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Thin-film electronic devices fabricated using organic
semiconductors, insulators, and conductors are expected to
greatly impact the semiconductor electronics industry by
significantly reducing manufacturing costs and expanding the
applicability of active thin-film electronics. With that, organic
thin-film transistors (OTFTs) have been a topic of intense
interest for over a decade.[1–3] Despite significant improve-
ments to the electrical performance of OTFTs over this time,
surprisingly little is known about the fundamental mechanisms
governing charge injection and transport in the transistor
channel. Scanning probemicroscopymethods have become the
popular tool for studying the intricate details of these systems.
Early work utilized conductive-probe atomic force microscopy
(AFM) measurements at discrete points within OTFTs to
probe potential drops at the device contacts[4] and at grain
boundaries[5,6] within the active organic layer.

Following these experiments, several groups have reported
the use of scanning Kelvin probe microscopy (SKPM) to
characterize charge transport in a range of OTFTs.[7–12] SKPM
affords unique insight into device behavior since it provides the
spatially resolved surface potential map of an operating device.
To date, SKPM studies have focused on the influences of
contact resistance on device performance, including compar-
isons of top- versus bottom-contact devices[7] and the role of
source and drain electrode metallurgy.[8,10] Additional SKPM
studies have investigated the variation in surface potential at

grain boundaries in evaporated organic thin films, similar to
those used in OTFTs.[13] Perhaps most importantly, in a
number of these earlier experiments it was found that the
potential drop at the electrode/organic semiconductor inter-
face can be on the order of several volts, indicating that the
electrical performance of the devices in those instances is
contact-limited.[4,7,8,10] In this paper, we present an SKPM
study of the potential distribution in solution-processed,
bottom-contact OTFTs to determine the role of film micro-
structure on device performance. By examining devices with a
series of channel lengths, we are able to correlate the potential
profile across the device and the morphology of the organic
layer within the channel to the measured device mobility.

Thin-film transistors prepared from spun-cast fluorinated
5,11-bis(triethylsilylethynyl) anthradithiophene (diF-TESADT)
on pentafluorobenzene thiol (PFBT)[14] functionalized elec-
trodes (see schematic in Fig. 1) provide an excellent platform
to study potential profiles in functioning devices since the
unique properties of the system lead to the formation of large
(!10mm) grains that nucleate and grow from the electrodes
into the channel region.[15,16] Consistent with this grain growth,
we typically observe three unique microstructures within the
transistor channel: first a highly ordered channel, with large
grains bridging the source–drain gap (L¼ 5mm), a second
microstructure for which contact nucleated grains grow into
the channel and then coalesce in the middle of the channel
(L¼ 20–25mm), and a third microstructure with grain growth
extending from the contact edges, but with a poorly ordered
region in the middle of the channel (L¼ 80mm). We have
investigated each of these three cases using SKPM and the
results are discussed below.

Figure 1A shows typical drain current versus drain-to-source
voltage (ID vs. VDS) characteristics for a device with a 5mm
channel length and 800mm channel width. The nonideal
behavior of this device (namely the curvature and compression
of ID at low VDS in the linear region of device operation) is
consistent with the presence of contact effects.[17,18] A mobility
of 0.4 cm2 V#1 s#1 is extracted from a plot of drain current
versus gate-to-source voltage for the device biased in the
saturation region (see Supporting Information). The mobility
of these OTFTs exhibits a distinct channel length dependence
with mobility decreasing as channel length increases (see
Supporting Information). Such channel-length dependant
mobility is the opposite of what would be expected for
parasitic contact effects.[18] This apparent contradiction in
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transport characteristics is one of the motivators for perform-
ing SKPM on these devices.

Figure 2A shows the SKPM image of the 5mm channel
OTFT from Figure 1A. From the topographic data we can
clearly see that the diF-TESADT grain size is on the same
order of magnitude as the channel length, and that single grains
span the gap between the source and drain electrode (see
Supporting Information). The potential profile (Fig. 2B)
highlights that the main barrier to charge transport in this
device is carrier injection into the organic semiconductor
material from the source electrode. When the device is in the
linear region (VGS¼#40V$VDS¼#5V) the primary vol-
tage drop occurs at the source electrode–organic semiconduc-
tor contact, with only a gradual voltage drop across the organic
semiconductor itself. Similar potential profiles reported for
polymer-based TFTs were attributed to the Schottky barrier at
the source/organic interface.[10] Unlike polymer systems,
OTFTs fabricated from diF-TESADT are not homogenous
and the interaction of the electrode-nucleated grains plays an
important role in controlling the device properties as the
channel length increases.

Figure 3A shows the SKPM image for a 20mm channel
OTFT. As the channel length increases the morphology of the
active material within the channel begins to change. For
devices on the order of L¼ 20–25mm, a ‘‘ridge’’ of organic
material in the center of the channel gives rise to a region of
discontinuity in the active material, effectively a large grain
boundary. The simplest explanation for the underlying cause of
this ‘‘ridge’’ is that grains nucleated at the source and drain
electrodes grow out into the channel and collide. The ‘‘ridge’’ is
apparent in the topographic image but is further highlighted by
the SKPM potential map since a pronounced voltage drop
occurs at this boundary. It is clear that these grain boundaries

form a second barrier to charge transport in these devices. As
the channel length is increased further the nature of the active
material changes again.

