CO)

•Ozone (O₃)
•Hydrogen Peroxide Vapor 

(H₂O₂)
•Sulfur Dioxide (SO₂)
•Nitrogen Dioxide (NO₂)
•Ethylene Oxide (C₂H₄O)
•Chlorine Dioxide (ClO₂)
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10. Plasma and Sputtering 
Gases

Used in plasma-enhanced 
processes and physical vapor 
deposition.

•Argon (Ar)
•Helium (He)
•Neon (Ne)
•Krypton (Kr)
•Xenon (Xe)
•Nitrogen (N₂)

11. Deposition of Dielectric and 
Insulating Layers

Gases used to deposit 
insulating materials like silicon 
dioxide and silicon nitride.

•Ammonia (NH₃)
•Nitrous Oxide (N₂O)

•Silane (SiH₄)
•Disilane (Si₂H₆)

•Tetraethyl Orthosilicate (TEOS)
•Ethyl Silicate (Si(OC₂H₅)₄)
•Dichlorosilane (SiH₂Cl₂)

12. Metalization and Barrier 
Layer Gases

Used to deposit metal films and 
barrier layers in interconnect 
structures.

•Tungsten Hexafluoride (WF₆)
•Titanium Tetrachloride (TiCl₄)

•Tetrakis(Dimethylamido)Titanium 
(TDMAT)

•Aluminum Trichloride (AlCl₃)
•Trimethylaluminum (TMA)
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13. Carbon-Based Film 
Deposition Gases

Used to deposit carbon films 
like diamond-like carbon or 
graphene.

•Methane (CH₄)
•Ethane (C₂H₆)
•Ethylene (C₂H₄)
•Acetylene (C₂H₂)
•Carbon Monoxide (CO)
•Carbon Dioxide (CO₂)
•Tetrafluoroethane (C₂H₂F₄)

14. Miscellaneous and 
Specialized Gases

Used in specialized processes 
or less common applications.

•Hydrogen Sulfide (H₂S)
•Hydrogen Selenide (H₂Se)
•Hydrogen Telluride (H₂Te)
•Hydrogen Peroxide Vapor 
(H₂O₂)
•Hydrogen Cyanide (HCN)
•Carbonyl Sulfide (OCS)
•Nitrogen Monoxide (NO)
•Nitrosyl Chloride (NOCl)
•Hydrogen Bromide (HBr)
•Sulfur Dioxide (SO₂)
•Tellurium Hexafluoride (TeF₆)

Liste non exhaustive 
d’une centaine de 
gaz utilisés dans les 
processus de 
fabrication d’un 
microprocesseur
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Obsolete architecture ?
Higher frequencies 
means more 
instructions per 
second.

More instructions 
per seconds means 
more energy 
dissipation.

Higher densities of 
transistors means 
more instructions 
per second.

Higher densities of 
transistors means 
reaching the 
physical limits of 
semiconductors
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Nouvelles architectures mais essentiellement les mêmes types de matériaux
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Absence de la question 
fondamentale du 
recyclage
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« New design could 
dramatically cut energy 
waste in electric vehicles, 
data centers, and the power 
grid. » Tomàs Palacios, MIT

Innovation 
without 
sustainability
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Spin-Current-Controlled Modulation of the Magnon Spin Conductance
in a Three-Terminal Magnon Transistor

L. J. Cornelissen,* J. Liu, and B. J. van Wees
Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen,

Nijenborgh 4, 9747 AG Groningen, The Netherlands

R. A. Duine
Institute for Theoretical Physics and Center for Extreme Matter and Emergent Phenomena, Utrecht University,

Leuvenlaan 4, 3584 CE Utrecht, The Netherlands
and Department of Applied Physics, Eindhoven University of Technology,

P.O. Box 513, 5600 MB Eindhoven, The Netherlands

(Received 17 October 2017; published 2 March 2018)

Efficient manipulation of magnon spin transport is crucial for developing magnon-based spintronic
devices. In this Letter, we provide proof of principle of a method for modulating the diffusive transport of
thermal magnons in an yttrium iron garnet channel between injector and detector contacts. The magnon
spin conductance of the channel is altered by increasing or decreasing the magnon chemical potential via
spin Hall injection of magnons by a third modulator electrode. We obtain a modulation efficiency of
1.6%/mA at T ¼ 250 K. Finite element modeling shows that this could be increased to well above
10%/mA by reducing the thickness of the channel, providing interesting prospects for the development of
thermal-magnon-based logic circuits.

