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Q = C U     Coulomb

U =  R I      Ohm



ions 10-3 cm2/Vs

electrons 103 cm2/Vs

thinking brain tissue

computing microprocessor
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1. Cell-Silicon Contact
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SiO2 thickness [nm]

dye monolayer
Sommerfeld theory

fluorescence



10 μm

FLuorescence Interference Microscopy
16 periodic SiO2 terraces with glia cell on laminin



fluorescence

height of SiO2 terrace [nm]

astrocyte 109 nm
lipid vesicle 1 nm
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nerve cell on transistor array voltage noise



[V2/Hz] power spectrum of noise

1/f noise
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2. Ions & Electrons
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50 nm electrolyte block electrostatic interaction.
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high dielectric constant

TiO2 (by ALD)

Si
Si nitride

TM electronmicrograph



-6 -5 -4 -3 -2 -1 0 1 2 3
0

1

2

3

4

5

6
(a) 15.6 nm TiO2

end voltage
  -1 V
  -2 V
  -3 V
  -4 V
  -5 V
  -6 V
  -7 V

 

 

 
c S

 [µ
F/

cm
2 ]

VES [V]

differential capacitance of
electrolyte / TiO2 / p+ silicon

electrons
in TiO2

cS
[µF/cm2]



HEK293 cells with
recombinant K+ channels

electrolyte / TiO2 / Si capacitor

from electronics
to ionics
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potassiumcapacitive
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Kv1.3 channel

time [ms]



oxideoxide

silicon

cell

+
+

ion current

membrane

U = R I

S D

transistor

from ionics
to electronics

oxide



HEK293 cells with
recombinant Na+ channels

electrolyte/oxide silicon transistor

from ionics
to electronics
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3. Nerve Cells on Silicon



brain of pond snail
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• attached/free membrane
• Na / K channels
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400 capacitors 16384 transistors

1 mm2
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REM after fixationnerve cells from pond snail on 
transistor array (TiO2 surface)



neuron
adhesion

300 μm

voltage-map of 
excited nerve cell
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late outward
K current
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nerve cell from pond snail

electrolyte / HfO2 / Si capacitor

from electronics
to ionics
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rising
voltage ramp

Stimulus opens
Na channels in 
lower membrane.

Stimulus opens
Na channels in
upper membrane.

falling
voltage ramp



4. Neuronal Networks on Chip



associative memory
integrated with semiconductor chip

dream

synaptic matrix Tjk
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capacitor transistor

VD4 neuron LPeD1 neuron

3 V
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after 2 days

neuronal net
without interfacing

neurons on
capacitors/transistors

Network interfacing is instable.



network with mounted cells



defined network on chip



random network on  transistor array



network dynamics
at 7.8 µm resolution



• Recording of neuron activity
• Recording of synapse activity ?



Cell-Silicon Synapse



Cell-Silicon Synapse



transistor records
events of vesicle release

amperometry



6. Brain Tissue on Chip
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retina (red) on MTA (blue)

16384
/mm2



6 kHz

20 kHz



read-out of rabbit retina
at 7.8 µm resolution

(spike frequency)



electrolyte

silicon
capacitors transistors

brain tissue

Microscopic structure of
tissue/chip contact ?

Interfacing on a mean-field level !



slice of hippocampus

rat  brain
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mean field theory

threshold by electroporation ?

enhanced response
by expanding radius of threshold

stimulus response relation
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hippocampus slice
on transistor array



read-out of brain slice
at 7.8 µm resolution

(extracellular field potential)



32000 two-way contacts
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ion channel, nerve cell, brain tissue

capacitor, transistor, CMOS chip

Conclusion
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