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A model for the extraction of the charge density dependent mobility and variable contact resistance
in thin film transistors is proposed by performing a full derivation of the current-voltage
characteristics both in the linear and saturation regime of operation. The calculated values are
validated against the ones obtained from direct experimental methods. This approach allows
unambiguous determination of gate voltage dependent contact and channel resistance from the
analysis of a single device. It solves the inconsistencies in the commonly accepted mobility
extraction methods and provides additional possibilities for the analysis of the injection and
C 2014 AIP Publishing LLC.
transport processes in semiconducting materials. V
[http://dx.doi.org/10.1063/1.4876057]

Field-effect transistors (FETs) are one of the most
widely used tools for the analysis of the charge transport
properties of semiconducting materials.1,2 While the working
principle is well understood and characterized,3 there is still
no general analytical solution for the current voltage characteristics in presence of charge density dependent mobility,4
but only limited solutions for a specific functional dependence of mobility on gate voltage.5–8 The different effects of
non-constant mobility in the linear and saturation regime of
operation usually lead to different values for mobility
extracted in the different regimes.9 To complicate matters
even further, mobility extraction is also hindered by the presence of contact resistance, which is as well dependent on the
regime of operation of the transistor10,11 and leads to artifacts in the mobility extraction procedure.
In order to disentangle the effects of charge density dependent mobility and contact resistance, several techniques
have been developed12 from adaptations of the transmission
line method (TLM)13–19 to more complex techniques such as
four point probe (FPP) measurements20–22 and scanning
Kelvin probe microscopy (SKPM).23,24 Although these techniques allow for a direct measurement of the two parameters,
they either involve the comparison of multiple devices
(TLM) or are limited to a specific device structure (FPP and
SKPM), thus restricting their applicability only to a subset of
possible device architectures. To bridge this gap, several analytical models have been proposed to extract the effects of
contact resistance from the analysis of the electrical characteristics of working devices.5,9,25–28 However, the analytical
description is complicated by the fact that both mobility and
contact resistance are usually both gate voltage dependent,
and all the method proposed so far for mobility extraction either assume a constant contact resistance or they still require
a)
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the comparison of devices with different channel lengths in
order to separate the influence of the gate voltage on the two
parameters.27 The role of gate voltage dependent contact resistance is examined in Ref. 9; however, the equations are
derived in the case of constant mobility.
In this letter, we report a derivation of the standard
current-voltage equation for field-effect transistors3 including from the beginning a charge density dependent mobility
lðV Þ and variable contact resistance, without the need to
assume any a priori functional dependence of the two parameters on the applied voltages. We show how the explicit
inclusion of lðV Þ introduces an additional correction factor
in the extraction of the mobility from the saturation regime.
A simple method to take into account this correction is proposed, and the obtained mobility is then used to accurately
estimate the gate voltage dependent contact resistance for
any given device geometry from the analysis of the linear
transfer characteristics. By comparing the obtained values
with experimental results obtained from gated FPP and gated
TLM measurements, one finds that in all cases, the calculated contact resistance and mobility agree both in magnitude
and in charge density dependence with those results. The
gained flexibility (only the standard saturation and linear
transfer characteristics need to be acquired) is demonstrated
in the analysis of the influence of organic semiconductor
thickness and processing conditions on contact resistivity.
Figure 1 shows a schematic of a field-effect transistor together with the equivalent circuit and all the relevant parameters used in the text. The transistor is operated in a common
source configuration ðVS ¼ 0 VÞ. In the following derivation,
each potential is written either as VX , the potential at position
X with respect to the ground, or VXY , the potential difference
between two points X and Y, with the exception of
V ðxÞ which represents the potential along the channel
referred to ground. The derivation is performed for simplicity
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is safe to assume VD ¼ VG due to the channel being
pinched-off close to the drain electrode. The charge density
dependent mobility can be obtained starting from Eq. (3), by
 pﬃ 2
evaluating ddVGI with the help of a Taylor expansion of
Ð ðVG V ðxÞÞ
lðvÞdv. We assume that the increase of the voltage
0
drop due to source resistance with the applied gate voltage is
limited
dVS 
 1:
dVG

FIG. 1. (a) Schematic cross-section of a bottom-contact top-gate transistor
and (b) equivalent circuit of the transistor used to include the effect of source
(RS) and drain (RD) resistance (gate voltage dependent). The different elements of the circuit represent different parts of the real device, with the
points at which the voltage is evaluated marked in both schemes.

