
 
 PNEUMA project 

CHIST-ERA Project Seminar 2014 
 

Dr. Themis Prodromakis 
Co-ordinator of PNEUMA 

Plasticity in NEUral Memristive Architectures 
Istanbul, March 4th 2014 



PNEUMA Aims 

Research	
  approach 

This	
  project	
  aspires	
  to	
  develop	
  experimental	
  pla/orms	
  capable	
  of	
  perceiving,	
  learning	
  and	
  adap6ng	
  to	
  s.muli	
  by	
  
leveraging	
  on	
  the	
  latest	
  developments	
  of	
  five	
  leading	
  European	
  ins.tu.ons	
  in	
  neuroscience,	
  nanotechnology,	
  modeling	
  
and	
  circuit	
  design.	
  The	
  non-­‐linear	
  dynamics	
  as	
  well	
  as	
  the	
  plas.city	
  of	
  the	
  newly	
  discovered	
  memristor	
  are	
  shown	
  to	
  
support	
  Spike-­‐based-­‐	
  and	
  Spike-­‐Timing-­‐Dependent-­‐Plas.city	
  (STDP),	
  making	
  this	
  extremely	
  compact	
  device	
  an	
  excellent	
  
candidate	
  for	
  realizing	
  large-­‐scale	
  self-­‐adap6ve	
  circuits;	
  a	
  step	
  towards	
  “autonomous	
  cogni6ve	
  systems”.	
  The	
  intrinsic	
  
proper.es	
  of	
  real	
  neurons	
  and	
  synapses	
  as	
  well	
  as	
  their	
  organiza.on	
  in	
  forming	
  neural	
  circuits	
  will	
  be	
  exploited	
  for	
  
op.mizing	
  CMOS-­‐based	
  neurons,	
  memris.ve	
  grids	
  and	
  the	
  integra.on	
  of	
  the	
  two	
  into	
  real	
  .me	
  biophysically	
  realis.c	
  
neuromorphic	
  systems.	
  Finally,	
  the	
  plaKorms	
  would	
  be	
  tested	
  with	
  conven.onal	
  as	
  well	
  as	
  abstract	
  methods	
  to	
  evaluate	
  
the	
  technology	
  and	
  its	
  autonomous	
  capacity.	
   

Philosophers,	
  psychologists,	
  cogni3ve	
  scien3sts,	
  clinicians	
  and	
  neuroscien3sts	
  have	
  strived	
  to	
  provide	
  authorita3ve	
  
defini6ons	
  of	
  consciousness	
  within	
  a	
  neurobiological	
  framework. 

Lack	
  of	
  ar3ficial	
  systems	
  to	
  recreate	
  a?ributes	
  such	
  as	
  true	
  processing	
  locality	
  and	
  complexity	
  (1010	
  synapses	
  per	
  cm2). 

Engineers	
  have	
  more	
  recently	
  joined	
  this	
  quest	
  by	
  developing	
  neuromorphic	
  VLSI	
  circuits	
  for	
  emula6ng	
  biological	
  
func6ons. 
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Research Objectives 

Research	
  interac3ons 1.  Development of biophysically mimetic synapses and neurons 

2.  Modelling and implementation of neural circuits 

3.  Development and establishment of novel brain-inspired computational 

principles 

4.  Optimisation of device and computational models 

5.  Practical system-level application of novel computational algorithms 

6.  Set-up of real-time experiments and benchmarks 

7.  Development of system-level hybrid CMOS/Memristor platform to 

demonstrate autonomous behaviour 
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Memristor (memory-resistor)���
a “beyond Moore” era 

L.	
  Chua,	
  “Memristor-­‐the	
  missing	
  circuit	
  element,”	
  IEEE	
  Trans.	
  Circuit	
  Theory,	
  vol.	
  18,	
  1971. 

Chua’s	
  symmetry	
  
argument 

R.	
  Williams,	
  “How	
  we	
  found	
  the	
  missing	
  memristor,”	
  IEEE	
  spectrum,	
  vol.	
  45,	
  2008. 

STM	
  image	
  of	
  HP’s	
  memristor	
  cross-­‐
bar 

Cross-­‐sec3on	
  of	
  a	
  memristor’s	
  
core. 
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Memristors in History 

T.	
  Prodromakis	
  and	
  L.O.	
  Chua,	
  “Two	
  Centuries	
  of	
  Memristors”,	
  Nature	
  Materials,	
  vol.	
  11,	
  no	
  6,	
  Jun	
  2012.	
  
Davy, S.H. Elements of Chemical Philosophy. (Philadelphia - Bradford and Inskeep: 1812). 3.


Francis,	
  V.J.,	
  Fundamentals	
  of	
  discharge	
  tube	
  circuits.	
  (Methuen	
  &	
  Co.	
  Ltd:	
  1948).	
  

The oldest possible memristor! 
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Why should we care? 

