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Abstract

In conventional field-effect transistors, the extracted mobility does not take into account the distribution of charge

carriers. However, in disordered organic field-effect transistors, the local charge carrier mobility decreases from the

semiconductor/insulator interface into the bulk, due to its dependence on the charge carrier density. It is demonstrated

that the conventional field-effect mobility is a good approximation for the local mobility of the charge carriers at the

interface.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Conjugated polymers have attracted attention

as promising materials for applications in light-

emitting diodes (PLEDs) [1,2] and field-effect

transistors (FETs) [3–5]. An important point in

understanding and developing the devices based

on organic semiconductors is the mechanism of
charge carrier transport. Most organic films have

an amorphous structure and disorder dominates

the charge transport. In the past years some

models based on multiple trapping and release [6],

variable range hopping [7] and grain boundary [8]

have been used to explain the transport within

organic semiconductors. For polymeric LEDs an

important consideration for device modelling is

the non-uniform charge distribution in the de-

vice. For polymeric field-effect transistors (FETs)

charge carriers are induced by a gate electrode

across an insulating layer. The standard metal-
oxide-semiconductor FET equations for extracting

the field-effect mobility take into account the total

amount of induced charges (CiVG), but not their
distribution in the channel [9]. In this paper, the

extraction of the charge carrier mobility for dis-

ordered organic FETs with a non-uniform charge

distribution is described.
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2. Results and discussion

A schematic structure of an organic p-type

field-effect transistor is shown in the inset of Fig. 1.
By applying a negative voltage at the gate elec-

trode the top of the valence band bends upward

closer to the Fermi level. This band bending gives

rise to a positive accumulation layer of typically 1–

2 nm into the semiconductor next to the interface

[10]. Applying a voltage VD between the source and
the drain contact gives rise to a current in the

channel:

ISD ¼ WCiVGl
VD
L
; ð1Þ

with W and L the width and length of the channel,
CiVG the total amount of accumulated charge

carriers, VD=L the electric field in the channel, and
l the charge carrier mobility. The gradual channel
approximation is used, which means that the ap-
plied gate voltage is much larger than the source

drain voltage. In this approximation variations

along the source drain channel can be neglected.

Furthermore, it should be noted that the use of the

total amount of induced charge (CiVG) in Eq. (1) is
only valid when all charge carriers have the same

mobility.

In that case, the field-effect mobility is deter-
mined by using the equation [9]

l ¼ oISD
oVG

����
VD!0

L
WCiVD

: ð2Þ

In contrast to conventional monocrystalline

silicon in disordered organic semiconductors the

transport properties are dominated by localized

states [7,10]. Due to an increase of the charge

carrier density the lower states of the organic
semiconductor are filled and any additional char-

ges in the system will need less activation energy

for the jumps to neighboring sites. As a result the

mobility will be enhanced and thus depends on the

charge carrier density. For the understanding of

the transfer characteristics of organic semicon-

ductors it is important to realize that in a FET the

charge carrier density is not uniformly distributed
in the accumulation channel, but depends on the

distance from the interface. Therefore, the mobi-

lity which is charge carrier dependent is not uni-

formly distributed in the accumulation layer. The

consequence is that for a given VG a distribution of
charge carrier mobilities is present in the organic

FET. In this paper, the distribution of the local

mobility in the accumulation channel of disor-
dered FETs and its relevance for the extracted

field-effect mobility are described. Within 2 nm

from the interface the mobility typically decreases

by a factor of 2–4.

As a first step the charge carrier distribution in

the active channel of an organic FET is calculated.

An unintentionally doped system is considered. In

the gradual channel approximation the distribu-
tion of charge carriers has to be described only in

the direction perpendicular to the semiconductor/

insulator interface (x). Using Poisson�s equation
and the relation between the electric field in the x
direction (see inset of Fig. 1) and the potential in

the channel for zero source-to-drain voltage [11],

the distribution of the electric field in the accu-

mulation layer is given by

Fx ¼
2

e0er

� � Z V

0

eqðV 0ÞdV 0
����

����
� �1=2

; ð3Þ

where V 0 is the local potential, which varies from

zero far away in the semiconductor bulk to V in

the accumulation channel, er is the relative dielec-
tric constant of the semiconductor, and qðxÞ is
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Fig. 1. Numerical calculated distribution of charge carriers in

the accumulation channel perpendicular to the semiconductor/

insulator interface for an undoped semiconductor for gate

voltages of VG ¼ �10 V and VG ¼ �19 V. The inset shows a
schematic view of an organic field-effect transistor.
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density of charge carriers. We assume that er at the
interface region has the same value as in the bulk.

