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The potential across an organic thin-film transistor is measured by Kelvin probe force microscopy
and is used to determine directly the pinch-off voltage at different gate voltages. These
measurements lead to the determination of a generalized threshold voltage, which corresponds to
molecular level shift as a function of the gate voltage. A comparison between measured and
calculated threshold voltage reveals a deviation from a simple Gaussian distribution of the transport
density of states available for holes. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2167395兴
Organic thin-film transistors 共OTFTs兲 present several advantages, such as low-cost processing, mechanical flexibility,
and patterning for large-area applications.1–5 Improving the
performance of OTFTs requires a deep understanding of
charge carrier transport mechanisms through the organic
layer. One of the key parameters that determine the OTFT
performance is the threshold voltage 共Vt兲, defined as the
gate-source voltage 共VGS兲 for which there is no space charge
region in the organic film.6,7 Vt also serves as a reference
potential in the determination of charge concentration in organic thin-film transistors. Thus it has a central role in the
study of charge related phenomena in organic films8 and
OTFT optimization.9 Vt is conventionally found by extrapolating the drain-source current, measured as a function of
VGS, to zero. Recently, we have demonstrated that Vt could
be determined without current detection, by finding the gatescreening onset due to charge accumulation in the channel10
using Kelvin probe force microscopy 共KPFM兲.11 These
methods for Vt extraction are based on the detection of the
charge accumulation onset in the channel.
In this letter, we present a method for direct determination of the pinch-off voltage 共VPO兲 defined as the drainsource voltage 共VDS兲 for which a zero-charge region is
formed at the drain/channel interface, Vt is then extracted
from VPO measured for different VGS. These measurements
provide essential information on the molecular level position
for different gate-source voltages and on the hole density of
states in the organic film.
The OTFT structure 关Fig. 1共a兲兴 consists of a heavily
doped p-type silicon gate electrode, a thermally grown
90-nm-thick silicon oxide gate insulator, and 50-nm-thick
gold strips evaporated on the oxide to form the source and
drain electrodes separated by 13 m. A thin-film 共50 nm兲 of
N,NI-diphenyl-N,NI-bis共1-naphthyl兲-1,10-biphenyl-4,
4II-diamine 共␣-NPD兲 is deposited on the substrate by sublimation from solid source in an ultrahigh vacuum growth
chamber and transported under nitrogen atmosphere to a nia兲
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trogen KPFM glove box 共⬍2 ppm H2O兲. KPFM 共Autoprobe
CP-Veeco Inc. with homemade Kelvin probe electronics兲 is
used for determination of the surface potential profile across
the OTFT channel, with a lateral resolution of tens of nanometers. The transistors are scanned for different VGS and
VDS applied by a semiconductor parameter analyzer 共HP
4155C兲, which is also used as a monitor for the drain, source,

FIG. 1. 共a兲 Schematic of OFET structure and KPFM tip across the channel;
共a兲 Inset IDS-VGS curve measured on the OFET. 共b兲 Schematic energy levels
structure across the OFET near the drain for three cases: at equilibrium,
VGS = VDS = 0 V, assuming VFL ⫽ 0 V 共dotted curves兲; at VGS = VFL , VDS
= 0 V 共solid curves兲 and at VGS ⬍ Vt, VDS = 0 V 共dashed curves兲.
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and gate currents. The contact resistance,9,12 leakage current
through the gate-insulator and to the periphery of the active
area, and the shift of the threshold voltage9 due to continuous
voltage application, are found to be negligible in the measured transistors.
The transistor exhibits a p-type behavior; i.e., the channel majority carriers are holes, and it is in the “on state”
when VGS is lower then Vt. In that state, an accumulation
layer is formed near the insulator/semiconductor interface,
providing a conducting channel between source and drain.
The surface charge concentration induced by the gate for an
undoped organic layer is
Q = − COX关VGS − Vt − V共x兲兴,

