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Low-voltage organic thin-ﬁlm transistors (TFTs) based on four different small-molecule semiconductors
(pentacene, DNTT (dinaphtho[2,3-b:20 ,30 -f]thieno[3,2-b]thiophene), C10-DNTT and DPh-DNTT) were
fabricated, and a detailed comparison of the semiconductor thin-ﬁlm morphology, of the current-voltage
characteristics of transistors with channel lengths ranging from 100 to 1 mm, and of the contact resistances is provided. The three thienoacene derivatives DNTT, C10-DNTT and DPh-DNTT all have
signiﬁcantly larger charge-carrier mobilities and smaller contact resistances than pentacene. In terms of
the intrinsic channel mobility (determined using the transmission line method), C10-DNTT and DPhDNTT perform quite similarly and notably better than DNTT, suggesting that the decyl substituents in
C10-DNTT and the phenyl substituents in DPh-DNTT provide a similar level of enhancement of the
charge-transport characteristics over DNTT. However, the DPh-DNTT TFTs have a substantially smaller
contact resistance than both the DNTT and the C10-DNTT TFTs, resulting in notably larger effective
mobilities, especially in transistors with very small channel lengths. For DPh-DNTT TFTs with a channel
length of 1 mm, an effective mobility of 0.68 cm2/V was determined, together with an on/off ratio of 108
and a subthreshold swing of 100 mV/decade.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
For two decades, pentacene has been the most popular smallmolecule semiconductor for the fabrication of organic thin-ﬁlm
transistors (TFTs), due mainly to its large ﬁeld-effect mobility and
the ease with which it can be synthesized, puriﬁed and processed
[1e3]. The dominance of pentacene in organic TFTs is, however,
being challenged by several candidate materials from the family of
small-molecule thienoacenes [4,5]. In particular, the six-ring compound dinaphtho[2,3-b:20 ,30 -f]thieno[3,2-b]thiophene (DNTT [6])
and its alkyl and phenyl derivatives 2,9-didecyl-DNTT (C10-DNTT
[7,8]) and 2,9-diphenyl-DNTT (DPh-DNNT [7,9]) have recently
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demonstrated carrier mobilities rivaling those of pentacene while
providing notably better stability [10e12].
Carrier mobilities reported for DNTT TFTs are typically between
2 and 3 cm2/Vs [6,11,13e17], with a few reports of mobilities around
5 cm2/Vs for TFTs with large single crystal-like domains [18] and
around 9 cm2/Vs in DNTT single-crystals [19,20]. For C10-DNTT,
mobilities can be as large as 8 cm2/Vs in polycrystalline ﬁlms
[8,21,22] and as large as 12 cm2/Vs in single-crystals [23]. The
observation that C10-DNTT often provides larger carrier mobilities
than DNTT [8] has been theoretically rationalized by Northrup et al.,
who conﬁrmed that the attractive van der Waals interactions between the decyl substituents of neighboring C10-DNTT molecules
lead to a tighter molecular packing and hence to a greater orbital
overlap compared with DNTT [24]. This is in line with the red shift
observed in the thin-ﬁlm optical absorption spectra of alkyl-DNTT
derivatives [8] and with earlier observations of a similar effect in
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decyl-substituted tetrathiafulvalene derivatives [25], and it also
explains the large carrier mobilities in alkylated benzothieno[3,2-b]
benzothiophene derivatives [26e29].
For DPh-DNTT, only a few publications exist, with reported
carrier mobilities ranging from 2 to 4 cm2/Vs [7,9,12,17]. The
observation that the mobilities reported for DPh-DNTT are smaller
than those reported for C10-DNTT is consistent with the abovementioned explanation regarding the beneﬁcial effect of the long
alkyl substituents of C10-DNTT, which are absent in DPh-DNTT.
However, closer inspection of the previous publications reveals
that the large mobilities (~8 cm2/Vs) reported for C10-DNTT were
obtained exclusively in devices fabricated on atomically smooth
surfaces (doped silicon serving as the substrate and gate electrode,
with thermally grown SiO2 as the gate dielectric) and operated with
voltages of 40 V or more [8,21,22]. In contrast, when C10-DNTT TFTs
are fabricated in a more practical device structure that includes
metallic bottom gate electrodes (which necessarily introduce a
certain degree of surface roughness) and a gate dielectric that allows the TFTs to be operated with usefully low voltages, the carrier
mobilities tend to be smaller, around 4 cm2/Vs [30e32], which is
similar to those reported for DPh-DNTT [7,9,12,17]. Therefore, it
appears that the carrier mobility in C10-DNTT is more sensitive to
the speciﬁcs of the device architecture than the mobility in DNTT
and DPh-DNTT, which makes it difﬁcult to rank these three semiconductors in terms of their achievable performance across
different TFT architectures.
Therefore, we provide here a comparison of the electrical
characteristics of low-voltage pentacene, DNTT, C10-DNTT and DPhDNTT TFTs, all fabricated using the same device structure that includes metallic bottom gate electrodes and a thin, lowtemperature-processed gate dielectric compatible with ﬂexible
plastic substrates. A schematic cross-section of the TFTs and the
chemical structures of the four organic semiconductors are shown
in Fig. 1.
It was found that all three thienoacenes indeed provide carrier
mobilities signiﬁcantly larger than that of pentacene. Surprisingly,
the effective ﬁeld-effect mobility of the DPh-DNTT TFTs (5.9 cm2/
Vs) was found to be larger than that of the C10-DNTT TFTs (5.3 cm2/
Vs). However, we also found that this performance advantage of
DPh-DNTT over C10-DNTT (at least in the device conﬁguration
employed in our study) is not due to a larger intrinsic channel
mobility (which was found to be identical for both semiconductors), but to a signiﬁcantly smaller contact resistance
(0.24 kUcm for DPh-DNTT vs. 0.49 kUcm for C10-DNTT).

