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Outline

(1) OECT introduction (15t Lecture) (3) Doping (2"d Lecture)

» Device structure « Doping ininorganic semiconductors
- Key curves and parameters « Orbital and Band structure of OSC

« OECT vs OFET « Molecular doping

» Electrochemical doping

(2) Basics of Electrochemistry (15t & 2 Lecture)

« lon transport mechanisms (4) Processing methods (39 Lecture)
« Nernst equation « Photolithography

« Electrochemical double layer « Printing, peel-off, vacuum

« Cyclic Voltammetry « Fabrication of vertical structures

« Scaling of volumetric devices
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Outline

(5) Device Properties and mechanism (4th & 5t Lecture) (7) Bioelectronic application (7t & 8t Lecture)

« MOSFET  lonic/biochemical sensing

« Bernards model « Electrophysiology signal detection

« Time-constant

 Specific interactions (8) Principles of Neuromorphic Computing
(9th ~ 14th Lecture)

(6) Materials (6th Lecture) « Synapse

« Channel « Neuron

« Electrolyte & electrode « Neuronal network
« Hydrogel
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1. OECT Introduction

1.1 Motivation

Biology Electronics

- Signal transmitted through Signal transmit through

ions/chemicals by neuron system electromagnetic wave

* Energy provided by efficient Energy provided by electricity

biochemical reactions Data procession, transmission,

« Sense, transmit, process, memory, storage

act... Non-reconfigurable, limited learning

« Growing and learning Hard, dry

o Soft tissue, hard bones, wet

An interface bridging biology and electronics is missing
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1. OECT Introduction

1.1 Motivation

| OECT
!
Enzymes
i : Electrical
Molecular | .
; Electrochemical
Imprints | ,
| Optical
Input Lectins | Amplifier Output
, Thermal
Receptors | .
- - ' Acustic
Antibodies C .
Piezoelectric
Nucleic acid :
Sample Recognition Interface Transducer
element

Transducer can transform information from one to another, connecting different system
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1. OECT Introduction

1.1 Motivation

Patient cable

Neural activity

Recording ionic/chemicals
array .
signal
9
Decoder
. 5
electronic :
ninigr i [ oL [—— Implanted
signal ead
Electrode
Percutaneous

lead connector

External
stimulator
% Instrumented
goniometer — )
ionic/chemicals

signal

Mobile arm
support

Bioelectronics
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1. OECT Introduction

1.1 Motivation

Why neuromorphic computing? From cloud Al to edge intelligence

. . . .
Emulates the computation schemes and hardware components of biological Cloud Al today

intelligence. Large centralized processing of enormous amounts
of mostly unfiltered data.
® Targets more power-efficient, versatile, and fault-tolerant artificial ; >
intelligence.

Edge computing
Pre-classification and filtering close to the sensor can
® Current Al already borrows biological concepts, for example spiking neural greatly reduce power consumption.

networks and stochasticity. y>
® However, most implementations still run on von Neumann architectures, Key challenge

creating a bottleneck between memory and computation. SRR Enlfps 1S MEEe(ae), G cesitly i sllico,
and they must interface efficiently with sensors.

® This motivates neuromorphic processors built from artificial neurons and
synapses.

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors Generated by Chatgpt'5.4 Th i n ki ng

OUniuersitét Peiyun Li Page8 DRESDEN /7 \
~of

Dresden Summer term 2026 concept



1. OECT Introduction

B Enable flexibility and biointerface

1.2 OECT
B Enable working in aqueous/wet environment
B High dielectric capacitance, enable low
Organic Electrochemical Transistor operation voltage (< 1 V), large sensibility

B Chemical sensing by gate/channel
modification
\\ B Possible biocompatibility

@
Ves / \
? Electrolyte

AgIAgCIQ‘- G small voltage signal

ion signal
'l e
smicond 0 \ ’ "" :
Substrate * }
. neuromorphic computin
huge current signal ) PUiing
* Vps® o Solution

budo bt bt
LT eEreY

Transducer and Amplifier

biomolecule (Na*, K*. glucose, ¢,
lacid acid. cortisol, COVID-19...) |

recoptor
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1. OECT Introduction

1.2 Key curves and parameters

Ip (A)

‘ Technische
‘ Universitat

Dresden

. 1 »
linear saturation
L
L
1 —
~
1 ity }
: .5 <
1
.
1
V. !
Pé
Output Curve Transfer Curve
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1. OECT Introduction

