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ABSTRACT: An asymmetric n-alkyl substitution pattern
was realized in 2-tridecyl[1]benzothieno[3,2-b][1]-
benzothiophene (C13-BTBT) in order to improve the
charge transport properties in organic thin-film transistors.
We obtained large hole mobilities up to 17.2 cm2/(V·s) in
low-voltage operating devices. The large mobility is related
to densely packed layers of the BTBT π-systems at the
channel interface dedicated to the substitution motif and
confirmed by X-ray reflectivity measurements. The devices
exhibit promising stability in continuous operation for
several hours in ambient air.

Tailor-made organic materials play an important role when
it comes to bringing organic field effect transistors

(OFETs) closer to market applications. Chemical modifications
address such properties as cost-efficient processability, long-
term stability, improved morphology, etc., which are essential
secondary properties besides large charge carrier mobilities.1−4

Prominent examples of such new high-performance semi-
conductive molecules are benzo- and naphtho-fused thieno-
thiophenes .5 2 ,7-Dia lkyl[1]benzothieno[3,2-b][1]-
benzothiophenes (BTBTs) in particular have shown remark-
able charge carrier mobilities of up to 16.4 cm2/(V·s) in single
crystals and 2.75 cm2/(V·s) in polycrystalline films.4,5 So far,
only symmetric examples of Cn-BTBT-Cn (n-alkyl chains from
n = 2 to 14) have been investigated in OFETs, mainly with
longer alkyl chains (n ≥ 8) because longer alkyl chains improve
the solubility and enable processing from solution.6,4 From the
electronics point of view, however, long alkyl chains create
bulky insulating layers between the semiconducting π−π stacks
along the polycrystalline thin film, which limits the vertical
transport (injection and extraction) and dilutes the number of
π-systems very close at the channel interface. Despite this, the
alkyl chain motif facilitates further improvement of the BTBT
system via smart chemical design. The shortening of alkyl side
chains, for example, is a promising approach to reach larger
charge carrier mobilities in OFETs, as demonstrated in α,ω-
alkyl-substituted oligothiophenes (e.g., n = 2),7 but it also
exhibits problems in the homogeneous film formation for
BTBTs due to the their high tendency to crystallize. In contrast
to oligothiophenes, however, the monofunctionalization of
BTBT (Cn-BTBT) does not affect the operational stability of

devices in ambient condition because of the high HOMO level
of the BTBT π-system (EHOMO = −5.8 eV) and the absence of a
reactive α-hydrogen.2,8

Here, we report on 2-tridecyl[1]benzothieno[3,2-b][1]-
benzothiophene (C13-BTBT), which is easily accessible as a
high-performance organic semiconductor by common chem-
istry processes (Scheme 1).9,10 Polycrystalline films of C13-

BTBT were investigated by means of atomic force microscopy
(AFM) and X-ray reflectivity (XRR). OFETs with a C13-BTBT
semiconductor were fabricated with different ultrathin gate
dielectrics to enable low-voltage operation and to exhibit the
C13-BTBT performance for different channel interfaces. We
obtained large grains (>1 μm) in the polycrystalline films and
short distances in the range of 13−14 Å between the π-systems,
indicating a dense packaging (Figures 1d and 2). Devices show
a large charge carrier mobility of up to 17.2 cm2/(V·s), and
their performance depends on the dielectric surface, which
influences the molecular order of the first C13-BTBT
monolayers at the dielectric surface.
C13-BTBT was synthesized similarly to the literature

method9 with two modifications as described in Scheme 1.
The final product was purified by recrystallization from ethanol.
Top-contact bottom-gate transistors were fabricated follow-

ing the same methods as described recently.11 The gate
electrodes (Al 30 nm) were evaporated on Si/SiO2 substrates
through a stencil mask. In order to create the hybrid dielectric,
the substrate was treated with oxygen plasma, yielding a 3.6 nm
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Scheme 1. Synthetic Approach for C13-BTBT