2. Experimental
All TFTs were fabricated on heavily doped silicon substrates in
the inverted staggered (bottom-gate, top-contact) device structure
(see Fig. 1). A 30 nm thick layer of aluminum was deposited as a
common gate electrode by thermal evaporation in vacuum. The
aluminum surface was brieﬂy exposed to an oxygen plasma in order to increase the thickness of the native aluminum oxide to about
3.6 nm. The substrates were then immersed into a 2-propanol solution of n-tetradecylphosphonic acid (PCI Synthesis, Newburyport,
MA, U.S.A.) to allow a densely packed molecular self-assembled
monolayer (SAM) with a thickness of about 1.7 nm to selfassemble on the aluminum oxide surface [10e14]. This results in
an AlOx/SAM gate dielectric with a thickness of about 5.3 nm that
enables low-voltage operation and is fully compatible with largearea plastic substrates [17].
Subsequently, a nominally 25 nm thick layer of the organic
semiconductor was deposited by thermal sublimation in vacuum,
with the substrate held at a temperature of 60  C (for pentacene
and DNTT) or 80  C (for C10-DNTT and DPh-DNTT). The nominal ﬁlm
thickness (25 nm) was monitored using a quartz microbalance. TFTs
were completed by the deposition of 30 nm thick Au source and
drain contacts onto the organic semiconductor layer through highresolution silicon stencil masks, which facilitate the deﬁnition of
channel lengths as small as 1 mm. All electrical measurements were
performed immediately after fabrication in ambient air at room
temperature under yellow laboratory light. The capacitance of the
AlOx/SAM gate dielectric was measured on metal-insulator-metal
capacitors for frequencies from 10 Hz to 10 kHz (Fig. S8).
3. Results and discussion
3.1. Semiconductor thin-ﬁlm morphology
The morphology of the vacuum-deposited semiconductor ﬁlms
was measured by scanning electron microscopy (SEM). The reason
we used SEM is that the topography of the C10-DNTT and DPh-DNTT
ﬁlms is characterized by a large density of nanoscale features that
protrude by several hundred nanometers from the surface of the
ﬁlms, making the use of atomic force microscopy (AFM) for these
two semiconductors problematic [17]. The SEM images for all four
semiconductors (pentacene, DNTT, C10-DNTT and DPh-DNTT) are
shown in Fig. 2. In addition, AFM images of pentacene and DNTT
ﬁlms are shown in Figs. S1 and S2.

Fig. 1. Schematic cross-section of the thin-ﬁlm transistors, and chemical structures of the four organic semiconductors investigated in this study (pentacene, DNTT, C10-DNTT and
DPh-DNTT).
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Fig. 2. Thin-ﬁlm morphology of the vacuum-deposited organic semiconductors. The images were obtained by scanning electron microscopy (SEM) with an acceleration voltage of
1.0e1.5 kV. Image width (from left to right): 10 mm, 5 mm, 2 mm.

