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What makes a good transistors SOl ora
(XY tt1

Organic semiconductor

A lot of current on a small area!

Gate dielectric

— high transconductance
— small capacitance
— high packing density
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« What makes a good transistor?

Source Drain

Y4l t 11
A lot of current on a small area! Organigissenductor

Gate dielectric

— high transconductance
— small capacitance

Gate

— high packing density Substrate
Author Approach/Material  f, Joront Voltage
Kitamura et al. C60 FET 28 MHz ~10A/lcm? 25
Uno et al. Step-edge OFET 20 MHz ~10A/cm? 15
Munzenrieder et al. IGZO FET 135 MHz ~ 500 Alcm? 2
Si MOSFET >100GHz >1MA/cm? 1

Kitamura & Arakawa, Jpn. J. Appl. Phys., 2011, 50

Uno et al., Org. Electron., 2015, 20
Mlnzenrieder et al., IEEE Trans. Electron Dev., 2013, 60

NGC 2017, 21.09.17 Axel Fischer 4
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. Contact resistance in thin-film transistors

. The organic permable base transistor

. Device structuring to reach higher performance
. Understanding the device operation

. Going to the limits

OO U1 A W N B

. Electrothermal feedback
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a) b) {ijth Unit cell
SOLTJrce Channel Drain N[s] NI[s]
Injection 5
Z
V o
©S = TNo_(i}
Transport S o~
fE @]
:_|_| I I o e e I e I e e N e e g = |_|_: *N_{i}
T 1 T T T T T T T T T T 1T [ T [ T [ T CoE = Jco,
Unit cell 0 um l Traﬁnsistor Ca}aacitor ’ M >
Gate lefthalf Mo right half
(He. -
= = HC,,-PA SAM
< 109 it Source (Au) Drain (Au)
= 107{V 2 05 . .
o = Gate dielectric <
= 1084 )
3 E 1.0,
£ 10° 3
S g0 S
a 107 S 1.5 5333333885938 3833338383838383833838338 7
10" g5 &
1072 - ' Sgyes OV O
23 2 -1 0 3 2 -1 0 i
Gate-source voltage (V) Drain-source voltage (V) Gate electrode (Al) Substrate (Si)

\_ AlO,

Kraft et al., Chem. Mater. 2015, 27
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Source Channel Drain .
] r 20 3.0V
Injection E B I/GS = 10_5
Ves “‘;'-:'15 27V
Transport E - 2 - 2l A S - -~ - o
I I 210 24V
11— T 11 1 T 1 T 1 T 1 T ] : 10_6
L T 1T T TTT"TTTTTTT"TTTTTTT' 2 i i
Unit cell 0 pm Gate Transistor Capacitor @ 5 2.1V ] o Experimen‘[ E
Q [ 18V 4 = Simulation 7
0 == T : = -1.5V 10_? T | X
0 1 2 3 4 01 1
C) Drain-source voltage - /55 [V] .
S
. - 3.0 =
- Variation: Gate-source voltage 2 |Fitparameter ' ' I DS
| F | experimental y=1.14 om’Vs 127
« Covering the full data range o TpTTTTT T e " 120
2 - J15 35
 Threshold voltage constant 3 o o o o o nl10 o
. £ Jos 2
* Increase of mobility N . 2
01 1 1 1 1 1 1 00 bt
© 15 1.8 2.1 2.4 27 3.0 =

Gate-source voltage - /55 [V]

Fischer et al., Phys. Rev. Applied 2017, 8
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: a)  x10° b)
Sot#rce Channel Dreraln . I . T v T .
—20 Vs =-8YV e 4umq Flgs=-3v dEm.
Injection E 5 7 7 1 0-5 ,,,,,,,
Ves 15 -
anenor = -
Transport I I T I e — 10 pm | :
L T 1L M1 rrcl1 rcCl1 -1 - ] 8 - 1076 100}]”1
T T T T T T T I T T T T T T T I T T T TTT] ¢ e 20 ym
Unit cell S Gate Tra\nsistor Ca\pacitor @ 5 40 Hm- Experiment
o 100 pm Simulation
D 2 D_T i L PR 1 sal L
0 1 2 3 4 0.1 1
C) Drain-source voltage - V55 [V] .
>
s g ) 7 T T T T T T T T 30 =
» Variation: Channel length > | Fit parameters Jo5 =
(8] . 1
. g 1 _“."_".‘:‘_"_'.‘L ......... ;.._...;.u._...——.a.m.._..ﬁ...ﬁéﬁ.ﬁm.....;- 2 D %
» Covering the full data range =k experimental: = 1.14 cm“/Vs 1°7 &
.é‘ .......................... Wooccc====-- == -~ B-..7] 15 6
. . oy = T L e . =
® IntrlnS|C mOblllty Constant 'é L™ experimentak Vm=-1.15VtO 139V - 1.0 %
i 405 <
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O™ g 20 40 60 80 100 =