The potential distribution as a function of x, fol-
lows from the relation

x ¼
Z V0

V

dV 0

FxðV 0Þ ; ð4Þ

where V0 is the surface potential of the semicon-
ductor/insulator (S/I) interface. From the variation
of the gate-induced potential V ðxÞ as a function of
distance x the density of holes qðxÞ can be calcu-
lated. The induced charge per unit area Qind is

related to the gate voltage as follows:

VG ¼ Qind

Ci
þ Vfb ¼

e0erFxð0Þ
Ci

þ Vfb; ð5Þ

where Ci is the insulator capacitance per unit area,

Fxð0Þ ¼ FxðV ¼ V0Þ is the electrical field at the S=I
interface and Vfb is the flat-band voltage. By in-

creasing the gate voltage the surface potential in-

creases resulting in an increase of charge carrier

density. Assuming Vfb ¼ 0, qðxÞ is calculated for an
undoped semiconductor with Ci ¼ 15:5 nF/cm2

and er ¼ 2:9. In Fig. 1 the concentration of charge
carriers as a function of distance x is shown for
gate voltages of VG ¼ �19 V and VG ¼ �10 V at

room temperature. It appears that at VG ¼ �19 V
the charge carrier density decreases from 3.5 · 1019
cm�3 at the semiconductor/insulator interface

(x ¼ 0) to 1.3 · 1018 cm�3 at a distance of 2 nm
from the interface. For VG ¼ �10 V the total in-

duced charge is about half that of VG ¼ �19 V. It
should be noted that the calculated charge distri-

bution is not specific for organic semiconductors

but generally applicable to field-effect devices of

undoped semiconductors in the linear operating

regime, since it only depends on Ci and er.
In order to take into account the charge carrier

density-dependent mobility in disordered organic

FET a model recently developed by Vissenberg

and Matters [7] is used. In their model the charge

transport is governed by hopping between local-

ized states. For such a system with low doping

level the Fermi level is placed in the tail states of

the Gaussian distribution and the density of states

(DOS) is approximated by an exponential. Using
percolation theory they found an expression for

the conductivity of the system. The obtained

conductivity is used to find an expression for the

local charge carriers mobility ll as a function of
density of charge carriers:

ll ¼
rðq; T Þ
eq

¼ r0
e

pðT0=T Þ3

ð2aÞ3BcCð1� ðT=T0ÞÞCð1þ ðT=T0ÞÞ

 !T0=T

� qT0=T�1; ð6Þ

where r0 is the prefactor for the conductivity, a�1

is the effective overlap parameter between localized

states, T0 gives the width of the exponential, Bc is
the critical number for the onset of percolation

and CðaÞ ¼
R1
0
dx expð�xÞxa�1. For three-dimen-

sional amorphous systems Bc ffi 2:8 [12]. This
equation predicts a power law dependence of ll
with q. It should be noted that in disordered

semiconductors the field- and temperature depen-

dence of the mobility are consistently described by

models based on hopping in a Gaussian DOS

[13,14]. These models are developed specifically for

low charge carrier densities. For high carrier den-

sities, as in the accumulation channel of a FET, a
model describing the dependence of the mobility

on charge carrier density in a Gaussian DOS is not

available. Now taking into account the spatial

dependence of the charge carrier density and mo-

bility, the field-effect current is calculated over the

accumulation channel:

ISD ¼ W
VD
L

Z xmax

0

r½qðxÞ; T �dx

¼ W
VD
L

Z xmax

0

ell½qðxÞ; T �qðxÞdx; ð7Þ

where xmax represents the thickness of the accu-
mulation layer which is assumed sufficiently large
such that V ðxmaxÞ ¼ 0. Applying Eqs. (3)–(7) to the

transfer characteristics of disordered FETs then

provide information on the distribution of the

charge carrier density and mobility in the active

channel of the FET.

In Fig. 2 the transfer characteristic for organic

transistors based on poly(2,5-thienylene vinylene)

(PTV) and poly(3-hexyl thiophene) (P3HT) at
room temperature is shown. On top of a heavily
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doped nþþ-Si used as a gate contact an insulating

layer of SiO2 used as a dielectric was thermally

grown. Gold contacts for the source and the drain

contacts were evaporated onto SiO2. The substrate

was than treated with hexa-methyldisilizane

(HMDS) to make the surface hydrophobic. Fi-

nally the polymer has been spin-coated on top.
The devices measured have a channel of 10 lm in

length and 2 cm in width for PTV and 2.5 mm in

width for P3HT and the film thickness is 200 nm.