DOI: 10.1103/PhysRevLett.120.097702

In a field effect transistor (FET), the conductance of a
semiconducting channel can be tuned by changing the
density of charge carriers via the application of an electric
field [1]. The FET proved to be an extremely powerful
device for both signal amplification and logic operation and
has become ubiquitous in present day electronics. Recently,
the prospect of encoding, transporting, and manipulating
information in solid-state devices based on magnons has
sparked an intense research effort in the field of magnonics
[2–4]. However, the task of manipulating information
carried by magnons remains formidable.
On the one hand, low-frequency magnons propagating

coherently are appealing, since they allow for on-chip access
to wave phenomena like interference [5–7]. On the other
hand, incoherent high-frequency thermal magnons propagat-
ing diffusively are promising, since they can be effectively
interfaced with conventional electronics and are high-fidelity
carriers of spin [8]. To develop magnon-based spintronic
devices, efficientmanipulation ofmagnon transport is crucial.
Here we show that the magnon spin conductance of a
magnetic insulator film can be tuned by changing themagnon
density in that film, demonstrating an operating principle
similar to the FET for electronic transport.
Thermal magnons can be excited and detected in the

linear regime via spin-flip scattering of conduction elec-
trons at a heavy metaljmagnetic insulator interface [8–12].
They can also be excited by applying a thermal gradient to
the magnet via the spin Seebeck effect (SSE) [13]. The SSE

drives a magnon spin current in response to the thermal
gradient, which generates a voltage in an adjacent heavy
metal layer and can be detected both in a local [13–17] or
nonlocal [18–21] configuration. Manipulation of coherent
magnon transport can be achieved, for instance, in mag-
nonic crystals [22], which was used to realize the first
magnon transistor [23]. Alternatively, damping compensa-
tion via spin transfer torque can be used to manipulate
coherent magnon propagation [24–27]. Methods for the
manipulation of thermal-magnon spin transport have not
been demonstrated to date.
Ganzhorn et al. reported a linear superposition of

magnon spin signals in a multiterminal injection and
detection device [28]. Here we go beyond the linear regime
to provide proof of principle for the manipulation of
thermal-magnon transport by tuning the magnon spin
conductivity σm in a three-terminal device on yttrium iron
garnet (YIG). Similar to electron transport in metals and
semiconductors, the conductance of a magnon channel
depends on the magnon density. For electrons, this is
captured in the Drude formula for the conductivity [29,30],
σe ¼ e2neτe/me. Here, ne is the free-electron density,
−e;me the electron charge and effective mass, and τe
the scattering time. For magnons in thermal equilibrium,
the spin conductivity (in units of 1/m) is [19]

σm ¼ 4ζð3/2Þ2 1
ℏ
Jsτm
Λ3

; ð1Þ

PHYSICAL REVIEW LETTERS 120, 097702 (2018)
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Gadolinium Gallium

Garnet

General

Category synthetic mineral

Formula 

(repeating
unit)

Gd3Ga5O12
[1]

Crystal

system

cubic

Identification

Color transparent,
colorless to light
brown or yellow.
May also be orange
or blue.[1]

Mohs scale

hardness
6.5[1] (other sources
7.5)

Luster vitreous to
subadamantine[1]

Specific

gravity

7.05 (+.04, -.10)[1]

Density 7.08 g/cm3

Polish luster vitreous to
subadamantine[1]

Optical

properties

Single refractive[1]

Refractive

index

1.970 (+.060)[1]

Birefringence none[1]

Pleochroism none[1]

Dispersion .045[1]

Ultraviolet

fluorescence

moderate to strong
pinkish orange in
shortwave[1]

Gadolinium gallium garnet
Gadolinium Gallium Garnet (GGG, Gd3Ga5O12) is a synthetic crystalline

material of the garnet group, with good mechanical, thermal, and optical properties.

It is typically colorless. It has a cubic lattice, a density of 7.08 g/cm
3
 and its Mohs

hardness is variously noted as 6.5 and 7.5. Its crystals are produced with the

Czochralski method. During production, various dopants can be added for colour

modification. The material is also used in fabrication of various optical components

and as a substrate material for magneto–optical films (magnetic bubble memory).
[2]

It also finds use in jewelry as a diamond simulant. GGG can also be used as a seed

substrate for the growth of other garnets such as YIG.
[3]

Micro-pulling-down
Yttrium aluminium garnet
Yttrium iron garnet
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Yttrium iron garnet

General

Category Synthetic mineral

Formula 

(repeating unit)
Y3Fe2(FeO4)3 or
Y3Fe5O12

Identification

Formula mass 737.94[1]

Color Green[1]

Density 5.11 g/cm3[1]

Other

characteristics

Ferrimagnetic
material

Yttrium iron garnet
Yttrium iron garnet (YIG) is a kind of synthetic garnet, with chemical composition

