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The deposition of organic semiconductors (OSCs) using solution shearing deposition techniques is highly
appealing for device implementation. However, when using high deposition speeds, it is necessary to use
very concentrated OSC solutions. The OSCs based on the family of dinaphtho(2,3-b:2",3'-f]thieno[3,2-b]
thiophene (DNTT) have been shown to be excellent OSCs due to their high mobility and stability.
However, their limited solubility hinders the processing of these materials at high speed. Here, we report
the conditions to process alkylated DNTT and the S-shaped n-core derivative S-DNTT by bar-assisted
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meniscus shearing (BAMS) at high speed (i.e., 10 mm s7). In all the cases, homogeneous thin films were
successfully prepared, although we found that the gain in solubility achieved with the S-DNTT derivative

strongly facilitated solution processing, achieving a field-effect mobility of 2.1 cm? V= s, which is two
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Introduction

Organic semiconductors (OSCs) have received a great deal of
attention over the last decades due to their potential use in
printed electronics. In contrast to conventional electronics,
organic electronics is appealing to emerging applications in
which low-cost, large-area coverage and flexibility are required.
For this purpose, developing solution printing techniques
capable of processing OSCs that exhibit high electrical per-
formance is key."

Among the different solution-based processing techniques,
the use of solution-shearing techniques to prepare thin films
of OSCs is currently of high interest."*® Solution shearing
deposition can be performed over larger areas, is compatible
with roll-to-roll processes and can potentially be realised at
high throughput. However, the deposition of small-molecule
OSCs by solution shearing, especially at high coating speeds,
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orders of magnitude higher than the mobility found for the less soluble linear derivatives.

also faces fundamental challenges. Small-molecule OSCs tend
to suffer from dewetting issues leading to non-homogeneous
films. This can be often overcome by using more viscous inks
based on blends of OSCs and insulating polymers.”™®
Furthermore, the use of blends has also often been shown to
give rise to more crystalline films exhibiting lower interfacial
traps thanks to the passivation of the dielectric by the binding
polymer."® In addition, the solubility of the OSC is crucial to
being able to process the material by solution shearing. When
low deposition rates of the order of 5-100 pm s~ " are applied,
such as for instance with the zone casting technique,**? it is
possible to use solutions with OSC concentrations of around
0.2-2 mg mL~". However, when the OSC thin films are pre-
pared at higher deposition speeds (i.e., >5 mm s™"), typically
the solubility of the OSC needs to be much higher, ie.,
10-20 mg mL~"."*?*?** Again, the use of blends can also help
by reducing the required amount of solubilised OSC, com-
monly by around a factor of 25-50% depending on the
OSC : polymer ratio used.
Dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene  (DNTT,
Fig. 1a)**° derivatives are currently considered benchmark
OSCs since they exhibit high mobility in organic field-effect
transistors (OFETs) and good environmental stability. Due to
the poor solubility of the parent DNTT compound, different
derivatives have been synthesised in order to achieve better
solubility and afford the processability of these materials from
solution. One route that has been pursued is the use of
soluble precursors that, after heating, convert to DNTT.?*!

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Molecular structures of the used organic semiconductors and
binder polymer. (b) Schematic illustration of the BAMS technique and
the top-contact bottom-gate OFET architecture.

Alternatively, DNTT derivatives bearing long alkyl groups or
one branched alkyl group have been synthesised with the aim
of enhancing the intermolecular interactions between the
semiconducting cores while improving their solubility in
common organic solvents.>*”** Unfortunately, the resulting
alkylated derivatives still show limited solubility, making it
difficult to print them when employing high throughput tech-
niques. Only a few works have reported the solution deposition
of alkylated DNTT derivatives for the fabrication of thin film
OFETs, in which spin-coating,**?® solution confinement®” or a
low-rate solution shearing technique was employed.***° The
OFETs based on these films exhibited mobility values in the
range of 0.1-1 em® V™' s7" for spin-coated films, and around
10 em® V™' s7* for films prepared by solution shearing or solu-
tion confinement. Recently, new DNTT derivatives were
reported featuring an S-shaped sinuous w-core (i.e., S-DNTT)
and substituted with long alkyl chains.*' The modification of
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the m-core from a linear to a crooked shape improved the
material solubility in common organic solvents by around
30 times (ie., from ~0.12 mmol L' for C;,-DNTT to
3.7 mmol L™" for S-DNTT-10 in toluene at 60 °C).*' OFETs with
a high hole mobility of up to 11 em® V' s~ were reported
with these derivatives after depositing them by dip-coating at a
low coating speed of 4 um s~'. Thus, despite their excellent
electrical properties, the fabrication of DNTT-based OFETSs
using high throughput printing techniques has been hardly
explored mainly due to their limited solubility in organic
solvents.

