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ABSTRACT: The 3,5-dithiooctyl dithienothiophene based small molecular CeHi7S_ s SCeHyy
semiconductor DDTT-DSDTT (1), end functionalized with fused dithieno- (iz_ﬁ?_m_cz_ﬁ
thiophene (DTT) units, was synthesized and characterized for organic field \ S\ I s s” 4 S\ J*

effect transistors (OFET). The thermal, optical, electrochemical, and 1 = 3.19 cm2v s CHy'"
computed electronic structural properties of 1 were investigated and  50% 1:PaMS D p, = 2.44 cm? V1" PaMs
contrasted. The single crystal structure of 1 reveals the presence of Molecular Packing

intramolecular locks between S(alkyl)-S(thiophene), with a very short S—S
distance of 3.10 A, and a planar core. When measured in an OFET device
compound 1 exhibits a hole mobility of 3.19 cm®> V' s7!, when the
semiconductor layer is processed by a solution-shearing deposition method
and using environmentally acceptable anisole as the solvent. This is the highest
value reported to date for an all-thiophene based molecular semiconductor. In
addition, solution-processed small molecule/insulating polymer (1/PaMS)
blend films and devices were investigated. Morphological analysis reveals a nanoscopic vertical phase separation with the
PaMS layer preferentially contacting the dielectric and 1 located on top of the stack. The OFET based on the blend
comprising 50% weight of 1 exhibits a hole mobility of 2.44 cm® V™' s™" and a very smaller threshold voltage shift under gate
bias stress.

KEYWORDS: organic semiconductors, organic transistor, 3,S-dithioalkyl dithienothiophene, solution-processing, polymer blend

rganic semiconductors have attracted tremendous structures have been developed,‘?’0 and among them, n-
O attention because of their advantageous mechanical (hetero)acenes (particularly n = 4—7) are important building
flexibility that they inherently possess; thus, organic
electronic devices are expected to open applications, such as
flexible displays, smart cards, sensors, storage devices, radio
frequency tags, and transparent circuits' "’ as well as be present, strong intermolecular S-S interactions.
utilized in biomedical applications such as large-area sensitive Despite these advantages there are some drawbacks including
catheters."* Hence, the realization of m-conjugated small
molecule and polymeric materials has received much
attention.””~>° The design of solution processable small
molecule semiconductors with good charge transport charac-

blocks for organic electronics because they exhibit highly

planar structures, extended conjugation, and, when sulfur is
19,20,30-34

the poor chemical stability of several n-acenes (n > 3) (Figure

1a), difficult synthesis particularly for fused (thio)acenes with n

teristics, particularly in organic field-effect transistors Received:  August 20, 2020
(OFETs), relies on structural design possessing a planar Accepted: November 23, 2020
conjugated backbone to enhance molecular stacking via Published: November 30, 2020

intermolecular orbital overlap, functionalized with suitable
side chains for easy solution processability and exhibiting good
environmental stability.”* >’ To this end, several z-conjugated
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> 5, and limited solubility which impacts the film
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morphological quality.
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Figure 1. Chemical structures of (a) fused (thio)acenes PTA and
HTA, (b) TIPS-PEN, DiF-TESADT, C8-BTBT, and (c) DDTT-
DSDTT (1) and PaMS which is the semiconductor and insulating
polymer examined in this study, respectively. Note, y;, denotes the
hole mobility of the pure semiconductor, y,* denotes the mobility
range for the semiconductor-insulating polymer blends, and p,"
denotes the mobility of the blend for a semiconductor-insulating
polymer weight ratio of 1:1.

