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Abstract

Semiconducting polymers based on diketopyrrolopyrrole have achieved high charge carrier

mobilities in field-effect transistors due to their strong intermolecular interactions, which lead
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to a high structural order that is beneficial for charge transport. One factor that influences the
degree of order in thin films is the choice of solubilizing side chains. In this study, we present
a new polymer, poly{3-([2,2"5',2"-terthiophen]-5-yl)-2,5-bis(6-dodecyloctadecyl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione-6,5"-diyl}, which has extended side chains and side-
chain branching points that were moved further away from the polymer backbone. Bottom-
gate, top-contact field-effect transistors from solution sheared films of this material show
average saturation hole mobilities of close to 1 cm?Vs which is higher than in devices of a
commonly used version of this polymer with shorter side chains. The increase in mobility is
attributed to an improved structural order in the thin-film state and a decrease in 11-11 stacking
distance. The fabricated devices show very good air-stability without significant degradation in

performance after more than one year storage under ambient conditions.

Introduction

Donor-acceptor copolymers based on the electron-accepting diketopyrrolopyrrole (DPP) in
combination with electron-donating moieties, most commonly thiophene, have been the
subject of extended research for organic field-effect transistors (OFETSs),’" solar cells
(OPVs)® 1! and photodetectors (OPDs)'213 in the last few years. Their propensity to form strong
intermolecular interactions and a high degree of chain coplanarity, often resulting in a high
structural order and densely packed thin films, makes them an interesting material for organic
electronics.>** OFETs based on DPP in particular have garnered great interest for achieving
charge carrier mobilities which are amongst the highest for polymer semiconductors, with
values of up to 13 cm?/Vs depending on the composition of donor and acceptor groups of the

polymers. 1671516

One way to further optimize the order and packing in the solid state for efficient charge
transport in OFETSs is the modification of the solubilizing side chains. Lee et al. investigated
the influence of the alkyl chain length (2-octyldodecyl vs. 2-hexyldecyl) on the transistor

performance of two DPP-based polymers.!’” The difference in the molecular structure was the
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electron-donating group either being terthiophene or thiophene-thieno[3,2-b]thiophene-
thiophene. For both polymers they observed the same trend: by extending the alkyl chains, the
structural order in the films increased, resulting in higher charge carrier mobilities. The same
trend has also been observed for copolymers consisting of DPP as electron-accepting moiety
and a -extended thiophene unit [(E)-2-(2-(thiophen-2-yl)vinyl)thiophene] as electron-donating
group. The polymer with the longer side chains, 2-decyltetradecyl in comparison to 2-

octyldodecyl achieved higher carrier mobilities due to a smaller -1 stacking distance.*®

Besides the length of the alkyl chains, the position of the branching point has also an influence
on the film structure and packing. Karpov et al. have shown that by extending the solubilizing
side chains and moving the branching point further away from the backbone (6™ carbon instead
of 2" carbon) of a copolymer consisting of DPP and thienothiophene-thiophene, the
crystallinity and molecular packing is improved resulting in a higher charge carrier mobility in

field-effect transistors.!®

Here, we present a new DPP-based polymer poly{3-([2,2".5',2"-terthiophen]-5-yl)-2,5-bis(6-
dodecyloctadecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione-6,5"-diyl} (P(DPP6EDOT2-T))
with solubilizing side chains that have been extended and a branching point that has been
moved further away from the backbone in comparison to the previously reported poly{3-
([2,2":5',2"-terthiophen]-5-yl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione-6,5"-diyl} [P(DPP20DT2-T)].141720-22 Depending on the device architecture and the
utilized fabrication process, OFETs with P(DPP20DT2-T) have shown hole mobilities in the
range of 0.04 — 2.4 cm?/Vs. Here, we prepared bottom-gate top-contact field-effect transistors
with both polymers utilizing solution shearing as deposition technique. This processing
technique has been shown to achieve much higher charge carrier mobilities for some small
molecule semiconductors than devices fabricated by spin coating, which has been attributed
to the method’s ability to tune the film morphology and to stabilize polymorphs that are
favorable for charge transport.2>-?° In recent years, researchers have also begun to apply