The pentacene ﬁlms show the familiar morphology characterized by large dendritic, terraced grains composed of the welldocumented thin-ﬁlm phase of pentacene [33]. In contrast, the
branched, rod-shaped nanoscale features scattered across the surface are possibly composed of the pentacene bulk phase [33e35].
The DNTT ﬁlms are also characterized by large dendritic and
terraced grains, and rod-shaped nanoscale features can also be seen
on the surface, although they appear to have a smaller aspect ratio
compared with the longer, thinner pentacene features.
Large, terraced grains can also be seen in the C10-DNTT ﬁlms,
although the shape of these grains appears round or elliptic, rather
than dendritic. The most striking feature of the C10-DNTT ﬁlms is
the large density of tall, thin, curved lamellae that protrude by
several hundred nanometers from the surface. The crystal structure
of these lamellae was previously analyzed by x-ray diffraction [21].
The DPh-DNTT ﬁlms are composed of large terraced grains
characterized by relatively straight edges and sharp corners.
Nanoscale features can again be seen to protrude from the surface,
but with a density that is even greater than in the case of the C10DNTT ﬁlms and with a shorter, more compact and less curved geometry and a nearly square-shaped cross-section (see also Fig. S3).
The formation of the large density of crystalline nanoscale features in the C10-DNTT and DPh-DNTT ﬁlms is possibly related to the
signiﬁcant van der Waals forces between the alkyl chains of
neighboring molecules in the case of C10-DNTT [5,21] and by the

enhanced p-p interactions in the case of DPh-DNTT. The extent to
which these crystalline nanoscale features contribute to the charge
transport is unknown, but since they do not appear to form a
connected network, it is unlikely that they sustain lateral charge
transport over macroscopic distances [21].
3.2. Long-channel thin-ﬁlm transistors
TFTs based on all four semiconductors were fabricated on
heavily doped silicon substrates with an Al gate electrode, a thin
AlOx/SAM gate dielectric, a 25 nm thick semiconductor layer and Au
source/drain contacts patterned using a silicon stencil mask
[13,17,36]. All electrical measurements were performed in ambient
air at room temperature. Fig. 3 shows the measured transfer and
output characteristics of a pentacene, a DNTT, a C10-DNTT and a
DPh-DNTT TFT, all having a channel length (L) of 100 mm and a
channel width (W) of 200 mm (see also Fig. S4).
Owing to the small thickness (5.3 nm) and large capacitance
(700 nF/cm2; see Fig. S8) of the AlOx/SAM gate dielectric, the TFTs
can be operated with relatively low voltages of 3 V [37,38].
Regardless of the semiconductor, the transfer characteristics of all
TFTs display a small negative threshold voltage (0.67 to 1.4 V), a
large on/off current ratio (106 to 107), and a steep subthreshold
swing (81e140 mV/decade). Depending on the choice of the
semiconductor, the carrier mobility of these long-channel TFTs
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Fig. 3. Measured transfer and output characteristics of TFTs based on pentacene (blue),
DNTT (red), C10-DNTT (green) and DPh-DNTT (purple), all having a channel length of
100 mm and a channel width of 200 mm. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

(L ¼ 100 mm) ranges from 1.2 cm2/Vs for pentacene to 3.7 cm2/Vs
for DNTT, 5.3 cm2/Vs for C10-DNTT and 5.9 cm2/Vs for DPh-DNTT.
The carrier mobilities obtained for DNTT, C10-DNTT, and DPhDNTT are the highest mobilities reported for low-voltage (<20 V)
thin-ﬁlm transistors based on these three semiconductors.
The observation that the carrier mobility in DPh-DNTT is larger
than that in DNTT may be surprising, since quantum-mechanical
calculations suggest that the intermolecular transfer integrals in
DPh-DNTT are smaller than those in DNTT [5,9]. However, these
calculations also show that charge transport in DPh-DNTT is more
isotropic than in DNTT [4], which has to be considered as a crucial
advantage in terms of the charge-carrier mobility, especially in
polycrystalline thin-ﬁlm transistors.
The good reproducibility of the performance parameters of
these TFTs is illustrated in Fig. 4, which shows the measured
transfer characteristics of 44 TFTs fabricated on 30 different substrates over a period of three years, i.e. different batches of the
organic semiconductors and the contact metals were utilized. The
average carrier mobilities, threshold voltages and subthreshold
swings are listed in Table 1 (see also Fig. S5) As can be seen, the
carrier mobilities vary by about 5% for the DPh-DNTT TFTs, by about
10% for the DNTT and C10-DNTT TFTs and by about 17% for the
pentacene TFTs. The threshold voltages vary by less than 0.1 V, and