considering the onset voltage Von for charge accumulation
equal to 0, but the results can be easily extended to the general case without modification, by substituting VG with
V^G ¼ VG  Von . The full mathematical derivation is reported
in the supplementary material.29
The charge sheet model together with the gradual channel approximation30 allows the charge density per unit area q
at position x along the channel to be defined as
qðVG  V ðxÞÞ ¼ Ci  ðVG  V ð xÞÞ;

(1)

capacitance
where Ci is the geometric

 per unit area in the
accumulation regime jVG j  jV ð xÞj . As usually observed
in organic and oxide semiconductors, field-effect mobility is
dependent on charge density. In order to account for this, we
introduce an effective mobility lef f ðV Þ, defined as the average of the charge density dependent mobility lðvÞ over the
charge accumulated at point x for a given voltage difference
VG  V ðxÞ across the dielectric layer
ðq

ð ðVG V ðxÞÞ
lðvÞdv

lðqÞdq
lef f ðVG  V ðxÞÞ ¼

0

q

¼

0

ðV G  V ð x ÞÞ

:

(2)

Note that l is an explicit function of the local charge carrier
density q, but because of the strictly linear dependence of q
on the voltage drop across the insulator (Eq. (1)), it is always
written as lðvÞ throughout the following analysis.
Using the effective mobility to calculate the drift current
in the transistor channel, the current voltage equation is
obtained
!
ð VD ð ðVG V ðxÞÞ
W
lðvÞdv dV ðxÞ;
(3)
I ¼ Ci
L
VS
0
where W and L are the width and length of the transistor’s
channel and VS and VD (the effective source and drain
potentials) are left unknown.
We first focus on how lðvÞ affects the analysis of the
saturation transfer characteristics. In the saturation regime, it

(4)

SKPM measurements performed in the saturation regime31,32
show that condition (4) is usually fulfilled, due to the higher
resistance of the channel in the saturation regime of operation. By including a charge density dependent mobility, an
additional correction factor kðVG Þ is introduced in the equation for the mobility extraction (supplementary material,
Sec. 1, Ref. 29)
pﬃﬃ!2
d I
W
¼ Ci lðVG Þ  kðVG Þ:
dVG
2L

(5)

The correction factor is in general not constant and dependent on the particular shape of lðVG Þ. It is easy to show how
for lðVG Þ ¼ aðVG Þb (power laws are usually employed to
approximate charge density dependent mobility in organic
FETs5,27) Eq. (5) becomes (supplementary material, Sec. 2,
Ref. 29)
pﬃﬃ!2
ðb þ 2Þ
d I
W
;
¼ Ci lðVG Þ
dVG
2L
2ðb þ 1Þ

(6)

with a gate voltage independent correction factor equal to
k¼

bþ2
:
2ðb þ 1Þ

(7)

For positive values of b (mobility increasing with charge
density4,33), k will be limited between 1 (b ¼ 0) and 0.5
(b ! 1). As it is always possible to approximate the gate
voltage dependence of the mobility in the form of a polynomial function, for any monotonically increasing function, the
following inequality holds true:
0:5  kðVG Þ  1 8 VG :

(8)

It is, therefore, possible to obtain an average value of k by
 p ﬃ 2
simply fitting ddVGI with a power law function and using
the extracted value of b to calculate k (supplementary material, Sec. 4, Ref. 29). Although a power law is used to extract
the correction factor, this method gives the possibility to
extract the value of the gate voltage dependent mobility
without forcing any a priori explicit functional dependence.
The consistency of the results is shown by its agreement
with the second derivative method (Figure S1, supplementary material, Ref. 29). The standard saturation mobility
equation which neglects this correction factor will lead to an
underestimation of the gate voltage dependent mobility.34
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The actual value of the onset voltage9 can be easily estimated a posteriori from the lðVG Þ curve, as the voltage at
which the mobility rises above the noise level.
The accurate estimation of the charge density dependent
mobility in the saturation regime allows determining the
actual potential drop along the channel from the first derivative of the current against the gate voltage in the linear regime of operation (VD  VG )
dI
W
ﬃ Ci lðVG ÞVD S ;
dVG
L

(9)

where all the terms containing dVdVDGS are neglected, and only
the first term of the Taylor series expansion is considered
(supplementary material, Sec. 3, Ref. 29).
Under the above mentioned conditions, the quantity
lðVG Þ appearing in Eqs. (5) and (9) is the same one. It is,
therefore, straightforward to obtain the channel voltage VD S
from the ratio of Eq. (9) and Eq. (6)
dIlin
k
dVG
 pﬃﬃﬃﬃﬃﬃ2 ﬃ VD S ðVG Þ:
d Isat
2
dVG

