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a b s t r a c t

As organic thin film transistors (OTFTs) are poised to play a key role in flexible and low-cost electronic

applications, there is a need of device modeling to support technology optimization and circuit design.

This paper demonstrates the technology computer-aided design (TCAD) based numerical simulation,

compact modeling and parameter extraction of a low voltage Pentacene based OTFTs. In this paper,

fundamental semiconductor equations are tuned up to represent the device electrical characteristics

using device numerical simulation. We also present the compact device modeling and parameter

extraction of low voltage pentacene based OTFT using the universal organic thin-film transistor (UOTFT)

model. Results of finite element method based ATLAS simulation and compact modeling are validated

with the experimental results of fabricated Pentacene based OTFT devices. Further, P-type TFT based

inverter is also simulated to evaluate the compact model against a simple circuit simulation.

© 2019 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The research in the area of organic thin-film/field effect tran-

sistors (OTFTs/OFETs) has been cultivating rapidly in recent years.

Due to its low cost, light weight and very low manufacturing

temperature, OTFTs have an ample range of applications, such as

displays, sensors and radio frequency identification tags (RFIDs)

[1,2]. Performance of an OTFT depends to a large extent on the gate

insulator, the insulator/organic interface quality, the morphology of

the organic film, and the process of charge injection. A significant

progress has been made in terms of synthesizing a new organic

semiconductor with improved electron/hole transport and injec-

tion properties as well as ambient stability [3]. Low-voltage Pen-

tacene OTFTs with different gate dielectric interfaces have good

electrical performance and operational stability [4]. Also, OTFTs

fabricated with the crystals of TIPS-Pentacene show high electrical

stability upon bending [5] and solution processed flexible OFETs

with TIPS-Pentacene and polystyrene blend exhibit high electro-

mechanical stability [6]. The OFET operates in the accumulation

mode, where most of the modulation charges of the conduction

path is located in the first monolayer next to the semiconductor

-insulator interface. So the properties of the interface between the

semiconductor and the gate dielectric have a great importance.

Actually, stack of organic semiconductors (OSC), low temperature

polymer gate dielectrics and the rapid annealing process are suit-

able with high-throughput for low cost printing manufacturing [7].

Device modeling for circuit simulation is usually done using a

compact model that simulates the physical phenomena within the

device using physical basis or empirical functions [8]. Polymers and

small molecules indicate that the OSC has a great potential for

improved performance through chemical structures and process

optimization [9]. Recently, we have seen that Pentacene OTFT have

made significant improvements in device performance and the

performance of OTFTs can now be comparable to amorphous hy-

drogenated silicon (a:Si:H) TFTs [10]. However, this performance is

not sufficient in comparison to inorganic TFTs. Lot of works is yet to

be done to improve the electrical characteristic, uniformity and

reliability. The process optimization of the device geometries and

techniques requires basic numerical multidimensional models to

control the charge distribution and the carrier transport in organic

semiconductors. On the other hand, there is a need for an efficient

and accurate compact model to work as a bridge between the OTFT

technology and circuit designing.

In this paper, we use Silvaco's Atlas 2D simulator to explore the

charge carrier continuity equation, the poisson's semiconductor

device equation [11e20] and the drift diffusion model to simulate

electrical characteristics of the given device. Silvaco's UTMOST-IV
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model parameter extraction software is used to obtain compact

model parameters using the UOTFT model. TCAD simulation and

compact simulation results were also compared with those of an

experimentally fabricated device. Compact models have been

applied to logic circuit simulations and P-type TFT-based inverter

circuits have been simulated using compact model parameters

extracted from the UOTFT model. This article contains five parts.

This section talks about basic introduction. Device structure and

simulation are introduced in section II. Compact modeling, model

validation, and parameter extraction are explained in the section III.

Finally, conclusions drawn are given in section IV.

2. Numerical simulation

2.1. Device structure and simulation

The schematic of Pentacene based low voltage OTFT is given in

Fig. 1. In the Schematic, a 5.3 nm thick gate dielectric consisting of a

3.6 nm thin aluminum oxide layer and a 1.7 nm thick n-tetrade-

cylphosphonic acid self-assembled monolayer (SAM) provides a

very high capacitance density of 600 nF/cm2 [21]. Next, an organic

semiconductor with thickness of 25 nm was deposited on the gate

dielectric. Metal contacts were deposited on the top to define the

source/drain electrodes. The width (W) and length (L) for this

representation of device were 100 mm and 30 mm, respectively.