Y3Fe2(FeO4)3, or Y3Fe5O12. It is a ferrimagnetic material
[1]

 with a Curie

temperature of 560 K.
[2]

 YIG may also be known as yttrium ferrite garnet, or as iron

yttrium oxide or yttrium iron oxide, the latter two names usually associated with

powdered forms.
[3]

In YIG, the five iron(III) ions occupy two octahedral and three tetrahedral sites, with

the yttrium(III) ions coordinated by eight oxygen ions in an irregular cube. The iron

ions in the two coordination sites exhibit different spins, resulting in magnetic

behavior.
[2]

 By substituting specific sites with rare earth elements, for example,

interesting magnetic properties can be obtained.
[4]

YIG has a high Verdet constant which results in the Faraday effect,
[5]

 high Q factor

in microwave frequencies,
[6]

 low absorption of infrared wavelengths down to

1200 nm,
[7]

 and very small linewidth in electron spin resonance. These properties

make it useful for MOI (magneto optical imaging) applications in

superconductors.
[8]

YIG is used in microwave, acoustic, optical, and magneto-optical applications, e.g.

microwave YIG filters, or acoustic transmitters and transducers.
[9]

 It is transparent

for light wavelengths over 600 nm. It also finds use in solid-state lasers in Faraday

rotators, in data storage, and in various nonlinear optics applications.
[10]

Gadolinium gallium garnet
Terbium gallium garnet
Yttrium aluminium garnet
Yttrium iron garnet filter
YIG sphere
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where Js is the spin wave stiffness, Λ the thermal magnon
de Broglie wavelength, τm the total momentum scattering
time, ζ the Riemann zeta function, and ℏ the reduced
Planck constant. For an out-of-equilibrium magnon gas,
the density is no longer given by nm ¼ 2ζð3/2Þ2/Λ3 but
depends on both chemical potential and temperature so that
nm ¼ nmðμm; TÞ. For a parabolic dispersion ℏω ¼ Jsk2,
the effective mass is mm ¼ ℏ2/ð2JsÞ. Thus, the out-of-
equilibrium magnon spin conductivity becomes

σm ¼ ℏ
nmτm
mm

; ð2Þ

which is similar to the Drude formula and shows that σm
can be tuned via the magnon density nm.
The devices were fabricated on 210 nm thin YIG (111)

films grown epitaxially on a gadolinium gallium garnet
substrate. Three platinum electrodes are sputtered on top:
an injector, modulator, and detector contact. The injector
and detector have a width of 100 nm, and the modulator
width is 1 μm. The center-to-center injector or detector
distance is 1.5 μm, and the edge-to-edge distance between
the modulator and side contacts is 200 nm. Three devices
with different length and thickness of the Pt contacts were
studied. For samples G1 and G3, the contact length lpt ¼
12.5 μm and thickness tpt ≈ 7 nm, whereas for sample G2,
this is 100 μm and 10 nm, respectively. The electrodes are
contacted by Ti/Au leads to make electrical connections
to the device. A SEM image of device G1 is shown in
Fig. 1(a), with current and voltage connections indicated
schematically. Nonlocal measurements are carried out by
rotating the sample in a magnetic fieldH to vary the angle α
between the Pt electrodes and the YIG magnetization (see
the Supplemental Material [31], Sec. S8 for magnetization
characteristics). A low-frequency ½ω/ð2πÞ < 20 Hz% ac
current is applied to the injector, while the first (V1ω)

and second (V2ω) harmonic response voltages are measured
at the detector. All data shown in the main text of this
manuscript were obtained from device G1, and the results
for devices G2 and G3 are presented in the Supplemental
Material [31]. All devices were fabricated on YIG samples
cut from the same wafer.
V1ω is due to magnons generated electrically via the

spin Hall effect (SHE) in the injector and s-d exchange
interaction at the PtjYIG interface. V2ω is due to thermally
generated magnons excited via the SSE in response to the
thermal gradient in the YIG arising from injector Joule
heating. The detector signal arises from interfacial
exchange interaction at the detectorjYIG interface and
the inverse SHE in the detector, for both V1ω and V2ω.
In addition to the ac current through the injector, we pass a
dc current through the modulator. This influences the
magnon transport channel in two ways. First, the average
device temperature increases due to Joule heating in the
modulator, altering the spin transport parameters. Second,
magnons are injected or absorbed at the modulatorjYIG
interface, again relying on the SHE and interfacial spin-flip
scattering. Depending on the relative orientation of the YIG
magnetization and the spin accumulation in the modulator,
this will increase or decrease the magnon density in the
channel. The dc current will not simply result in a dc
offset to V1ω and V2ω due to the lock-in method we employ
(Supplemental Material [31], Sec. S5).
The nonlocal voltages are now [8]