A strategy to improve film morphology, degree of texture,
solution processability, and thus charge transport of small
molecules semiconductors, including n- (hetero)acenes, is by
blending them with an insulating amorphous polymer.**~* To

achieve high OFET performance the phase separation and
crystallization of the small molecule/insulating polymer blend
must be appropriately manipulated. In this strategy, n-
(thio)acenes systems such as TIPS-PEN,** DiF-TESADT,"’
and C8-BTBT* (Figure 1b) blended with polystyrene
(PS),* =% poly(a-methylstyrene) (PaMS),*”**** or polyacry-
late®>*® binders have been widely investigated. For instance,
pure TIPS-PEN exhibits a mobility of 1.8 cm? V! s71*° which
could be enhanced to 8.3 cm®> V™' s™' for a 1:1 weight blend by
optimizing formulation and coating parameters.”” Similarly,
DiF-TESADT**** and C8-BTBT "’ mobilities could be
increased from 1.5 cm? V™! s7* and 1.8 em® V™! s7'** for the
pure systems, respectively, to 6.7 cm® V™' s and 12 cm? V!
s1s! respectively, for the blend with a 1:1 weight ratio. Note,
different blend ratios can strongly affect FET mobility which
can vary from 0.103 to 8.3 cm® V™' s™' for TIPS-PEN/polymer
blends,M’57 from 1.9 to 6.7 cm?® V7! s7! for DiF-TESADT/
polymer blends,””" and from 2 to 43 cm? V™! s7! for the C8-
BTBT blends.”” However, the limited stability of some of these
molecular semiconductors persists in the blend and, unfortu-
nately, the melting point of C8-BTBT is too low for stable
device performance under thermal stress. Furthermore, the
state-of-art blend-based OFETs were generally processed by
spin-coating, which wastes most of the semiconductor
formulation, and using highly toxic halogenated solvents.
Additionally, it has been shown that charge carrier mobilities
are strongly dependent upon the blend composition with the
greatest performance achieved around the 1:1 weight
ratio.®>”® Thus, it would be desirable to investigate blends
more forgiving to the polymer content variation and using
more semiconductor saving processing methodologies.

In this paper we explore the blends of the molecular
semiconductor DDTT-DSDTT (1) (Figure 1c), based on the
DSDTT core. This molecule exhibits intramolecular locks
using S-S interactions as accessed in previous studies on
similar molecules®® and established from the crystal structure.
Compound 1 is a p- type organic semiconductor with a high
hole mobility of 3.19 cm® V™' s7%; as per our knowledge, this is
the highest reported to date within the all-thiophene
semiconductor family. In addition, solution-sheared blends of
1 with the insulating polymer PaMS$ processed from the
nonhalogenated solvent anisole exhibit a hole mobility of 2.44
cm? V7! 57! for the 50% molecule weight loading (1:1 weight
ratio) and even 0.27 cm® V™' s7! for a 10% content. These
results are rationalized by a combination of single crystal/
electronic structure, physical, microstructural, and morpho-
logical characterizations.

Scheme 1. Synthetic Route to the Final Compound DDTT-DSDTT (1)
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RESULTS AND DISCUSSION

In this section, we first report the synthesis of DDTT-DSDTT
(1) followed by evaluation of the structural and physical
properties using several characterization techniques. Next,
films and OFETs based on both the pristine and 1/PaMS
blends are fabricated using directional solution-shearing to
reduce the materials costs as well as enhance the stability.
Note, PaMS was selected because it has been previously used
as a polymer binder mainly due to eflicient phase separation
and good environmental stability without sacrificing electrical
performance.”>*”*® Finally, the semiconductor film morphol-
ogy and microstructure are characterized to rationalize the
trends in mobilities as well as other physical properties.

