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We use a surface-charge formalism to analyze recent measurements of the electrical properties of organic
thin films in a planar field-effect transistor(FET) geometry, including the contribution of both injected charge
carriers and charge carriers introduced because of doping. In the presence of trapping centers we find that the
electrical conduction in the channel can follow a trap-filling transition with increasing gate voltage. This effect,
which produces a significant variation in the effective mobility with gate voltage and induces a strong depen-
dence of the apparent threshold voltage on the temperature, has been observed in measurements on organic
FETs but its origin had remained unclear up to now. In addition, we find that space-charge effects can explain
several features of recent experiments with organic FETs(OFETs) that cannot be described by the conventional
FET model, such as the absence of a saturation behavior for higher source-drain voltages, which we assign to
space-charge limited conduction near the drain electrode and which becomes the dominant contribution when
the source-drain distance is decreased. The formalism that we used for this analysis can be applied to any FET
system based on charge-carrier injection in insulators, and it has an intrinsic flexibility that allows easy
extension to take into account additional effects.
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I. INTRODUCTION

Injection of free charge carriers into an insulator from
Ohmic metallic contacts results in an inhomogeneous space-
charge density which can lead to a space-charge limited
(SCL) current proportional to the square of the applied
voltage.1 Although this effect is well-known for one-
dimensional conduction between two electrodes,1,2 it has
commonly been neglected in the case of injection-based sur-
face field-effect transistor(IFET) structures using an insulat-
ing material between “source” and “drain” metal electrodes.
The operation of such a device involves the tuning of the
injected charge density with the voltage applied to a “gate”
electrode, and it was first described by Wright.2,3 Later, the
problem was treated again, often relying on established
knowledge about FETs based on differently doped semicon-
ductors, and several models were proposed to understand the
charge transport mechanism in this class of devices.4–12

However, no coherent analytical treatment describing the
physics of charge transport in the insulating thin film of an
IFET, which can be easily modified to include the effects of
SCL and trap filling, has been published to date. Equations
imported by analogy from standard FET models have been
used in the past, but they had only limited success in the
interpretation of experimental results, and it is not possible to
relate the assumptions on which they were based to the real-
ity of the IFET geometry and the materials it uses.

This situation needs to be rectified also because of the
great technological and fundamental interest in organic
IFETs,5,13,14where charge transport takes place in an organic
wide-band gap insulator. These devices have attracted great
attention recently because of their potential application in
low-cost integrated circuits. Moreover, the IFET geometry
has also been successfully applied to the fundamental inves-

tigation of various insulating organic materials.5

It should also be noted that the direct application of for-
mulas originally developed for conventional metal-oxide-
semiconductor FETs(MOSFETs) to describe the electrical
properties of organic IFETs has generated some confusion in
defining important parameters of these devices. One example
is the meaning of the threshold voltage in a system where
most of the charge carriers are injected from the contacts and
not created by the formation of an inversion layer in the
channel.9,10 Another example is an analytical treatment that
was proposed to model the current-voltage characteristics of
short-channel organic IFETs.7 The model was derived as-
suming the existence of a parasitic resistance in series with
an ON-channel resistance representing the accumulation
layer in the channel.7 This approach is not entirely satisfac-
tory since the final drain current expression does not tend to
the Mott-Gurney law in the limit of high source-drain volt-
ages. Further, the model also considers an additional depen-
dence of the parasitic resistance on the gate voltage which
obscures the interpretation of the physical origin behind that
resistance.

In this paper we analyze charge transport in the IFET
channel using an analytical approach that can take into ac-
count the effects of space-charge screening and charge-
carrier trapping. The assumptions used to develop the theory
and their physical consequences can be readily identified,
and the relationship between experimental results and micro-
scopic material parameters is clearly established. This avoids
the sometimes nontrivial adaptation of concepts derived from
semiconductor device physics to IFETs.