solution shearing to semiconducting polymers and achieved an improved transistor
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performance based on changes in the film microstructure and a possible alignment of the

polymer chains.?6-28

In this work, devices, which were fabricated using the polymer with the extended side chains
showed more than three times higher saturation hole mobilities (Msatavg = 0.7 cm?/Vs) than the
ones with the standard side chains (Usatmax = 0.2 cm?/Vs). We attribute this increase in mobility
to a more preferential packing of the polymer (decreased 1r-11 stacking distance and higher
relative fraction of crystalline domains) as evidenced by grazing incidence wide angle X-ray
scattering (GIWAXS). The devices also show a high degree of air stability, maintaining around

83% of the initial mobility after more than one-year storage under ambient conditions.

Results and discussion
Material synthesis and characterization

The two DPP-based semiconducting polymers investigated in this study, P(DPP20DT2-T) and
P(DPP6DOT2-T) (Fig. 1), were synthesized by palladium catalyzed Stille coupling
polycondensation using the respective co-monomers (Fig. S1) and literature procedures.*®
The number average molecular weight (M) and dispersity (b = Mw/Mp) of the copolymers were
analyzed by gel permeation chromatography (GPC) at 40 °C and high-temperature GPC (HT-
GPC) at 150 °C using chloroform and 1,2,4-trichlorobenzene as solvent, respectively (Table
1). While the molecular weights obtained by HT-GPC are comparable (M, = 16.8 kg/mol vs.
19.4 kg/mol for P(DPP20DT2-T) and P(DPP6DOT2-T), respectively), the ones derived from
GPC differ significantly (M, = 54.1 kg/mol vs. 160.5 kg/mol for P(DPP20DT2-T) and
P(DPP6DOT2-T), respectively). For both polymers, GPC curves revealed a bimodal molecular
weight distribution assigned to be caused by strong aggregation (Fig. S12). While HT-GPC
conditions were able to break up high molecular-weight aggregates in P(DPP20ODT2-T),
aggregation is still indicated for P(DPP6DOT2-T) by the formation of a shoulder in the HT-GPC

curve. This points to stronger aggregation and intermolecular interactions in P(DPP6DOT2-T),
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enabled by shifting the branching point in the side chains further away from the polymer

backbone.
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Fig. 1 Chemical structure of the two studied diketopyrrolopyrrole polymers and the different
silanes used as interfacial layers in bottom gate top contact field-effect devices.

Table 1 Physicochemical properties of P(DPP20ODT2-T) and P(DPP6DOT2-T).

GPC?2 HT-GPCP Eg Enomo ELumo
Mn [kg/mol] b Mn [kg/mol] b [eV]® [ev]d [eV]®
P(DPP20DT2-T) 54.1 4.1 16.8 2.3 1.34 -5.60 -4.26
P(DPP6DOT2-T) 160.5 24 19.4 2.5 1.31 -5.55 -4.24

a|n CHCIs at 40 °C. 2P Based on a calibration with PS standards. ° In 1,2,4-trichlorobenzene at 150 °C. ¢ Determined
using the onset wavelength of the absorption edge in thin-film UV-Vis spectra. d calculated by Enomo = -
(5.09 + Eonset,ox vs. Feire+) [€V]. € ELumo = Eg + Eromo.