aThe procedure from ref 9 was modified to gently refluxing diphenyl
ether at 260 °C. Process control, workup, and yield (45%) were
improved by this method. bInstead of hydrazine,9 sodium boranate/
aluminum chloride10 was used for reduction.
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AlOx layer on the Al pattern, followed by self-assembly of n-
decylphosphonic acid (C10-PA), n-tetradecylphosphonic acid
(C14-PA), or 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18H-
pentadecafluorooctadecylphosphonic acid (F15C18-PA) from
0.2 mM solution in 2-propanol.11−13 For a better comparison,
reference samples with Al/AlOx (without SAM) were fabricated
in parallel. The relevant data (contact angle, surface energy, and
capacitance) are summarized in Table 1. The choice of the
different SAMs relates to their ability to provide different
surface energies for the subsequently deposited C13-BTBT and
also to tune the threshold voltage in OFETs.11,13 C13-BTBT
(20 nm) was deposited by thermal evaporation (p = 10−6 mbar,
rate 0.1 Å/s) on top of the hybrid dielectric through a shadow
mask. The substrate was kept at 60 °C during the semi-
conductor evaporation, which is below the melting point of
C13-BTBT (Tm

DSC = 106.4 °C, Supporting Information SI-7).
The devices were completed by evaporation of gold source and
drain electrodes (30 nm) on top. All electrical characterizations
were performed in ambient air. Output and transfer character-
ization at different saturation and linear source−drain voltages
were recorded for at least four samples of the same channel
width (W = 500 μm) and channel length (L = 300 or 200 μm).
The average device values in the saturation regime, extracted
from gradual channel approximation, are presented in Table 1.
The complete characteristics of representative devices are
reported in SI-2. AFM measurements were done in tapping
mode for different surfaces. XRR measurements were
performed at the beamline ID10B14 at the ESRF (Grenoble,
France) using a monochromatic X-ray beam at λ = 0.93 Å.
Figure 1a,b shows the transfer and output characteristics of a

C13-BTBT OFET with AlOx/C14-PA hybrid gate dielectric. A
record value of 17.2 cm2/(V·s) was obtained from this device.
The average hole mobility of four representative devices is 14.2
cm2/(V·s), with a large ON/OFF current ratio of 107 and an
average threshold voltage of VTH = −2.7 V (SI-2). OFETs with
a bare AlOx dielectric layer and C10-PA or F15C18-PA SAM
dielectrics show slightly reduced average mobilities between
1.17 and 7.1 cm2/(V·s) (Table 1). Devices with AlOx/SAM
hybrid dielectric show an improved ON/OFF current ratio due
to the enhanced gate insulation with the SAM. The relatively
large negative threshold voltage of VTH = −2.7 V for n-alkyl
SAMs (C10-PA and C14-PA) and AlOx dielectrics is shifted to
VTH = −1.9 V for AlOx/F15C18-PA according to the negative
dipole moment of the fluorinated molecule.11,13 In order to
explain the large mobilities on n-alkyl chain SAMs in particular,
we have studied the morphology of C13-BTBT in thin films.
The AFM image of a 20 nm thick film of C13-BTBT on a C14-
PA surface indicates a polycrystalline film with large grains of
about 1 μm. However, the early state of the film growth during
deposition is of particular importance, as this defines the
dielectric−semiconductor interface, and only the first closed

conductive layers close to the dielectric interface contribute
significantly to the charge transport.15 Figure 2a shows an AFM
image of a C13-BTBT submonolayer film deposited on C14-PA.
A silicon wafer with 5 nm of atomic layer deposition (ALD)
AlOx, decorated with C14-PA, was used as substrate since it
allowed easier access to step height analysis due to the small
surface roughness of the ALD oxide (Rms ≈ 0.13 nm). Large,
smooth islands of C13-BTBT with several hundreds nm
diameter were obtained without detectable terracing. The
step height of 5.1 nm (Figure 2b) exceeds the nominal length
of 2.4 nm for a C13-BTBT molecule, and even the length of a
classic double layer with face-to-face stacking of the BTBT π-
systems. This suggests a different molecular arrangement (e.g.,
alternating packaging of the alkyl chains with strong π-stacking
of the BTBT units and interlocked alkyl chains; Figure 2b
inset). However, a more detailed picture of the molecular
packing requires a more surface sensitive method. XRR was
applied to the same thin film as used in AFM step height
analysis. Figure 2c shows the result of the XRR experiments
after fitting to a model scattering length density (SLD) using
the Parratt formalism16 and least-squares analysis. The fitted
SLD profile along the z-axis shows a periodic signature of
increased SLD (π-system) on top of the C14-PA SAM. The
periodicity of about 13−14 Å indicates repetition of π−π
stacking (electron rich) every 13−14 Å, with the first peak very
close to the interface (<1 nm), simply spaced by the C14-PA
SAM. The small periodicity and the peak shapes suggest a
densely packed arrangement of BTBT π-systems in the channel
region. In order to explain the significant difference in mobility