We will show that SCL effects induce a nonsaturation of
the current at high source-drain voltages in short-channel de-
vices, an effect that can be minimized by decreasing the
channel thickness. This prediction is confirmed by recently
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published experimental data, where a nonsaturation of the
current-voltage characteristics has been observed in short-
channel OFETs without a reasonable explanation.15–17 From
this analysis it is clear that SCL conduction can strongly
influence operational parameters and design considerations
for thin-film IFET geometries based on organic semiconduc-
tors and insulators, and also the interpretation of experimen-
tal results obtained using such devices.

Finally, we analyze the effects of charge-carrier trapping
in the channel. We demonstrate that the effective field-effect
mobility becomes dependent on the gate voltage once traps
are present in the active layer. Such a gate voltage depen-
dence of the field-effect mobility has been observed in or-
ganic IFETs8,18–20 and sometimes ascribed to an intrinsic
charge-transport process typical of disordered materials.
However, by simply assuming the presence of a single-
energy trap level in the organic insulator, we demonstrate the
existence of a trap-filling transition that occurs with increas-
ing gate voltage and that is able to explain quite well the
mobility data recently measured in OFETs.

We start by presenting, in Sec. II, the fundamental effects
on which the operation of the IFET rests, and the theoretical
approach that we will use. This will establish the basic as-
sumptions of the theoretical model and its dependence on
material parameters typical of IFETs. Next, in Sec. III, we
will analyze the expected behavior of the IFET, highlighting
the influence of space-charge effects and trap filling, discuss
the on/off ratio, and compare our predictions with experi-
mental data.

II. THEORETICAL MODEL

In this section we analyze, using the surface-charge for-
malism, the basic transport mechanisms involved in the IFET
operation. We show that the IFET problem can be treated by
separating the charge density injected in the channel by the
gate voltage from the charge density injected in the channel
by the source-drain voltage. These quantities are expressed
in terms of a surface density in the fundamental equations,
and the predominance of one of these charge densities deter-
mines different regimes of the device operation.

The schematic IFET structure we are interested in is
shown in Fig. 1: a thin film “channel insulator”(the active
organic film in OFETs) connects the source and drain con-
tacts, and a high resistivity “gate insulator” separates the
channel insulator from the gate electrode. Since we first want
to describe the fundamental properties of a model device, we
consider charge carriers with a constant, electric-field-
independent mobility, and a channel insulator free of any

electronic levels that can trap the charge carriers. Addition-
ally, we assume that one type of charge carrier can be in-
jected through Ohmic contacts at the source and drain elec-
trodes, and we neglect the effects of diffusion. These
approximations enable the development of a simple, yet
powerful model that allows us to quantitatively evaluate the
essential features of charge transport in the channel insulator.
Without loss of generality, we assume in the following that
the injected charge carriers are electrons.

IFETs usingp-type organic insulators can suffer a redox
doping of the channel with oxygen when in contact with air.8

Similar electrochemical mechanisms can also dopen-type
organic insulators.8 Hence, we allow for the possibility of
(intentional or unintentional) doping of the channel insulator
by considering a constant free-carrier densityn0. This corre-
sponds to a charge per unit surface

Q0 = ± en0D, s1d

wheree is the unit charge,D is the thickness of the channel
insulator, and the lower sign must be used when the free
carriers arising from doping are electrons.

We consider an electron densityndssx,yd that is injected
by the source-drain voltage, and an electron densityngsx,yd
that is injected by the source-gate and the drain-gate voltages
(x measures the distance in the channel from the source elec-
trode andy measures the distance in the channel from the
gate insulator interface). Qgsxd and Qdssxd are the corre-
sponding surface charge densities. For a doped channel insu-
lator, the surface IFET operates in the “accumulation” re-
gime when a positive(negative) gate bias is applied to an
n-type (p-type) channel. Under these circumstancesQgsxd
and Q0 have identical sign.9 Finally, we assume that the
channel insulator is only lightly doped so that the space-
charge created by uncompensated donors is small compared
to ng andnds.