共1兲

where COX is the silicon oxide capacitance per unit area, and
V共x兲 is the surface potential at position x across the transistor. V共x兲 is measured as, V共x兲 = CPD共x兲 − CPDt共x兲, where
CPD共x兲 is the contact potential difference measured between
the KPFM tip and the sample at certain VGS and VDS, and
CPDt共x兲 is measured at the onset of the conduction channel,
at VGS = Vt and VDS = 0 V.
Vt can be written as the sum of two contributions:6 Vt
= VFL + VSC, as described by the qualitative energy level
scheme across the OTFT channel shown in Fig. 1共b兲 共possible dipole moments at the interfaces are ignored for simplicity兲. VFL is the flat level potential that accounts for any
work function difference between the organic film and the
gate, and for any physical or chemical interface dipole moment or trapped charge at the gate\oxide and oxide\organic
interfaces,13 and VSC is the voltage drop across the organic
semiconductor. VSC is negligible when VGS is in the order of
a few volts,6 thus as long as Vt equals to a few volts, Vt
measured at the onset of the conduction channel can be considered as VFL.
According to Eq. 共1兲 when VDS = VGS − Vt, a point with no
gate-induced charge is created near the drain, the so-called
“pinch-off point.” This takes place at VPO, such that: VPO
⬅ VDS = VGS − Vt. When 兩VDS兩 exceeds 兩VPO兩, the pinch-off
point shifts towards the source, and a pinch-off region is
formed between the drain and the pinch-off point. At any
兩VDS兩 larger then 兩VPO兩, the potential between the source and
the pinch-off point is VPO, and the excess potential VDS
− VPO drops across the pinch-off region. Since there is no
hole accumulation in this region, its resistance is very high
and a small extension of the region is enough to sustain an
increase in the potential across it. Consequently, when 兩VDS兩
increases, the pinch-off region extends slightly. Our method
for extraction of Vt is based on determining VPO by direct
observation of the pinch-off phenomenon using a KPFM potential mapping of the channel, and then extracting Vt from
VPO.
Figure 2共a兲 shows potential and topography profiles
measured simultaneously across the transistor. The protruding regions on the left and right sides of the bottom topography profile correspond to the source and drain contacts,
respectively. The potential profiles were measured for VGS
= −10 V and VDS ranging between 0 and −10 V. As VDS approaches the pinch-off voltage, a relatively large potential
drop appears near the drain 共left side兲. Beyond a certain VDS
value, there is almost no change in the potential between
adjacent curves, except for a small region near the drain
where the abrupt potential drop increases 共see the five bottom curves兲. The large voltage drop across this region is

FIG. 2. 共a兲 Topography curve 共bottom兲 and V共x兲 curves 共top兲 measured by
KPFM across the transistor top surface for VGS = −10 V and −10 V 艋 VDS
艋 0 V 共the upper curve is CPDt profile兲. 共b兲 V共x兲 measured at 1 m to the
right of the drain 共x = 5.31 m兲, as a function of VDS and its derivative
共inset兲. The arrows in both cases indicate the VPO value. 共c兲 Vt as a function
of VGS—measured 共black squares with error bars兲 and calculated based on a
single-Gaussian 共full curve兲 and a two-Gaussians 共dashed curve兲 HOMODOS distribution.

ascribed to the abrupt voltage change that is known to occur
in the pinch-off region. As long as the 共absolute兲 drainsource bias is smaller then the pinch-off voltage 共兩VDS兩
⬍ 兩VPO兩兲, the voltage drop across the accumulation layer increases as the source-drain potential increases. On the other
hand, when the drain-source bias exceeds the pinch-off voltage, 共兩VDS兩 ⬎ 兩VPO兩兲, the potential between the source and the
pinch-off point does not change with increasing 兩VDS兩, as the
excess voltage drop occurs in the pinch-off region in the
vicinity of the drain. This is clearly seen in the five bottom
curves in Fig. 2共a兲; however, the curves do not perfectly
coincide due to the small shift of the pinch-off point position
towards the source as 兩VDS兩 increases.
The pinch-off voltage can be accurately determined by
plotting the channel potential measured at a specific point,
i.e., 1 m to the right of the drain 共x = 5.31 m, where x is
the lateral position兲, as a function of increasing VDS as shown
in Fig. 2共b兲. The pinch-off voltage is thus VDS for which
dV共x兲 / dVDS becomes constant 关see Fig. 2共b兲 inset兴, since any
voltage beyond VDS = VPO drops across the pinch-off region.
The nonzero derivative is due to the constant lateral shift of
the pinch-off point toward the source as VDS increases. We
determine VPO at a point x in the channel where the voltage

043509-3

Appl. Phys. Lett. 88, 043509 共2006兲

Tal et al.