Analogue	
  and	
  digital	
  circuits	
  are	
  
revisited... 
memory	
  
logic	
  

dynamic	
  loads	
  
chao3c	
  oscillators 

...while	
  novel	
  bio-­‐mime3c	
  designs	
  are	
  facilitated. 
synapse	
  emulator	
  
adap3ve	
  systems	
  

associa3ve	
  memory	
  
neuromorphic	
  processing 

Achieving	
  “more	
  for	
  less” 
A	
  disrup3ve	
  technology	
  with	
  great	
  poten3al: 

highly	
  non-­‐linear	
  characteris3c 

memory	
  effect 

ultra-­‐low	
  wri3ng	
  poten3als 

dynamic	
  response 

locality	
  (memory	
  &	
  computa3on) 

fast	
  write	
  speeds/computa3on 

bi-­‐stable	
  switch/true	
  analog	
  memory 

low-­‐power 

ideal	
  for	
  adap3ve	
  designs 

analogue/biomime3c	
  compu3ng 

scalable extension	
  to	
  Moore’s	
  law 
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Imperial College London  
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Fabrication recipes: 
4” design for conventional Lithography 

§  Devices: 1x1, 2x2, 5x5, 10x10, 50x50 and 100x100 µm2 
§  TiOx, HfOx, TaxOy and ITO active layers + Phase change (GLS) and Ferroelectrics 

Cross-bar devices 

Stand-alone devices 
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Nano-Imprint Lithography 

Minimum	
  electrode	
  width:	
  20nm	



1 Mask only for both TE & BE 
Sent for fabrication on 30/05/2012 

Devices with 50x50, 60x60, 80x80, 100x100, 
200x200, 300x300, 400x400 & 500x500 nm2 
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University of Southampton 

Southampton Nanofabrication Centre (SNC) 
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Conventional Lithography @ SNC 

Devices: 1x1, 2x2, 5x5, 10x10, 30x30, 
40x40,50x50 and 60x60 µm2 

Stand-alone devices 

Cross-bar devices 

§  Improved version with 
comb-like crossbar 
configuration  

§  1Kbit/chip 
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First 6” prototype fabricated at SNC 
 
 
 
Happy Boss J 
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Nano-Imprint Lithography 
+ Nanometre scaled devices (sub 50 nm) 
+ Low cost 
+ Mass production 
- NIL Masters are expensive. However, we fabricate 
them at SNC and we can replicate them using flexible 
masters. 
 

E-Beam Lithography 
+ Nanometre scaled devices (sub 10 nm) 
- Slow 
- Expensive 
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TiO2	
  memristors	
  can	
  support	
  both	
  bipolar	
  and	
  unipolar,	
  vola3le	
  and	
  non-­‐vola3le	
  switching	



Memristive Synapses 
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Memris3ve	
  synapses	
  support	
  long-­‐term	
  pair-­‐based	
  plas3city	
  rules 

Memristive Synapses 
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Memris3ve	
  synapses	
  support	
  long-­‐term	
  pair-­‐based	
  plas3city	
  rules 

Memristive Synapses 
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A	
  single	
  memristor	
  func3oning	
  both	
  as	
  a	
  facilita3ng	
  and	
  depressing	
  synapse 

Memristive Synapses 

“Weak	
  synapses	
  tend	
  to	
  be	
  facilita3ng	
  	
  
while	
  strong	
  synapses	
  tend	
  to	
  be	
  depressing” 
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Applica3on	
  of	
  memristor	
  short-­‐term	
  dynamics	
  in	
  detec3ng	
  concurrency	
  of	
  events	
  

Memristive Synapses 
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CMOS integration 
Gen 2 (IMSE) 
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CMOS integration 
Gen 2 (IMSE) 
 
§  Active Layer and TE masks were fabricated to  
     obtain Extrinsic devices 
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CMOS integration 
Gen 3 (INI) 
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CMOS Integration 
(on going work…) 
 1: IMSE 

 
2: INI 

 
3: Commercial 

CMOS 
 ü  More tests are needed 
 
ü  Developing the process 

based on CMOS 
conditions, such as 
PECVD, for full CMOS 
integration 

ü  Integration based on our 
knowledge on TiO2 
based devices 

 
ü  Integration based on our 

knowledge on TiO2 
based devices 

ü  Integration based on 
previous tests 

ü  Hybrid integration 
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PNEUMA structure 

WP1	
  Development	
  of	
  memris6ve	
  grids	
  
D1.1	
  (9m)	
  Fabrica3on	
  of	
  single	
  memristor	
  cells	
  
D1.2	
  (12m)	
  Memristor	
  model	
  with	
  detailed	
  specifica3ons	
  (RON/ROFF,	
  VT)	
  
D1.3	
  (24m)	
  Fabrica3on	
  of	
  2-­‐D	
  memris3ve	
  grids	
  
D1.4	
  (36m)	
  Process	
  flowchart	
  and	
  preliminary	
  monolithic	
  specimens 