The fundamental equations determining the currentIds
flowing between drain and source electrodes are the Gauss
equation and the transport equation

dEx

dx
+

dEy

dy
= −

e

ee0
fngsx,yd + ndssx,ydg, s2d

Ids= WmExsxduQgsxd + Q0 + Qdssxdu, s3d

whereE is the electric field in the channel insulator, withx
andy componentsEx andEy, e0 is the vacuum permittivity,e
is the dielectric constant of the channel insulator,W is the
channel width, andm is the charge-carrier mobility. Note that
(3) is valid without any special requirement on they depen-
dence of the charge density.

The currentIds depends on the total charge at the position
x and on thex component of the electric field at the same
position, but its final value must not depend onx. Equation
(3) therefore provides a generally valid relation between the
electric field and the free-electron density found at a given
coordinate along the channel.

When the channel lengthL is much larger than the gate
insulator thickness, it is reasonable to assume that the elec-
tric charge density associated with the variation of the elec-

FIG. 1. Schematic structure of the injection-based field-effect
transistor(IFET) configuration considered here.S is the source elec-
trode andD is the drain electrode.
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tric field in the y direction is much higher than that related
to a variation of the electric field in thex direction,
or udEy/dyu@ udEx/dxu. Using this “gradual channel
approximation,”3–5 we can separate the Gauss equation(2)
by associatingng with the dEy/dy term, and write

dExsxd
dx

= −
Qdssxd
ee0D

, s4d

whereD is the thickness of the channel insulator.
Equations(3) and (4) are difficult to solve in general.

However, it is possible to find specific regions between the
source and drain electrodes where simplifying assumptions
can be made and an expression for the gate-induced surface-
chargeQgsxd can be found. Equations(3) and(4) can then be
combined into a simple characteristic equation for each re-
gion. The characteristic equations are then solved separately
and the requirement of continuity of the electric field is used
to match the solutions in adjacent regions.

In a functioning IFET, there must be a region where the
charge induced by the gate dominates over the other compo-
nents. The gate-induced surface charge in this so-called “ac-
cumulation region” is given by the capacity per unit areaCi
of the gate insulator3,9

Qgsxd = − CifVg − Vsxdg, s5d

where Vsxd is the potential in the channel between source
and drain electrodes.Vsxd starts from zero at the source elec-
trode and reachesVds at the drain electrode.

Inserting (5) and (4) into (3), we find the characteristic
equation for the accumulation region

Ids

Wm
= Fee0D

d2V

dx2 + CifsVg + V0d − VgGdV

dx
, s6d

where V0 is a doping related voltage defined byV0;
−Q0/Ci (V0 is positive for electron doping). Integration of
(6) gives

Ids

Wm
x =

ee0D

2
DEx

2sxd + CiFsVg + V0dV −
V2

2
G , s7d

whereDEx
2sxd;Ex

2sxd−Ex
2s0d. If the source-drain voltageVds

remains lower thanVg, the accumulation layer extends all the
way from the source to the drain electrode, andVsLd=Vds.
Equation(7) then becomes

Ids=
Wm

L
H ee0D

2
DEx

2sLd + CiFsVg + V0dVds−
Vds

2

2
GJ . s8d

This equation gives the current-voltagesI −Vd characteristics
for the IFET in the rangeVdsøVg as a function of the dif-
ferenceDExsLd of the electric fields at the drain and the
source electrode. The latter can be found numerically from
(7) and the conditionVds=e0

LExstddt, but it turns out that its
contribution in (8) is negligible forVds,Vg. The reason is
that in this case the potential drop between the source and
drain electrodes tends to be evenly distributed along the
channel, andExs0d<ExsLd<Vds/L, so thatDExsLd=Ex

2sLd
−Ex

2s0d<0.

WhenVds is higher thanVg, there is a range ofx values
whereEy becomes of the order ofEx and the assumptions
used to derive(4) and (6) are not fulfilled anymore. How-
ever, we can assume that this range ofx values is very small
compared to the channel lengthL. We can therefore define a
coordinatex0 whereVsx0d=Vg and consider it to be the end
of the accumulation region, and the start of a “depletion”
region.