In this work, we investigated the potential of alkylated
DNTT and S-DNTT derivatives to be processed by the bar-
assisted meniscus shearing (BAMS)'”?***%3 technique at high
speed (i.e., 10 mm s™'). The use of blends of these materials
with polystyrene (PS) has also been explored as a route to facili-
tate the preparation of homogeneous thin films. In all cases,
we succeeded in preparing homogeneous thin films, although
we found that the gain in solubility achieved with the S-DNTT
derivative strongly facilitated solution processing. An average
field-effect mobility of 1.7 cm® V™' s™' was recorded for the
alkylated S-DNTT OSC, which was further improved up to
2.1 em® V7' 57! after doping the films in order to reduce the
contact resistance. Therefore, this work proves that, with
appropriate molecular modifications, DNTT materials are
OSCs of high potential for the fabrication of large-area printed
devices.

Results and discussion

The soluble DNTT OSCs 2,9-dioctylnaphtho[2,3-b]naphtha
[2',3":4,5]thieno[2,3-d]thiophene  (Cg-DNTT),  2,9-didecyldi-
naphtho[2,3-5:2',3'f]thieno[3,2-b]thiophene (C;,-DNTT) and
3,10-didecylnaphtho[2,1-b]naphtha(1,2":4,5] thieno[2,3-d]thio-
phene (S-DNTT-10) were selected for processing using the bar-
assisted meniscus shearing (BAMS) technique (Fig. 1). This
technique has previously been applied for the deposition of
benchmark soluble OSCs realizing highly crystalline and repro-
ducible films at high throughput.”***** 1t consists of
pouring an OSC solution in between a hot-plate and a bar sep-
arated ~500 pm apart forming a confined meniscus and, sub-
sequently, the substrate is displaced in parallel to the bar at a
constant speed, typically at 10 mm s~ .

Solutions of the DNTT derivatives and the DNTT derivatives
blended with polystyrene (PS) at 2 wt% were prepared in chlor-
obenzene. PS was chosen as the binding polymer due to its
low relative permittivity, good solubility in organic solvents,
low cost and the fact that it interacts weakly with OSCs. In the
case of S-DNTT-10, the prepared solutions were stable even at
room temperature. However, with the C;o-DNTT and Cg-DNTT
0OSCs, the solutions had to be heated at 120 °C, as otherwise
the materials quickly precipitated (Fig. S1t). It was noticed
that solutions with lower concentrations were not suitable for
deposition at high speed. Different solvents and solvent mix-
tures were tested but similar solubility issues were encoun-
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tered. Regarding the blend formulation, the most optimum
conditions were found using an OSC: PS ratio of 4:1 with PS
of molecular weight 280 kDa.

The deposition of S-DNTT-10 by BAMS was carried out by
heating the Si/SiO, substrate and the corresponding solutions
at 105 °C, following previously reported conditions applied to
other OSCs. At this temperature, the solvent evaporates simul-
taneously as the substrate is dragged, reaching an intermediate
deposition regime in between the capillary regime and the
Landau-Levich regime.*” However, the deposition of C;o-DNTT
and Cg-DNTT was more challenging. When depositing these
materials at 105 °C, non-homogeneous films with defects and
precipitated small crystals were formed, especially with the
shortest alkylated derivative (Fig. S2t). To circumvent this
problem, the solution depositions were performed at 120 °C
and then, homogeneous films were successfully achieved. It
should be highlighted that the deposition process in these
cases had to be performed very fast in order to avoid precipi-
tation of the OSCs close to the bar. Subsequently, top-contact
gold source-drain electrodes were evaporated through a
shadow mask with a constant channel width (W) of 4000 pm
and different channel lengths (L) of 35, 80 and 175 pm. In
Fig. 1b the final device architecture is illustrated.