difference between the curves is maximal, yet far enough
from the estimated pinch-off point 共⬃maximum curvature
point兲 in order to minimize the tip averaging effect on the
measured V共x兲 共see Ref. 14 for more details about this phenomenon兲. Based on the pinch-off voltage definition: VPO
⬅ VDS = VGS − Vt, we can now use VPO extracted at different
VGS to determine Vt for different VGS values. Moreover, in
the studied case VFL is equal to 0 ± 0.01 V, as determined by
the onset of the drain-source current 共IDS兲 关see Fig. 1共a兲 inset兴, thus Vt is actually equal to VSC at different VGS. In other
words, −qVt 共q denotes the elementary charge兲 is the shift of
the molecular levels at the oxide/organic interface with respect to their equilibrium position as presented in Fig. 1共b兲.
Figure 2共c兲 shows a series of Vt extracted in this way for
different VGS values 共dark squares with error bars兲. The dependence of Vt on VGS has a direct influence on charge concentration calculations that are based on the threshold voltage 关see Eq. 共1兲兴. The dark line in Fig. 2共c兲 shows calculated
Vt as a function of VGS assuming a highest occupied molecular orbital 共HOMO兲 density of states 共DOS兲 with a Gaussian
distribution. Vt is extracted from the following model: We
use d2V / dx2 = −qp共x兲 / 0 and p共x兲 = 兰关1 − f共E兲兴gi共E兲dE,
where V is the potential, p is the hole concentration, 0 is the
dielectric permittivity,  = 3 is the relative dielectric constant
of ␣ − NPD,15 and f共E兲 is the Fermi-Dirac distribution. In the
above expression, gi共E兲 is the HOMO Gaussian DOS distribution relevant for holes and given by: gi共E兲
= 兵Ni / 共冑2兲兴exp关−关E / 共冑2兲兴2其, where Ni = 1 ⫻ 1021 cm−3 is
the total state density, and  = 0.17 eV is the Gaussian width
共variance兲. These equations are solved with the following
boundary conditions: 共dV / dx兲x=L = 0 and 共V兲x=0 = V0, where
V0 is the potential at the oxide/molecular film interface, and
L is the film thickness; V0 is chosen to satisfy the boundary
condition of the electric field being zero at the edge of the
molecular layer. Based on the earlier notation, we find: Vt
= 共1 / 2兲VGAP − V0 and VGS = VOX + Vt where −qVGAP is the energy gap between the HOMO and the lowest unoccupied
molecular orbital.16
The dependence of Vt on the shape of the DOS can be
understood by considering that the −qVt shift is actually the
shift of the molecular level with respect to its position in
equilibrium at the oxide/organic interfaces near the source.
Increasing 兩VGS兩 increases the induced hole concentration in
the channel, which shifts the chemical potential 共兲 towards
the center of the DOS. For a Gaussian DOS, the shift is large
when the DOS in the distribution tail is low; however, as
兩VGS兩 increases, holes accumulate in states of higher density
and only small molecular level shifts are required for populating a large number of states. Consequently the calculated
Vt shift for a Gaussian DOS is large for small charge concentrations 共兩VGS兩 ⬍ 2 V兲 and moderate for higher concentrations 共兩VGS兩 ⬎ 2 V兲. The measured Vt presented in Fig. 2共c兲
shows a different behavior.
The dashed line in Fig. 2共c兲 is a calculation of the Vt
shift based on a DOS distribution shaped as one main Gaussian 共 = 0.17 eV, Ni = 1 ⫻ 1021 cm−3兲 plus a small secondary
Gaussian 共 = 0.1 eV, Ni = 1 ⫻ 1017 cm−3兲 located deeper in
the energy gap. The calculated Vt curve based on the twopeak DOS distribution fits the measured Vt very well. This is
a strong indication that a realistic DOS edge might deviate
considerably from the commonly assumed Gaussian
distributions.17,18 It is important to emphasize that the calcu-

lated Vt based on the double Gaussian DOS distribution is
not a singular solution for a calculated Vt curve that fits to
our results, however, this DOS distribution is a simple and
yet reasonable one since an additional secondary Gaussian
can model an additional DOS distribution due to unintentional doping.19 Other DOS distributions, different from a
simple Gaussian distribution, may also fit the experimental
results 共i.e., other linear combinations of Gaussian and exponential functions兲.
In conclusion, we have introduced a method for direct
determination of the pinch-off voltage for different gate voltages in organic thin-film transistors using Kelvin probe force
microscopy. Based on this method, the threshold voltage was
extracted for different gate-source voltages. Changes in this
generalized threshold voltage reflect the voltage drop across
the organic film perpendicular to the gate electrode, and
should be taken into consideration when calculating charge
concentrations in organic thin-film transistors. A calculated
threshold voltage based on a single Gaussian shaped DOS
distribution does not fit the measured threshold voltage,
while calculation based on a main Gaussian density of states
with an additional secondary Gaussian state distribution located deeper in the energy gap describes the measured data
well. This result provides strong evidence, in this particular
case, for deviation of the HOMO-DOS edge from the single
Gaussian distribution that is commonly used for its
description.
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