(10)

Knowing the voltage drop along the channel, it is possible to
estimate the total contact resistance RC ¼ RS þ RD by simply
dividing the voltage drop at the contacts by the measured
current, without assuming any specific dependence on the
gate voltage
RC ðVG ; VDS Þ ¼

ðVDS  VD S ðVG ÞÞ
;
Idlin

(11)

(P(NDI2OD-T2)36 as semiconducting layer, poly(methylmethacrylate) (PMMA, er ¼ 3:6) as dielectric layer, and aluminum as gate electrode (full details on device preparation
and geometry are available in the supplementary material,
Sec. 5, Ref. 29).
In Figures 2(a) and 2(b), the charge density dependent
mobility extracted from the FPP measurement in the linear
regime (using the linear extrapolation of the channel potential20 together with Eq. (9)) is compared with the mobility
extracted from the saturation transfer characteristics using
Eq. (6). In the case of pBTTT, the agreement between the
two methods is particularly good for VDS ¼ 10 V, while the
experimental curve for VDS ¼ 5 V suffers from a slightly
offset voltage measured on the voltage probe close to the
source. The agreement is slightly less good for
P(NDI2OD-T2), with the mobility extracted from Eq. (6)
underestimating the value obtained from the FPP measurements at low gate voltages (supplementary material,
Sec. 6, Ref. 29).
In Figures 2(c) and 2(d), the extracted value for the contact resistance is shown both for the FPP measurements and
using Eq. (11), the latter demonstrating how the analytical
method recovers the full dependence of RC on both VDS and
VGS . For the pBTTT device, the agreement is very good
through the whole range (the traces overlap for most of the
graphs), with the exception of the experimental measurement
at VDS ¼ 5 V which again suffers from the offset on the
voltage measured on the source probe (hence the drop in the
measured contact resistance). Also for P(NDI2OD-T2)
(Figure 2(d)), the agreement with the experimental data is
particularly good at high gate voltages (VG  20 V). At low

where the dependence of RC on VG and VDS is evident. The
possibility of extracting RC ðVG ; VDS Þ and charge density dependent lðVG Þ for any transistor geometry and without
requiring any additional measurement makes this approach
extremely versatile. Equation (4) is the only extra assumption required in order for the model to provide consistent
results.
When comparing results obtained from the analysis of
output and transfer curves, one has to note that the former
leads to the determination of the effective mobility, as shown
here in the case of no contact resistance
dI
dVD

¼
VD !0

W
Ci  VG  lef f ðVG Þ;
L

(12)

so that Eq. (2) is required in order to compare the obtained
values.
The validity of this model is now assessed by preparing
FPP field-effect transistors and a set of different channel length
transistors for gated-TLM characterization, where experimental and analytical extraction methods can be compared on the
very same device using the same set of measurements. All
devices were prepared on photolithographically defined gold
source-drain electrodes on glass substrates, using either
poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]
(pBTTT)35 or poly{[N,N0 -bis(2-octyldodecyl)-naphthalene-1,
4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50 -(2,20 -bithiophene)}

FIG. 2. Comparison of the mobility extracted from the four point probe measurement (lines þ symbols) for jVDS j ¼ 5 V and jVDS j ¼ 10 V, positive for
P(NDI2OD-T2) and negative for pBTTT and the charge density dependent
mobility extracted from the transfer characteristics of a single transistor
using Eq. (6) (black line) for p-type (a) (pBTTT) and n-type (b)
(P(NDI2OD-T2). (c) and (d) Comparison of the contact resistance extracted
with the four point probe (lines þ symbols) and our model (black line), for
pBTTT and P(NDI2OD-T2), respectively. Curves for jVDS j ¼ 10 V are
offset by two orders of magnitude for clarity.
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gate voltages, the saturation mobility becomes equal or
lower than the linear one (Figure S3, supplementary material, Ref. 29) leading to a negative contact resistance, which
might be related to the condition in Eq. (4) not being met for
this device at low gate voltages, probably due to some degradation occurring during the patterning process (the
P(NDI2OD-T2) devices used for TLM characterization do
not show this effect).37
The main limiting factor determining the uncertainty in
the calculated parameters is the accuracy of the measurement
setup (the relative error on current measurement for the measurement setup is ni ﬃ 103 ), since the uncertainty in the
estimation of channel dimensions and capacitance will have
the same impact on calculated and measured values, canceling out when comparing the results. Taking into account the
numerical derivation, the final accuracy nC is usually
between 3% and 10% for both mobility and contact resistance (a detailed analysis of the uncertainty for the FPP measurement is reported in the supplementary material, Sec. 7,
Ref. 29). While at low voltages the differences between
measured and calculated values are significant for the reasons explained in the previous paragraph, at high gate voltages, the difference between calculated and measured
parameters is always lower than 2  nC , with the proposed
method extracting values that are in full agreement with the
ones obtained by direct experimental methods.
We performed a similar comparison with the TLM.38
The total resistance for a set of P(NDI2OD-T2) transistors
against different channel lengths, extracted for different gate
voltages from the slope of the output curve between VDS ¼
1 V and VDS ¼ 4 V (supplementary material, Sec. 8, Ref.
29), has been fitted with a straight line according to the
standard TLM equation (note the use of the effective mobility, according to Eq. (12))39
RD ¼ RC þ