Fig. 4. Measured transfer characteristics of 44 TFTs fabricated on 30 different substrates over a period of three years, showing the good reproducibility of the device
parameters. All TFTs have a channel length of 100 mm and a channel with of 200 mm.

the subthreshold swings vary by about 6 mV/decade.
3.3. Short-channel thin-ﬁlm transistors
For integration of TFTs into high-resolution active-matrix displays [39] or fast integrated circuits [40], a high cut-off frequency
fT ¼ gm/(2pCG) and hence a large transconductance gm and a small
gate capacitance CG are often desirable. Both can be achieved by
deﬁning a small channel length, since gm ~ L1 and CG ~ L [13,41].
Fig. 5 shows the measured transfer and output characteristics of
a pentacene, a DNTT, a C10-DNTT and a DPh-DNTT TFT, all having a
channel length of 1 mm and a channel width of 200 mm (see also
Fig. S6). The DPh-DNTT TFT has an on/off ratio of 108 and a
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Table 1
Average effective ﬁeld-effect mobility, threshold voltage and subthreshold swing of 44 TFTs fabricated on 30 different substrates over a period of three years (see also Fig. 4). All
TFTs have a channel length of 100 mm and a channel width of 200 mm.
Semiconductor

Number of TFTs

Number of substrates

Average effective ﬁeld-effect mobility
(cm2/Vs)

Pentacene
DNTT
C10-DNTT
DPh-DNTT

8
20
14
12

6
14
7
3

0.99
2.96
4.43
5.29

±
±
±
±

0.17
0.39
0.47
0.30

Average threshold voltage
(V)

Average subthreshold swing
(mV/decade)

1.22
1.37
0.67
0.93

132
87
89
87

±
±
±
±

0.07
0.08
0.09
0.09

±
±
±
±

6
4
6
4

linear regime (VDS ¼ 0.1 V) based on all four semiconductors is
plotted in Fig. 6a as a function of the channel length, which we have
varied from 100 mm to 1 mm for this analysis. The intrinsic channel
mobility (m0) and the channel length at which the contact resistance is equal to the channel resistance (L1/2) can be obtained by
ﬁtting the measurement data (meff vs. L) to the following equation
[42,43]:

meff ¼

Fig. 5. Measured transfer and output characteristics of TFTs based on pentacene (blue),
DNTT (red), C10-DNTT (green) and DPh-DNTT (purple), all having a channel length of
1 mm and a channel width of 200 mm. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

subthreshold swing of 100 mV/decade, which is the steepest subthreshold swing reported for an organic TFT with such a small
channel length. The channel-width-normalized transconductance
(0.51 S/m) is about an order of magnitude larger than at a channel
length of 100 mm, which conﬁrms the beneﬁcial effect of a small
channel length. However, based on the theoretical relationship
between the transconductance and the channel length (gm ~ L1)
[17], an even greater improvement of two orders of magnitude was
to be expected. The reason for the smaller-than-expected
improvement in the transconductance upon reducing the channel
length is that a smaller channel length also leads to a greater
relative contribution of the contact resistance to the total device
resistance, so that the effective ﬁeld-effect mobility meff can drop
signiﬁcantly below the intrinsic channel mobility m0, and this will
also affect the transconductance, since gm ~ meff [17]. In the case of
our DPh-DNTT TFTs, the effective mobility is still 2.7 cm2/Vs at a
channel length of 10 mm, but only 0.68 cm2/Vs at a channel length
of 1 mm (see also Table 2 and Table S1 for the linear regime).
For a more quantitative analysis, the effective ﬁeld-effect
mobility extracted from the transfer characteristics of TFTs in the

m0
1þ

(1)

L1=2
L

For the data in Fig. 6a, intrinsic channel mobilities of 1.5 cm2/Vs
for pentacene, 3.7 cm2/Vs for DNTT, 5.6 cm2/Vs for C10-DNTT and
5.9 cm2/Vs for DPh-DNTT are obtained using Equation (1) (see also
Table 3). The channel length at which the contact resistance is equal
to the channel resistance (L1/2) ranges from 14 mm (DNTT and DPhDNTT) to 19 mm (pentacene) and 27 mm (C10-DNTT).