Pentacene is a routinely used organic semiconductor and it has

an HUMO-LUMO energy gap of 2.25eV [22], which is suitable for

the transistor operationwith an Au electrode. For device simulation

using ATLAS, the device structure with same dimension was

replicated.

2.2. Device physical equation

The device structure of a Pentacene based OTFT as shown in

Fig.1 was created using ATLAS and its electrical characteristics were

simulated. This simulator solves the continuity Poisson's equations

and the charge transport equations [23,24] to obtain the desired

characteristics of the OTFT. Various standard models like energy

balance model and drift-diffusion (DD) model are used by ATLAS

for the transportation of charge carriers. Fermi-Dirac Statistics and

field-dependent mobility model were used for the carrier distri-

bution and mobility. The Poisson equation determines the electric

field intensity in the given device based on the internal movement

of the carriers and the distribution of the fixed charges given by

equation (1) [12e19].

V:E¼ r

ε

(1)

where r is the charge density and ε is the permittivity of the region,

r is given by

r¼q
�

p�nþ Nþ
D � N�

A

�

(2)

where p is the hole density, n is the electron density, ND
þ is the

ionization donor density, and NA
� is the ionization acceptor density.

The continuity equations describing the dynamics of the charge

carrier distribution over time are shown in equations (3) and (4)

[12e19].

vn

vt
¼ 1

q
V:Jn þ Gn eRn (3)

vp

vt
¼ � 1

q
V:Jp þ Gp eRp (4)

where the symbols have their usual meanings. A third important

set of equations for describing the device physics for the charge

carriers are the drift-diffusion equations given as

Jp¼qnmpE � qDpVp (5)

Jn ¼qnmnE þ qDnVn (6)

2.3. Density of states and the model of the trapped carrier density

In the disordered organic semiconductor material various defect

states are present in the band gap that trap the charge carriers. So

we have included the energy distribution of the defect states also.

To account for the trapped charge, Poisson's equations are modified

by adding an additional term QT, representing the trapped charges

given in equation (7) [12e19,25].

r¼q
�

p�nþND
þ � N�

A

�

þ QT (7)

where QT ¼ q (pT - nT). Here, pT and nT are the ionized density of

donor like traps and the ionized density of acceptor like traps,

respectively and pT¼ total density states� ftD and nT¼ total density

states� ftAwhere ftD and ftA are the probabilities of ionization of the

donor like and accepter like traps, respectively. The total density of

defect states (DOS) g(E), also governs the properties of OTFTs which

is modeled as consisting of four constituents i.e. a donor-like

exponential band tail function gTD(E), an acceptor like exponential

band tail function gTA(E), a donor like Gaussian deep state function

gGD(E), an acceptor like Gaussian deep state function gGA(E) and

where E is the trap energy. The equations describing these terms

are given as follows [12e19]:

gTAðEÞ¼NTAexp

�

E � Ec
WTA

�

(8)

gTDðEÞ¼NTDexp

�

Ev � E

WTD

�

(9)

gGAðEÞ¼NGAexp

"

�
�

EGA � E

WGA

�2
#

(10)

gGDðEÞ¼NGDexp

"

�
�

E � EGD
WGD

�2
#

(11)

E is the trap energy, EC is the conduction band energy and EV
is the valence band energy and the subscripts T,G,A,D representFig. 1. Schematic crossesectional diagram of OTFTs device.
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the tail, Gaussian (depth), acceptor and donor states, respectively.