Channel length L [um]

Fischer et al., Phys. Rev. Applied 2017, 8
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SOUI’CB Channel Drain 107 T 7 T TTIT T 1 T TTIt LR R L
‘ <\E —— Injection (Eq. 1 + Eq. 2)
Injection S 10° f — Transport (Eq. 3 + Eq. 4)
Vos < Total
210°
Transport =
] | 2z~
T L T L T 1 T 1L = ) 10
__l_ TT _TTTTTT—I—"TT—I—TTTT' E
Unit cell L Gate Transistor ~Capacitor % 10_1 camen
= TLIVI (Ilnear)
010'3 L1 1 | A EET
0.01 O 1 1 10 100

Vertical voltage V. [V]
* Nonlinear parts essential!

—a—[;=0.1pm -
_._LC = 1 lJm _fl
—a—L.=10 pm ]
—v—Lg =100 pm ]

-
o
[8)]

* Model scales with the geometry

TLM: 1.4 kQ cm

Contact resistance R g [©2cm] ]
o
I~

10° it 1.5 kO om
. 11 uul L 1 sl L 1 sl
0.01 0.1 1 10 100

Contact voltage Vg [V]

Fischer et al., Phys. Rev. Applied 2017, 8
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Fischer et al., Phys. Rev. Applied 2017, 8
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2. The organic permable base transistor
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Organic Schottky Barrier -
Transistor (OSBT) 1apP

Drain electrode (+)

Active cell

Organic layer
Common source—p]

Dielectric layer
Gate electrode (+)
Substrate (a)

Capacitor cell

Ma & Yang, Appl. Phys. Lett., 2004, 85

Gate

> A

ctive layer

Ben-Sasson & Tessler, Nano Lett., 2012, 12

Greenman et al., Appl. Phys. Lett., 2013, 103

dielectric

CNT Au
source source
electrode contact

BCB (5 nm)
ALO, (5 nm)

Al Gate

a
Organi Yo
rganic
Semiconductor

Shih et al., Nano Lett., 2015, 15
Ojeda-Aristizabal et al., Phys. Rev. B, 2013, 88

Lissem, .., Fischer, .., J. Phys. Condens. Matter, 2015, 27

NGC 2017, 21.09.17
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Ag, Au, LiF/Al - emitter

Cgo(100nm) | J_
Al—base _ | -
C Vac (20 M) § i Ic
s Me-PTC ~ T
e irsa iy I (500 nm) / glass i
MEH (1500 A) :
Glass substrate ITO - collector
Yang & Heeger, Nature, 1994, 372 Fujimoto et al., Appl. Phys. Lett. 2005, 87
Heeger et al., Science, 1995, 270 Nakayama et al., Appl. Phys. Lett., 2006, 88

-1.7eV

NiO
e RN o .
SO -4.3eV 43eV
47eV MoO,

55eV ’ -5.4eV

glass or plastic substrate Rank A
Cheng et al., Appl. Phys. Lett., 2007, 90 Yu et al., Adv. Funct. Mater., 2014, 24

Cheng et al., Adv. Mater., 2009, 21 Kim et al., Small, 2014, 10
Lissem, .., Fischer, .., J. Phys. Condens. Matter, 2015, 27
NGC 2017, 21.09.17 Axel Fischer 13
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emitter

base

: e collector
organic !

semiconductor

glass substrate

Sandwich layer stack ( - combine two devices)

Low resolution, low cost structuring

Compatible with OLED fabrication ( - thermal evaporation & shadow masks)

Integration of doped or functional layers ( — contact resistance, etc.)

Lissem, .., Fischer, .., J. Phys. Condens. Matter, 2015, 27

NGC 2017, 21.09.17 Axel Fischer
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collector

* Transmission based on nano-size openings

* Native oxide passivates the base electrode

Fischer, PhD thesis: http://nbn-resolving.de/urn:nbn:de:bsz:14-qucosa-180780

NGC 2017, 21.09.17 Axel Fischer 15
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without Au with Au

Collector [
20nm Au, 100nm Al

Pentacene:F;TCNNQ
(50nm)

Pentacene (200nm)
Al Base (15nm)

Pentacene (200nm)

Pentacene:F;TCNNQ
(50nm)
Emitter
100nm Al, 20nm Au

(E) closed Al base layer (f) connected Al wires

A N
WobsipniinlR ‘
A“\ , *
Al I e W e |

* p-type OPBT realized with pentacene

Kaschura, Fischer, .., Appl. Phys. Lett., 2015, 107
NGC 2017, 21.09.17 Axel Fischer 16
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Collector [
20nm Au, 100nm Al

Pentacene:FsTCNNQ
(50nm)

Pentacene (200nm)
Al Base (15nm)

Pentacene (200nm)

Pentacene:F,TCNNQ
(50nm)
Emitter
100nm Al, 20nm Au

| —— Emitter
—o— Collector

N
S

Current density (abs) (mA/cm?)