The thermal properties were investigated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). P(DPP6DOT2-T) and P(DPP20ODT2-T) showed good thermal

stability with decomposition temperatures of 416 °C and 407 °C, respectively (Fig. S2). In DSC

measurements, P(DPP6DOT2-T) and P(DPP20DT2-T) demonstrated an endothermic phase
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transition during the heating scan at a peak temperature of 349 °C and 270 °C, respectively,
which was assigned to the melting of the polymer backbone (Fig. S3). An exothermic phase
transition during the cooling scan was observed at a peak temperature of 346 °C and 263 °C,
respectively, indicating the crystallization of the polymer backbone (Fig. S3). The large
difference in melting and crystallization peak temperatures between the two polymers (AT =
79 K and 83 K, respectively) cannot be solely explained by the increase in mass of the
repeating unit and, thus, points to stronger intermolecular interactions in P(DPP6DOT2-T).
More detailed information can be found in the supporting information section on the thermal
properties of the polymers (Table S3, Fig. S4 and S5). The optoelectronic properties of the
copolymer thin films were studied by UV-Vis absorption spectroscopy and cyclic voltammetry
(CV). The UV-Vis spectra present two spectral features, a high-energy 1-1* transition band at
~413 nm and a low-energy intramolecular charge-transfer (CT) transition band at ~842 nm and
~828 nm for P(DPP6DOT2-T) and P(DPP20DT2-T), respectively (Fig. S6). In addition, both
spectra show a shoulder of the CT band to higher energies at ~770 nm. Besides the shift of
the absorption maximum by +14 nm in P(DPP6DOT2-T) thin-films, the CT transition band is
also slightly expanded to higher and lower energies, representing a wider variety of optical
transitions possibly caused by enhanced intermolecular interactions. The optical band gap
energies were determined from the onset wavelength of the absorption edge and are almost
not affected by the different side-chain architectures (Table 1 and S1). In CV scans, an
irreversible oxidation was observed for P(DPP6DOT2-T) and P(DPP20DT2-T) as can be seen
in Fig. S7. From the onset potential of the oxidation the energy of the highest occupied
molecular orbital (HOMO) of -5.55 eV and -5.60 eV was determined, respectively (Table 1).
By taking the optical gap energies into account, the respective energy of the lowest occupied
molecular orbital (LUMO) was calculated to -4.24 eV for P(DPP6DOT2-T) and -4.26 eV for
P(DPP20DT2-T). Thus, the structural side-chain modifications resulted in only minor changes

of the optoelectronic properties.

Solution sheared devices with different SAMs
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The electronic properties of the new polymer were evaluated in bottom-gate, top-contact field-
effect transistors (Fig. 2a). To achieve an optimized device performance, we compared
different self-assembled monolayers (SAMs) that are commonly used to chemically modify the
SiO, dielectric in OFETs.2?® The chemical structures of the SAMs, namely
phenyltrimethoxysilane (PTMS), octyltrimethoxysilane (OTMS), and octadecyltrimethoxysilane
(ODTMS) are shown in Fig. 1. Films of P(DPP6DOT2-T) were then deposited on top of the
SAM-treated substrates by solution shearing (Fig. 2b) using different shearing speeds. The
maximum attainable shearing speed was found to be limited by the wetting behavior of the
semiconductor solution on top of the hydrophobic ODTMS — in our case 0.5 mm/s. For the
tested range of speeds from 0.1 — 0.5 mm/s, a clear trend for all the various SAMs was
observed with mobility decreasing with increasing speed (Fig. S8). If not stated otherwise, a
shearing speed of 0.1 mm/s has therefore been used for all samples in the following

experiments.

