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Modeling and characterization

 OFETs are somewhat like—and somewhat
unlike—single crystal Si FETs

* We can judiciously apply simple microscopic
models to get a good macroscopic model

* Once we know what the model looks like we
can decide how to characterize the device



One minute MOSFET review....
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Current-voltage equation—linear
region

* |t's a resistor whose characteristics are set by
the channel geometry and bias....

W ? oy ?
Ip = fﬁ-ﬂx#@’ﬂf; — Vi FS )WWps

oannis Kymissis, iWSG 2008



Saturation region

* To first order, it's the linear region current at
the roll-off point

* To second order, parasitic bulk conductance,

length modulation, and other sources of output
resistance kick in
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Also keep in mind...

 OFETs do not generally experience space
charge limited transport

why?



Standard methods

 The standard methods (e.g. IEEE 1620) are to
curve fit to the equations described earlier—in

the linear region against |, and in the saturation
region against (I )%

* This approach has some limitations...



Single parameter curve fitting is not

The mobility is field dependent
and charge density dependent

The field is not uniform in saturation

These are measured in the linear

region (Vps=-0.1V)

The flatband voltage is not uniquely

defined!
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Linear and saturation region

 Deep in the linear region, however, we can look at
mobility by using the fundamental velocity
relationship

Velocity = uE



Current

Velocity = nmE
| = qmE "area (h p}
| = QmE
L oNr—————— -0.1V
v oV .
m — P K X X OO OO OO OO OO X
Q E PO O 0.0 0. 00.0.0.0.0.0.0.0.0.

The current depends on the number
of available carriers, the dimensions -SV
of the channel, the electric field, and

how fast they are moving.

Measuring at a small Vg is important!
To find Q....
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QSCV is essential!
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Quasistatic C-V
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Depending on your device (especially overlap capacitance), the cutoff

for capacitance bridge measurement is somewhere in the kHz range
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Capacitance

Overlap + channel capacitance
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With the Q known, we only need to
figure out the velocity/mobility

* The mobility can
then be
extracted from
its fundamental
equation

e |tisstill a
function of gate
bias



Contact/access resistance
* Non-linear access resistance complicates the

scenario significantly, especially as we pass
more current

Model

S— D

Necliudov, P.V, et al. 2001 ISDRS
BlanChet, et al. APL 2004 loannis Kymissis, iWSG 2008



Mobility (cm?/\/s)

False mobility trends
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Correcting for contact/access
resistance

e By subtracting out the contact resistance at each bias point, this
problem can be corrected
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Mobility (cm®Vs)
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The threshold/flatband voltage is
iImportant

e Enhancement mode devices are off at VGS=O

* Depletion mode devices are on at VGS=O



Threshold voltage via subthreshold

behavior
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Putting it all together

Measure several devices with different length

— Measure current at small VDS as a function of VG
(transfer curve)

— Measure current at a number of VGS values as a
function of VDS (output curve)

— Measure QSCV

Extract and remove contact resistance
Extract mobility as a function of VGS
Determine subthreshold behavior



Application: understanding doping

(“ Carbonyl group
H :r: OH h‘-.l rr-"—o--"'.... OH e / e /e / e /
HE‘:@ ““‘ --‘**'-<—> .I..‘“.'-" : @CHE
—/ VN~ T —

This hydroxyl group is more electronegative
than the alkane it replaces (i.e. it is acidic)
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Characterization example--threshold

voltage

Dipoles at the surface can change the threshold voltage...how can we measure

It?

Capacitance (pF)
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There are a few ways to look at
this...a new energy level is formed




Characterizing V5 is complicated!
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Model

CS B E— We can look at the dipoles as a parasitic
| capacitor and the extra mobile charge
=R as a contribution to the channel charge.
Cq—1— [
C.
t——F

Capacitance model
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Model

Using this approach we can indepedently determine the fixed and

mobile charge

ID — T;UID [(TJG — IT)(—E — ('-\,)f*i;r:ed — ('-",)-rnobiie]
&I’f . ) _ (“r)f?'LEd rGC' Qm.obiie (CODHOD Qm.ob-ﬁe (Og-treated)
T effective — C. V] [C/em?] [C/em?]

-30V 5.8x107° 1.1x107°

_ 6 2 -40V 9.2x10~° 1.1X10_UI

Ainxed = 2.0x10®° C/cm -50V 1.1x10~7 1.0x107°

-60V 1.1x10™° 1.1x107°
Fixed negative charge Mobile positive charge
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Semiconductor

Gate insulator

Gate

The mobile and
fixed charge
match within a
factor of 2



Application-AM photodetector

loannis Kymissis, iWSG 2008



But we're not limited to junction
devices

e Photoconductors can also be used for this
purpose
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Heterojunction organic devices

Pros:
High bandwidth and EQE/IQE
demonstrated
Cathode Quick fabrication, substrate
ETL independent
HTL
ITO Cons:
Not air stable
Substrate

Large dark current

Typical composition:
CuPC/C60

e.g. Peumans, Appl. Phys. Lett. 76, 3855—-3857
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Bulk heterojunction

Cathode

e.g. Heeger et al.