1.2 Key curves and parameters

Ip (A)
gm (S)
3

°
Om (S)

Vs (V) WH*d*L1* (V= V)

Hysteresis dlps Wd .
d Im = =2 = ——uC " | (Vs — Vrn)|
Ves L

Vs (V)

Transconductance
g: conductance, m: mutual

‘ Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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1. OECT Introduction

1.2 Key curves and parameters

=
i " ‘to
— n
< i
£ | :\ gmax
, \_Toff -
! ! Ln’
I ' E ‘
- | > :
< ! :
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! '
! '
®
Time (s) Frequency (Hz)
Transient Curve Frequency-depend Curve
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1. OECT Introduction

N\

1.3 OECT vs OFET

a FET

Gate electrode

Technische
Universitat Peiyun Li
Dresden

Dielectric

Field effect transistor

Summer term 2026

b Electrolyte-gated FET

Electrolyte

® @

@ @ ©
0@99
o o 6o G

Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors

c OECT

Nat. Rev. Mater. 3, 17086 (2018).
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1. OECT Introduction
1.3 OECT vs OFET

EGOFET p-type EGOFET n-type
© Cation @ Hole © Fixed anion
© Anion  © Electron —- Conjugated Polymers

Accumulation mode n-type

4 DRESDEN

o Universitat Sammer term 2026 J. Polym. Sci. 2022, 60(3), 377 ~ "='* concept
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2. Basics of Electrochemistry

Li-ion Battery Infographic

Positive

Negative
Current Collector Cathode (+)

Separator Anode () Current Collector

Anode
(Zinc Inner Case)

Lithium-Metal p TAY @ > | Lithium-Carbon
Oxide AV e=a 4 . -

: ’ > } (Graphite)
Cathode — -
(Graphite Rod)

Paste of MnO,,
NH,CI, and Carbon

- | = =P P P D = =T A—J
| Y

Electrons

Lithium lons

External Circuit Electrolyte

Dry Cell

Lithium-ion Battery

‘ Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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2. Basics of Electrochemistry

NS ‘
i
il il h Tl

Electrolysis

Extracellular space

{r

I f!I| 5[0
.
E”

Galvani Frog /f - :
1791 Membrane potential  Electrocardiogram (ECG)

Electroplate Electrophysiology

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
. puting & 6 DRESDEN ’ \

o Universitat Peiyun Li Page] concept

Dresden Summer term 2026



2. Basics of Electrochemistry

Electrochemistry is the branch of physical chemistry concerned with the relationship
between electrical potential difference and identifiable chemical change

Electrochemistry is the study of electron movement in an oxidation or reduction reaction at
a polarized electrode surface

Voltmeter Hydrogen Oxygen
=
=y /:’,//;.\“f\ - =T Hz - +

]

o 7/'

- +
Anode Salt bridge Cathode
(Oxidation) KCL Cu} | (Reduction) Anode
ﬁ Cathode
Electrolyte
Potential

]
=
z
g

=z g

:

1<

-

m =

O £
B
Iy
-
=
g
-

oo, ) ST

Zn(s) | ZnSO,(aq) || CuSO,(aq) | Cu(S)

Water H,0
Electrochemical Cell Electrolysis
Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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2. Basics of Electrochemistry

2.1 lon transport mechanisms

6* o

(H)(H) .
AR »of 1
o

Water molecule

Cryslal of NaCl C%

Hydrated chloride ion

NaCl (s) +H,0 (I) > Na*+ Cl” (aq)
Dissociation lons motion driven by electrical field

i Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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2. Basics of Electrochemistry

2.1 lon transport mechanisms

Electrostatic (coulombic) forces

19142
ATrELE,T2

F(r)=

relative permittivity e, electric constant g,

r

N @

2,98
@2
G, O°

Hydrated chloride ion

Solvation shells

rtF|

lon solvations

ion-ion interactions

>(=) o>

low &

o -

high £

long-range ion interactions short-range ion interactions

coulombic interactions > thermal motion == |on pair formation

=
&

- & o) ° highconcentration
\ 9.’ (.g
TR O + o N @
O+ N o
/@ oL 0, RS @@ o RS
P o @ i @
' © @ ;
“9 °e ) @‘ o' ¢ o )
290295 zero charge . ° / low concentration
2N & o
® N -~

——

lonic atmosphere
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2. Basics of Electrochemistry

2.1 lon transport mechanisms activity coefficient

_ _ \ c; —* ion concentration _ _
effective concentration dimensionless

' "¢©_+ standard concentration (1 mol/L)