For the exponential tails, DOS is described by its conduction and

valence band edge intercept densities (NTA and NTD) and its

characteristic attenuation energy (WTA and WTD). For the

Gaussian distribution, DOS is described by its total state density

(NGA and NGD), its characteristic attenuation energy (WGA and

WGD), and its peak energy distribution (EGA and EGD). As Penta-

cene based OTFT is the p-type OTFT so we consider only donor

like states. So g(E) is given as

gðEÞ¼ gTDðEÞ þ gGDðEÞ (12)

The trapped charge nT is given by:

nT ¼
ð

Ec

Ev

gðEÞ:f ðE;n; pÞdE (13)

where

f ðE;n;pÞ¼
vpsT ;p þ vnsT ;n:niexp

�

E�Ei
kT

�

vnsT ;n

�

nþ niexp

�

E�Ei
kT

�	

þ vpsT ;p

�

pþ niexp

�

Ei�E
kT

�	

(14)

f ðE;n; pÞ is defined as the ionization probability of the donors DOS,

vn is the thermal velocity of electrons, vp is the thermal velocity of

holes, and ni is the intrinsic carrier concentration. sT ;n and sT ;p are

the electron and hole capture cross sections, respectively.

2.4. Mobility model

In organic semiconductors charge transport occurs due to the

hopping of the charge carriers in between the localized states. The

mobility independent of field is given by equation (15) [26,27].

m0 ¼
qv0
kT

n
�2=3
t exp

"

� 2k

�

3Х

4pnt

	1=3
#

(15)

where the attempt to the jump frequency is given by v0, X sym-

bolizes the percolation constant, k is the reciprocal of the career

localization radius and nt is the effective transport energy. At a high

electric field, the mobility will be calculated using the Poole-

Frenkel mobility model [28]. given below

mðEÞ¼ m0exp

�

�DEa
kT

þ

 b

kT
�g

�

ffiffiffi

E
p

(16)

The field dependent mobility is given by mðEÞ and the zero field

mobility is given by m0, the zero field activation energy is given by

DEa, the Poole-Frankel factor is b, and the fitting parameter is g. The

electric field is denoted by E, k is the Boltzmann constant and T

denotes the temperature. The thermionic emission and Poole

Frankel barrier lowering were included in the ATLAs simulations

also.

2.5. Material parameters used for Pentacene

The Pentacene based OTFT is designed in a bottom-gate, top-

contact configuration. The designed structure has a channel length

of 30 mm and a channel width of 100 mm as shown in Fig. 1. For the

simulation of the Pentacene based OTFT structure [21], parameters

used in simulation are listed in Table 1.

2.6. Comparison of TCAD simulated results with the experimental

data

Fig. 2(a) shows the transfer characteristics obtained from the

TCAD simulation of the Pentacene based OTFTs and their experi-

mentally measured data. The transfer characteristics are obtained

by varying the gate to source voltage (VGS) from 0V to -3V keeping

the drain voltage constant at -3V. There is a very good agreement

between the simulated transfer characteristics and the experi-

mental ones of the fabricated device. Fig. 2(b) shows the output

characteristics obtained from the TCAD simulation of the Pentacene

based OTFT and the experimentally measured output characteris-

tics of it. The output characteristics were obtained by varying the

drain to source voltage (VDS) from 0V to �3V keeping the gate to

source voltage (VGS) constant at-1.5V, �1.8V, �2.1V, �2.4V, �2.7V

and �3.0V. The simulated output characteristics matched with the

experimentally measured data.

3. Compact modeling, parameter extraction and model

verification

3.1. Compact modeling

Operation in the carrier accumulation mode, the exponential

density of states, the interface traps and the space charge-limited

carrier transport, the nonlinear parasitic resistance, the source

and drain contacts without junction isolation, the dependence of

the mobility on the carrier concentration, the electric field and

temperature are the various unique features that require a dedi-

cated compact TFT model. The Universal Organic TFT (UOTFT)

model [20] is a modeling expression that extends the uniform

charge control model (UCCM) [20,32] to OTFTs and introduces

general expression of modeling for conductivity of channel of OTFTs

[27,33,34]. In this way, the UOTFT model is applicable to various

OTFT device architectures, specifications of material and

manufacturing technologies. The equivalent circuit of the UOTFT

Model is given in Fig. 3.

The control equation for the UOTFT model for the n-channel

OTFT case is described here. The p-channel condition can be ob-

tained by the direct change in the voltage, the charge polarity and

the current.

The charge accumulation in channel per unit area at zero-

channel potential (-Qacc)o is calculated by the help of solution of

the UCCM equation [23] given by following equations.

Table 1

Simulation Parameters of Pentacene based low voltage OTFT.