3.4. Contact resistance
To determine the contact resistance of the TFTs, we applied the
transmission line method (TLM) [13,17,43e48]. In this approach,
the total resistance of the transistors is modeled as the sum of the
contact resistance and the channel resistance. When the channelwidth-normalized total resistance Rtotal$W in the linear regime is
plotted as a function of the channel length, the width-normalized
contact resistance RC$W can be extracted by extrapolating the
linear ﬁt to the data to a channel length of zero, where the channel
resistance Rchannel disappears, and the intrinsic channel mobility m0
can be obtained from the slope of the linear ﬁt [13,43,44,46,47]:
Rtotal ¼ RC þ Rchannel

Rtotal W ¼ RC W þ

L

m0 Cdiel ðVGS  Vth Þ

ðlinear regimeÞ

(2)

with

Table 2
Effective ﬁeld-effect mobility, threshold voltage, subthreshold swing, transconductance and on/off current ratio of pentacene, DNTT, C10-DNTT and DPh-DNTT TFTs with three
representative channel lengths (100 mm, 10 mm, 1 mm; channel width: 200 mm) in the saturation regime (VDS ¼ 1.5 V).
Semiconductor
Pentacene

DNTT

C10-DNTT

DPh-DNTT

Channel length
(mm)

Effective ﬁeld-effect mobility
(cm2/Vs)

Threshold Voltage
(V)

Subthreshold swing
(mV/decade)

Transconductance
(S/m)

On/off current
ratio

100
10
1
100
10
1
100
10
1
100
10
1

1.2
0.6
0.24
3.7
1.6
0.34
5.3
2.1
0.38
5.9
2.7
0.68

1.28
1.29
1.19
1.47
1.38
1.41
0.62
0.64
0.73
0.88
1.19
1.17

138
112
130
86
84
104
81
102
121
84
94
101

0.013
0.061
0.21
0.035
0.14
0.26
0.054
0.2
0.31
0.06
0.28
0.51

106
107
106
107
107
107
107
108
108
107
108
108
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Fig. 6. a) Effective ﬁeld-effect mobility in the linear regime (VDS ¼ 0.1 V) as a function of the channel length. Fitting the data to Equation (1) yields the intrinsic channel mobility
(m0) and the channel length at which the contact resistance is equal to the channel resistance (L1/2; see Tables 3 and 4). b) Channel-width-normalized total resistance (Rtotal$W) in
the linear regime (VDS ¼ 0.1 V; VGS  Vth ¼ 1.5 V) as a function of the channel length. Fitting the data to Equation (2) yields the intrinsic channel mobility (m0) and the channelwidth-normalized contact resistance (RC$W; see Table 3). c) Ratio between the contact resistance and the total resistance in the linear regime as a function of the channel length.
The data were obtained from the linear ﬁts in Fig. 6b. From these data, the channel length at which the contact resistance is equal to the channel resistance (L1/2) can be extracted
(see Table 4). d) Channel-width-normalized contact resistance (RC$W) in the linear regime (VDS ¼ 0.1 V) as a function of the inverse gate overdrive voltage (1/(VGS  Vth)).

Table 3
Intrinsic channel mobility, width-normalized contact resistance, transfer length and sheet resistance of pentacene, DNTT, C10-DNTT and DPh-DNTT TFTs extracted with the
transmission line method (Equation (2)) in the linear regime (VDS ¼ 0.1 V; VGS e Vth ¼ 1.5 V; see Fig. 6). The intrinsic channel mobility calculated using Equation (1) is shown
for comparison.
Semiconductor Intrinsic channel mobility m0 from
Eq. (1) (cm2/Vs)
Pentacene
DNTT
C10-DNTT
DPh-DNTT

1.5
3.7
5.6
5.9

±
±
±
±

0.1
0.1
0.3
0.2

Intrinsic channel mobility m0 from
Eq. (2) (cm2/Vs)
1.4
3.5
5.7
5.7

±
±
±
±

0.1
0.1
0.3
0.2

Table 4
Channel length at which the contact resistance is equal to the channel resistance
(L1/2). The values in the left column were obtained by ﬁtting the data in Fig. 6a to
Equation (1), while the values in the right column were extracted from Fig. 6c.
Semiconductor

L1/2 from Eq. (1) (mm)

Pentacene
DNTT
C10-DNTT
DPh-DNTT

19
14
27
14

±
±
±
±

5
0.1
4
1.3

L1/2 from Eq. (2) (mm)
~21
~17
~30
~15

Width-normalized contact resistance Transfer length
RC$W (kUcm)
LT (mm)
1.4
0.46
0.49
0.24

