Compact Modeling of
Organic Thin-Film
Transistors

Benjamin Ifhiguez’, Josep Pallares’, Lluis F. Marsal’, Alejandra Castro-
Carranza', Antonio Cerdeira?, Magali Estrada?
'Department of Electronic, Electrical and Computer Engineering
Universitat Rovira i Virgili, Tarragona, SPAIN
E-mail:
UNIVERSITAT 2Departamento de Ingenieria Eléctrica,
»" ROVIRA | VIRGILI .
CINVESTAV, México




4 _ N

7y, UNIVERSITAT
A ROVIRA 1 VIRGILI

Outline

® Open questions in
organic TFT physics
® Modeling approaches

® Summary of our
results

® Conclusions




Our research in organic TFTs

¢ Understanding of the physical behaviour
® Development of compact models

® Study of the geometry dependences of
parameters

® Development of adequate parameter
extraction techniques

o




Research in organic TFTs

® QOrganic and polymer TFTs will probably become essential
devices in niche applications, related to flexible or large ara
electronics: electronic tags, drivers in AMLCDs, sensors

® Organic and polymer electronics allow flexible and low-cost
substrates for large-area applications by relatively simple and
low-temperature fabrication for disposable electronics
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Research in organic TFTs

® Some advantages

Can be deposited on
plastic even on paper.

Relatively simple
deposition techniques.

Low deposition
temperature.

® Problems
Low mobility.
Instability.
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Open questions in organic TFT
physics

® (Gaussian density of
state (DOS)

® States do not form — ‘
continuous bands [ . |
(HOMO and LUMO ~ “ s | o=
« exp(y{E)

are approximations)

® Carriers localized in
the organic film

® Hopping transport of
localized carriers in the

\ organic film /

bo---
| ___ T Occupation
Barrier *ez-- HOMO
(4 ~0.1eV)

| 1 kT~0.025¢V
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Open questions in organic TFT

physics
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Modeling approaches in organic
TFTs

™

¢ 1D Poisson’s ,
equation has no DOS gy = —L. eXp[[S '80] ]
: : : 21 0 210
analytical solution if
a Gaussian DOS is

used
: : N £
® An analytical solution DOSexp = - -€XP -
. . . 0 0
IS possible assuming
an exponential DOS, p v
as in a-Si:H TFTs GV NG,
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Modeling approaches in organic
TFTs

o

® The analytical solution is only possible if the free charge
density and the doping are neglected

® Transport occurs by means of hopping

® With these assumptions, well above threshold (linear regime),
we obtain:

/4 T 2T,/ T 2T/T]
Ips = T Cdielf.u 0-[(VGS' Vg™ - Wes - Vps - Vip) ™™
0

® This expression has the same form as the current in a-Si:H
TFT, although the assumed transport mechanism is different.

® |tis equivalent to use a crystalline MOSFET model with a
field-effect mobility: V.-V )] 214 /T-2
G FB

= W ppr, (VGS - VFB)

Uoppr = Wy

7

aa
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Modeling approaches in organic
TFTs

™

o

® The expression of the drain current is obtained
from: t
Ips = VZ VDS'J dx- 0 [5 (x),T]
0
® The expression for conductivity o[o(x), T] is obtained
using percolation theory, where o(x) is the carrier

occupation for a given Fermi level
®* The field-effect mobility is defined as:
L 1 0l
W CVyg 0V

U rer =

/
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™

Modeling approaches in organic
TFTs

® The localized charge in the organic semiconductor in
above threshold was considered to be much larger than
the free charge, as it is done for inorganic amorphous
TFTs in the subthreshold region:

2To

2To T

w T zlo
(VGS‘VFB) r -

I = T,TO‘Cl"i'i‘
DS /B( ) L 2TO

VGS - VDS - VFB

0o k,T

"l

® We can identify OTFT parameters with those of a-Si TFTs

sin(r 7'/ To)

T,To) =
F(T.To) 2 k,To

Tol

Be-(20, |7
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Modeling approaches in organic
TFTs

™

® |In a-Si TFTs above threshold:

2To

® Where an exponential DOS was assumed:

g4(E) = g4, €Xp

k,To

\' B(T, To) turns to be equal to P(T,To).

