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Impact of the Contact Thickness on the Contact Resistance
of Coplanar Bottom-Contact Organic Thin-Film Transistors

Tobias Wollandt, Karla Cordero-Solano, Thomas Whittles, and Hagen Klauk*

The contact resistance of organic thin-film transistors (TFTs) fabricated in the
inverted coplanar (bottom-gate, bottom-contact) device architecture has been
predicted to depend on the thickness of the source and drain contacts. To
investigate this dependence experimentally, organic TFTs with a contact
thickness ranging from 6 to 50 nm are fabricated and their contact resistance
is measured using the transmission line method (TLM). Gold is used as the
contact metal, and the contacts are functionalized with a chemisorbed
monolayer of pentafluorobenzenethiol (PFBT). As the semiconductor, the
vacuum-deposited small-molecule material
2,9-diphenyl-dinaphtho[2,3-b:2′,3′-f ]thieno[3,2-b]thiophene (DPh-DNTT) is
employed. A trend toward smaller contact resistances is observed when the
contact thickness is increased from 6 to 25 nm, and the contact resistance
appears to saturate at a value of ≈100 Ωcm once the contact thickness
exceeds a value of ≈30 nm. For the most part, this is consistent with results
from simulations presented in the literature.

1. Introduction

Organic thin-film transistors (TFTs) can be fabricated either in
the staggered or the coplanar device architecture.[1] Until re-
cently, it was widely accepted that staggered organic TFTs gen-
erally benefit from a lower contact resistance (RCW) than copla-
nar organic TFTs, due to the larger area available for charge ex-
change between the source/drain contacts and the semiconduc-
tor layer.[1–3] Owing to a substantial body of work, the contact
properties of staggered organic TFTs have been well understood
and modeled for quite some time, resulting in theoretical calcu-
lations that agree exceptionally well with experimental data.[4–6]

It was recently shown, however, that coplanar organic TFTs
can offer more efficient charge injection than staggered or-
ganic TFTs through an electric-field enhancement, provided the
gate-dielectric thickness is sufficiently small.[7–9] In models that
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describe the drain current of coplanar
TFTs, the cross-sectional geometry of the
contacts is often simplified in the form of
strictly rectangular shapes.[10–12] This ide-
alized geometry oversimplifies the actual
shape of the contacts by ignoring, e.g.,
shadowing effects during the fabrica-
tion process.[13,14] Therefore, the contact-
resistance values predicted by simula-
tionsmay not accurately represent the ac-
tual device performance.
One of the parameter dependencies that
has been explored in such simulations
is how the contact resistance in copla-
nar organic TFTs is affected by the
thickness of the source/drain contacts.
These simulations predict that atomi-
cally thin contacts yield a rather large
contact resistance, and that an improve-
ment (i.e., reduction) of the contact re-
sistance is expected by increasing the

contact thickness to a few nanometers. However, the contact re-
sistance is expected to be almost independent of the contact thick-
ness once the latter exceeds 10[11] or 20 nm.[12] To our knowledge,
there is only one report in which this relationship has been stud-
ied experimentally for coplanar organic TFTs. The TFTs inves-
tigated in that study employed pentacene as the semiconductor
and had a gate-dielectric thickness of 90 nm, effective charge-
carrier mobilities below 0.1 cm2 V−1s−1, and contact resistances
up to 100 MΩcm.[15] The smallest contact thickness examined in
that study was 20 nm, and this contact thickness was found to
give the smallest contact resistance (600 kΩcm). However, it is
unclear to what extent these results are representative for TFTs
with large charge-carrier mobilities (over 3 cm2 V−1s−1) and low
contact resistance (below 1 kΩcm), and whether the trend pre-
dicted by these simulations (i.e., the contact resistance improves
with increasing contact thickness) is also observed there.
Here, we experimentally investigate the effect of the contact

thickness in coplanar TFTs based on the organic semiconduc-
tor 2,9-diphenyl-dinaphtho[2,3-b:2′,3′-f ]thieno[3,2-b]thiophene
(DPh-DNTT). The TFTs have a charge-carrier mobility between
2 and 6 cm2 V−1s−1 (depending on the channel length) and
routinely have a contact resistance below 100 Ωcm, which is
within an order of magnitude of the best values reported to
date for coplanar organic TFTs. The contacts were deposited
by thermal evaporation in vacuum and patterned by stencil
lithography,[9] and the contact thickness was varied between 6
and 50 nm. We find that the contact resistance improves upon
increasing the contact thickness up to a value of ≈25 nm and
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Figure 1. a) Schematic cross-section of the TFTs. b) Molecular structures of the organic semiconductor (DPh-DNTT), the thiol for the contact function-
alization (PFBT), and the alkylphosphonic acid (C14H29PO(OH)2) used as part of the hybrid gate dielectric. c) Measured transfer characteristics of TFTs
with a contact thickness of 25 nm and channel lengths ranging from 4 to 60 μm. d) Extracting the channel-width-normalized contact resistance of these
TFTs using the TLM analysis yields a value of 64 Ωcm.

then saturates around an average of ≈100 Ωcm once the contact
thickness exceeds a value of ≈30 nm. The trend observed here
is qualitatively similar to the predictions from the simulation
study,[11] although the contact thickness beyond which the
contact resistance saturates is larger by approximately a factor of
3 in our experiments than in the simulation.