L
:
WCi ðVG  Von Þlef f

(13)

Figures 3(a) and 3(b) show contact resistance and charge
density dependent mobility, respectively, extracted from the
TLM measurements and using the analytical model for devices with 5 lm and 12 lm channel length. As can be seen, the
contact resistance extracted from the analytical method has
the same gate voltage dependence as the values extracted
from the TLM analysis. The different gate voltage dependence of contact resistance compared to the 4 point probe
devices (Figure 2) is due to the much larger overlap between
the gate and source-drain electrodes in the TLM devices,
leading to a much longer effective contact length. The contact resistance extracted for the 5 lm channel device is
slightly lower than for the 12 lm one, which is probably due
to device to device variation. In Figure 3(b), the mobility
extracted by the two methods are compared, showing how
the mobility extracted from the TLM analysis correctly
matches with the effective mobility (calculated using
Eq. (2)).
In Figure 4, the developed model is used to study the
dependence of contact resistivity on the thickness of the
semiconducting layer (at VG ¼ 58 V) for two sets of
P(NDI2OD-T2) transistors with different preparation

FIG. 3. (a) Comparison of the contact resistance of P(NDI2OD-T2) transistors extracted with the TLM and with our model for the transistors with
channel length of 5 lm and 12 lm. Error bars, shown only for the 5 lm channel for clarity, are similar for the 12 lm channel length. (b) Comparison of
the mobility extracted from the slope of the TLM plots and the charge density dependent and effective field-effect mobility calculated using the analytical model for the 5 lm channel transistor.

conditions (a scenario where TLM measurement would be
unpractical for the high number of devices required and four
point probe would be complicated by the thickness of some
of the measured devices). We compared a set of devices prepared using chlorobenzene (CB), a solvent that promotes
strong aggregation in the polymer film and produces films
with high electron mobility ( 0.2 cm2/Vs) and a face-on orientation of the polymer chains with respect to the substrate,
with a set of devices prepared using a 1:1 mixture of chloronaphthalene:xylene (CN:Xyl), which inhibits aggregation,
leading to films with lower charge carrier mobility ( 0.06
cm2/Vs) and edge-on orientation of the polymer chains.40,41
Contact resistivity was obtained from the contact resistance
values using the current crowding model proposed by
Chiang et al.18 As expected from the different device preparation conditions, for large thicknesses, there is a clear difference in contact resistivity due to the higher bulk resistivity
of the CN:Xyl films. However, for film thicknesses of
roughly 40 nm, contact resistance of both films becomes

FIG. 4. Contact resistivity at VG ¼ 58 V for P(NDI2OD-T2) transistors with
different thicknesses of the organic semiconductor layer, showing the influence of the increased bulk resistance on contact resistivity. The difference in
bulk conductivity between face-on and edge-on polymer chains is lost for
thinner films, suggesting an altogether different morphology on top of the
gold source drain electrodes.
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comparable, therefore, suggesting an altogether different
film morphology on top of the gold source and drain electrodes which extends for more than 10 nm in the bulk. The origin of this behavior is currently under investigation.
In conclusion, a very simple and compact model is proposed for the extraction of charge density dependent mobility
and variable contact resistance which can be easily applied to
any transistor geometry. It allows extracting accurate values
for both charge density dependent mobility and gate voltage
dependent contact resistance, completely separating the contribution of each parameter to the total current without any
a priori assumption or the analysis of multiple devices. By
taking into account both variable contact resistance and
charge density dependent mobility, it solves all the inconsistencies between the mobility extracted from the transfer characteristics and from the output curves, providing an accurate
estimation of the carrier mobility. As such, this model can be
a valuable tool to characterize charge-transport mechanisms
and charge-carrier injection in field-effect transistors, with
potential applications in the analysis of the charge-transfer
processes at the metal-organic semiconductor interface.
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