spin direction coating direction

Fig. 2 a) Device architecture of the bottom-gate top-contact field-effect transistors. Schematic
of b) the spin coating process and c) the solution shearing process.
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The devices prepared without SAM or with SAMs of PTMS and OTMS all show similar
transistor characteristics. Only the devices with ODTMS SAMs exhibit significantly different
device characteristics. Fig. 3a shows the transfer characteristics of representative devices with
the different SAMs and clearly demonstrates that the ODTMS devices have an increased on-
and off-current as well as a Vo, that is strongly shifted towards more positive voltages. When
plotting 142 for extracting the threshold voltage and saturation charge carrier mobility, we
observe a non-linear slope or “kink” in the curve (Fig. 3b), meaning the extracted mobility
values depend on the applied gate voltage as illustrated in Fig. S9. This effect has been
intensely discussed in the recent literature®*34 because of the potential overestimation of
charge carrier mobilities in the past in many publications. The current consensus is that the
origin of this effect is a gate voltage-dependent contact resistance, caused by non-ohmic
injection from the electrode into the semiconductor. The recent discussions about this potential
overestimation of the carrier mobility in devices with non-ideal transfer characteristics is slowly

leading to a more careful and conservative way of reporting mobility values.

1 b 0.031
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Fig. 3 a) Transfer characteristics of typical field-effect transistors prepared either by spin
coating or solution shearing with different surface modifications (Vgs = -80 V). b) Square root
plot of the transfer characteristics (Vas = -80 V) used for calculating the saturation mobility. The
black lines indicate the different gate voltage dependent mobility regimes. psamax represents
the mobility at gate voltages close to the threshold voltage, psatmin represents the mobility at
high gate voltages and satavg the averaged mobility between the threshold voltage and the
maximum applied gate voltage.

In our work, we will report both the maximum saturation mobility (Usa,max) €Xtracted from the

slope close to the threshold voltage and the minimum saturation mobility (Usa,min) @t high gate
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voltages as shown in Fig. 3b. This approach has been recently adopted by other research
groups as well.*>-%" Additionally, we will also calculate the average saturation mobility (Usatavg),
which is the mobility value based on the average slope in the 142 plot between the threshold
voltage and the maximum applied gate voltage. We believe this to be the most transparent
way of reporting effective mobility values, which can be compared to other reports in the
literature. It is also important to remember that these field-effect mobilities from devices might
not represent the materials intrinsic mobility. The transistor parameters of the different solution
sheared devices and reference transistors with a spin coated semiconductor layer are
summarized in Table 2. There it can be seen that for the devices prepared on the ODTMS
treated SiO; the difference between Usatmax and Usamin IS the most pronounced (Usatmax = 1.1
cm?/Vs and psamin = 0.3 cm?/Vs). For the devices on other SAMs or untreated SiO; the
difference between the two mobility regimes is smaller but the overall mobility values are also
lower. We also observe a more than 50 V shift of the threshold voltage to more positive
voltages for the ODTMS-based transistors. This effect has been investigated in the literature
before and is often attributed to the introduction of additional charge carriers in the

semiconductor due to the molecular dipoles of the ODTMS.383°

Table 2 Parameters of the different P(DPP6DOT2-T) field-effect transistors prepared by either
spin coating or solution shearing with various silane-based SAMs.

Process Spin coating Solution shearing

Surface SiO, SiO, ODTMS OTMS PTMS
Vv, IV -3+3 22+2 20+2 31+5 -31+5
Moot avg 0.02 + 0.003 0.09 + 0.03 0.57 +0.04 0.17 + 0.09 0.10 + 0.05
[cm2/Vs]

et min 0.01 + 0.002 0.05+0.01 0.32+0.01 0.12 +0.05 0.07 £ 0.02
[cm2/Vs]

Mat mas 0.02 + 0.004 0.13+0.05 1.06 £ 0.06 0.22+0.12 0.12 +0.07
[cm2/Vs]

1/ 4 6 6 5 4 7 7 7 7
on' off 3x10% + 2x10 2x10 *1x10 2x10 £ 7x10 4x10 *4x10 6x10 *5x10
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Msatavg are the average saturation mobilities between the threshold voltage and the maximum applied
gate voltage. Usa,min are the saturation mobilities at high gate voltages (between -60 and -80 V) and
Msat,max are the ones close to the threshold voltage (between Vi, and Vi, — 20 V). See Figure 3b for better
understanding. All numbers are averages and standard deviations of at least six devices measured in
forward direction.