2. Results and Discussion

Figure 1a shows the device architecture of our inverted copla-
nar (bottom-gate, bottom-contact) TFTs. The gate dielectric is
a stack of plasma-grown aluminum oxide (AlOx) and a self-
assembled monolayer (SAM) of n-tetradecylphosphonic acid and
has a total thickness of 8 nm. The Au source/drain contacts
have varying thickness and are functionalized with pentafluo-
robenzenethiol (PFBT) to improve (reduce) the contact resis-
tance of the TFTs.[16–18] For the TFTs analyzed here, the organic-
semiconductor layer of all TFTs has a nominal thickness of tOSC
= (30±5) nm.
The molecular structures of the semiconductor (DPh-DNTT),

the phosphonic acid, and PFBT are shown in Figure 1b. The
channel-width-normalized contact resistance RCW is extracted
using the transmission line method (TLM), as illustrated in
Figure 1c,d.[18] A minimum of 5 TFTs with different channel
lengths are included in each TLM analysis, with the smallest
channel length in each analysis being between 3 and 5 μm.
Simulations of coplanar pentacene TFTs performed by Shim

et al. and Mittal et al. predict the drain current ID to increase as
the thickness tAu of the Au contacts is increased from a quasi-2D
sheet to a thickness tAu ≥ 10 nm.[10,11] This increase in ID is as-

sociated with a decrease of RCW. These simulations simplify the
experimental situation by assuming a rectangular contact cross-
section with a contact-edge slope of 90° (see, e.g., Figure 1 in both
ref. [11] and ref. [12]), which does not reflect the true shape of
the contacts: in reality (see Figure 2a,b), the contact edges are
blurred and exhibit a shallow slope of ≈5° due to unavoidable
shadowing effects.[13,14] In coplanar TFTs, this blurring leads to a
smooth transition between different semiconductor domains on
the contact surface and those in the channel region, which can be
beneficial for charge injection (although this makes it more chal-
lenging to correctly simulate the charge-injection behavior and
to deterministically fabricate TFTs with extremely small channel
lengths). To which degree the organic-semiconductor morphol-
ogy varies between these two different surfaces will depend on
the properties of the two surfaces. In the TFTs reported here, one
of these surfaces is a PFBT monolayer chemisorbed on the Au
contacts, and the other is an alkylphosphonic acid SAM in the
channel region.[14]

Figure 3 shows the contact resistance RCW extracted from
TLM analyses of DPh-DNTT TFTs fabricated on more than 180
substrates as a function of the contact thickness tAu, varied be-
tween 6 and 50 nm. The contact thickness is measured with a
quartz-crystal microbalance during the Au deposition. The un-
certainty of the thickness is ≈1 nm according to atomic force
microscopy (see Figure 2c,d). The trend that is expected from
theoretical predictions[10,11] is indeed supported experimentally,
as shown in Figure 3, where we find RCW to decrease as tAu is
increased. Beyond a thickness of ≈30 nm, however, no further
significant decrease in RCW occurs. Note that the contact resis-
tance of organic TFTs can vary significantly,[18] and we therefore
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Figure 2. a) Schematic comparison of a simplified rectangular contact structure and a more realistic sloped contact. b) Scanning electron microscopy
(SEM) cross-section of a TFT illustrating the shape of the edge of a gold contact deposited by thermal evaporation in vacuum and patterned by stencil
lithography. The shallow slope at the contact edge due to shadowing effects is clearly visible. c) Atomic force microscopy (AFM) image of the edge of a
gold contact without a semiconductor on top. As the line profiles in d) show, the measured contact thickness closely matches the nominal thickness tAu
= 30 nm (deviation by less than 1 nm), and the slope is ≈5°.

rely on the general trend across a large number of samples, rather
than only a few individual substrates. The exact contact-thickness
value beyond which no significant improvement in RCW is ex-
pected anymoremay be connected to the thickness of the organic-
semiconductor layer, although no reasonable explanation for this
behavior has been provided in the literature.[19–21]

Unlike the contact resistance, which is independent of the
channel length, the channel resistance is proportional to the
channel length, which means there is a particular value of the
channel length (L1/2) at which the contact resistance is equal to
the channel resistance, and below which the contact resistance
exceeds the channel resistance. The value of L1/2 obviously de-
pends on the contact resistance and thus on the contact thick-
ness. This is illustrated in Figure 4, where the ratio between the
contact resistance and the channel resistance is plotted versus the
channel length for three different contact thicknesses (10, 20, and
30 nm). As can be seen, the relative contribution of the contact
resistance to the total device resistance (the sum of the contact
resistance and the channel resistance) at a given channel length,
and thus the value of L1/2, decreases as the contact thickness is
increased from 10 to 30 nm.
The observation that a larger contact thickness leads to better

charge injection in coplanar TFTs would be intuitive in case the
contact shape is simplified in the form of a rectangle.[10,11] In that

case, a larger contact thickness would be equivalent to a larger
injection area, and a vertical equivalent of the current-crowding
effect, as described for staggered TFTs, could be expected.[22]