Scheme 1 depicts the synthetic route to DDTT-DSDTT
(1), and the main DSDTT (4) core was synthesized by the
previously reported one-pot reaction method®® from 3-bromo-
4-thioalkylthiophene (2) in an overall yield of 15%. The
DSDTT core was then brominated and next reacted with
compound 6 to produce the small molecule 1 in good yield.
Single crystals of molecule 1 were obtained to confirm the
molecular structure and evidencing the planarity of the whole
molecule (vide infra), which can contribute to the high charge
transport performance of 1. At the same time the two thiooctyl
core substituents enable the good solubility of 1 in organic
solvents, which is essential for fabricating the organic
semiconductor films via solution processing. The thermal
properties of compound 1 by differential scanning calorimetry
(DSC, Figure S1) and thermogravimetric analysis (TGA,
Figure S2) demonstrate a distinct melting transition at 184.8
°C and thermal stability up to 340 °C under a nitrogen
atmosphere.

The UV-—vis spectra of the DSDTT core and DSDTT-
DDTT (1) in dilute o-dichlorobenzene solution are presented
in Figure S3, and data are included in Table 1. The absorption

Table 1. Optical and Electrochemical Properties of DSDTT
Core and DDTT-DSDTT (1)

E.” HOMO® LUMO® E

A Bl
compound  (nm) (V) (V) (eV) (eV) (V)
DSDTT- 307 127 nd —-547 -1957  3.52°
core
1 456 094 —1.70 —5.14 —2.50 2.64

“In 0-C4H,CL,. “In o-dichlorobenzene at 25 °C by DPV. All potentials
are referenced to Fc/Fc' internal standard (at +0.6 V). “Using
HOMO/LUMO = —(4.2 + E_,/E,.;). “Estimated from HOMO + E,.
“Optical energy gap was calculated using 1240/4,, fObtained
from DPV.

(onset)*

maximum (4, ) values of the DSDTT core and 1 in solution
are located at 307 and 456 nm, respectively. As expected, with
the DSDTT core end-functionalized with two aryl units, the
absorption of molecule 1 was significantly red-shifted. We then
investigated the optical properties of the 1:PaMS blends both
in solution and as thin films (Figure 2). The latter were
fabricated on glass substrates using the same procedure carried
out for OFET channel fabrication consisting of depositing a
solution of 1:PaMS in anisole (total concentration = 3 mg
mL™!, weight content of 1 vs PaM$ going from 100% to 10%)
by solution-shearing with a moving blade speed of 10 um s™*
on a heated substrate (60 °C). These films were next annealed
at 70 °C for 2 h. In THF solution, compound 1 presents an
intense absorption in the 400—500 nm region with a A, at

729

456 nm, and those of the 1:PaMS blends are unchanged
independently of the PauMS content. This result suggests that 1
solubility and aggregation in solution do not change when the
insulating polymer is present. Neat 1 and its blend films display
a significant bathochromic shift of the absorption compared to
their solutions. Thus, pristine 1 films, as well as those of the
blends, exhibit peaks at 447, 460, 491, and 529 nm, associated
with well-defined (0—3), (0—2), (0—1), and (0—0) vibronic
bands, respectively. Interestingly, for 1:PaMS blend films, the
intensities of the lower energy bands first increase when going
from the pristine to the 50% 1 content in the blend films and
then gradually decrease upon increasing the amounts of the
PaMS. This result suggests that although the 1 content in the
80% and 50% blends is lower they exhibit a greater degree of
aggregation, data consistent with the GIXRD data and
supporting the considerable charge transport of these blends
despite the reduced semiconductor content (vide infra).
Estimated from the thin film absorption onset, the optical
band gap of 1 is 2.13 eV which remains in the same range for
all corresponding blends.

The electrochemical properties were measured by DPV in o-
C¢H,Cl, with a 0.1 M Bu,NPF; solution at 25 °C. Note, DPV
can more distinctively locate redox processes than conven-
tional cyclic voltammetry (CV). The oxidation potential curves
are shown in Figure 3a, and the calculated HOMO/LUMO
energy levels of DSDTT and 1 are reported in Table 1 (see
footnote for calculation details) and shown schematically in
Figure 3b. The HOMO energy level of DSDTT and 1 is —5.47
and —S5.14 eV, respectively. As expected, with the more aryl
conjugated unit end-attached, the HOMO energy level of 1 is
uplifted compared to the DSDTT core. The LUMO of
DSDTT and 1 are —1.95 and —2.50 eV, respectively. Finally,
density functional theory calculations at the B3LYP/6-31G (d)
level (Figure S4) support energy trends and large delocaliza-
tion of the frontier molecular orbitals over the whole
molecules, which favor efficient charge transport.””~”!