In the depletion region,Vsxd.Vg andEy tends to push the
free charge carriers away from the interface between gate
insulator and channel insulator. ForQ0,0, the doping-
induced free charge carriers are depleted near this interface
and drift out of the film through the Ohmic drain contact.
This situation can be modeled by a depletion layer of thick-
nesst in the channel insulator, so that the total charge per
unit surface becomesQ0+Qg=en0sD− td. We find t by solv-
ing the Gauss equation in they direction8,9

t =
ee0

Ci
fs1 + afV − Vggd1/2 − 1g, s9d

wherea=2Ci /V0Cs andCs=ee0/D. The thicknesst reaches
its upper limitt=D when the voltageV reaches a “pinch-off”
voltageVp=Vg+V0s1+Ci /2Csd at a coordinatexp along the
channel.

Using(3) and(4), we can write the characteristic equation
for the depletion region wherex0,x,xp

Ids

Wm
= Fee0D

d2V

dx2 + CiV0 − en0sD − tdGdV

dx
. s10d

Substitution of(9) and (10) and integration of the resulting
expression fromx0 to a pointx inside the depletion region
yields

Ids

Wm
x =

ee0D

2
DEx

2sxd + CiSV0Vg +
Vg

2

2
D + sCi + CsdV0sV − Vgd

+
sCsV0d2

3Ci
f1 − s1 + afV − Vggd3/2g. s11d

In writing (11) we considered thex component of the electric
field continuous atx0 and given by(7).

For the case whenVds,Vp and xp.L the depletion re-
gion extends up to the drain contact. The source-drain cur-
rent in the depletion region is then found by substitutingx
=L andVsxd=Vds into (11)

Ids=
Wm

L
F ee0D

2
DEx

2sLd + CiSV0Vg +
Vg

2

2
D + sCi + CsdV0sVds

− Vgd +
sCsV0d2

3Ci
f1 − s1 + afVds− Vggd3/2gG . s12d

This equation gives theI −V characteristics for the IFET in
the rangeVg,Vds,Vp. As for the expression for the accu-
mulation region derived above,DEx

2sLd can be found by nu-
merical integration, but can be shown to be negligible for
Vds,Vp. When Vds approachesVp the carrier density de-
creases towards the drain electrodes, andExsLd correspond-
ingly increases. Despite this, we will show below that
—especially for long channel lengthsL —the range of ap-
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plication of (11) and (12) can be extended with minor error
until Vds=Vp, while at the same time neglecting the term
containingDEx

2sLd.
We now finally come to the “insulating” region, where

Vsxd.Vp and x.xp. The IFET regime of operation associ-
ated with the growing of an insulating region inside the
channel has been traditionally called the “saturation” regime.

The free charge carriers present in the insulating region
are only the chargesQds injected by the source-drain voltage
sQg+Q0=0d. The characteristic equation for this region is
then very simple

Ids

Wm
= Fee0D

d2V

dx2GdV

dx
. s13d

After integrating(13) from xp to a pointx inside the insulat-
ing region, applying(11) and the continuity of the electric
field at xp, and using the expressions forCs andVp, we find

Ids

Wm
x =

ee0D

2
DEx

2sxd + Ci
b

2
, s14d

whereb=sVg+V0d2+e2n0
2D3/3ee0. The source-drain current

in the saturation regime is then found by substitutingx=L
into (14)

Ids=
Wm

L
F ee0D

2
DEx

2sLd + Ci
b

2
G . s15d

This equation would predict a constant current if the first
term between brackets was negligible, as we found for the
accumulation region. A constant saturation current is also the
solution that is most often found in the literature of organic
IFETs.5,9 But such an assumption is in general not at all
justified. Most of the potential applied between the source
and drain electrodes drops in the small insulating region near
the drain electrode where the charge-carrier density becomes
very small. The magnitude of the electric fieldExsLd can then
be much larger thanExs0d, and DEx

2sLd<Ex
2sLd becomes

very relevant in(15). An approximate analytical solution for
the current can be obtained by finding an approximate rela-
tion between the coordinatexp and the source-drain voltage.
The small density of free charge carriers in the insulating
region impliesExsxd@Exsxpd for x.xp, except near the vi-
cinities of x=xp. It is then a good approximation to assume
that the electric field inside the insulating region is given by
the space-charge field found between two Ohmic electrodes
separated by the distanceL−xp; we can then write1,3