V1ω ¼ C1Iacσ1ωm ðαÞsin2ðαþ ϕ1ωÞ; ð3Þ

V2ω ¼ C2I2acσ2ωm ðαÞ sin ðαþ ϕ2ωÞ: ð4Þ

Here, Iac is the ac injector current, ϕ1ωðϕ2ωÞ are offset
angles in the first (second) harmonic, and the constants C1

FIG. 1. (a) Colorized SEM image of deviceG1; electrical connections indicated schematically. Arrows mark charge current flow in the
circuit. (b) A sketch of the device with schematic side views of the modulatorjYIG interface for positive (negative) dc currents. When the
magnetic moment of the spin accumulation μs in the modulator is antiparallel (parallel) to the YIG magnetizationMYIG, μm, and, hence,
nm in the channel is increased (decreased). Consequently, the magnon spin conductance from injector to detector is increased
(decreased).
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Abstract—Forty years after the first silicon microprocessors, we
demonstrate an 8-bit microprocessor made from plastic electronic
technology directly on flexible plastic foil. The operation speed is
today limited to 40 instructions per second. The power consump-
tion is as low as 100 W. The ALU-foil operates at a supply voltage
of 10 V and back-gate voltage of 50 V. The microprocessor can
execute user-defined programs: we demonstrate the execution of
the multiplication of two 4-bit numbers and the calculation of the
moving average of a string of incoming 6-bit numbers. To execute
such dedicated tasks on the microprocessor, we create small plastic
circuits that generate the sequences of appropriate instructions.
The near transparency, mechanical flexibility, and low power con-
sumption of the processor are attractive features for integration on
everyday objects, where it could be programmed as, amongst other
items, a calculator, timer, or game controller.

Index Terms—Dual-gate, flexible circuits, flexible micropro-
cessor, flexible processor, organic circuits, organic microprocessor,
organic processor, organic transistor, plastic circuits, plastic
microprocessor, plastic processor.

I. INTRODUCTION

E LECTRONICS pervades everyday life and is undeniably
making its way from computing to telephony and to as-

sisting us in everyday tasks through products such as electronic
paper to read and write, electronic noses to sense gases, smart
lighting with electronics to save energy, and so on. The key en-
abler of these pervasive electronics applications is the fact that
integration of ever more transistors with ever smaller dimen-
sions has resulted in the cost of a single semiconductor tran-
sistor, or switch, to dwindle to the level of ten nano-dollars per
transistor. Nevertheless, if the cost of a transistor in a chip is
negligible and decreasing, the cost of placing and routing elec-
tronics on daily objects is not necessarily proportionally low.
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Plastic electronics refers to the technology to make transistors
and circuits with thin-film organic or plastic semiconductors
on arbitrary substrates, including not only rigid substrates such
as glass, but also flexible plastic foils. A variety of organic
molecules and polymers have been developed as semiconduc-
tors, and the best ones [1]–[4] today feature a charge carrier
mobility on the order of 1–10 cm /Vs, some 100 to 1000 times
lower than that of silicon. When integrated into circuits, the
realistic mobility values are somewhat lower but nevertheless
sufficient for applications such as backplanes for flexible
active-matrix displays, in particular for flexible electronic
papers [5]. The first dedicated circuit applications of organic
thin-film transistors have also appeared in recent years, such
as recently demonstrated by the integration of an organic line
driver for an organic active matrix OLED display [6]. Such cir-
cuits can be made directly on thin and ultra-flexible plastic foils,
which allows them to be very simply laminated on everyday
objects, and furthermore provides appealing characteristics in
terms of bending radius and robustness: we no longer talk of
flexible electronics but of truly crinkable electronics [7].
Here, we investigate the possibility to use this technology to

realize microprocessors on plastic foil. As the cost of an elec-
tronic chip decreases with production volume, ultralow-cost mi-
croprocessors on easy-to-integrate flexible foils will be an en-
abler for ambient intelligence: one and the same type of chip
can be integrated on vastly different types of objects to perform
customized functions, such as identification, simple computing,
and controlling.
The organic microprocessor has been implemented as two

different foils: an arithmetic and logic unit (ALU) foil and an
instruction foil. The ALU-foil is a general-purpose foil which
can execute a multitude of functions. On the other hand, the in-
struction foil is a dedicated chip that generates the sequence of
instructions to obtain a specific function. It sends this sequence
of instructions to the ALU-foil such that the combination of both
foils results in the execution of a specific algorithm. The first
prototype of the organic microprocessor [8] had only one in-
struction foil available and could operate up to six operations
per second (OPS). In this paper, we report an improved organic
microprocessor that can run 40 OPS and can operate with two
different instruction foils. We first discuss the technology and
choice of logic family used for the microprocessor foil. Sub-
sequently, we report on the design and measurement data of
the ALU-foil. Next, a complete integrated microprocessor is
demonstrated by combining the ALU-foil with the instruction
foil. Finally, we conclude by comparing the organic micropro-
cessor to the silicon Intel 4004 early-days processor.
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284 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 47, NO. 1, JANUARY 2012