Single crystals of 1 were obtained by slow solvent
evaporation of a hexane solution and the structure is shown
in Figures 4 and S5. Compound 1 crystallizes in an
orthorhombic P21/c space group. As shown in Figure 4a, the
two thioalkylated chains are located on the same side of the
central core. The short S(DTT)--S(R) distances (3.16 and
3.10 A) depict the existence of an intramolecular nonbonded
interaction between two sulfur atoms. Those distances are
lesser than the sum of the van der Waals radii of two S atoms
(3.60 A). Front view of two stacking DSDTT molecules
(Figure 4b) suggests that the DSDTT core and the two end-
functionalized DTT groups are nearly coplanar, showing small
dihedral angles of 1.73° and 1.96°. The shortest intermolecular
stacking distance of two closely packed DSDTT molecules is
3.52 A (Figure 4b and c). The stacking of molecule 1 exhibits a
herringbone angle of 81.64° (Figure 4d) and also slipping
angles of 40.37° and 67.51° (Figure 4e and f). In the columnar
DSDTT molecule stacks, the smaller intermolecular S--S
distances are 3.34—3.42 A with a DSDTT core stacking
distance of 3.52 A (Figure 4g and h). These intra- and
intermolecular short packing distances and the very planar
structure of 1 crystal structure suggests good conditions for
intra- and intermolecular 77—z orbital interaction to obtain
highest charge transport results in the solid state.

Before OFET device fabrication, atomic force microscopy
(AFM) and polarized optical microscopy (POM) imaging
were carried out to investigate the blend morphology and
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Figure 2. UV—vis absorption spectra of various 1:PaMS in (a) solution and (b) films.
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Figure 4. Single crystal structure of DDTT-DSDTT (1) in stick (a—c, g, h) and space filling models (d—f).

microstructural features of the solution-sheared blend films. shows well-interconnected microribbon-shaped crystals grow-
The resulting topology as well as wide area POM images are ing parallel to the shearing direction. The crystals almost fully
shown in Figure Sa, Sc, Se, 5g, 5i, and Sk. The film of pristine 1 cover the substrates, and few nonoriented crystal regions are
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Figure S. POM images (3, ¢, ¢, g, i, and k) and AFM topographies (b, d, f, h, j, and 1) of blend thin films. The compound 1 composition in
blend thin films: (a, b) 100%, (c, d) 80%, (e, f) 50%, (g, h) 20%, (i, j) 10%, and (k, 1) 5%.
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Figure 6. (a) Molecular depth profile measurements by TOF-SIMS in the compound 1 and 50% and 10% blend film. (b) Water contact angle

of compound 1, PaMS, and PETS-treated surface.

observed (Figure 5a). The monotonic color indicates that the
crystal thickness is rather uniform throughout the film. By
blending with PaMS, the crystals are still continuous and
oriented along the same axis, except for the 5% blend, but the
crystal stripes are thinner. We suggest that the strong 7—n
interactions between 1 molecules leads to the aligned 1D
crystals under shear conditions even though 1 content is as low
as 10%. As the fraction of 1 in the blend decreases to 5%, the
semiconductor content is insufficient to form large crystals
upon shearing, so that the blend film is discontinuous and the
crystals are dendritic-like as well as nonoriented. The AFM
images of the same films in Figure Sb, 5d, 5f, Sh, 5j, and Sl
support the POM observation. The root-mean square-rough-
ness of pristine 1 film is 2.54 nm, and it first increases to 2.58
nm (80%), 5.38 nm (50%), and 11.25 nm (20%) when the
PaMS content increases from 20% to 80% and then it
decreases to 7.21 nm (10%) and 4.13 nm (5%) for the largest
polymer content. Thus, it appears that films fabricated with
pristine 1 exhibit the best morphology for OFETs. These
results also demonstrate that a small amount of 1 in the blends
(~10%) is sufficient to provide sufficient pathways for efficient
hole transport.