ExsLd ,
3

2

Vds− Vp

L − xp
. s16d

The current flowing between the source and drain contacts
is the same at every coordinatex of the channel. Using(14)
at x=xp andx=L, we find

1

xp
−

1

L
=

ee0D

Cib
SDEx

2sLd
L

−
DEx

2sxpd
xp

D . s17d

We already argued above thatExsLd@Exsxpd<Exs0d. Equa-
tion (17) then givesEx

2sLd=sCib /ee0DdsL−xpd /xp. The com-
parison of this relation with(16) yields

sVds− Vpd2

b
=

4Ci

9ee0D

sL − xpd3

xp
, s18d

which givesxp as a function ofVds. InsertingExsLd from (16)
into (15), one then obtains the source-drain current in the
saturation regime. In the limit whenL@D, the space-charge
effects can be neglected for values ofVds not much higher
than Vp, and Eq.(15) gives the conventional formulaIsat
=WmCisVg+V0d2/ s2Ld for the saturation current. We now
have a complete solution for the source-drain current at all
gate voltages and all source-drain voltages.

III. RESULTS AND DISCUSSION

A. The current-voltage characteristics

Figure 2 shows theI −V characteristics predicted from(8),
(12), (15), (16), and (18) for various gate voltages. The
curves were calculated taking parameters that are represen-
tative of IFETs using high-quality organic semiconductors.
One sees that the current keeps increasing withVds in the
rangeVds.Vp. The nonsaturation of the current is more pro-
nounced at low gate voltages and is due to the participation
of the injected chargeQds in the electrical conduction of the
insulating layer. The potential drop between the pointsx
=xp andx=L is then high but finite. In the limit of largeVds
or smallVg, the carriers injected by the source-drain voltage
dominate the conduction and the source-drain current in-
creases quadratically with the applied voltage, a typical sig-
nature of a space-charge limited current. AtVg=0, and for a
low doping level of the channel insulator,Ids is given by the
Mott-Gurney law, orIscl=s9/8dWDee0mVds

2 /L3.
Figure 2 also compares theI −V curves for a short-

channel device[Fig. 2(a)] with the curves for a long-channel
device [Fig. 2(b)]. The long-channel IFET shows a better
saturation of the source-drain current in the “saturation” re-
gime; the increase ofL decreases the injection of the space-
chargeQds, lowering the electrical conductivity of the insu-
lating layer. Therefore, with decreasingL or increasingD
[see Eq.(15)], the contribution of SCL effects on the device
operation increases, enhancing the nonlinearities of the satu-

FIG. 2. Current-voltagesI −Vd characteristics of two surface
IFET. The simulation parameters areCi =1.76310−4 Fm−2, m
=10−4 m2V−1s−1, n0=1020 m−3, W=1.5 nm, D=100 nm, e=3, L
=3 mm (a), and L=25 mm (b). The curves were plotted with in-
creasing gate voltage of 0 V[dashed curve, not visible in(b)], 3, 5,
7, 10, and 15 V(continuous curves).
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ration current at small gate voltages. This result can account
for the nonsaturation of the current at high source-drain volt-
ages that has been observed in organic IFETs with channel
lengths of the order of 4mm15,16 and hundreds of
nanometers.17 In accordance with the theory developed in
Sec. II, the measurements performed in Ref. 17 show that the
nonsaturation of the source-drain current increases with de-
creasing channel length.

The spatial distribution of surface charge inside the IFET
in the saturation regime, for a channel insulator free of dop-
ing, is shown in Fig. 3. In this simulationVds=33.3 V, Vg
=3 V, andL=25 mm. The curve was calculated performing
a numerical integration of(7) and applying(15). One can see
that the length of the “insulating” region is small compared
to the length of the “accumulation” region, even whenVds
@Vg. The transition between the two regions is sharp and the
charge contained in the accumulation region is high com-
pared with the charge in the insulating region. The numerical
result confirms that the approximations used to derive the
analyticalI −V characteristics are reasonably precise; for ex-
ample, the value of the coordinatexp in Fig. 3 is 20.93mm,
whereas the value ofxp calculated applying (18) is
20.84mm.