w T 2To
]DS: P(T’TO)'CZ'.T.E. (Vc;s‘ VFB) - (VGS' Vig - VDS) T
2To_, ;
] Ci ! ' ' ) EF _EV
P(T,To)= P(T,To) ———— g kp T Ny -exp| - l(c)bT o sin(r T’/ To)
o) 7! P'(T,To) = - T
s T % 2k,To
E. - F
1q-k,T- exp| - —fo =V
q-kpl 8o P[ k,To

To
T

/
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Modeling approaches in organic
TFTs

® The field-effect mobility in organic TFTs can be
related to the parameters of the exponential DOS:

cr 270
b rer = P'(TsTO)'l—TO(VGS_ VFB) T ?
es) 77
1
B = —ly'(VGs_ VFB)y
v.)
m
1 c ' _ 2To
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Modeling approaches in organic
TFTs

o

® Qur basic compact model writes the current
expression in a more general way:

W b FETV -V.) VDS(1+/1~VDS)
Ips = Cdiel W o L
I+ R Cgielk FET.(V, - V) " m
L 14 VDS
VDSsat

o where Vosa = %s(Ves = V2) Ris source plus drain resistance,
I, is the leakage current and m and A are adjustment
parameters related to the sharpness of the knee region and to
the channel length modulation respectively, and ¢ is the non-
iIdeal saturation parameter

Ves - V)

V

7

luFETzluo =‘uFETo.(VGS_VT)y

/
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Modeling approaches in organic
TFTs

® This model is valid in the above threshold regime
with a smooth transition between the linear and the
saturation regime.

® Simple parameter extraction techniques are
possible.

¢ The integral operator is used to extract V; and v,

Vgs

[ 1, (x)dx

: - : (VGS - VT)
I (V) 24y

o /

Ha (VGS) -




4 N

Modeling approaches in organic
TFTs

STEP1: Calculate the slope and intercept of H1(n1):

intercept
slope

Y = ! -2 Vr =
slope

STEP 2: Calculate the slope, PA, of the equation:

1
yVss) = Ipsin(Vas)"! = PA- (Vg - Vi)

1
I+y

(V%)'Ci'ﬂo'VDm

y
Via

wd Vs, is the drain voltage at which the linear transfer curve was measured./

Where; PA-
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Modeling approaches in organic

TFTs

~

STEP 3: Calculate Ho.
V?’

PAI'I'}’

bo _ |, 4
(V%)‘Ci‘VDm

y
Vaa

STEP 4: Calculate u.

PAI'I'}/
U rper = W '(VGS‘ VT)y

Ty
L DSI_
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Modeling approaches in organic
TFTs

™

o

STEP 5: Calculate R for the maximum measured V. :

_ Vpsi ) 1

I psiin Vs max) Wj Ci tl rpr Vesmax - Vr)

L

STEP 6: Calculate the slope Ps of the curve:

1

YVis) = 1 s (VGS)1+ '

where [, is the transfer curve in saturation

V 21
STEP 7: Calculate aig @ = L)jffy] Ps 2

/
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Modeling approaches in organic
TFTs

STEP 8: Model I-V characteristics using:

/4 Ves = Vi) Vps (14 1 - Vi)

Ips=—Cilpgr
1+ { Vps ]
w5 Vs~ Vr)

L

1
m

w
1+-R'JL'(¥'ﬂﬁET'(VbS‘ VTW'

m and A are fitting parameters related to the curvature and the
saturation region of the curves, respectively.

o /
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Modeling approaches in organic
TFTs

~

STEP 8a:
m = log2

W 2
L'C’” u70 'aS'(VDSsaﬂ) !

| Vi

. W % I+y

IDSsatl(VDS_gaﬂ)' 1+ RL Ci . u}’o . Dsatl
Vi o

m is calculated from this equation for V..,=os(Vss,-V-) at Vg, equal

\or near V..., considering A=0.

/
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Modeling approaches in organic
TFTs

STEP 8b:
I W ) v "
B R G "ol Vs - V)T 1 | DS2 |
- Vbsa Vi s Wes1=Vr 1
w Vbs2
o Ci ﬂ},o '(VGSI B VT)IHI
L VAA

A is evaluated using the same expression, for the same value V¢, and

a value of V4, near the maximum value measured. /., is the current

measured at V..

o /
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Modeling approaches in organic
TFTs

« Calculate the slope I, vd V¢ at V<V; near

VDSmax :
* Substract the current due to this involuntary

doping from measured curves;
* Proceed with the extraction procedure for
the corrected curves starting with STEP 1.