However, as mentioned earlier and as seen in Figure 2, the ac-
tual shape of the contacts is much different, and the contact-
edge angle can be around or even below 5° when the contacts
are patterned using shadow masks. Thus, the physical mecha-
nism behind the observed reduction in contact resistance with
increasing contact thickness is likely different from the mecha-
nism discussed in the simulations,[11] whichmeans that this phe-
nomenon needs to be explored further to determine the optimal
contact geometry for the most efficient charge injection. Poten-
tially, a numerical simulation of the electrical behavior of TFTs
with gold source/drain contacts with different cross-sectional
geometries may shed light on the mechanisms at play in the
more complex experimental reality. Another possibility might be
the experimental investigation of TFTs with varying contact-edge
slopes to explore how this slope impacts the device performance.

3. Conclusion

We studied the impact of the thickness of Au source/drain con-
tacts on the contact resistance in inverted coplanar organic p-
channel TFTs. The models that describe this relationship, that
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Figure 3. a) Measured transfer characteristics of DPh-DNTT TFTs with contact thicknesses of tAu = 10 nm and 30 nm. The TFTs have a channel width
ofW = 200 μm and a channel length of L = 4 μm. b) TLM analysis for two exemplary sets of TFTs with tAu = 10 and 30 nm at a gate-overdrive voltage of
VGS-Vth = -1.85 V. c) Contact resistance of TFTs fabricated on more than 180 substrates as extracted via TLM. Red points indicate the median for each
value of tAu, while the error bars indicate the interquartile range of the distribution. The large substrate-to-substrate variability in the contact resistance
is owed to unknown or not controllable environmental influences.[18] d) Different representation of the data shown in (c): the sample size of each data
point is illustrated by its point size. The gray-shaded band serves as an eye-guide.

have been developed earlier, have greatly simplified the actual
charge-injection geometry.[11] Despite this, we were able to ver-
ify the general trend predicted by these models experimentally
in organic TFTs with very low contact resistance fabricated us-
ing DPh-DNTT as the semiconductor and PFBT-treated Au for
the source and drain contacts: the contact resistance tends to de-
crease when the thickness of the Au contacts is increased, at least
up to a value of 30 nm.

4. Experimental Section

Device Fabrication: All TFTs were fabricated on doped-silicon
substrates. In the first step, a 30 nm-thick layer of aluminum
was deposited by thermal evaporation in a vacuum at a base
pressure of ≈10−7 mbar and with a rate of 2.5 nm s−1.[23]

The aluminum layer was not patterned and served as a com-
mon gate electrode for all TFTs on the substrate - in total,

more than 100 TFTs per substrate, with a yield of over 90%.
The gate dielectric was a stack of aluminum oxide (AlOx, ob-
tained by exposing the aluminum to oxygen plasma) and a self-
assembled monolayer of n-tetradecylphosphonic acid (SAM, ob-
tained by immersing the substrate in a 2-propanol solution of
the phosphonic acid). It has a total thickness of ≈8 nm and a
unit-area capacitance of 0.6 μF cm−2.[24] To define the source
and drain contacts, gold with a thickness ranging from 6 to
50 nm was deposited by thermal evaporation through a sil-
icon stencil mask in vacuum and with a deposition rate of
0.03 nm s−1.[25] The surface of the Au source and drain con-
tacts was then functionalized with a chemisorbed monolayer of
pentafluorobenzenethiol (PFBT; TCI Deutschland GmbH, Es-
chborn, Germany) by immersing the substrate into a 10 mMol
ethanol solution of the thiol.[18,26] In the final process step, a layer
of the organic semiconductor 2,9-diphenyl-dinaphtho[2,3-b:2′,3′-
f ]thieno[3,2-b]thiophene (DPh-DNTT[27]; Nippon Kayaku, Japan)
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Figure 4. Ratio between the contact resistance and the channel resistance plotted versus the channel length for contact thicknesses of 10, 20, and 30 nm.
For each contact thickness, TLM data from one representative substrate were selected.

was deposited by thermal sublimation in a vacuum with a depo-
sition rate of 0.04 nm s−1 to a nominal thickness of (30±5) nm.
During semiconductor deposition, the substrate was held at a
constant temperature of nominally 90 °C.
Electrical Characterization: The current-voltage measure-

ments were performed using an Agilent 4156C Semiconductor
Parameter Analyzer, controlled using the software “SweepMe!”
(https://sweep-me.net). All measurements were performed un-
der yellow laboratory light in ambient air at (20 ± 1)°C.
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