Finally, it is important to note from(18) that the doping of
the channel insulator, by increasing the “pinch-off” voltage,
decreases the length of the insulator layer for a given value
of Vds.Vp. However, the doping does not change the slope
of the drain current once the saturation regime is reached.

A nonsaturation of the drain current has also been ob-
served in a MOSFET(see Fig. 41, Ref. 4, p. 478), where two
p-n junctions separate the source and drain electrodes from
the channel. However, there the physical mechanism is
different.4 It cannot be used for the IFET where, as an ex-
ample, the nonsaturation of the drain current mainly depends
on the thickness of the channel insulator relative to its
length: short-channel IFETs can have a good saturation of
the drain current if the insulator channel is sufficiently thin.
In conventional MOSFETs the influence of the space-charge

Qds is lower since ap-n junction is a poor injecting contact
compared to an Omic metal/insulator interface. In these de-
vices short-channel effects depend on the relative dimension
of the depletion-layer widths of the source and drain junc-
tions relative to the channel length. These effects are severe
when the device operates in punch-through conditions which
cannot be avoided by simply decreasing the channel semi-
conductor thickness.4

B. The on/off ratio

Space-charge effects impose geometrical limits on the
performance of an IFET. This becomes clear when we cal-
culate approximate relations for an important device param-
eter, the on/off ratio. We define the on/off ratio at a givenVds
as the ratio between the current in the transistor whenVg
=Vds (“on” state) and the current whenVg=0 (“off” state).8

Due to the contribution of the space-charge limited current
for the off state, different dependencies of the on/off ratio on
the source-drain voltage can be obtained. For example, if
VdsùVp, the SCL current is negligible and the on/off ratio is

Ion

Ioff
<

Vds
2 + 2V0Vds

V0
2 + sq2n0

2D3/3ee0d

=S Ci
2

q2n0
2D2Vds

2 +
2Ci

qn0D
VdsDS1 +

Ci
2D

3ee0
D−1

, s19d

where we have used Eq.(8) to calculate the on current and
Eq. (15) to calculate the off current. A similar relation to Eq.
(19) was derived in Ref. 8 for the on/off ratio of a lightly
doped organic FET. At high source-drain voltages so that
Vds@Vp, space-charge effects cannot be neglected and Eq.
(19) is not valid any more. In this limit the off current can be
approximated by the Mott-Gurney law and the on current by
Eq. (15). The on/off ratio is

Ion

Ioff
<

WmCisVds
2 /2Ld

s9/8dWDee0msVds
2 /L3d

=
4Ci

9Dee0
L2. s20d

Equation(20) depends only on the geometrical properties of
the device and represents the upper theoretical limit for the
on/off ratio of an ideal “ultrapure” IFET.

Due to the lower off current, the on/off ratio calculated
from Eq. (20) is always higher than the ratio predicted from
Eq. (19). Both equations predict an increase of the device
switching properties with decreasing thickness of the insula-
tor channel, but Eq.(19) does not predict a dependence of
the on/off ratio on the channel length. This dependence is
explicit in Eq. (20), where one can see that the device
switching performance decreases rapidly with decreasing
channel length. This can put important limits on the level of
miniaturization that can be achieved with organic-based
FETs.

C. The effect of charge-carrier trapping

The model developed in Sec. II uses a formalism based on
surface charges for modeling the electronic properties of thin
film IFETs. This formalism is very flexible and can be ex-
tended to treat more complex physical situations. We illus-

FIG. 3. Spatial distribution of surface space-charge along the
IFET channel. The device parameters are the same of Fig. 2(b) with
Vds=33.3 V andVg=3 V, but consideringV0=0 V. The continuous
line represents the surface charge in the “accumulation” region and
the dashed line represents the surface charge in the “insulating”
region.
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trate this flexibility by analyzing the effect of charge-carrier
trapping in the channel insulator during the accumulation
regime.