PTV has been prepared via a precursor route [10]

with a molecular weight around 100 000 g/mol and

is an homogeneous amorphous semiconductor.

The P3HT has been prepared via the first

McCullough synthesis, has a molecular weight of
40 000 g/mol and a very low level of impurities.

The microstructure of solution processed P3HT

consists of nanocrystalline domains embedded into

an amorphous matrix [15]. Due to this, the thin

film P3HT can also be regarded as a disordered

system with localized states originating in struc-

tural defects. From temperature dependent mea-

surements on PTV- and P3HT-FETs r0 ¼ 1:6�
106 S/m, a�1 ¼ 1:6� 10�10 m and T0 ¼ 425 K have

been obtained for P3HT and r0 ¼ 5:6� 106 S/m,

a�1 ¼ 1:5� 10�10 m and T0 ¼ 382 K for PTV, re-

spectively [16]. Using Eq. (7) in Fig. 2 the calcu-

lated transfer characteristics for the PTV- and

P3HT-FETs are shown (solid lines). In Fig. 2 it

can be seen that for VG ¼ 0 V the transistors

are ‘‘off’’ indicating that there is no significant

unintentional doping. The non-linear increase of
the channel current is described by the density-

dependent mobility. Another possible mechanism

as injection-limited currents can be excluded from

non-contact potentiometry measurements on

P3HT, which also exhibit strong non-linear be-

havior [17].

Knowing these parameters the mobility can

be calculated from Eq. (6). In Fig. 3 the corres-
ponding local mobility is plotted for VG ¼ �19 V
at room temperature for PTV and P3HT. It is

demonstrated that for PTV the local mobility llðxÞ
varies from 2.1 · 10�3 cm2/V s at the interface to

1 · 10�3 cm2/V s at a distance of 2.7 nm from the
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Fig. 2. Drain current versus gate voltage of a PTV and P3HT

field-effect transistor for room temperature (taken at a drain

voltage of )2 V). The calculated drain currents (Eq. (7)) are
indicated by solid lines. The insets show the chemical structures

of PTV and P3HT.
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Fig. 3. The local charge carrier mobility as function of position

in the accumulation layer for PTV- and P3HT-FET at

VG ¼ �19 V (squares for PTV and triangles for P3HT) and the

extracted field-effect mobility as determined from Eq. (2) at

VG ¼ �19 V (dot).
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interface at room temperature (Fig. 3(a)). For

P3HT llðxÞ varies from 6.6 · 10�4 cm2/V s at the

interface to 1.7 · 10�4 cm2/V s at a distance of 2 nm

from the interface for VG ¼ �19 V (Fig. 3(b)).
Thus, due to the inhomogeneous charge carrier

density in a disordered FET the local mobility

demonstrates a strong variation in the active

channel.

For the interpretation of the charge transport in

disordered FETs it is crucial to understand how

such a mobility distribution compares to the ex-

tracted conventional field-effect mobility. In Fig. 3
the local (Eq. (6)) and field-effect mobility (Eq. (2))

are compared. It appears that the local mobility of

the charge carriers at the semiconductor/insulator

interface at VG ¼ �19 V is 15% and 9% larger then

the extracted field-effect mobility for PTV (see Fig.

3(a)) and P3HT (see Fig. 3(b)), respectively. The

reason for this relatively small difference is that (as

shown in Figs. 1 and 3) not only a major part of
the charge carriers is located close to the interface,

but also that these charge carriers have the highest

mobility. As a result the field-effect current is

mainly determined by the charge carriers at the

interface. Consequently, the error due the ap-

proximation used in Eq. (1), namely that all charge

carriers have the same mobility, is relatively small.

3. Conclusions

In conclusion, in disordered organic transistors

the dependence of the mobility with gate voltage is

determined by the charge carrier dependence of the

local mobility. Taking into account the distribu-

tion of the charge carrier density in the active
channel perpendicular to the insulator the local

mobility has been calculated as a function of po-

sition in the accumulation layer. It is demonstrated

that for disordered organic FETs, in spite of the

strong variations in the local mobility in the active

channel, the conventional field-effect mobility is a

relatively good estimate for the local mobility of

the charge carriers at the interface.
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