\ After STEP 8, add the substracted current to /
obtai ' Istics.
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Modeling approaches in organic
TFTs

I k-T 1
Vicow = Vst Vi o) = DS 4 p. =" log "B
DSext = " DS diode ~ G (VGS , VDS ) q g ]do
] Ips o KT ol Tos
G(VGSﬂVDSext)' 5 q ]do

Where ¢ is a fitting parameter accounting for the real voltage across
the transistor, when the diode resistance is significant.

Ku Vgs) Wgs = Vr)- (14 4 Vpsext)
1/m
m]

G(VGs>VDSext) =

\ (1+ Ru  Vgsl Vgs - VT)'

VDSext
VDSsat

1+

/
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Modeling approaches in organic

TFTs

™

o

1. Select an output characteristic with V =V, where the
non-ohmic contact effect is clearly seen.

2. Plot the curve log(/,) vs. V. and determine the slope,

B, and the intercept, A, of this curve near the origin.
3. Calculate nand [, as:

n=

B

loge 4
k- T ]doz 10

q

/
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Modeling approaches in organic
TFTs

The non-ohmic contact reduces /¢ at small bias, when the diode resistance 1s
high.
As Vs, 1s Increased beyond the knee of the diode I-V curve, (near or after

the maximum slope in the region of deformation), the applied voltage starts
to fall mostly across the transistor. & is determined as:

]DS (VGSZ, > VDSextl )
Gl(Vgs»)

IDS (VGSZ, > VDSeth )
Gl(Vgs»)

¢ =
Vps2 = Vsl
Voser, @and Vo, . define an approximately linear region of I, vs. V,, , containing the

maximum slope of this curve.
Vosr (Vp) are determined substituting n, 1, Vi, ., , (Vpsy) and their corresponding

I, (I,s,) 1n the expression for Io vs. Vg, ..
G1(V,) 1s the conductance in the linear region for V =V,
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Modeling approaches in organic

TFTs

~

VDSext =

* Step 9, calculate A from:

]DS

/4
el
L “u FET.

Ves) Vas = Vi) (1+ 4 - Vipgen)

VDS ext

(1+ Ry (Vas) (Vs - VT)' 1+

DSsat

T

k-T
tn-— log

q

IDS
Ido

/
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Modeling approaches in organic
TFTs

(E- Ev)
kaO

gy(E)= g4, €Xp

For OTFTs, in all the operating regimes, Q_ >>Q,.. and Poisson’s

equation has analytical solution for the electric field, and the induced
sheet charge in the channel, obtaining the drain current as:
w
Ips = L‘Ci‘ﬂFET‘(VGS‘ VFB)'VDS

Where p; is:

o

To
sin(r T/ To)

2.1 -q-€g- kT kpyTo- gy,

") T s v 72

/

ﬂFET(VGS»T,TO,gdo): Lo q ky T -Ny-¢e
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Modeling approaches in organic

TFTs

~

(0] —
where: | | ~ Fo

To

7
c T 7]
Wrer = | B P(T,To) ——— Vs = Vs)
sl 7
| _ |
-E
k,T- N, - Fo "y
/ L voeEp kT | sin(rT/To)| T
E, - F T
- 0] _ T k T , _ Fo V
b FET v Ves Tt 8o TSP T T,
aa
7 o7
C\ o
Ro = y,P(T.To) y = —=-2
To_, and T
aa (‘SS) T
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Modeling approaches in organic
TFTs

™

o

1.