Figure 4 shows the topographic and SKPMpotential map for
a portion of a 80mmOTFT device. The topographic and SKPM
channels are presented separately to highlight the transition in
film morphology of the diF-TESADT layer. The left hand side
of the image shows the diF-TESADT grains nucleated at and
extending from the source electrode. The electrode itself is just
off to the left of the image by !5mm as determined from other
scans of the area. Between 10 and 15mm from the left edge of
the image, the large diF-TESADT grains give way to a
different film morphology. From previous studies we have
determined that the diF-TESADT grains nucleated at the
PFBT-treated contacts exhibit a two-dimensional p-stacking
arrangement with the long axis of the ADT core near the plane
of the surface (a situation optimal for charge transport via the
p-system) while the orientation on silicon dioxide is sig-
nificantly different and is made up of multiple crystal
orientations.[15] The line profiles in Figure 4 demonstrate
how the grains are nominally pinned at the source potential
and that the voltage drops fairly linearly across the poorly
nucleated, small grain diF-TESADT material in the middle of
the channel. The full VDS potential is not measured since the
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Figure 1. A) ID versus VDS characteristics for a diF-TESADT transistor
with L¼ 5mm and W¼ 800mm at room temperature (inset) structure of
diF-TESADT and PFBT. We note that diF-TESADT is a mixture of syn- and
anti- isomers. Only the anti- isomer is shown here. B) Schematic of OTFT
structure.

Figure 2. A) SKPM data of 5mm OTFT device structure (VDS¼#5 V,
VGS¼#40V) the SKPM potential map (color) is overlaid on top of the
corresponding 3-D topographic AFM image (see Supporting Information
for separate images). The topographic and potential data were acquired
simultaneously as described in the text. The horizontal dashed line in
A) corresponds to the location of the topographic and potential line profiles
shown in B), and the vertical dotted lines in B) indicate the location of the
Au contact edges.
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grains nucleated at the drain electrode are not in the field of
view.

Collectively, this data gives us valuable insight into the role
of channel length and film morphology on device mobility in
these systems. The reason for decreasing mobility with
increasing channel length for diF-TESADT OTFTs spun-cast
on PFBT-functionalized electrodes is now quite clear. Charge
transport in short channel devices (5mm) is dominated by
single diF-TESADT grains that span the channel. The main
barrier to charge transport in these short channel devices is
injection of carriers at the source electrode.Mid-length devices
(20mm) are characterized by the interaction of grain fronts
extending from the two electrodes. In mid-length devices there
are barriers associated with carrier injection as well as grain
boundaries in the channel. Finally, the large channel devices
are dominated by charge transport in the small-grain poorly
nucleated diF-TESADT that grows on the silicon dioxide in
the middle of the channel greater than !15mm from the
electrodes. The potential drop in these systems as measured by
SKPM occurs almost exclusively over this region while the
grains nucleated at the PFBT-treated electrodes are effectively
pinned to the electrode potential.

In summary, our SKPM studies have provided a platform in
which we were able to simultaneously probe the topography

and the local potential drops within working OTFT devices.
The data presented herein explicitly show a correlation
between organic thin-film microstructure and potential drops
within the working device. The nature and specific location of
the potential drop varies with the device channel length for
these systems. Short channel devices are dominated by the
barriers at the organic/electrode interfaces. As the channel
length increases, however, grain boundaries and regions of
poorly nucleated material play a more important role in
determining the mobility of the system. This work illustrates
the importance of processing and metrology in the develop-
ment of optimal low-cost, solution-processable organic elec-
tronic devices.

Experimental

The OTFTs studied here were fabricated in the following manner:
diF-TESADT was prepared as described in the literature [19] and was
spun cast at a rate of 1000 rpm from a 2wt% solution in chlorobenzene
(Ar environment) onto ultraviolet ozone cleaned, thermally oxidized
heavily doped Si(100) substrates with Ti/Au (!5 and !40 nm,
respectively) source and drain contacts modified with PFBT.
Simultaneous topographic and surface potential data for the device
structures was obtained under ambient conditions using the Scanning
Kelvin probe mode of a XE100 atomic force microscope (Park
Systems, Santa Clara, CA, USA [20]). Briefly, the AFM is operated in
amplitude modulation mode with Pt coated Si cantilevers, with a

Figure 3. A) SKPM data of 20mm OTFT device structure (VDS¼#5 V,
VGS¼#40V) the SKPM potential map (color) is overlaid on top of the
corresponding 3-D topographic AFM image (see Supporting Information
for separate images). The topographic and potential data were acquired
simultaneously as described in the text. The horizontal dashed line in A)
corresponds to the location of the topographic and potential line profiles
shown in B), and the vertical dotted lines in B) indicate the location of the
Au contact edges.

Figure 4. AFM topography (top) and SKPM data (middle) of a portion of a
80mm OTFT device structure (VDS¼#5 V, VGS¼#40 V). The topographic
and potential data were acquired simultaneously as described in the text.
The left most portion of the images contain diF-TESADT grains extending
from the source electrode. The horizontal dashed lines correspond to the
location of the topographic and potential line profiles shown (bottom).
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nominal resonant frequency of 150–300kHz. An AC bias (17 kHz, 3V
RMS) is applied to the tip and a lock-in amplifier is used tomeasure the
resulting electrostatic force due to the surface potential difference
between the AFM tip and device surface. A feedback loop is used to
null this electrostatic force by applying a DC bias to the tip and it is this
applied bias that provides a direct measurement of the surface
potential. Drain–source voltages (VDS) and gate voltages (VGS) were
applied to the devices (mounted in a ceramic DIP) with a
semiconductor parameter analyzer. The source–drain current did
not fluctuate appreciably over the timescale of the SKPM measure-
ments (!5min per scan).
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