Activity
mean ionic activity a, = (az+az—)1/(V++V-)
) My, Ay
\N1/(Ve+V2)
Vi = ()’f*]/l’ ) +
Ideal solution: infinite dilute y=1

m/ mol - kg™* 0005 | 001 | 003

HCI |

) NaCl |
Real solution y<1 KOH | |og27! "Y0g01 0868 0810 0759 0671 0679
]
J
U

Ba, ! ! 0781 0725 0659 055 0496 0396 0399
K50, 0781 0715 0842 0520 0441 0262 0210
MgSO, _1 1_0572 0471 0378 0262 0195 0091 0067
- “+7 0560 7 : : § 06 X
CT Vl V+V. T Yl cusO, > 0444 0343 0230 0164 0066  0.044
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2. Basics of Electrochemistry

2.1 lon transport mechanisms

E
Ue =
+ lon Mobility E: electric field
E cm?V-1s- v: velocity
u_ =—
V_
g = L lon Conductivity
RA S/cm
J Z: valency
oc===eusZny+u_zZ n_ '
E (U Zeny ) n: amount of substance
Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors . DRESDEN ﬂ
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Walther Hermann Nernst
2. Basics of Electrochemistry

2.2 Nernst equation

Electrical potential b, = - Work required to move a unit positive
r q charge from infinity to point of
interest.
_ _ = l Chemical potential is defined as the
Chemical potential Hp = g+ RTIna;— artial molar Gibbs free energy.
(00) R: gas constant
Ui =\ =— T: temperature
o T,Pn;
Electrochemical potential U; =u; +Z;iFo

F =eN, =96485 C/mol
Faraday constent

AG = —nFE = AG® + RTInQ Q = 1_[ a’
Reaction quotient
Electrode/Cell potential E=ES_ Han full-cell
nF
Nernst Equation RT  ao, OX + ne” = Red
E=EC +—In Half-cell
nF  Aged

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors ﬁ
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2. Basics of Electrochemistry

2.3 Electrochemical double layer

Metal Electrolyte
-+ Charge&ion distribution - Helmholtz Theory
anion o eA
T d

Gouy-Chapman
Theory

d*¢ _ 2z%e’n, Metal

Poisson-Boltzmann equation =
dx? ekgT

Debye length

_ symmetric z:z electrolyte
Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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2. Basics of Electrochemistry

2.3 Electrochemical double layer

M IHP OHP
Helmholtz layer  Diffuse layer oM o %
,_1 A \ | Diffuse layer
l , ()-. Solvated cation
Metal Electrolyte .‘. @
1 1 1 |
y c, Cy Cp Metal =

Specifically adsorbed anion

|
|
|
+
|

D
I - e i, o~
i L O = Solvent molecule

(]M Xy Ao
oot v S
O' Od
Gouy-Chapman-Stern Theory Solvation, Adsorption
Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
o Universitat Peiyun Li Page26 Ec)RnEcSé?)EN '\
Dresden Summer term 2026



2. Basics of Electrochemistry

N\

2.3 Electrochemical double layer

Technische
Universitat
Dresden

Helmholtz (1853)
! . l Grahame (1947) ©
i /5\ Inner Helmholtz plane (IHP) <
Rice (1928) !/ - \) l Outer Helmholtz plane (OHP) e
. l e
s D
v . | 2
Electron | 5 i Counterion
T
O § ! Coion
© : I
o i : i
5 I : OHP Gouy—Chapman theory
2 - (1909-1913)
= i

Stern (1924)

Chem. Rev. 2022 ,122,12,10821-10859

Peiyun Li Pag627 DRESDEN
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2. Basics of Electrochemistry

2.4 CyC"C VOltammEtl'y Farada|c current OX+ﬂ€'r—‘R€d [ 170'5
Non-faradaic current i =Cyv

Oxidation

Reference
POTENTIOSTAT Forward scan 3
RE
Working R
wnﬁ ‘J__
electrode _ . . Counter l_ I (A)
TR .
compms o
Reduction' f: ;
e o Reverse scan
2 15 -1 -05Fco Fegs 1 15 2
- E (V) Vs reference electrode
three electrode system SHE (Standard hydrogen electrode)

Ag/AgCl, +0.197 vs SHE
Hg,Cl, + 2e— = 2Hg + 2CI~ SCE (Saturated calomel electrode), +0.241 vs SHE
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3. Doping
What is doping? Why doping matters?