An 8-Bit, 40-Instructions-Per-Second Organic
Microprocessor on Plastic Foil

Kris Myny, Student Member, IEEE, Erik van Veenendaal, Gerwin H. Gelinck, Jan Genoe, Member, IEEE,
Wim Dehaene, Senior Member, IEEE, and Paul Heremans

Abstract—Forty years after the first silicon microprocessors, we
demonstrate an 8-bit microprocessor made from plastic electronic
technology directly on flexible plastic foil. The operation speed is
today limited to 40 instructions per second. The power consump-
tion is as low as 100 W. The ALU-foil operates at a supply voltage
of 10 V and back-gate voltage of 50 V. The microprocessor can
execute user-defined programs: we demonstrate the execution of
the multiplication of two 4-bit numbers and the calculation of the
moving average of a string of incoming 6-bit numbers. To execute
such dedicated tasks on the microprocessor, we create small plastic
circuits that generate the sequences of appropriate instructions.
The near transparency, mechanical flexibility, and low power con-
sumption of the processor are attractive features for integration on
everyday objects, where it could be programmed as, amongst other
items, a calculator, timer, or game controller.

Index Terms—Dual-gate, flexible circuits, flexible micropro-
cessor, flexible processor, organic circuits, organic microprocessor,
organic processor, organic transistor, plastic circuits, plastic
microprocessor, plastic processor.

I. INTRODUCTION

E LECTRONICS pervades everyday life and is undeniably
making its way from computing to telephony and to as-

sisting us in everyday tasks through products such as electronic
paper to read and write, electronic noses to sense gases, smart
lighting with electronics to save energy, and so on. The key en-
abler of these pervasive electronics applications is the fact that
integration of ever more transistors with ever smaller dimen-
sions has resulted in the cost of a single semiconductor tran-
sistor, or switch, to dwindle to the level of ten nano-dollars per
transistor. Nevertheless, if the cost of a transistor in a chip is
negligible and decreasing, the cost of placing and routing elec-
tronics on daily objects is not necessarily proportionally low.

Manuscript received May 07, 2011; revised July 17, 2011; accepted
September 05, 2011. Date of publication November 04, 2011; date of current
version December 23, 2011. This paper was approved by Guest Editor Satoshi
Shigematsu. This work was supported in part by the EU-Projects COSMIC
(ISTIP-247681) and ORICLA (FP7-ICT-2009-4 247798).
K. Myny is with imec, 3001 Leuven, Belgium, the Katholieke Universiteit

Leuven, 3001 Leuven, Belgium, and also with the Katholieke Hogeschool Lim-
burg, 3590 Diepenbeek, Belgium (e-mail: kris.myny@imec.be).
E. van Veenendaal is with Polymer Vision, 5656 AE Eindhoven, The Nether-

lands.
J. Genoe is with imec, 3001 Leuven, Belgium, and also with the Katholieke

Hogeschool Limburg, 3590 Diepenbeek, Belgium.
G. H. Gelinck is with the Holst Centre/TNO, 5605 KN Eindhoven, The

Netherlands.
W. Dehaene, and P. Heremans are with imec, 3001 Leuven, Belgium, and

also with the Katholieke Universiteit Leuven, 3001 Leuven, Belgium.
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JSSC.2011.2170635

Plastic electronics refers to the technology to make transistors
and circuits with thin-film organic or plastic semiconductors
on arbitrary substrates, including not only rigid substrates such
as glass, but also flexible plastic foils. A variety of organic
molecules and polymers have been developed as semiconduc-
tors, and the best ones [1]–[4] today feature a charge carrier
mobility on the order of 1–10 cm /Vs, some 100 to 1000 times
lower than that of silicon. When integrated into circuits, the
realistic mobility values are somewhat lower but nevertheless
sufficient for applications such as backplanes for flexible
active-matrix displays, in particular for flexible electronic
papers [5]. The first dedicated circuit applications of organic
thin-film transistors have also appeared in recent years, such
as recently demonstrated by the integration of an organic line
driver for an organic active matrix OLED display [6]. Such cir-
cuits can be made directly on thin and ultra-flexible plastic foils,
which allows them to be very simply laminated on everyday
objects, and furthermore provides appealing characteristics in
terms of bending radius and robustness: we no longer talk of
flexible electronics but of truly crinkable electronics [7].
Here, we investigate the possibility to use this technology to