We consider a device that is free of doping impurities but
that contains a densityNt of centers that can trap the injected
charge carriers. We assumeL@D, so that the charge injected
by the source-drain voltage can be neglected compared to the
charge injected by the gate voltage. This injected charge is
then distributed between the free and the trapped carriers.
Applying the detailed balance principle, the density of free
carriersn depends on the density of occupied traps,noc as
]n/]t=bnoc−gnsNt−nocd, whereb andg are parameters re-
lated to the emission and capture rates of the traps, respec-
tively. In steady state this gives an equation in terms of sur-
face charges

Qfree= a
Qg − Qfree

Qt − sQg − Qfreed
, s21d

wherea=b /g is a parameter that depends on the absolute
temperature, andQt=−qNtD. If we can assume thatQt@Qg
and that the emission rate of the traps is small, then most of
the charge carriers induced by the gate voltage are trapped
and Eq.(21) can be approximated by a first-order expansion
on Qg/Qt

Qfree< a
Qg

Qt
S1 +

Qg

Qt
D . s22d

Modifying Eq. (3) and using Eqs.(5) and (22), we can
write the characteristic equation for the accumulation regime

Ids

Wm
= QfreeEx =

a

Qt
FCisVg − Vd +

Ci
2sVg − Vd2

Qt
GdV

dx
.

s23d

Integration of Eq.(23) from the source to the drain elec-
trodes usingVs0d=0 andVsLd=Vds results in

Ids=
W

L
m

a

Qt
CiVdsFVg −

Vds

2
+

Ci

Qt
SVg

2 − VgVds+
Vds

3

3
DG .

s24d

The saturation current is given by takingVds=Vg in Eq.
(24), or

Isat=
W

2L
CiVg

2m
a

Qt
S1 +

2Ci

3Qt
VgD . s25d

Equation(25) shows that the effective field-effect mobility
measured by the saturation current method depends on the
gate voltage once charge-carrier traps are present in the
channel. It should be noted that this effect was derived with-
out any further assumption about the nature of the traps or
the physical mechanism behind the charge-carrier transport.
The dependence of the field-effect mobility onVg has been
observed in organic IFETs8,18–20 and sometimes ascribed to
an intrinsic charge-transport mechanism present in this kind
of material. However, from the discussion above, it is clear
that measurements of the intrinsic transport properties of the
channel insulator using IFETs should be accepted with care

since carrier trapping can mask some features of the intrinsic
mobility.

In Fig. 4 we plot the square root of the saturation current
as a function of the gate voltage calculated from the numeri-
cal integration of the left-hand side of Eq.(23) and using the
exact expression forQfree obtained from the solution of Eq.
(21). The curves were calculated for various values of the
parametera and for a fixed value ofQt. The following fea-
tures can be distinguished.

(i) WhenQt /a@1, which simulates measurements at low
temperatures or the presence of deep traps in the channel,
most of the charges induced by the gate voltage are trapped
and Eq.(25) is valid. In this regime the curveIsat

0.5 as a func-
tion of the gate voltage is nonlinear for a wide range of
values ofVg.

(ii ) When Qt /a<1, the Isat
0.5 curve resembles a straight

line in the limit of high gate voltages. At small gate voltages
the saturation current is higher than the current obtained ex-
trapolating this straight line toVg→0. Further, it is evident
in Fig. 3 that the point in which the straight line crosses the
Vg axis changes witha. Therefore, the direct application of
the conventional FET model to explain these curves would
result in a threshold voltage that strongly depends on the
temperature, decreasing with increasingT. The above fea-
tures were observed in recent measurements performed using
organic IFETs,10,19,21–23but the explanation was controversial
until now. Some of these features were ascribed to the hop-
ping transport mechanism of the charge carriers in the disor-
dered organic insulator.10 However, from the discussion
above, it is clear that such features can be produced by
charge-carrier trapping, independently of the mechanism be-
hind the charge transport. In principle, comparing measure-
ment performed at different temperatures, it should be pos-
sible to determine the variation ofa with T. Once this
function is known, one can separate the intrinsic transport
properties of the material from the ones affected by the car-

FIG. 4. Square root of the saturation current as a function of the
gate voltage. The device parameters are the same of the Fig. 2(b).
Qt was assumed to be 0.0016 C/m2, which corresponds to a total
density of trapsNt=1023 m−3. The curves were calculated from the
numerical integration of Eq.(23) using the exact solution of Eq.
(21). The dotted curve was calculated from the conventional model,
Isat=WmCiVg

2/ s2Ld, and the dashed curve was derived from Eq.
(25).