Metal Semiconductor Insulator

Energy ——
L1

=
-

Intrinsic carrier concentration of Si at 300 K: n.~ 10’9 cm-3, 0~3*10° S/cm

- =Y Peivun Li
Universitat elyun LI concept
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3. Doping

N\

3.1 Doping in inorganic semiconductors

Substitutional (Atomic) doping

- Y - Acceptor
° impurity :
Conduction band o8 Donor impurity oY it canguction band
& 1 ‘ contributes Ol hole
T I .free electrons C{.
; .AK;I-;R\‘:‘.‘ ‘.. ." "'.x'.' '7-'*7" \ :" “: :' ..- /}\/S—E.—?f" J
Donor level 0 1 9 ‘ ol L \SL ‘ Acceptor level
) . e
e .o 1
® N-type P-type
A 4 A 4
carrier concentration of doped Si at 300 K N-doping: N 10'> ~ 10" cm=3, 0 0.22~22 S/cm

P-doping: N 10" ~ 10" cm-3, 6 0.077~7.7 S/cm

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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3. Doping

3.2 Orbital and Band structure of OSC e 5
W £ Bly — \6/\>\ o2y
n n
VN
n Conducting polymer
polyacetylene 2000 Nobel Prize in Chemistry

Hideki Shirakawa, Alan MacDiarmid and Alan Heeger

1 1s 2 2 2
; o* S R 2p
E : Carbon atom .... Ground state @ @ @ O
.\‘ | | & O

H molecular orbital C atomic orbital
Linear combination of atomic orbitals into molecular orbital

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors ﬁ
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3. Doping

3.2 Orbital and Band structure of OSC
Orbital Hybridization (o5

T T T |

1s sp sp 2p 2p

T |t Nt |t

C*

1s sp® sp® sp® spd

four equivalent hybrid orbitals

side view end view

CH4 CH2=CH?2 CH=CH

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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3. Doping
3.2 Orbital and Band structure of OSC

4 N\
The Pi Molecular Orbitals of Benzene

Pi Molecular Orbitals of Hexatriene W

< 53§88
< §8888E —

A

|

\. J
https://www.masterorganicchemistry.c
Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors . ﬂ
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3.Doping e a-—-z~ Evac
3.2 Orbital and Band structure of OSC

Molecular Orbital and Band structure for OSC

LLJ \IO Pro— A S >
T ‘IX\Il\_ > ~ :'r Yol » ,_Evi o
— > I .
: =S | ' 2
g l | ===== -
| l -'H,->
o el R S R e \ A%
’% S o ¢ —rv!
+ HOMO _‘H_ L.,, . -4_‘5:1\_/}_{(_ electrostatic interactions

induction interactions  °*  [reemSSssssgemmsmmm————— Eumm

LUMO: lowest unoccupied molecular orbital
HOMO: highest occupied molecular orbital
EA: electron affinity

|E: ionization energy

i Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
Technische P puting g 4 DRESDEN '\

o Oniversicat peyun Chem. Rev. 2022 , 122, 4, 4420-4492 s34 2RESD:

Dresden Summer term 2026



3. Doping
3.3 Molecular doping

What are the differences between organic and inorganic semiconductors?

Inorganic Organic

Strong covalent/ionic bonding Intramolecular: strong covalent bonding
Intermolecular: weak interactions
Typically crystalline Often polycrystalline or amorphous
Rigid and brittle Flexible
High carrier mobility Lower carrier mobility
Band transport dominates Hopping or mixed transport
High temperature/vacuum Solution processable, low temperature fabrication
processing possibility
Atomic doping Molecular/Chemical doping
‘ Eif:g:ifg‘i ES;LIJenCtLrionicsand Neuromorphic Computing with Organic Electrochemical Transistors rage35 DRESDItEN ﬁ‘
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3. Doping
3.3 Molecular doping

a b  formation of a ground-state
lon-pair formation (IPA) charge-transfer complex (CPX)
— neutral
CPX
> e o
o > B
= /\/\ % A
F - — [ ) | e |
o N7 S v
(@) N
E g WV
= neutral neutral S neutral neutral
e OSC p-dopant o OSC p-dopant
W C /\. WV L /\.
V WV
Draw n-doping
Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors ACC. Chem. Res. 201 6 ’ 49 ’ 3 ’ 370_378 DRESDEN ﬁ
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3. Doping
3.3 Molecular doping IPA Integer charge transfer ICT
Isolated molecule