The thin film morphology of the three DNTT derivatives
was inspected by optical polarised microscopy (Fig. S37). All
films were polycrystalline showing small crystal domains and
no preferential orientation. By atomic force microscopy (AFM)
characterization, the crystallites were visualized, especially on
thin films based on pristine OSCs (Fig. 2). Generally, the films
based on C,-DNTT reveal more pronounced terraces and
smaller crystalline domains than the ones of S-DNTT-10. Also,
cracks can be observed in the C,-DNTT films. All this could be
caused by the faster crystallization of these materials due to
their lower solubility and the higher temperature required for
their deposition. The films based on S-DNTT-10, Cg-DNTT and
C10-DNTT showed step edges of around 39 + 3,34 + 3 and 38 +
4 A, respectively, which is in agreement with the length of an
extended molecule (insets in Fig. 2). This is also in accordance
with our previous results that showed, in blended films pre-
pared by BAMS, that a vertical phase separation occurs in
which the OSC crystallises on the top part of the film.'%?**3

The thicknesses of pristine Cg-DNTT, C;o-DNTT and
S-DNTT-10 films were found to be 18.6 + 3.8, 15.6 + 6.2, and
24.6 + 4.7 nm, respectively, with a route mean square rough-
ness (Rrms) of 4.5 + 2.1, 4.2 + 1.4, and 4.8 + 1.4 nm. Further,
the Cg-DNTT, C;o-DNTT and S-DNTT-10 blended films were
17.4 + 7.7, 16.5 = 6.1, and 24.9 + 3.9 nm thick with a Rrms of
4.6 +2.2,5.7 + 2.4, and 3.2 + 1.1 nm, respectively.

All the thin films were characterised by X-ray diffraction
(XRD) (Fig. 3). All the films were highly crystalline and the crys-
tals were oriented along the surface plane since only the set of
(00l) reflections are observed. The XRD data of C,-DNTT
derivatives were in agreement with the previously reported
herring-bone crystal structures of these two materials
(Table $1%).*** 1In addition, the pattern obtained in
S-DNTT-10 films was also in accordance with the surface-
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Fig. 2 AFM topography images of the films based on OSC and OSC : PS
films deposited by BAMS on a SiO,/Si substrate. Scale bar: 2 ym. The
insets are the height profiles along the blue lines marked in the images.

induced phase afforded for the reported dip-coated and evap-
orated films, which were also described to assemble following
a herring-bone arrangement.*’ It should be noted that this
OSC in bulk crystallises with a slipped n-stack motif.**

From the XRD measurements, the interlayer distances
(doo1) were estimated to be 33.4, 37.4 and 31.5 A for C¢-DNTT,
C1o-DNTT and S-DNTT-10, respectively (Table S21). These
values indicate that the molecules are oriented with the longer
axis normal to the substrate but with a certain degree of incli-
nation (6y). It was found that while Cg-DNTT and C;,-DNTT
reveal small 6y, values of approximately 11° and 16°, respect-
ively, S-DNTT-10 is inclined 36° with respect to the surface
normal. Thus, a smaller 6, will imply that the molecules are
positioned more cofacially, which generally provides an
enhancement of the effective m-orbital overlap between neigh-
bouring molecules, thereby improving the charge transport
efficiency.*"*%*°

The top-contact bottom-gated OFET devices based on pris-
tine DNTT and DNTT derivatives blended with polystyrene
were electrically characterized as active layers in OFETs under
ambient conditions. Fig. 4 shows the output and transfer
characteristics in the saturation regime of a C,,-DNTT OFET as
representative of the devices based on linear C,-DNTT OSCs
(see Fig. S41 for Cg-DNTT OFETS). As expected, all the devices
exhibited p-type OFET behaviour. From the output character-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 XRD diffractograms of (a) Cg-DNTT, (b) Cy1-DNTT and (c)
S-DNTT-10 thin films deposited by BAMS.