3 2 1 0 3 2 1 0
Base-emitter Voltage [V]

—t
S

Transfer characteristic (,Base sweep")

* p-type OPBT realized with pentacene

Kaschura, Fischer, .., Appl. Phys. Lett., 2015, 107
NGC 2017, 21.09.17 Axel Fischer 17
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T 1000 k ]
& F —— with n-Cg, =
E I W/O n-C60
S 100} ]
= F Ve =3V ]
= ]
é 1ol heat treatment: ]
Z 2h, 150°C
o [
................. 3 3 3
T AWAI(20500m)  Emitter 8 ' —
g | O
ECC0 laver (20 nm) 2 0 sms no heat treatment 3
— Us i-C60 (100 nm) O I T e
Al(i5nm) | Base - 0 1 2 3
+ Uc le  -080 (100 nm) Base-emitter voltage [V]
Transfer characteristic (,Base sweep")

Au (50720 nm) Collector

Fischer, et al., Appl. Phys. Lett., 2012, 101
Fischer, et al., J. Appl. Phys., 2012, 111

NGC 2017, 21.09.17 Axel Fischer 18
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3. Device structuring to reach higher performance
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UNIVERSITAT First C60 OPBT '?CW

51000 L ]
& F —— with n-Cg, =
E S W/O n-C60
E 100} ]
= F Ve =3V ]
(2] J
S 4ol heat treatment: ]
= 2h, 150°C
o [
........ 3 T 3
T WAIL(20500m)  Emitter S ; —
i o —
{20 nm) 2 0 sms no heat treatment 3
— Us i-CB0 (100 nm) © 1
Al(i50m) | Base -1 0 1 2 3
+ Uc le  -080 (100 nm) Base-emitter voltage [V]
u(50200m)  Collector Transfer characteristic (,Base sweep")

Fischer, et al., Appl. Phys. Lett., 2012, 101
Fischer, et al., J. Appl. Phys., 2012, 111

NGC 2017, 21.09.17 Axel Fischer 20
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a)
/////—N (100 nm)
Cr (10nm)
__é n-Ce, (20nm)
—— iCq, (100 nm)

Spiro-TTB (100 nm)
AI/AIO,  (15nm)
i-Cg (100 nm)

Cr (10 nm)
Al (100 nm)

Glass substrate

b)
. -\‘“i‘-"
<>°\>\<\ S
'L/ insulator
c)

g ///////

Klinger, Fischer,.. , Adv. Mater., 2015, 27
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Structured OPBTs

a)
Al (100 nm)
&, / cr (10nm)
é n-C (20 nm)
___—ic, (100 nm)

Spiro-TTB (100 nm)

AI/AIO,  (15nm)
\ i-Ce, (100 nm)
\ Cr (10 nm)

Al (100 nm)

Glass substrate

Structured
insulator

i W

NGC 2017, 21.09.17

a) 102 F———
Veg=1.0V 3
F jwax =11 Acm™2
— 10"
$_ Collector 5
N :
xe current
- 10% 3
5 Base ]
= current :
et Tl i
-10 MBIy, '\ ¢ M e o ey S
10 0.8 0.0 08 1.0 1.6
Base-emitter voltage [V]
b)
10* g
e

£ .

O
5 r -2 1 3
& bl A o)

10° 10™ 10"
Current density [A/cm?]

Klinger, Fischer,..

Axel Fischer

c) 102 E ! T T i T 3
= F Collector 1.5V ]
' Fcurrent ;
cE> 10° 1.0V
< | 0.5V
B of 3
= 10 4 :
2 10 r 1
L i Vee =00V ]
g, 10-6;, - o.5v,;
S | :
Q- LF
10° : : : :
go G858 1.0 15
Collector-emitter voltage [V]
d)
Z 10-1 T X T Y T ¥ T
= rCollector  Vgg=-0.5V-
T g
2  current i
© 5 break
o 107} down’
= :
o 107 - voltage > 10V -
Se e ) field > 1 MV em™]
O 10 e

0 3] 10 15
Collector-emitter voltage [V]

, Adv. Mater., 2015, 27
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4. Understanding the device operation

NGC 2017, 21.09.17 Axel Fischer



TECHNISCHE —_0) —
UNIVERSITAT From OFET to OPBT... ?O
DRESDEN pp
L~1.10 ym
Source ~ Drain
Organic semiconductor ( ~50 nm)
Gate dielectric (3 nm)
Gate Gate (9 nm)
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Organic semiconductor ( ~50 nm)

Gate dielectric (3 nm)
Gate (9 nm)

L=15nnm
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@ L~1.10 ym

Organic semiconductor ( ~50 nm)

Gate dielectric (3 nm)
Gate (9 nm)

L=15nnm
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(L) oniversiTar From OFET to OPBT...