M. KOEHLER AND I. BIAGGIO PHYSICAL REVIEW B 70, 045314(2004)

045314-6



rier trapping, which can reveal the real physical processes
responsible for this transport.

(iii ) Finally, when Qt /a!1, which simulates measure-
ments performed at high temperatures or the presence of
shallow traps in the channel, the saturation current tends to
have the value predicted by the conventional FET model.

The field-effect mobility in the accumulation regime can
be estimated measuring the channel transconductance. The
transconductance is the partial derivative of the drain current
with the gate voltage at constantVds. For a conventional
MOSFET, the relation between the mobility and the chan-
nel’s transconductance is given by4

m =
L

WCiVds
S ] Ids

] Vg
D

Vds=const
. s26d

In Fig. 5 we plot the variation of the field-effect mobility as
a function of the gate voltage obtained from the transconduc-
tance method(continuous line). The curve was calculated
from numerical integration of Eq.(23) and using the exact
expression forQfree obtained from the solution of Eq.(21).
One sees that the field-effect mobility increases strongly with
increasingVg due to trap filling. At high gate voltages, how-
ever, the majority of the traps in the channel is filled by the
injected charge andm saturates(trap-filled conduction). In
the trap-filled rangem is given by the intrinsic mobility of
the carriers in the channel insulator. The behavior shown in

Fig. 5 is the analog for the IFET geometry of the trap-filling
transition observed in theI −V characteristics of an insulator
sandwiched between two Ohmic contacts and with a single
energy trap level in the gap.1

Figure 5 also compares the theoretical curve with experi-
mental data presented in Fig. 6 of Ref. 9. The data were
measured in a typical OFET using dihexylsexithiophene
(DH6T) as active layer. The theoretical curve was calculated
using Qt and a as fitting parameters. One sees that the ex-
perimental mobility follows quite well the dependence onVg
predicted by Eqs.(21) and (23). The value of the intrinsic
mobility assumed in the simulation,m=0.038 cm2V−1s−1, is
slightly higher than the mobility estimated from the “appar-
ent” saturation of the experimental curve at high gate volt-
ages,m<0.036 cm2V−1s−1. This small discrepancy is attrib-
uted to the fact that the experimental data do not really
saturate but start to decrease at high gate voltages. This de-
crease after −30 V is due to Ohmic losses at the source and
drain electrodes.9

Since the values ofQt anda obtained from the fitting in
Fig. 5 are of the same order, the plot ofIsat

0.5 versusVg for the
DH6T device should follow a curve of type(ii ) described
above. The experimental curve is presented in Fig. 5 of Ref.
9, where its clear that the data tend to bend upward at low
gate voltages, reproducing exactly the features shown in
Fig. 4.

IV. CONCLUSIONS

In conclusion, we developed a treatment of charge trans-
port in the insulating film of an IFET that allows one to take
into account space-charge effects and charge-carrier trap-
ping. We showed that the influence of space-charge effects
on the current-voltage curves can be very large. Experimen-
tal data where a nonsaturation of the current at higher source-
drain voltages were observed should be reinterpreted in light
of these theoretical insights, and the development of minia-
turized organic field-effect transistors should take into ac-
count the intrinsic limitations we discussed. Moreover, we
showed that the additional assumption of a single-energy trap
level in the organic insulator can explain recent results ob-
served in organic IFETs, including the unusual dependence
of the saturation current onVg and the variation of the effec-
tive field-effect mobility with the gate voltage.
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