After step 8a, proceed with:

Calculate the characteristic energy To of the DOS as:

T
To = (}/ + 2)2
1. Calculate g, as:
: T
, sIn| T — ;
gdo = [qNkaTgs]T_o ' 2]-; '[Vaac ][22T_Oj
2rTqk, ' Te "
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Modeling approaches in organic
TFTs

® Therefore, the fundamental model parameters have
a clear technological meaning, and can be
introduced in numerical 2D device simulators such
as ATLAS (Silvaco), which considers an
exponential DOS which depends on T,and g,

® The model has been applied to both oligomeric and
polymeric TFTs
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Charge modeling in OTFTs

The mobile charge of free electrons in the mobility band
dependent on a potential V applied along the
channel may be found by:

Ci(Vgy - V)"
Qmob = IG/T 1
aa

Therefore, from:

\ Integrating: I=""




Charge modeling in OTFTs

™

o

By definition, the total accumulated charge at the
channel Q,, is expressed by:

Ocy = WJ Ci(VGS_ V- V)dx

Therefore: Vs

O; =—0Ocy = WLC,

And, from Ward'’s partitioning scheme:

Wi WLC,(2+ 1)
Op=—|x (-Qg)dx= e .
’ L L ’ I(VGT - VDSe)2 ' - VGTZ YJ
L R P N Al U 7 e ) 05 = Qo = O
(5+27) (3+7)
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Charge modeling in OTFTs

The nonreciprocal capacitances are defined as:

10
C.=- i . .
T

Besides, we can apply:

Co6= Cgst Cop = Cyot Cpg
CDD = CDS + CDG = CSD + CGD
CSS = CSG + CSD = CGS + CDS

Only four capacitances are independent to the others: C, C, C,,

and C,..

/
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Results

Different pentacene OTFTs

have been Transistor
analyzed and modeled
T1: from UPC -
T2, T3: from Infineon
T4: form PSU

T2

T3

\ ”

Pentacene
layer
[nm]

160

30

30

50

Dielectric W
gate
Type [nm] [nm]

PMMA 700 600

PVP 100 500
PVP 120 50
Si0, 400 220

L
[nm]

120

50

20
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Results

5.0

4.0

310

210”7

10®

T T T T L sebesw?
o.... ; —
...- \GS—-40\/
Transistor T1 type _
*e e hlpasured
= Modeled
i —
Vg =-30V o
Yo o=-10% P
GS \GS_-zov
L"":----:----:-T\--:----:---:
10 15 4 o 25 0 5 a0
T es [V]

[A]

- IDS

1410 "

1z2.10*

Transistor T4 type

* e pMoasured
= Modeled

a0 a0 100




Results

1107

Transistor T3 type

* e Measured
= Modeled

2510°

210"

15107

1107

5107

T T T
Transistor T2 type
*es fdeasured )
m Vg = -10V — Modeled .
i Vo= =12y )]
@) V= -14v " o
@) Vo =-1BY - .
) Vy=-18V @
B) V,g=-20V |
2
m
| | |
5 10 15 0




Results

Voltage range
Linear region

Voltage range
Saturation region

Output charact.
Ves [V

GS

V. [V]

Y
Vaa [V]

Heero
R [Q]

oS

m

A [1/V]

T1

-(35-39)

~(38-40)

-40

4.1
1.9
1.7x10°
7.4x107
1.1x107
0.39
1.27
-3.5x10°

T2

(8-11)

-(8-11)

-14

-2.6
0.6
106
0.058
2x10°
1.7

2.8
-1.1x10

T3

-(10-20)

-(15-20)

-20

-3.9
0.15
1.4x10°
0.52
1.4x10*
1.4

297
9.6x10°

T4

-(60-100)

-(80-100)

-40

+12.3
-0.072
1.7x10*
0.7

0.935
2.8
-2x10+




Results

e Exponent y, is in most cases larger than

0, which leads to a super-linear increase
of |, with V

® For T4 y <0. The device seems to be
polycristalline and is affected by mobility
degradation

® Agreement is good in the linear and
saturation regimes

o
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Results

® Transfer characteristics

51077
aw® F Transistor T1 type Wog =40
* e fMeasured
= Modeled
— 310
=
]
& -
- 20
1
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Results

® Threshold voltage extraction
from the |.* vs V plot in

saturation, as in crystalline
MOSFETSs, may lead to
wrong values when applied
to organic TFTs, since it
ignores bias dependence of
the field-effect mobility.

® The integral method takes
into account the bias
dependence of the field-
effect mobility.