istics, some injection problems can be noticed since the Ipg/
Vps curves show some S-shape patterns at low voltage. The
OFETs based on pristine Cg-DNTT and C;o-DNTT exhibited a
similar average mobility () of (4.7 = 1.6) x 107 and (4.2 + 1.2)
x 107> em® V™' s7" and a threshold voltage (Vi) of —=10.1 + 4.3
and —11.0 + 1.8 V, respectively. The devices based on blends of
these materials showed mobility values of the same order but
lower Viy (i.e., Ce-DNTT:PS: 4t = (2.0 £ 0.4) x 10> em®> V' 57"
and Vpy = 0.1 + 0.3 V; C1-DNTT:PS: ¢ = (4.3 + 0.3) X 10> cm?
V' s and Vyy = —2.2 + 0.9 V). It should be noted that for the
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Fig. 4 Transfer (a) and (b) and output (c) and (d) characteristics of
OFETs based on C1o-DNTT and C1o-DNTT:PS films.

calculation of all the mobility values of the blends in this
work, the capacitance of SiO, has been used. We previously
demonstrated that if the total capacitance is considered as a
series of the SiO, and PS capacitances, the calculated mobility
values would be around 20% higher.”® Additionally, the hyster-
esis of the output curves is also reduced in the blends. Thus,
this points out that PS improves the organic semiconductor/
dielectric interface by reducing charge trapping.

The electrical characteristics of S-DNTT-10 films are shown
in Fig. 5. The output characteristics of both the pristine semi-
conductor and the blend show no hysteresis and linearity at
low applied voltages. Remarkably, S-DNTT-10 films revealed a
mobility of almost two orders of magnitude higher than the
films based on the linear C,-DNTT derivatives, with an average
mobility of 1.7 + 0.6 cm®> V' s7' and a Vqy of —5.0 = 0.8
V. This might be mainly due to the more homogeneous films
with larger crystalline domains obtained with this semi-
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Fig. 5 Transfer (a) and (b) and output (c) and (d) characteristics of
OFETs based on S-DNTT-10 and S-DNTT-10:PS films.
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Fig. 6 (a) Saturation mobility and (b) threshold voltage for OFETs based
on S-DNTT-10 before (black) and after (red) doping. Each point on the
plot represents the mean value and the error bar corresponds to the
standard deviation of the data.

conductor. Furthermore, the S-DNTT-10:PS blended films gave
rise to an average mobility of 0.4 + 0.2 cm® V- "s7" and a Vyy
of 5.8 + 0.4 V. Hence, contrary to what has been typically
observed with other OSCs,'”'*?3°! here the PS does not
improve the electrical performance of these films.

Considering the high OFET performance of the S-DNTT-10
films, we proceeded to analyse the device mobility dependence
in the saturation regime on the channel length. It should be
noted that all previous mobility values given were averaged
values among devices of different channel lengths (i.e., L = 35,
80 and 175 pm). However, as can be observed in Fig. 6, the
devices with a shorter channel length show lower OFET mobi-
lity than those with longer L. This is commonly found in
devices that exhibit significant contact resistance (R¢). At low
L, R¢ has a strong impact on the device performance since
channel and contact resistance are more comparable, whereas
at higher L, Rc becomes more negligible. Recently, it was
reported that the treatment of OSC films with aqueous iodine
solution resulted in a reduction in R, improving the effective
device mobility.>® Accordingly, we doped the S-DNTT-10 films
following the same methodology (see Experimental section)
and we explored again the performance of the OFETs of
different L. In Fig. S5 representative transfer characteristics of
devices before and after doping are shown. It can be clearly
observed that after doping, the source-drain current increases
and the transfer curves are shifted towards positive voltage
values. Remarkably, this doping procedure led to an enhance-
ment of the device mobility, which further became less
channel-length dependent, with a shift of the threshold
voltage towards 0 V (Fig. 6). These results are in agreement
with the improvement of the contact efficiency. Interestingly,
the doped S-DNTT-10 devices exhibited an average mobility of
21+02cm’>V s

Experimental section
Materials and methods

Cg-DNTT and C;o-DNTT were synthesized as previously
described.>® S-DNTT-10 was purchased from TCI and used as
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received. Iodine solid, polystyrene (PS) of 280 kDa and
2,3,4,5,6-pentafluorothiophenol (PFBT) were purchased from
Sigma-Aldrich and used without further purification.
Chlorobenzene of high quality was purchased from Aldrich.