±
±
±
±

Rsheet ¼

0.3
0.02
0.05
0.03

10.1
8.4
15.1
7.2

±
±
±
±

2.0
0.4
2.0
0.8

Sheet resistance
Rsheet (kU/sq)
676
275
164
165

±
±
±
±

49
5
9
5

Rchannel $W
1
¼
L
m0 $Cdiel $ðVGS  Vth Þ

where Cdiel is the gate-dielectric capacitance per unit area (700 nF/
cm2) and Rsheet is the sheet resistance. In order to account for the
differences between the threshold voltages of the various TFTs, only
resistance data measured at a ﬁxed gate overdrive voltage (i.e., at a
ﬁxed gate-source voltage above threshold; VGS e Vth) were used for
the TLM analysis; this assures that only contact resistances obtained at the same bias condition are compared.
Fig. 6b shows the channel-width-normalized total resistance
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Fig. 7. Width-normalized total resistance of DPh-DNTT TFTs as a function of the
channel length for four different gate overdrive voltages determined using TLM. All
linear ﬁt curves meet at a single point which deﬁnes a characteristic length
l0 ¼ 10.5 mm and a characteristic width-normalized resistance RC,0$W ¼ 0.065 kUcm.

(Rtotal$W) of pentacene, DNTT, C10-DNTT and DPh-DNTT TFTs
measured at a gate overdrive voltage of 1.5 V as a function of the
channel length. From the linear ﬁts to the measured data, channelwidth-normalized contact resistances and intrinsic channel mobilities of 1.4 kUcm and 1.4 cm2/Vs for pentacene, 0.46 kUcm and
3.5 cm2/Vs for DNTT, 0.49 kUcm and 5.7 cm2/Vs for C10-DNTT and
0.24 kUcm and 5.7 cm2/Vs for DPh-DNTT were obtained (see also
Table 3). These values compare favorably with contact resistances
reported in literature for derivatives of DNTT and similar thienoacenes [13,17,20,49e51]. Note that the values for the intrinsic
channel mobilities obtained by ﬁtting the measurement data to
Equations (1) and (2) are almost identical (see also Table 3).
The results show that the intrinsic channel mobilities of C10DNTT and DPh-DNTT are very similar, but that the contact resistance of the DPh-DNTT TFTs is signiﬁcantly smaller than that of the
DNTT and C10-DNTT TFTs (0.24 kUcm vs. 0.46 and 0.49 kUcm). These
differences in contact resistance can be understood by considering
both the differences in the molecular structure and the differences
in the thin-ﬁlm morphology of the three semiconductors: For C10DNTT, the long aliphatic substituents protruding from the conjugated core of the molecules likely impede the charge transport in
the vertical direction and hence the efﬁcient exchange of charges
between the molecules and the source and drain contacts located
on top of the semiconductor layer, which explains the observation
that the C10-DNTT TFTs have the largest contact resistance. To
explain the difference in contact resistance between the DNTT TFTs
and the DPh-DNTT TFTs, it is helpful to compare the morphologies
of the DNTT and DPh-DNTT ﬁlms (see Fig. 2): While the DNTT ﬁlms
appear quite smooth and even, the DPh-DNTT ﬁlms are characterized by a large density of distinctly three-dimensional features that
lead to a larger effective surface area and to regions in which the
actual ﬁlm thickness is smaller than the nominal (average) ﬁlm
thickness, and both of these effects are expected to lead to a smaller
contact resistance compared to the DNTT TFTs.
As a result of the smaller contact resistance, the DPh-DNTT TFTs
have the larger effective mobility, especially when the channel
length is small: At a channel length of 1 mm, the DPh-DNTT TFTs
have an effective mobility of 0.68 cm2/Vs, compared with 0.38 cm2/