731

It has been shown that vertical phase separation in
semiconductor-insulating polymer blends with even a low
level of content of the semiconductor can provide a continuous
transporting layer between source—drain electrodes, thus,
achieving fully functional OFETs.”®™* This result is due to
considerable aggregation of high-performance molecular semi-
conductors.” For instance, it was found that the vertical
separation of diF-TES-ADT (semiconductor)/PMMA blends
(1:1 w/w) prevents dewetting of the F-TESADT film and
provides a platform for diF-TES-ADT to crystallize at the air—
film interface, thus enabling a field effect mobility of ~ 0.1 cm?
V! s7L% TOF-SIMS measurements were carried out for the
pristine compound 1 (control) as well as the 50% and 10%
blend films to access possible vertical phase separation. Figure
6 shows the Poisson corrected ion signals plotted as a function
of depth from the film/air interface. S and Si signals are makers
for compound 1 and SiO,, respectively. For the pristine 1 film,
the data reveal that the semiconductor layer covers the Si/SiO,
substrate. For the 50% blend film, the S signal decreases while
the Si signal increases as the depth increases, indicating that 1
accumulates to the interface with the air; i.e., a vertical phase
separation occurs forming a 1-rich layer on the top side of the
film while the bottom interface is PaMS-rich. The TOF-SIMS
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data of the 10% blend film show an even sharper 1-rich layer
on top of the film. The estimated thickness of the vertically
separated 1 and PaMS layers for the 50% blend is ~75 and
~65 nm, respectively, and thus the 1 weight content calculated
from these thickness values is ~529%, which is quite close to the
original loading composition in the blend solution. Note that
the density of 1 and PaMS is 1.01 (estimated from single
crystal data) and 1.08 g mL ™, respectively. For the 10% blend
the layer thickness was found to be ~40 nm for 1 and ~200
nm for PaMS layer corresponding to ~16% of 1 in the blend,
again quite close to the 10% original loading. In a recent
report, Cho’s group suggested that gap-induced crystallization
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achieved by bar-coating, zone-casting, and solution-shearing
methods can promote eflicient vertical self-stratified structures
in blend systems.”” Contact angle measurements shown in
Figure 6b indicate that 1 film is more hydrophobic (~104.5°)
than that of PaMS$ (~100.5°), implying a lower surface free
energy of 1 as compared to PaMS. This result further
rationalizes why 1 and PaMS prefer to accumulate at the
interface with the air and substrate, respectively.