P3HT/
PCBM

Anode
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Pros:

High EQE/IQE
demonstrated

Quick fabrication, substrate
independent

Cons:
Not air stable under bias

Typical composition
polythiophene/PCBM



Organic photoconductor

* Typical composition: crystalline TIOPC in PC
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What makes TiOPC special?

a.
o B, 0% RH e Of all known organic
= B, 42% RH semiconducting
2B, 0% AH pigments, y-phase
A B, 42% RH TiOPC has carriers
which are the easiest
100 to dissociate
b.
a T, 0%RH
= T, 42% RH
L | )
— 4 T,0% RH
10 . : - — A T,42% RH
0 20 40 60 80 100
Eippl [Wul‘l’ll

Popovic, et al. J. Phys. Chem. B, V61102, No.'4,°1998



Other materials in same family

Squarenes
other pthalocyanines
a wide range of polymers (e.g. PVK)

(photocopiers use these or TPD-based stacks)



AM photodetector
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Problem:
Vertical device has high conductivity

Transistor on
(appx.300MQ)

4

Photoconductor
(appx.5GLQ) §: Photoconductor =————p—

Traditional photodetector

Transistor off
(appx. 100GQY)

= 100GQ
Photoconductor\
(appx.5GQ)

H
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Solution: Use a lateral structure
instead

Gate line (b)

\ Source line

*_ﬂ'ﬁ'ansistor

Pattern semicon
B stack

Mask IV

m ot Photoconductor
"/ lateral contacts

Blocking layer
mm (parylene-C)

N\
VNS

Mask V[ IR S5

Allows tuning of resistivity with no
sacrifice in on/off ratio
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Active Matrix Pixel Design
* Pixel: OFET switch + OPD

* Designed for OPD to 20 V
determine conductance |
when OFET switch “on” On = OLCJF

, Off=25V '
e OFET “on” conductance is
20nS o
— OFET (WI/L = 1000um / ©
5um) lout
0V

— OPD (W/L=25mm / 5um)
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Process Flow

N

[

| (TioPQ)

Top view schematic of
OPD

Transistor (OFET) Via Photoconductor (OPD)
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3 Inkjet B Gate (Cr-Au)

Photoconductor (TiOPC)







Pixel Characterization

* 530nm LED
incident on OPD sof
while measuring |
pixel current ol

— OFETon| |
--------- OFET off| |

* On/off ratio of

Conductivity [pS]

30+
880 at ol
luminance of 5
mW cm o
% 1 >3 4 5

Luminance [mW cm'z]



Proof of Concept Imager

Area of 10.24 mm?

Nausieda,
ISSCC 2007
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Imager under Test
* Pixel conductance
variation due to

inkjet area variance 1 |60
Calibration: y-°
alibration: ) N0

llluminate imager
under known 3
uniform intensity,
record each pixel

1T 2 4
conductance 3 Conductance

(pS)

30
20

4 10
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Imager under Test

/G *Luminance =Luminance

calibration calibration

pattern

pattern

__A<.,.‘~ L_ul]L_ _JJ:} I__ ; .

1 2 3 4
Brightness

o (MW/cm?)



Scalability

The device characteristics are governed by the sheet resistance of the
materials used

W

Rfﬂ-‘-"ﬁt.—rft:ff‘.t:zl.ﬂ'lr‘ — R- X f
o W
Rfi"r.:',r;'.hi'.'..hita']r‘ — I“ LI J x If.l':.pi].!",'.r‘.r.? x (-]T

Except for leakage, lateral size is immaterithe geometry scales

s
<

| Giant photodetector

i



Application: touch sensor

LB A H UM o B S
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Seurce: Unavenity of Tokyo
Tiny pressure sensors are
embedded in this flexible film.
The film could be used in robot
skin and in floors and furniture
that monitor people's move-
ments and vital signs.

Someya, IEDM
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Application: OLED backplane

(b)

Zhou, et al. EDS 2005 S
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Application: Power delivery

8 x 8 TX-coil array

MEMS switches

for power
transmission
OFETs for
RX position
detection

I SENERE S S
TcmE S R

"’T‘T' } 'TI
i .

38 series-connected LEDs  5-mm distance
light up by the sheet. between RX-

(without OFETs) and TX-coils

Sekitani et al. ISSCC 2007
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Level shifter 40V
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Ine—| 4000/50 .
L — 10050
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Single amp M1, 4, 5 : Depletion mode
M2, 3 : Enhancement mode




Application: flexible displays

# Polymer Visi .

—

-




Structure

<H |



Conclusions

OFETs have complicated transport physics—but
we can build models which capture their
essential behaviours for use in circuits

Any characterization we do has to be driven by
the model we use

Despite their quirks are starting to appear in
advanced demonstration vehicles and
commercial products

The most important applications are probably
those we have not found yet!



Small signal model
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Photocurrent

Light excites carriers , we can measure them

Carrier lifetime is very short—MFP is 20nm or
SO

Organic 2-level systems have limited
absorption bandwidth (Fermi’s golden rule)

Selectively probes only electrically active
states and ignores the bulk



Photocurrent (AU)
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Photocurrent (AU)
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AF sample 420nm

UV sample 420nm
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Beam Profile

Preview: Photocurrent along channel
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