39

Vs for the C10-DNTT TFTs (see also Table 2).
As mentioned above, the contribution of the contact resistance
to the total device resistance increases monotonically with
decreasing channel length; see Equation (2) (see also Fig. S7). This
can also be seen in Fig. 6c where the ratio between the contact
resistance and the total resistance is plotted as a function of the
channel length for all four semiconductors. From this data, the
speciﬁc channel length (L1/2) at which the contact resistance accounts for 50% of the total resistance and hence equals the channel
resistance can be extracted. As expected, the values for L1/2 obtained in this manner are very similar to the values obtained by
ﬁtting the data in Fig. 6a to Equation (1) (see Table 4). Since L1/2 is
the ratio between the width-normalized contact resistance and the
channel sheet resistance (L1/2 ¼ RC$W/Rsheet), L1/2 of TFTs that have
similar contact resistance (such as DNTT and C10-DNTT) scales
approximately linearly with the channel sheet conductance, and
hence with the intrinsic channel mobility [22].
The values obtained for L1/2, which are summarized in Table 4,
indicate that TFTs based on DNTT and DPh-DNTT are less severely
affected by an aggressive reduction of the channel length than TFTs
based on pentacene and C10-DNTT, which is an important consideration in view of high-frequency TFTs for display and circuit applications [39,40].
By performing TLM measurements over a range of gate-source
voltages (VGS z 0.5 V to 2 V), the dependence of the contact
resistance on the gate-source voltage (or on the gate overdrive
voltage, VGS e Vth) can be analyzed. As can be seen in Fig. 6d, the
contact resistance of TFTs based on all four semiconductors shows
an approximately linear increase with the inverse of the gate
overdrive voltage (RC$W f 1/(VGS e Vth)) [44,46,52], which is in
agreement with the current crowding model. However, the slope of
this relationship is different for the four semiconductors, i.e., the
degree to which the contact resistance is modulated by the applied
gate-source voltage is smallest for DNTT and largest for pentacene.
According to an empirical model that was proposed by Luan et al.
[53] for bottom-gate, top-contact TFTs based on hydrogenated
amorphous silicon, the width-normalized contact resistance RC$W
is composed of a constant part (RC,0$W) and a gate-source-voltagedependent part and can be expressed as [47,53,54]:

RC $W ¼ RC;0 $W þ

l0

(3)

mC Cdiel ðVGS  Vth Þ

Fig. 7 shows the linear TLM ﬁts for DPh-DNTT TFTs for four
different gate overdrive voltages (VGS e Vth). The linear ﬁts all
merge at a single point (-l0; RC,0$W) from which the gate-sourcevoltage-independent part of the width-normalized contact resistance (the minimal effective width-normalized contact resistance
[53,54]) can be extracted (y ¼ RC,0$W). The VGS-dependent part of
the contact resistance can be interpreted as an accumulation
channel below the source and drain contacts with an effectively
extended channel length l0 and an associated mobility mC in the
contact region [54]. Like the total contact resistance, the constant
part of the contact resistance is smaller for smaller sheet resistances (larger m0/larger mC). The values extracted for RC,0$W, l0

Table 5
Characteristic parameters l0 and RC,0$W determined graphically and mC determined by a linear ﬁt to Fig. 6d for pentacene, DNTT, C10-DNTT and DPh-DNTT.
Semiconductor

Intrinsic channel mobility m0 from Eq.
(2) (cm2/Vs)

Width-normalized contact resistance
RC$W @ VGS  Vth ¼ 1.5 V (kUcm)

RC,0$W (kUcm)

l0 (mm)

mC (cm2/Vs) from a
Fit to Fig. 6d

Pentacene
DNTT
C10-DNTT
DPh-DNTT

1.4
3.5
5.7
5.7

1.4
0.46
0.49
0.24

0.6
0.25
0.06
0.065

11.5
7.5
26.5
10.5

1.1
2.6
5.8
5.2
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and mC for all four organic semiconductors are summarized in
Table 5.
4. Conclusions
In summary, we provide the ﬁrst comprehensive comparison of
low-voltage organic thin-ﬁlm transistors based on the four smallmolecule semiconductors pentacene, DNTT, C10-DNTT and DPhDNTT. The latter three were all found to provide signiﬁcantly
larger carrier mobilities (up to 5.9 cm2/Vs in the case of DPh-DNTT)
and smaller contact resistances than pentacene. In terms of the
intrinsic channel mobility, C10-DNTT and DPh-DNTT were found to
perform quite similarly and notably better than DNTT, suggesting
that the decyl substituents in C10-DNTT and the phenyl substituents
in DPh-DNTT provide a similar level of enhancement of the chargetransport characteristics over DNTT, at least for the particular device architecture investigated in this study. However, DPh-DNTT
was found to provide a smaller contact resistance (0.24 kUcm)
than C10-DNTT (0.49 kUcm), which results in notably larger effective mobilities, especially in transistors with aggressively reduced
channel lengths. For a DPh-DNTT TFT with a channel length of 1 mm,
an on/off ratio of 108, a subthreshold swing of 100 mV/decade, and
an effective mobility of 0.68 cm2/Vs were measured.
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1. Organic semiconductor thin-film morphology
Atomic force microscopy (AFM) was conducted using a Nanoscope III Multimode in
tapping mode with silicon cantilevers (resonance frequency: 204-497 kHz). The images
were processed with WSxM.[S1]

Figure S1. Morphology of a pentacene thin-film (nominal thickness 25 nm) measured
by atomic force microscopy (AFM) in tapping mode. Image width (from left
to right): 10 µm, 5 µm, 2 µm. For each area size, the topography image
(second row), the corresponding height profile (first row) and, the amplitude
image (third row) are displayed.