Grazing incident X-ray diffraction (GIXRD) measurements
were carried out for all films to examine the film texturing,
molecular packing, and orientation (Figure 7). Diffraction
patterns were obtained with the incident X-ray beam parallel to
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the solution-shearing direction at an incidence angle of 0.2°.
Strong (00]) lamellar peaks along the out-of-plane direction
(g.) were observed for the pristine 1 film. A d-spacing of ~21.6
A is measured from the (001) peak at q, = 029 A7),
corresponding to the c-axis length of the unit cell. In the in-
plane direction, the (101) peak at g,, = 1.37 A~ corresponds to
a n—r distance of 4.58 A. The GIXRD results reveal that 1
molecule crystalline domains have the DSDTT molecular core
aligned vertically with respect to the substrate surface, ie. a
preferential edge-on orientation. The stimulated packing
motifs from the single crystal data exhibit a herringbone
packing mode, with a face-to-face stacking within molecular
columns and face-to-edge interactions between adjacent
columns. This orientation is favorable for z-orbital overlap of
neighboring molecules of 1 along parallel column directions, as
well as for the lateral charge transport from one column to the
adjacent one.””””> All blend films are also highly textured with
pronounced lamellar scattering peaks up to the (003) out-of-
plane direction reflections. The corresponding lattice spacings
calculated from the (001) diffraction peaks are similar and
between 21.8 and 22.1 A. Thus, PaMS is extruded from the
crystals of compound 1 and no new crystalline phases or solid
solutions form. Among all blend films, the 50% one shows the
sharpest (001) reflections with respect to the central vertical
line and several intense Bragg spots having less arc shape,
featuring a high degree of crystal ordering and the texturing in
spite of the reduced amount of semiconductor. Interestingly,
the 50% blend film exhibits further improved film crystallinity
as revealed by the increased diffraction intensity from the
corresponding GIXRD line cuts in the (001) direction (Figure
SS). These data are fully consistent with the intense (0—0)
vibronic transition in the UV—vis absorption spectrum of this
blend versus the other blends. Thus, an optimal amount of
PaMS not only promotes alignment of 1 molecules and their
packing along the direction perpendicular to the substrate but
also enhances crystallinity. This is likely the result of two
effects. We know that shear force is effective in promoting the
sufficient amount of semiconductor.”® Furthermore, it is also
known that polymers can be aligned and aggregated more
efficiently by shear force than small molecules.”’~"” Likely, the
50% blend contains a sufficient portion of semiconductor to
create bulk crystals as well as sufficient polymer content so that
the effect of shearing/aligning the polymer influences semi-
conductor crystal growth. For the 5% blend film, however, the
diffraction peaks are weaker, which is due to the very low
semiconductor content.

To investigate the electrical properties of the solution-
sheared blend films as channel layers in OFETs, bottom-gate
top-contact (BGTC) devices were fabricated on phenylethyl-
trichlorosilane (PETS)-modified SiO,/n-doped Si substrate.
The organic semiconducting blend films were solution-sheared
as discussed in the UV—vis section. The
completed by thermal evaporation of the Au source and
drain contacts through a shadow mask (channel length and
width of 25 and 1500 um, respectively). Figures 8 and S6
report representative transfer [drain voltage, V4= —100 V] and
output curves [gate voltage, V, from 0 to —100 V] (both
measured in dark/nitrogen conditions). The saturated field
effect mobility values were extracted from the following
equation

devices were
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where C; is the dielectric capacitance per unit area, and W and
L are the width and length of channel, respectively. It should
be noted that areal capacitance of the 300-nm-thick SiO,
dielectric is estimated to be 11 nF cm™ for field effect mobility
calculation and the self-assembly monolayer modification does
not affect the dielectric capacitance.80 In addition, since the
PaMS phase separates at the bottom interface and using the
data provided by TOF-SIMS analysis, we have also estimated
the mobility of the devices assuming that the gate capacitance
decreases as a result of the formation of a nanoscopic PaM$
layer on the SiO, dielectric (see Supporting Information for
details). Based on these data, the corrected mobility of our
blends are slightly larger than those using the pristine SiO,
dielectric, in agreement with previous studies on other
blends.”*"*" The calculated maximum and average mobility
(Mmax and p,,,) along with the threshold voltage (Vy;) and
current ON/OFF ratio (Ion.opg) are summarized in Table 2,

Table 2. OFET Device Parameters for the Indicated Blends

average mobility

max mobilit?f
]

sample  [em? V!5~ [em? V71s™!] Ioncorr  average Vi [V]
100% 3.19 1.30 + 0.86 10°-10°  —18.0 =+ 13.0
80% 2.76 1.20 + 0.63 103-10°  —21.4 + 11.5
50% 2.44 0.74 + 0.57 10°-10° —13.8 + 8.4