Table 1. Experimental Characteristics of Field Effect Transistors

dielectric
saturation μa at VDS = −2 V

(cm2/(V·s)) VTH (V) Ion/Ioff ID/IG
surface energy
(mN/m)

average contact
angle (°)

measured capacitance per
area (μF/cm2)

AlOx 1.17 ± 0.3 −2.2 ± 0.00 3.6 × 103 9.08 52.1 − 1.27 × 10−6

AlOx/C14-PA 14.20 ± 2.55 −2.7 ± 0.09 1.60 × 107 1.60 × 103 20.8 110 7.54 × 10−7

AlOx/F15C18-PA 2.71 ± 0.89 −1.9 ± 0.07 1.90 × 107 1.70 × 104 9.3 120 5.80 × 10−7

AlOx/C10-PA 7.10 ± 1.61 −2.8 ± 0.04 3.23 × 107 3.80 × 103 22 109 9.91 × 10−7

aCharge carrier mobility has been extracted from gradual channel approximation in saturation regime. The average values are presented for four
different OFETs. Channel length of devices with AlOx and AlOx/ClO-PA dielectrics are L = 200 μm; for the rest L = 300 μm; channel width of all
measurements is 500 μm.

Figure 1. (a) Output characteristics of the best device with AlOx/C14-
PA hybrid dielectric and (b) its corresponding transfer curve. Channel
length and width are 200 and 500 μm, respectively. (c) Schematics of
top-contact/bottom-gate OFET used in this study. (d) AFM picture of
morphology of C13-BTBT thin film of 20 nm.
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on bare AlOx and AlOx/C14-PA hybrid dielectric surfaces,
despite their almost identical morphology in AFM inves-
tigations (comparable domain size and step height; see SI-5),
we performed XRR experiments of C13-BTBT on bare AlOx
surface as well. Similar to the results on C14-PA, a periodic
signature of around 12 Å was observed, indicating a comparable
packing in the second and third layers, with a slightly decreased
order (Figure 2d). In fact, the first C13-BTBT monolayer,
directly on top of the AlOx surface, presents a more disordered
distribution of molecules (broad first plateau, Figure 2d). This
disorder might be the reason for the relatively unfavorable
transport and the reduced mobility of 2.2 cm2/(V·s).
Additionally, we have tested the long-term stability of our

devices. All devices have good shelf life stability in ambient air.
More importantly, the stability during device operation (bias
stress) in ambient air is very promising. We operated a device
with AlOx/C10-PA dielectrics (L = 200 μm, W = 500 μm)
continuously for 13 h (720 measurements). The initial mobility
value (5.2 cm2/(V·s)) decreased to only 1.5 cm2/(V·s) without
a significant shift in VTH and without increasing gate voltage
(IG) (SI-3).
In summary, we synthesized an asymmetric substituted 2-

tridecyl[1]benzothieno[3,2-b][1]benzothiophene. The material
behaves as an excellent p-type organic semiconductor with large
hole mobilities up to 17.2 cm2/(V·s) and promising air stability
during operation. As a result of XRR investigations, we address
the performance on n-alkyl SAM surfaces, in particular to a
dense packaging of the BTBT π-system layers with periodic
distances of only 13 Å close to the dielectric interface.
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Figure 2. (a) Morphology of submonolayer evaporated C13-BTBT on
ALD-AlOx/C14-PA. (b) Profile of asymmetric C13-BTBT island (green
line). (c,d) SLD profiles from XRR experiments of asymmetric C13-
BTBT on (c) AlD-AlOx/C14-PA and (d) AlD-AlOx in addition to
suggested corresponding molecular packaging.
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