DRESDEN

L~1.10 ym

Organic semiconductor ( ~50 nm)

Gate dielectric (3 nm)
Gate (9 nm)

_
L=15nm

NGC 2017, 21.09.17 Axel Fischer
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L~1.10 ym

Organic semiconductor ( ~50 nm)

Gate dielectric (3 nm)

- Gate NN Gate (9nm)

® s @ &
T
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@AM From OFET to OPBT... GPp
@ L~1.10 ym

Organic semiconductor ( ~50 nm)

Gate dielectric (3 nm)

- Gate NN Gate (9nm)

® s @ &
T

Do the openings limit the charge flow?
NGC 2017, 21.09.17 Axel Fischer 29
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(a) (b)
Emitter
n-c60  20nm $5

i-C60 100 nm
Base

2 nm Insulator
around Base

wu gt

i-C60 100 nm

n-c60  20nm 3|
Collector 25 nm

(c)

[C1 Organic Semiconductor

V B Insulator
M Base (not part of simulation domain)
@ — Non-contact boundary conditions

— Contact boundary conditions

Drift-diffusion simulation done at Weierstral3 institute Berlin

Kaschura, Fischer, .., J. Appl. Phys., 2016, 120
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Simulation

(a)

__Emitter
4  n-Cc6o0

i-C60

Base

(c)

2nm Insulator —

(b)

20nm #i

100 nm

around Base
i-C60  100nm ||
n-C60  20nm t.
-
Collector 25 nm

[C1 Organic Semiconductor

B Insulator

Base (not part of simulation domain)

= Non-contact boundary conditions
— Contact boundary conditions

NGC 2017, 21.09.17

Current density (abs.) [mA/cnm?’]

10 Vee =1V |
:/“ v
/i |

101§ /f ' N
f /o :

/ ! !
=/ [ I
s f : |
107 / | | :
0.0 0.5 1.0 1.5

Base-emitter voltage [V]

Transfer characteristic (,Base sweep")

Kaschura, Fischer, .., J. Appl. Phys., 2016, 120

Axel Fischer
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" (b)
Emitter
; n-Ce60 20nm # =

n [cm3]
1el9

i-C60 100 nm
Base

2 nm Insulator
around Base

i-C60 100 nm lel5

n-C60  20nm "

Collector e
25nm lell
(a)-,g 10 Vee =1V E : - I

9 ; : IIT 1 lomain)
E . / e | fons | I I | I 1l
[ AL ' Electron density Electric potential
O 1 !
é // I | i
= 7 : i
£ 10° : i
= B bt | 3 :

0.0 0.5 1.0 e

Base-emitter voltage [V] Kaschura, Fischer, .., J. Appl. Phys., 2016, 120
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(a) Region | (b) Region I (c) Region Il
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1019 T ¥ x T T * T T ¥ 1019 T b T T T B T ¥ T * T T 1019
W E Cllie= - F ol B
18 18 18
E 10} : 5 10} ] 5 10} ]
_B" 17 [ b _B’ 17 [ ] _B’ 17 [ 3
C | o | oy
L 10l ] & 10 1 8 10 ;
= c | o
£ 108t 1 B 10} 1 £ 109 .
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Q 1014 L | 2 1014 [ i Q 1014 I o
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1013 1 1 1 1 1 1 ]-013 1 1 ! 1 1 1 1013 | 1 1 1 ] 1
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Kaschura, Fischer, .., J. Appl. Phys., 2016, 120
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Position [nm]

Position [nm]

Kaschura, Fischer, .., J. Appl. Phys., 2016, 120

Axel Fischer
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5. Going to the limits
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* Improved electrode design to decrease series resistance
* Intrinsic C60: 30 nm top / 50 nm bottom

Klinger, Fischer, .., Sci. Rep., 2017, 7
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0 = 0y exp(-E /kgT) :@

AT = OyP V = const. Jj=0oF

E P=jAV

» Positive feedback loop of conductivity, current, power, and heat dissipation

Fischer et al., Phys. Rev. Lett. 2013, 110
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- OPBTs reach f, above 10 MHz with a material having y = 0.06 cm?2/Vs and active

area of 200 ym x 200 pym at low voltages.
« OPBTSs could operate close to the GHz regime if we use ,faster materials®, make
them thinner, smaller, more structured, and incorporate thermal management.
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