realize microprocessors on plastic foil. As the cost of an elec-
tronic chip decreases with production volume, ultralow-cost mi-
croprocessors on easy-to-integrate flexible foils will be an en-
abler for ambient intelligence: one and the same type of chip
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can execute a multitude of functions. On the other hand, the in-
struction foil is a dedicated chip that generates the sequence of
instructions to obtain a specific function. It sends this sequence
of instructions to the ALU-foil such that the combination of both
foils results in the execution of a specific algorithm. The first
prototype of the organic microprocessor [8] had only one in-
struction foil available and could operate up to six operations
per second (OPS). In this paper, we report an improved organic
microprocessor that can run 40 OPS and can operate with two
different instruction foils. We first discuss the technology and
choice of logic family used for the microprocessor foil. Sub-
sequently, we report on the design and measurement data of
the ALU-foil. Next, a complete integrated microprocessor is
demonstrated by combining the ALU-foil with the instruction
foil. Finally, we conclude by comparing the organic micropro-
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Fig. 1. (a) Cross section of the dual-gate OTFT technology. (b) Typical measured transfer characteristic of this OTFT ( m/ m) when using the
back-gate as -control gate (right). (Figures from [11].)

II. TECHNOLOGY AND LOGIC FAMILY

In our organic thin-film transistor (OTFT) technology,
all layers to make the circuits are processed directly on a
25- m-thick PEN (polyethylene naphthalate) foil and consist
of polymers or organic molecules, with the exception of metals
(Au) for gates, sources, drains, and interconnect lines between
the transistors [9]. The OTFT technology is a unipolar p-type,
single- technology, using pentacene as semiconductor. The
basic transistor has a channel length of 5 m.
The yield of larger integrated circuits in such a single- ,

p-type-only technology is intrinsically limited, as a result of the
parameter variability [10]. Myny et al. have demonstrated an in-
creased circuit robustness by the addition of an extra gate to each
OTFT, leading to the availability of multiple ’s in a unipolar
p-type technology [11]. The organic microprocessor has been
designed in this technology. A cross section is shown in Fig. 1.
As depicted, each TFT comprises two gates, a front gate and
a back gate. The front gate controls the channel current while
the back gate, which is weakly coupled to the semiconductor
channel, is used to shift the transistor’s threshold voltage. This
is depicted in Fig. 1. As a consequence, the of each single
transistor can be independently tuned.
The key factor when determining the choice of logic family

for the basic circuit gates is the circuit robustness parameterized
by the noise margin. Fig. 2 shows the noise margin (at
20 V) of typical zero- inverters when no back-gate is used,
compared with the noise margin achievable with an optimized
dual-gate zero- topology. In this optimized topology, the
back gates of the load transistors are connected to the front gates,
while all back gates of the drive transistors are connected to
a common rail, to which a back-gate voltage is applied exter-
nally [11].
The typical spread on threshold voltage in organic TFT tech-

nology is 0.2 to 0.5 V, which is large compared with the noise
margin achievable with single-gate technology. As a result, it
is common practice in the field of organic electronics to use
a transistor-level approach to design (simple) circuits. Indeed,
it is usually necessary to simulate the schematic entry with an
analog circuit-level simulator (such as Spectre or Spice) and use

Fig. 2. Noise margin of single- zero- inverter with single-gate pen-
tacene TFT technology (top) and of optimized dual- inverter using dual-gate
pentacene TFT technology (bottom).

Monte Carlo simulations to predict yield. However, such analog
circuit-level simulators are not adapted to deal with the needed
level of complexity to design and simulate an organic micro-
processor due to the large number of (parallel) switching gates,
large amount of input, control, and output signals. In contrast,
in our optimized dual-gate, the much improved noise margin al-
lows to make use of common digital design practices. Starting
from the basic characteristics of inverters and other logic gates,
we designed a robust library of basic digital logic gates (in-
verters, NANDs, buffers). This standard cell library was used to
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demonstrate an 8-bit microprocessor made from plastic electronic
technology directly on flexible plastic foil. The operation speed is
today limited to 40 instructions per second. The power consump-
tion is as low as 100 W. The ALU-foil operates at a supply voltage
of 10 V and back-gate voltage of 50 V. The microprocessor can
execute user-defined programs: we demonstrate the execution of
the multiplication of two 4-bit numbers and the calculation of the
moving average of a string of incoming 6-bit numbers. To execute
such dedicated tasks on the microprocessor, we create small plastic
circuits that generate the sequences of appropriate instructions.
The near transparency, mechanical flexibility, and low power con-
sumption of the processor are attractive features for integration on
everyday objects, where it could be programmed as, amongst other
items, a calculator, timer, or game controller.