Transistor fabrication and characterization

Inks based on DNTT derivatives and DNTT derivatives blended
with 2 wt% PS in chlorobenzene were prepared. In the case of
the blends, a weight ratio OSC:PS of 4:1 was used. The
blended films were deposited by a BAMS technique under
ambient conditions at 105 °C for S-DNTT-10 and at 120 °C in
the case of Cg-DNTT and C,,-DNTT. The deposition was per-
formed at a coating speed of 10 mm s~ *,'7?34%%

Si/SiO, substrates were purchased from Si-Mat (SiO, thick-
ness of 200 nm, C = 17.26 x 10”° F cm™?) and were cleaned
with acetone and isopropanol and dried under nitrogen flow.
Top-contact source-drain electrodes comprising a 25 nm thick
layer of Au were thermally evaporated (evaporation rate 0.5 A
s~') through a shadow mask with a channel width W = 4 mm
and channel lengths L = 35, 80 and 175 pm. After evaporation,
samples were kept in the dark for 7 days.

Transistor measurements were carried out with an Agilent
B1500A semiconductor device analyzer under ambient con-
ditions. The devices were characterized by extracting the field-
effect mobility in the saturation regime as follows:

o (8\/1135) ‘2L 1

“\oves ) W'C

where W and L are the width and length of the channel,
respectively, and C is the insulator capacitance per unit area.

Doping procedure

Doping treatment was done by exposing the top surface of the
devices to an aqueous iodine solution (2.9 mg mL™"). A droplet
of the OSC solution was cast on the device, covering comple-
tely the OFET channel. After 3 min, the device was abundantly
washed with MilliQ water and dried under a nitrogen flow.

Structural and morphological thin film characterizations

Polarized optical microscopy images were taken and dark field
microscopy was performed using an Olympus BX51. The X-ray
diffraction measurements were carried out with a Siemens
D-5000 model diffractometer that used Cu K-alpha radiation
1.540560 A. Surface topography and phase and thin film thick-
nesses were examined using a 5500LS SPM system from
Agilent Technologies and subsequent data analysis was per-
formed using Gwyddion 2.56 software.

Conclusions

To sum up, the printing of high mobility small-molecule OSCs
using high throughput techniques requires highly concen-
trated solutions in order to afford highly homogeneous and
crystalline thin films. DNTT derivatives have been shown to be
excellent OSCs due to their high mobility and environmental

This journal is © The Royal Society of Chemistry 2023
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stability. However, due to their limited solubility in organic
solvents, processing these materials at high speed is extremely
challenging.

Here, we showed that linear DNTT derivatives functionalised
with long alkyl chains can be processed at a high coating rate
using a BAMS technique under high temperatures and with
certain precautions. However, the films reveal the formation of
many incomplete molecular layers and some cracks, which have
a detrimental impact on the device mobility. Mobility values
in the order of 0.04 cm® V™' s™' were achieved. Notably, the
devices based on blends of these linear DNTT derivatives with
PS showed reduced hysteresis and lower threshold voltages.

Furthermore, the preparation of S-DNTT-10 thin films by
BAMS was simpler due to the higher solubility of this material
and the fact that it was possible to apply lower coating temp-
eratures. As a result, more homogeneous films were achieved,
which led to the production of OFETs presenting mobility
values two orders of magnitude higher than those obtained
with the lower solubility derivatives.

Therefore, this work demonstrates that DNTT derivatives
are highly potential materials for their practical implemen-
tation in printed devices and, furthermore, that the modifi-
cation of the n-core shape is a promising route to improve OSC
solubility and, hence, processability.
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