T1 type transistor
V=40V
1, =3.07

20
Vgs V]

30




Results

N

Transistor Active Dielectric w L Ref.
type layer [um] [um]
Material Xc Material Xi
[nm] [nm]

T1 top gate (Au) P3HT 80 PMMA 320 150 50 CINVE
bottom contact (Au) STAV
T2 bottom gate (Si) P3HDT 38 SiO, 200 15000 10 McMas

top contact (Au) ter

T2A bottom gate (Si) P3HDT 17 SiO, 200 15000 10 McMas
top contact (Au) ter
T3 bottom gate (Si) P3DDT 38 SiO, 200 15000 10 McMas
top contact (Au) ter
T3A bottom gate (Si) P3DDT 17 SiO, 200 15000 10 McMas
top contact (Au) ter
T4 bottom gate (Si) Pentacene 30 PVP 280 170 130 Infineo

top contact (Au) n
T5 bottom gate (Si) Pentacene 30 PVP 120 500 50 Infineo

top contact (Au) n
T6 bottom gate (Si) Dec-6T-dec 30 PPV 270 20 20 Infineo
bottom contact (Au) n /

N—

i




Results

T T2 T2A T3 T3A T4 T5 T6
P3HT P3HDT P3HDT P3DDT P3DDT Penta- Penta- Dec-6T-
cene cene dec
Y 1 0.3 0.25 1.8 1.8 0.58 0.15 1.5
To [K] 445 353 337 567 563 386 322 524
(s IR 1.5x10% 1x10% 1.47x10 2.3x10% 2.6x102 1x102 4x102 2x102
[cm3/eV] 2 °
Weers 5x10°% 3x104 3.9x10+4 2x107 3.5x10- 0.43 0.34 3.6x103
[cm?/Vs] !
Weer(-30) 1.5x10°3 7.5x10 7.5x10* 8x10°5 6x10° 2.87 0.56 0.7
[em?/Vs] N
R [Q] =107 5x10* 5x10* =106 108 105 1x104 6x10*
o 0.43 0.64 0.66 0.5 0.34 1 1.5 1.1
m 1.7 1.7 1.7 1.5 2.3 2.5 2.5 2.4
A[1/V] -1.4x10 - -3.1x10 -2x103 3x103 1.3x103 -3x10+4 4x104
4 3.5x10 3
3




Results

=30V

T1 type device

—— modeled
B measured

sl [A]

[V]

1E-9 T1 type device
B measured
modeled
V. =1V
1E-10 DS
Tl rrr 1 1T
-30 -25 -20 -15 -10 -5 0 5

VGS M




Results

—— e ———
] T1
1.5x10° - o ]
./
- ./ b
e
/. 1 .’l
/. 3— _m ™4
e -m
— g 1— "
(2 ./ 7)) ./I’
e 1 o
% 1.0x10” o* _NE 1 T4 "
. ° -
L, ././ {< 5 ./l/.
b g { 5] " 7
. o’ R i "
= - 4 = -
~ ._.,.—ll’._. " T2 1 ./.
1 2L ] A
-4 .,'7. /.
5.0x10™ o . -
o * 1 n B
./I/ ./ T ./
] /./ /./ ] / T5 _A-A
m o N —0-0-9- 7g-g=‘=6:"‘—o—l
; e T3 1 1 e.0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-9-2-2-2- e
[ -0-0® -A-A
1/ .9~ A-A-A-A4 a AAAA-AAA
00 4 ana CAAAAAAAAAAAAAAAAAAAAA / o A AA-A-A-A-A-AA T6
. —'—H#*—‘—'—r . o b S e S S S e S s e S 0— — T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Vel V] Vel V]




Results

2.5x10" ————

2.0x107 -

1.5x10" -

Ips Al

5.0x10° -

1.0x107 4

oolYyvVe

V=0
V_ =10V
V_ =20V
V_ =30V

-15
Vos [V]

" "Measured T=310 K ' I\'/Ie'as'u}e(li T=370 K

@)

O
O
o

-10

S—V__=-30 V]

® )

VGS=0
VGS=-1 0
VGS=-20
VGS=-30
Modeled
- VGS=0
— V=10 V]
——V_ =20 V]

O

Comparison of modeled and measured at T=310 and 370 K
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\f‘/eV]

Results

Model Temperature [K]

Param. 300 310 320 330 340 350 360 370
Y 0.67 0.67 0.64 0.63 0.64 0.62 0.58 0.51
Hegrs 3.9 x10- 4.2x10- 5.3x10- 5.6x10- 5.9x10- 6.9x10- &.5x10- 1.1x10
[cm?/Vs 4 4 4 4 4 4 4 3