----- o cofpmamamaazns T
4 l, T A ¢e|,oo T ?
i EAC IET EA \: reorganization energy
LUMO EA" IE /_L U: Hubbard (Coulomb interaction)

occupied and unoccupied
HOMO/LUMO-derived sublevels split

binding energy
binding energy

DRESDEN

o Hpé:gresri.tét Eﬁmﬂn;iterm 2026 Acc. Chem. Res. 2016 ,49,3,370-378 Page3/  concept

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors ﬂ



3. Doping

3.3 Molecular doping IPA Integer charge transfer

Solid
————————— A o s (Del.oo — e e e e e e - ——— o
cation anion Do
¢el.local

++
OO ® 00O OO O OO0

Polaron: quasiparticles formed by the correlation between electron and lattice distortion

Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors
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3. Doping

3.3 Molecular doping cTC
formation of a ground-state

charge-transfer complex (CPX) CPX Fractional/partial charge transfer
§ — e —— — —
Q
& - H + L

0oSsC dop

B | i i T Eepxu = 2 * \/ (Hosc = Laop)*+45°

J  CPX 0sC DOS :

cation B: resonance integral

anion

p-doping

neutral dopants in OSC matrix
> S k—‘:‘[:T:!AW= — —— —_— ==
> — — —
) é?
c >
o =
(o)} O]
= Do LA G & LD | A !
O LN [t > bty it | AN ﬁ 120 11 e S e R AN
Ay Sdle il 7 bl 2 2(vT VIV vigr VI o
©
neutral = neutral neutral neutral
Vv neutral 0osc DOS p-dopant n-dopant oscC
CPX
v
‘ Technische Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors DRESDEN ﬁ
Universitdt Peiyun Li
‘ Dresden Summer term 2026 Acc. Chem. Res. 2016 , 49 , 3 , 370-378 Paze39 concept s



3. Doping .
3.3 Molecul

binding ener:

binding energy

formation of a ground-state
harge-transfer complex (CPX)

rdoping-—

‘ Technische
‘ Universitat

Dresden

v neutral

Bioelectronics and Neuromorphic Computing with Organic Electrochemical Transistors

Peiyun Li
Summer term 2026

DOS

DOS

binding energy

ion-pair formation (IPA)

e
=
- . A=
H:@ Tr mﬁ’”’#—f—i’ Us
, p-dopant OSC

binding energy

neutral dopants in OSC matrix

—¢ L ~ P— =
= A
I A a3 A
% Wi Hpde
neutral neutral neutral
p-dopant n-dopant 0sC
W

binding energy
&4
Y
2| ..i
$ ’Lf ]
t |
‘o—-I-—olc
s

AT
| A\ ohem s | AN
s T T o

n-dopant
cation

0sC
anion

ion-pair formation (IPA)

binding energy

binding energy

Acc. Chem. Res. 2016 ,49, 3, 370-378

formation of a ground-state
charge-transfer complex (CPX)

:
>

|

I A A
a e B IS S ] )
= =] ”f,:}". N _‘,.*"f ==t

nautrai neulral
CPX 0osC
v
n-doping
= &=
: : — ol . qu
) — S e (A — .
#e $
#iFdg Fg @ >
CPX 0sC
cation anion

Page40
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3. Doping

3.3 Molecular doping IPA or CPX?

P3HT / FATCNQ 4T / FATCNQ C H
L T T T T L T 4 T T T T Y T 6 13

9 )

I

o %3 anion

§ € * ‘ S

Polaron > z rado %

g 2 .
AR AR R R R AR R BR JJ E § 2;"'_‘

- 81

IR T R R T 8 ‘ N 8 ?(;
i i A PI IPT . * Roweew . a2 3 ™ " A 2 00 F F
40 35 30 25 20 15 10 05 40 35 30 25 20 15 10 05 NC CN
energy / eV energy / eV -
i 2104 2220 NC CN

v "

€ = F F

3 >

£ €

o o

8 ‘ 8

3 % 4T/ FATCNQ

g P3HT /1 FATCNQ £

2 2

o [

neutral F4ATCNQ neutral FATCNQ
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Electronic transport

3. Doplng a Thermally activated hopping
3.3 Molecular doping — ot
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3. Doping

3.4 Electrochemical doping
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3. Doping

3.4 Electrochemical doping
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3. Doping

3.4 Electrochemical doping
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