20% 0.55 0.16 + 0.14 10°-10° =369 + 112
10% 0.27 0.15 + 0.13 103-10°  —24.4 + 12.0
5% 0.09 0.03 + 0.02 10°-10* =325 + 15.6

and device parameters (fyy Havg and Vy,) vs loading ratio of 1
in the blend are plotted in Figure S7. The OFET charge carrier
mobility of the blends ranges from ~0.01 up to ~1 cm* V™' 5™
and thus strongly depends on the 1:PaMS ratios in the blends.
Notably, the pristine 1 OFETs outperform all the other ones
and exhibit a ft,,,,, and p1,,, of 3.19 and 1.30 + 0.86 cm? Vs,
while the 80% and 50% blend devices retain excellent charge
transport with ft,,,, (#,,,) amounting to 2.76 (1.20 + 0.63) and
2.44 (0.74 £+ 0.57) cm® V7! 57!, respectively. However, the
mobility of the 20% and 10% blends decreases by ~10 X [,
(Hag) = 0.55 (0.16 £ 0.14) and 0.27 (0.15 + 0.13) cm® V™!
s~!, respectively] and diminishes even further, ~100 X [p.
(ayg) = 0.09 (0.03 + 0.02) cm® V™! s7'] for the 5% blend
OFETs. The 50% blend films clearly exhibit highly ordered,
homogeneous, and oriented crystallites with good intercon-
nectivity. It is also evident that despite the high concentration
of PaMS in the blend, efficient vertical phase separation occurs
with crystallites on the top of a featureless surface of
amorphous PaMS under the layer. A highly crystalline and
interconnected layer forms also for the blends with a 10%
semiconductor load as shown in the POM/AFM images
(Figure Si and $j), thus, corroborating the lower, yet still
efficient semiconducting properties. The significant drop in
mobility for the 5% blends is due to both disruption in crystal
connectivity and reduction of crystal size. The Iqy.opr of blend
OFETs is 10°—10° for the 10%—80% blend and pristine
compound 1 with a slight decrease (1 order of magnitude) for
the 5% blend. Note that the OFF current of these devices can
be minimized; thus, the Ioy.opr increased, through patterning
of the organic semiconductor and accurate patterning and
registration of the semiconductor/gate electrode®” as well as by

https://dx.doi.org/10.1021/acsnano.0c07003
ACS Nano 2021, 15, 727-738


www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07003?ref=pdf

ACS Nano

www.acsnano.org

—
Q
'

15
—=—100%

Q —=—50%
S0}
2 1.0
£
o
=
L
Sos5)
[
(13

0.0 1 1 1 1

0 10 20 30
Time (Day)

(b)

-10
—=—100%
ok = —=—50%
E 10
E 2}
K=
u.:: oF N T
E
> 40 | \
—_—
50 -
60 1 2 1 1
0 100 200 300

Stress Time (min)
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with a V; of —100 V. The transfer curves were measured at the following stress times: 0, 15, 45, 180, and 300 min.

optimizing the semiconductor thickness.*> The average Vj,
varies in the range —13.8 + 8.4 to —36.9 + 11.2 V and shifts
toward a more negative voltage for the lower organic
semiconductor composition in the blend, since it requires a
higher voltage to accumulate the mobile holes. Impressively,
the 50% blend retains a mobility of ~1 cm®* V™' s™" but using
far less semiconductor, potentially reducing the cost of the
active layer of the device by ~50%. Another important feature
that should be emphasized here is that the reproducibility of all
blend OFETs is significant. Since compound 1 and PaMS are
immiscible, the blends phase separate into distinct nanometer-
thick 1 and PaMS layers/domains in the transistor channel
with the semiconductor (1) preferentially localizing at the air
interface as evidenced by TOF-SIMS measurements. Thus,
under the best conditions, compound 1 crystallizes in a
nanoscaled space surrounded either by PaMS and air and the
presence of the polymer promote formation of more ordered
domains.** However, excessive polymer may result in surface
contamination, which could create a thin polymer layer in-
between the semiconductor and the top-contact electrodes,
reducing charge injection efficiency. Thus, an ~50% weight
content seems to be a compromise between these two effects
and the 50% blend enables enhanced crystallinity under shear
and efficient charge injection.