Index Terms—Dual-gate, flexible circuits, flexible micropro-
cessor, flexible processor, organic circuits, organic microprocessor,
organic processor, organic transistor, plastic circuits, plastic
microprocessor, plastic processor.

I. INTRODUCTION

E LECTRONICS pervades everyday life and is undeniably
making its way from computing to telephony and to as-

sisting us in everyday tasks through products such as electronic
paper to read and write, electronic noses to sense gases, smart
lighting with electronics to save energy, and so on. The key en-
abler of these pervasive electronics applications is the fact that
integration of ever more transistors with ever smaller dimen-
sions has resulted in the cost of a single semiconductor tran-
sistor, or switch, to dwindle to the level of ten nano-dollars per
transistor. Nevertheless, if the cost of a transistor in a chip is
negligible and decreasing, the cost of placing and routing elec-
tronics on daily objects is not necessarily proportionally low.
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Plastic electronics refers to the technology to make transistors
and circuits with thin-film organic or plastic semiconductors
on arbitrary substrates, including not only rigid substrates such
as glass, but also flexible plastic foils. A variety of organic
molecules and polymers have been developed as semiconduc-
tors, and the best ones [1]–[4] today feature a charge carrier
mobility on the order of 1–10 cm /Vs, some 100 to 1000 times
lower than that of silicon. When integrated into circuits, the
realistic mobility values are somewhat lower but nevertheless
sufficient for applications such as backplanes for flexible
active-matrix displays, in particular for flexible electronic
papers [5]. The first dedicated circuit applications of organic
thin-film transistors have also appeared in recent years, such
as recently demonstrated by the integration of an organic line
driver for an organic active matrix OLED display [6]. Such cir-
cuits can be made directly on thin and ultra-flexible plastic foils,
which allows them to be very simply laminated on everyday
objects, and furthermore provides appealing characteristics in
terms of bending radius and robustness: we no longer talk of
flexible electronics but of truly crinkable electronics [7].
Here, we investigate the possibility to use this technology to

realize microprocessors on plastic foil. As the cost of an elec-
tronic chip decreases with production volume, ultralow-cost mi-
croprocessors on easy-to-integrate flexible foils will be an en-
abler for ambient intelligence: one and the same type of chip
can be integrated on vastly different types of objects to perform
customized functions, such as identification, simple computing,
and controlling.
The organic microprocessor has been implemented as two

different foils: an arithmetic and logic unit (ALU) foil and an
instruction foil. The ALU-foil is a general-purpose foil which
can execute a multitude of functions. On the other hand, the in-
struction foil is a dedicated chip that generates the sequence of
instructions to obtain a specific function. It sends this sequence
of instructions to the ALU-foil such that the combination of both
foils results in the execution of a specific algorithm. The first
prototype of the organic microprocessor [8] had only one in-
struction foil available and could operate up to six operations
per second (OPS). In this paper, we report an improved organic
microprocessor that can run 40 OPS and can operate with two
different instruction foils. We first discuss the technology and
choice of logic family used for the microprocessor foil. Sub-
sequently, we report on the design and measurement data of
the ALU-foil. Next, a complete integrated microprocessor is
demonstrated by combining the ALU-foil with the instruction
foil. Finally, we conclude by comparing the organic micropro-
cessor to the silicon Intel 4004 early-days processor.
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(a) (b)

Fig. 1. (a) Cross section of the dual-gate OTFT technology. (b) Typical measured transfer characteristic of this OTFT ( m/ m) when using the
back-gate as -control gate (right). (Figures from [11].)