WP2	
  Development	
  of	
  CMOS	
  Support	
  
D2.1	
  (6m)	
  Neuron	
  specifica3ons	
  
D2.2	
  (12m)	
  Neuron	
  design	
  sent	
  for	
  fabrica3on	
  
D2.3	
  (24m)	
  Neuron	
  array	
  sent	
  for	
  fabrica3on	
  
D2.4	
  (36m)	
  Test	
  of	
  hybrid	
  CMOS-­‐memris3ve	
  system 

WP3	
  Biophysically	
  realis6c	
  hybrid	
  CMOS/memris6ve	
  synapses	
  
D3.1	
  (6m)	
  Specifica3ons	
  for	
  synap3c	
  CMOS	
  and	
  memris3ve	
  circuits	
  
D3.2	
  (12m)	
  Hybrid	
  CMOS/memris3ve	
  neuromorphic	
  synapse	
  circuits	
  
D3.3	
  (24m)	
  Hybrid	
  CMOS/memris3ve	
  spike-­‐based	
  learning	
  device	
  
D3.4	
  (36m)	
  Spike-­‐based	
  learning	
  system	
  characteris3cs	
  and	
  demo 

WP4	
  Development	
  of	
  novel	
  computa6onal	
  paradigms	
  
D4.1	
  (24m)	
  Report	
  on	
  novel	
  brain-­‐inspired	
  paradigms	
  for	
  computa3on	
  and	
  self-­‐organiza3on	
  in	
  neural	
  circuits.	
  
D4.2	
  (36m)	
  Report	
  on	
  possible	
  applica3ons	
  of	
  self-­‐adap3ng	
  circuits. 

WP5	
  Development	
  of	
  integra6on	
  technologies	
  
D5.1	
  (6m)	
  Interfacing	
  of	
  prototypes/Fabrica3on	
  of	
  NIL	
  masks	
  
D5.2	
  (16m)	
  First	
  integrated	
  CMOS/memristor	
  plaiorms	
  (single-­‐elements)	
  
D5.3	
  (30m)	
  Integrated	
  CMOS/Memristor	
  plaiorms	
  (networks)	
  
D5.4	
  (36m)	
  Monolithic	
  integra3on	
  approach 

DONE 

DONE 

DONE 

DONE 

DONE 
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Interdisciplinary	
  
Complemen3ng	
  exper3se 

PNEUMA organisation 

Monthly	
  review	
  mee3ngs	
  
Collabora3ve	
  ac3ons 

Sharing	
  data	
  
Working	
  papers 

Scien3fic	
  advisory	
  board Exploita3on 

Collabora3ve	
  ac3ons	
  
Workshops 

Cogni3ve	
  Neuromorphic	
  Eng.	
  Workshop	
  
Bi-­‐annual	
  review	
  mee3ngs 
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Dissemination 

http://www.chistera-pneuma.eu 
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CAS-FEST 2014 

Memristive devices, circuits, systems and applications 

•  Functional materials and devices 
•  Advanced nanoelectronic technologies 
•  Advanced characterization 
•  Information storage at the nano-scale 
•  Bio-inspired/-mimetic memory and 
computation 
•  Memristive Sensory Systems 
 

• Neuromorphic circuits and systems 
• Memristor-based circuits 
• Theory and modeling 
• Applications exploiting memristors 
• CMOS integration 
• Cellular automata and array computing 
• Chaos and complex networks 

http://iscas2014.org 
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http://www.nanomemristors.com 
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Future Directions 

Development	
  of	
  real	
  biohybrid	
  plaiorms 

FP7,	
  “Real	
  neurons-­‐nanoelectronics	
  Architecture	
  with	
  Memris.ve	
  Plas.city”,	
  €2.1M,	
  Nov	
  2013 
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Conclusion 

highly	
  non-­‐linear	
  characteris3c 
memory	
  effect 

non-­‐/vola3lity 
dynamic	
  response 

locality	
  (logic	
  &	
  memory) 

scalable 

fast	
  write	
  speeds/computa3on 

bi-­‐stable	
  switch/true	
  analog	
  memory 

memory	
  /temporal	
  processing 

ideal	
  for	
  neuromorphic	
  designs 
analogue/biomime3c	
  compu3ng 

extension	
  to	
  Moore’s	
  law 

Memristors	
  are	
  a	
  disrup3ve	
  technology	
  with	
  great	
  poten3al 
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Conclusion 

A	
  new	
  era:	
  Brain-­‐inspired	
  electronics	
  with	
  Memristors 

The	
  proposed	
  technology	
  opens	
  the	
  possibility	
  of	
  a?aining	
  programmable	
  cells	
  
of	
  minimal	
  size-­‐/power-­‐requirements,	
  without	
  undermining	
  biological	
  fidelity,	
  	
  

for	
  those	
  elements	
  that	
  are	
  most	
  numerous:	
  synapGc	
  connecGons. 

Feynman:	
  “What	
  I	
  cannot	
  create,	
  I	
  do	
  not	
  understand” 
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