[S1]

I. Horcas; R. Fernández; J. M. Gómez-Rodríguez; J. Colchero; J. Gómez-Herrero; A. M. Baro,
"WSXM: A software for scanning probe microscopy and a tool for nanotechnology" Review of
Scientific Instruments 2007, 78.
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Figure S2. Morphology of a DNTT thin-film (nominal thickness 25 nm) measured by
atomic force microscopy (AFM) in tapping mode. Image width (from left to
right): 10 µm, 5 µm, 2 µm. For each area size, the topography image (second
row), the corresponding height profile (first row) and, the amplitude image
(third row) are displayed. An additional height profile (1) shows that rodshaped nanoscale features protrude from the surface of the DNTT thin-film
by about 30 nm to 40 nm.
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Figure S3. Morphology of vacuum-deposited DPh-DNTT thin-films with higher
magnification. The images were obtained by scanning electron microscopy
(SEM) with an acceleration voltage of 1.0 to 1.5 kV. Image width (from top
left to lower right): 10 µm, 5 µm, 2 µm, 1 µm.
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2. Organic thin-film transistors

Table S1. Effective field-effect mobility, threshold voltage, subthreshold swing,
transconductance and on/off current ratio of pentacene, DNTT, C10-DNTT
and DPh-DNTT TFTs with three representative channel lengths (100 µm,
10 µm, 1 µm; channel width: 200 µm) in the linear regime (VDS = -0.1 V).

Semiconductor

Pentacene

DNTT

C10-DNTT

DPh-DNTT

Channel
length
(µm)

Effective
field-effect
mobility
(cm2/Vs)

Threshold
voltage
(V)

Subthreshold
swing
(mV/decade)

On/off
current
ratio

100

1.3

-1.31

142

105

10

0.6

-1.35

118

106

1

0.14

-1.14

125

105

100

3.7

-1.54

88

106

10

1.6

-1.37

85

106

1

0.17

-1.38

100

106

100

5.4

-0.68

87

106

10

1.5

-0.60

106

106

1

0.17

-0.74

118

106

100

6.2

-1.16

90

106

10

2.4

-1.21

96

106

1

0.34

-1.12

101

107
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Figure S4. Measured transfer characteristics in the linear (VDS = -0.1 V) and in the
saturation regime (VDS = -1.5 V) and output characteristics of a pentacene
TFT (blue), a DNTT TFT (red), a C10-DNTT TFT (green) and a DPh-DNTT
TFT (purple), all having a channel length of 100 µm and a channel width of
200 µm.
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Figure S5. Parameter variation of 44 TFTs fabricated on 30 different substrates over a
period of three years (channel length: 100 µm; channel width: 200 µm).

7

Figure S6. Measured transfer characteristics in the linear (VDS = -0.1 V) and in the
saturation regime (VDS = -1.5 V) and output characteristics of a pentacene
TFT (blue), a DNTT TFT (red), a C10-DNTT TFT (green) and a DPh-DNTT
TFT (purple), all having a channel length of 1 µm and a channel width of
200 µm.
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Figure S7. Channel-length dependence of the width-normalized contact resistance (red),
the width-normalized channel resistance (green) and the width-normalized
total resistance (black) for pentacene, DNTT, C10-DNTT and DPh-DNTT
TFTs (VGS-Vth = -1.5 V). The sheet resistance equals the slope of the green
line (W·Rchannel = f (L) = L·Rsheet). L1/2 (dotted line) is defined as the channel
length at which RC = Rchannel.
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3. Gate-dielectric capacitance measurements

Figure S8. a) Schematic cross-section of the metal-insulator-metal structures on which
the capacitance of the hybrid AlOx/SAM gate dielectric was measured.
b) Optical micrograph of a Al/AlOx/SAM/Au capacitor structure with
shadow-mask patterned Al bottom and Au top electrodes that define a
capacitor with an area of 200 µm × 200 µm.
c) Measured capacitance per unit area of the AlOx/SAM gate dielectric as a
function of frequency.
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