II. TECHNOLOGY AND LOGIC FAMILY

In our organic thin-film transistor (OTFT) technology,
all layers to make the circuits are processed directly on a
25- m-thick PEN (polyethylene naphthalate) foil and consist
of polymers or organic molecules, with the exception of metals
(Au) for gates, sources, drains, and interconnect lines between
the transistors [9]. The OTFT technology is a unipolar p-type,
single- technology, using pentacene as semiconductor. The
basic transistor has a channel length of 5 m.
The yield of larger integrated circuits in such a single- ,

p-type-only technology is intrinsically limited, as a result of the
parameter variability [10]. Myny et al. have demonstrated an in-
creased circuit robustness by the addition of an extra gate to each
OTFT, leading to the availability of multiple ’s in a unipolar
p-type technology [11]. The organic microprocessor has been
designed in this technology. A cross section is shown in Fig. 1.
As depicted, each TFT comprises two gates, a front gate and
a back gate. The front gate controls the channel current while
the back gate, which is weakly coupled to the semiconductor
channel, is used to shift the transistor’s threshold voltage. This
is depicted in Fig. 1. As a consequence, the of each single
transistor can be independently tuned.
The key factor when determining the choice of logic family

for the basic circuit gates is the circuit robustness parameterized
by the noise margin. Fig. 2 shows the noise margin (at
20 V) of typical zero- inverters when no back-gate is used,
compared with the noise margin achievable with an optimized
dual-gate zero- topology. In this optimized topology, the
back gates of the load transistors are connected to the front gates,
while all back gates of the drive transistors are connected to
a common rail, to which a back-gate voltage is applied exter-
nally [11].
The typical spread on threshold voltage in organic TFT tech-

nology is 0.2 to 0.5 V, which is large compared with the noise
margin achievable with single-gate technology. As a result, it
is common practice in the field of organic electronics to use
a transistor-level approach to design (simple) circuits. Indeed,
it is usually necessary to simulate the schematic entry with an
analog circuit-level simulator (such as Spectre or Spice) and use

Fig. 2. Noise margin of single- zero- inverter with single-gate pen-
tacene TFT technology (top) and of optimized dual- inverter using dual-gate
pentacene TFT technology (bottom).

Monte Carlo simulations to predict yield. However, such analog
circuit-level simulators are not adapted to deal with the needed
level of complexity to design and simulate an organic micro-
processor due to the large number of (parallel) switching gates,
large amount of input, control, and output signals. In contrast,
in our optimized dual-gate, the much improved noise margin al-
lows to make use of common digital design practices. Starting
from the basic characteristics of inverters and other logic gates,
we designed a robust library of basic digital logic gates (in-
verters, NANDs, buffers). This standard cell library was used to
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TABLE I
SPECIFICATIONS OF THE CIRCUIT FOILS

TABLE II
COMPARISON WITH THE EARLY SILICON PROCESSOR

instructions are hardcoded on the foil. A different foil is de-
signed for every program. For the low-cost, low-complexity
but high-volume applications that are envisaged here, this pro-
cedure could even be a realistic commercial scenario. The in-
struction sets generated by the multiplier instruction foil and
the moving averager foil are shown in Fig. 9(B) and (D), re-
spectively.
The operation of the running averager instruction foil by itself

is shown in Fig. 10(A). This circuit does not contain a ripple
carry adder, and therefore it has a shorter critical path compared
with the microprocessor. Stand-alone, the instruction circuit can
run at a clock speed of 70 Hz.
Finally, we demonstrate the combined operation of an instruc-

tion foil with the microprocessor.We conducted this experiment
with the running averager. The correct operation of this combi-
nation is shown in Fig. 10(B). This demonstration shows that the

microprocessor can indeed accept its instruction set from a ded-
icated plastic circuit and is not limited to instruction sets from
a test board.

V. CONCLUSION

In Table I, we summarize the circuits fabricated and demon-
strated in plastic technology. With less than 100 W, the power
consumption of the flexible chips is already quite low and could
further be reduced by voltage scaling in the future [15], [16].
Such very low power consumption is very important for wide-
spread mobile applications on everyday objects.
To conclude, we compare in Table II the characteristics of

the first plastic microprocessor with the early silicon proces-
sors made in p-type-only silicon technology some four decades
ago.1 Significant correspondence can be seen regarding param-
eters such as gate length, supply voltage and transistor count,
but some marked differences are also clear. The instruction rate
of the plastic technology is about three orders of magnitude
slower than the early silicon processor, as a direct consequence
of the three-orders-of-magnitude lower carrier mobility in or-
ganic semiconductors. However, on the positive side, the power
consumption is also four orders of magnitude smaller. In fu-
ture implementations, semiconductors such as amorphous ox-
ides [17] could boost the performance to an intermediate speed,
with still very attractive power consumption for low-cost, low-
performance, and mobile applications.
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Wet & low power 
CHNOPS* chemistry
Evolved to be renewable
About 2.5 billions years !

Dry, high-power mineral 
chemistry.
Optimized for power, not (yet?) 
for recycling.

“Organic human societies"
Since the neolithic (~12k Years) 
up to the end of the 18th 
century

Mineral and fossil fuel societies from 
the 19th century to the present day
Could last about 3 centuries ? (2 
centuries have already passed)
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