Material Simulation Parameters Value

Thickness of pentacene 25 nm [21]

Dielectric thickness 5.3 nm [21]

Energy Band Gap (eV) 2.25 eV [22]

Electron affinity (eV) 2.49eV [29]

Intrinsic p-type doping 2 � 1017cm�3 [30]

Work Function of aluminum Gate 4.1 eV [31]

Work Function of Au contact 5.0 eV [31]

NTA 9 � 1012 cm�3 eV�1

NTD 4.5 � 1012 cm�3 eV�1

WTA 0.3eV

WTD 0.5eV

WGA 0.15eV

WGD 0.15eV

EGA 0.5eV

Electron mobility 7 � 10�4 cm2/Ves

Hole mobility 0.54 cm2/Ves

Pool Frankel Factor (betap.pfmob) 7.758 � 10�8 eV(V/cm)1/2

DEa is the zero field activation energy 1.792 � 10�7 eV
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ð � QaccÞo ¼Ci$Vgse (17)

Vgse¼ V0ðTÞ$In
"

1þ euþ1

1þ kðuþ 2Þlnð1þ euþ1Þ

#

(18)

where u¼Vgs � VT ðTÞ
V0ðTÞ

Ci ¼20
2r

ti
(19)

where Ci is the gate insulator capacitance per unit area, Vgse is the

effective intrinsic gate source voltage, Vgs is the gate-source voltage

(intrinsic), VT is the temperature-dependent threshold voltage

parameter, and VO is the characteristic voltage (temperature

dependent) for the carrier density of states including the influence

of the interface traps, 20 is the vacuum permittivity, and 2r and ti
are model parameters representing the relative permittivity and

thickness of the gate insulator, respectively.

3.1.1. Effective channel mobility

For an accurate modeling of OTFTs, the power-law

characteristic dependence of the mobility on the carrier concen-

tration is needed. According to the results of percolation theory

[27], effective channel mobility is expressed in the UOTFTmodel as:

mC ¼meff :

�ð�QaccÞ0
Ci:Vacc

	a

(20)

meff , Vacc and a are model parameters. meff is a temperature-

related parameter which defines the effective channel mobility at

the onset of the channel strong accumulation. This onset point is

controlled by the model parameter Vacc and is defined as the

characteristic voltage of the effective mobility. The power-law

dependence of the mobility on the carrier concentration is

defined by the temperature-dependent model parameter a.

3.1.2. Intrinsic drain-source current

The drain-source current of the intrinsic transistor due to the

charge carriers accumulated in the channel is defined by the

following general interpolation expressions [20].

Iaccds ¼Gch:Vdse (21)

Vdse ¼
Vds

�

1þ
�

Gch:Vds

Isatð1þlVdsÞ

	m�1
m

(22)

here Gch is the effective channel conductance in the linear region,

Vdse is the effective intrinsic drain source voltage, Vds is the intrinsic

drain source voltage, the parameter l defines the finite output

conductance in the saturation region, andm is themodel parameter

that provides a smooth transition between the linear and saturated

transistor operation, i.e. called as Knee shape parameter. Isat is the

ideal intrinsic drain-source saturation current and the effective

channel conductance in the linear region Gch is obtained by the

following way:

GCh ¼
Gch0

1þ Gcho:Rds
(23)

Gch0 ¼
Weff

Leff
:mc:ð � QaccÞ0 (24)

The drain saturation current Isat is determined by the following

formula:

Isat ¼Gch:Vsat (25)

where Vsat is the saturation voltage.

The total intrinsic drain sourceesource current is given by

following:Fig. 3. Equivalent circuit of UOTFT Model.

Fig. 2. (a) Comparisons of transfer characteristics of the TCAD simulated results and

the measured data (b) Comparisons of Output characteristics obtained from TCAD

simulation and the measured output characteristics.
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Ids ¼ Iaccds þ Ileakds (26)

where Ids is total current and Iaccds is the accumulated current and

Ileakds is the leakage current.

3.2. Comparison between the experimental and the compact model

based simulated characteristics

Fig. 4(a) shows the comparison between the transfer charac-

teristics obtained from experimentally measured data and the

compact model based simulated characteristic of the Pentacene

based OTFT [21]. The transfer characteristics are obtained by

varying the gate to source voltage (VGS) from 0V to�3V keeping the

drain voltage constant at �3.0V.