The ambient and operational stability of OFETs is crucial
for practical applications. Device performance deterioration in
these devices has also been ascribed to interfacial traps which
can be mitigated in terms of both bias stress”**>* and
ambient stability®®®® when a polymer binder is used. To
evaluate the device stability under ambient conditions, the
fabricated OFETs were stored in highly humid air (relative
humidity 50—60%) for 30 days. The corresponding relative
mobility as a function of time is shown in Figure 9a,
demonstrating that for 50% blend based OFETSs the mobility
declines far less than that of the devices based on the pristine 1.
Next, the operational stability of the same OFETs was
accessed. The measured transfer curve and relative shifts of
the extracted threshold voltage (AVy,) over time (V, = =80V
for 300 min) are given in Figures S9 and 9b, which reveals that
the introduction of the insulating polymer in the blend
decreases the /\V,;, under continuous bias stress. Our result
can be also rationalized by the creation of a hydrophobic
PaMS layer between the semiconductor and the gate dielectric
reducing trap charge density at the semiconductor/dielectric
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interface.””*>*”~* Similar stability data have been shown for

other important semiconductor/polymer blends such as those
based on C8-BTBT®* and a DNTT-precursor.”’ However, our
blends offer a combination of a very high carrier mobility and
complementary advantages such as processing from a green
solvent, high thermal stability of the semiconductor, and low
processing temperature for the blend film, the latter being
needed for device fabrication of inexpensive plastic substrates.

CONCLUSION

In conclusion, we reported molecular semiconductor (1) and
the corresponding 1-insulating polymer blends and their
incorporation into OFETs. Solution-sheared films of 1 from
the environmentally friendly solvent (anisole) exhibit a carrier
mobility as high as 3.19 cm®* V™' s7! due to the highly coplanar
DSDTT core, extended 7-conjugation, and enhanced inter-
molecular cofacial 7—7 stacking. OFET's based on blend films
retain very substantial charge transport properties for as much
as 50% of insulating polymer content and exhibit a maximum
hole mobility of 2.44 cm® V™! s7. These devices also exhibit
greater storage and bias stress stability versus those based on
the pristine semiconductor film. The morphology/crystalline
structure of blend films were also investigated corroborating
nanoscopic vertical phase separation of 1/PaMS and the
presence of highly textured and connected semiconductor
phases for as little as 10% of semiconductor content. Overall,
our work contributes to the advancement of solution-
processed small molecule-insulating polymer blends from
environmentally acceptable solvents and the establishment of
the correlation between the stratified crystalline structure and
the electronic response of the corresponding OFETs.

METHODS

The synthetic details of organic semiconductors, materials, and
characterization were described in the Supporting Information. OFET
devices with bottom-gate top-contact (BGTC) configuration were
fabricated on SiO,/n-doped Si substrates (300 nm SiO, severing as
dielectric). The blend active layer was deposited on the PETS-
modified substrates by the solution-shearing technique with a
previously reported setup’"®” in ambient using a solution of
DDTT-DSDTT (1) and PaMS$ in anisole (3 mg mL™' total
concentration) prepared at different 1:PaMS weight ratios of 5:95,
10:90, 20:80. 50:50, 80:20, and 100:0. Afterward, the thin films were
thermally annealed under vacuum at 70 °C for 2 h. Finally, the 60 nm
Au source/drain electrodes were deposited by thermal evaporation
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using a shadow mask (channel length and width of 25 and 1500 ym,
respectively). Electrical measurements were performed using a
Keithley 4200-SCS semiconductor parameter analyzer in a glovebox.
The ambient and operational stability tests were performed under air
with high moisture (50—60%).
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