]
Heercso) 5 4.3x100 4.7x10-  5.1x10- 5.5x10- 5.8x10- 6.3x10- 6.6x10
[cm?/Vs 3.9x10° 3 3 3 3 3 3

]

To |[K] 401 414 421 434 448 458 463 464
gdo 2 2

fem L. L1108 Lx10® Lx10® oxige SXIOT BOXI0T g q0m




4 N

Results

: At low V
Analysis of the effect of To Gs:
y To.,=445 K is greater than T0.,=353 K;
IIIIIT1 SO Meerry > Meerry, @Nd y4= 1> v3,=0.3;

1517 .
| As Vs increases

Weer(Vgs)rs  Increases  more rapidly than

Heer(Vas)rar at Vog> 13 V, Heerr™ Meerre:

This behavior can give the wrong idea that
increasing To will provide higher mobility
at high gate voltage.

However, as To increases, mobility at low
Vs Is so small, that even with high vy it will

b
[*] M. Estrada et al., 52 (2008) 787-794. remain very small in all the operating
voltage range, see T3 where To,,=567

= n | & 0 e K [
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Results

™

PTFTs made of the same material
can behave quite different.

e S TS Ho B B S S B B S S Bt S S B B B S B B
3,
— - T4
1- S -
-"I- T
é ;:::,::h Th
i

0 5 0 5 D o &1
Fod Bl

To,;,=383 K gdo,,= 1x102" cm=3/eV so
V:,=0.58 .

To;,=322K gdo,,= 4x102" cm-3/eV
SO Y;s=0.15.

The combination of high vy and low gdo
provides significant values of p.,.

At V =30V
Weerrs= 2.9 cm?/V-s

compared to
Weerrs= 0.54 cm?/Vs

%

[*] M. Estrada et all, “Mobility model for compact device modeling of OTFTs made with different materials”, SSE 52 (2008) 787-794.



Results

10 T T T T T T T
O ., experimental
-------- modeled
Q G
2 O
NE ;6“1\\;
2 1 PMMA on P3HT PTFT oo
b Tor=401 K (at T=300K) o
= 2B 3\ -
9,.=1.2x10" cm”eV 5
1V, =30V
E =70 meV
W=110 um and L=10 pm.
T T T T T T T T T T T
2.7 2.8 2.9 3.0 3.1 3.2 33

1000/T [K']

1E-8

—
1 PMMA on P3HT PTFT

| (1) Ea=85 mev
D

1(3) Ea=100 mev

4 ¢ v
1(4) Ea=76 meV

O
A
Y%
[ J

(2) Ea=96 meV

(1) Vpe=30V V=30V
() V=30V V_=20V ]
(3) V=30V V_=10V |
@) V_ =2V V_=30V

27 2.8 2.9

3.0

1000/T [K']
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Results

V_ =30 V T1 type device The extracted model parameters
meaTutrec?_ ATLAS of the exponential DOS where
> simulated In . .

introduced in ATLAS

2.0x10°

1.5x10° -
= _
_t _ Excellent agreement observed
1.0x10° 4
ATLAS can reproduce the
5.0x10° - OTFT behaviour with an exponential
DOS by extracting the parameters
ool e O of the compact model
-30 -25 -20 -15 -10 -5 0]

o %




Results

900.0n -
1 o0  modeled Id in [11] .
800.0n Py
|
1 e Non-linearized Id mint
700.0n +
600.0n 4 = . == Measured
500.0n -

2 ]
= 400.0n -
=]

300.0n

os (A)

200.0n
100.0n 4
0.0+
T T T T T T T
0 5 10 15 20 25 30
“Vps (v)

1.0
0  modeled Id in [11]
i V= -30V
800.0n - ® Non-linearized Id °®
oU
- O
= . == |\leasured 5
600.0n +
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Conclusions

®* \We presented a compact modelling framework
for organic TFTs, valid at different temperatures

® This modelling has a physical basis and allows
an easy parameter extraction

® This model has been the basis of the UOTFT
model, implemented in the commercial version of
SmartSpice (SIMUCAD, Silvaco)

® The model parameters have a technological

meaning and can be introduced in a numerical
\ 2D device simulator such as ATLAS /