Fig. 4(b) shows the output characteristics obtained from

experimentally measured data and the compact model based

simulated characteristic of the Pentacene based OTFT [21]. The

output characteristics is obtained by varying the drain to source

voltage (VDS) from 0V to �3V keeping the gate to source voltage

(VGS) constant at-1.5V, �2.0V, �2.5V. There is a very good agree-

ment between the experimentally measured and the compact

model based simulated transfer and output characteristic of Pen-

tacene based OTFT.

3.3. Parameter extraction

Extracted OTFT model parameters for the Pentacene based low

voltage OTFT using the UOTFT model are given in Table 2. The

extraction process starts with the collection of data for the ID�VGS

and ID�VDS characteristics and providing it in UTMOST IV data base

in. uds format. Further simulation of ID�VDS and ID�VGS charac-

teristic using the UOTFT model and optimization of this charac-

teristic using Levenberg Marquardt optimization technique with

respect to the experimental data for extraction of model parame-

ters have been performed. Extractedmodel parameters are listed in

Table-II.

3.4. Simulation of logic circuit

For the UOTFT model validity, simple logic circuit was modeled

based on p-type OTFTs only. The schematic in Fig. 5(a) shows the

simple inverter circuit used in the simulation of a load transistor

with auxiliary gate voltage (Vaux). The given inverter circuit works

like a potential divider between the driver and the load OTFT.When

the input voltage is lower than the threshold voltage (i.e. more

positive than VT), the driver OTFT turns off. On the other side, when

it is more than the threshold voltage (i.e. more negative than VT),

the driver OTFT turns on. The operation of the inverter also depends

on the load TFT size relatively with the driver TFT. To assess

whether the simulation correctly reproduces this dependence, the

size of load OTFT and its gate voltage (V) remain at the same value,

while the size and gate voltage of driver OTFT changes. Fig. 5(b)

shows the voltage transfer characteristics (VTC) plot of the inverter

Fig. 4. (a) Comparisons of the transfer characteristics of the experimentally measured

with the compact model based simulated data (b) Comparisons of the output char-

acteristics of the experimentally measured with the compact model based simulated

data.

Table 2

Model Parameters extracted for UOTFT Model.

Parameter Name Symbol UNIT Values

The thickness of gate insulator ti m 5.3 � 10�9

Relative dielectric permittivity of the insulator at gate εr e 3.37

Relative dielectric permittivity of the semiconductor εsc e 4.0

Zero bias threshold voltage VT V �0.69

Trap density states Characteristic voltage V0 V 0.0082

Characteristic effective accumulation channel mobility meff m2/Vs 0.00061

Characteristic voltage of the effective mobility Vacc V 1.43

Output conductance parameter l 1/V 0.004

Knee shape parameter m e 1

Saturation modulation parameter a e 0.053

Leakage saturation current IOL A 7.6e-19

Contact Resistance RS þ RD Kilo Ohm 413.8
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circuit under consideration for W/L ratio of 10, 100 1100 of driver

TFT. As W/L ratio of the driver OTFT increases, its impedance de-

creases and the transition between high and low states becomes

clearer.

4. Conclusion

We presented a TCAD based numerical simulation, compact

modeling using the UOTFT model and the model parameter

extraction for Pentacene based OTFTs. TCAD simulation uses the

field dependent mobility model and the density of defect states

model with two exponential tail states and two Gaussian deep

states. We simulated an OTFT based on Pentacene and demon-

strated the application of the UOTFT model to organic TFTs and also

used the experimental data from Pentacene-based OTFTs to extract

parameters for the UOTFT compact model. It has been concluded

that the UOTFTcompact model provides more accuratemodeling of

OTFTs and the simpler parameter extraction methods for various

organic OTFTs. The results show that the UOTFT model correctly

simulates the behavior of the devices reported in this study and is

expected to be used for more complex circuits based on organic

thin film transistors. We also conclude that TCAD simulations,

experimental results and compact model based simulation results

of the electrical characteristic of Pentacene based TFT demonstrate

the same behavior.
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