For a better understanding of the differences in charge carrier mobility between devices having
an ODTMS SAM and devices without SAM treatment we performed charge modulation
spectroscopy (CMS)*-#2 on the different semiconductor fiims. CMS allows the polaron
absorption of semiconductors in metal-insulator-semiconductor (MIS) devices to be directly
measured by modulating the field-induced charges under operating conditions that are
comparable to OFETSs. This is done through modulation of the gate voltage in the MIS device,
which controls the charge density at the dielectric/semiconductor interface. By measuring in-
situ the changes in the transmission spectra of the MIS devices at different applied gate
voltages (e.g. in accumulation and depletion), the change in absorption (AT/T) solely due to
polarons present in the device can be extracted, assuming hopping transport of carriers
between localized states due to the strong electron-phonon coupling in organic
semiconductors.*® As a result, the CMS measurement captures information about the degree

of delocalization of the charges directly involved in charge transport in OFETs.444°

Fig. 4 shows the charge modulation spectra of solution sheared P(DPP6DOT2-T) on SiO; with
and without ODTMS SAM. From the spectra it can be seen that the overall polaron absorption
intensity of the film with ODTMS SAM is significantly higher than of the one without it. This
suggests a higher degree of polaron delocalization,* most likely due to an increase in local
chain ordering resulting in a higher charge carrier mobility, as observed in this work. This
finding is in good agreement with CMS measurements of spin-coated poly(3-hexylthiophen-
2,5-diyl) (P3HT) films, where the use of an octadecyltrichlorosilane SAM led to an increase in
polaron size by more than a factor of two.*® Chew et al. attributed this increase in polaron
delocalization and consequently charge carrier mobility to an improved polaron coherence
originating from a reduced energetic and conformational disorder at the SAM/P3HT interface

and not just an increased degree of crystallinity. For a quantitative analysis of the charge
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modulation spectra of P(DPP6DOT2-T), including the calculation of polaron coherence
lengths, a complete theoretical model similar to the one that has been derived for P3HT is

necessary, and currently under development.

Energy (eV)
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Fig. 4 Charge modulation spectra of solution sheared P(DPP6DOT2-T) prepared on
substrates with (black) and without (gray) ODTMS SAM.

Influence of the solubilizing side chain structure on film structure and transistor performance

After finding the optimized fabrication conditions (ODTMS SAM and shearing speed of 0.1
mm/s) for devices with solution sheared P(DPP6DOT2-T), we prepared transistors with
P(DPP20DT2-T) under the same conditions to directly compare what influence the changes
to the side chains have on the electrical performance. The transfer characteristics of typical
devices with the two polymers are shown in Fig. 5. Both semiconductors have a similar
threshold voltage but P(DPP6DOT2-T) exhibits much higher on-currents and therefore a
higher mobility (Usatavg = 0.7 cm?/Vs compared to 0.2 cm?/Vs). The mobility values for the
P(DPP20ODT2-T) devices are of the same order of magnitude to what was reported in the
literature for devices prepared by spin coating with either bottom- or top-gate architecture,
although the previously mentioned uncertainty in reported mobility values needs to be

considered.**247 The transistor parameters are summarized in Table 3 and show that the
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extension of the side chains led to an increase in saturation mobility by a factor of around 3,

independently of what gate voltage range is used for the extraction of the mobility values.

0.03
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v
t\._ 0.02
% i od Ll
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Fig. 5 Comparison of the transfer characteristics of solution sheared P(DPP6DOT2-T) and
P(DPP20DT2-T) transistors with identical device geometry and processing conditions. It can
be seen that P(DPP6DOT2-T), the polymer with the extended side chains shows an improved
mobility.

Table 3 Comparison of the parameters of transistors with solution sheared films of
P(DPP6DOT2-T) and P(DPP20ODT2-T) using ODTMS.

Polymer P(DPP6DOT2-T) P(DPP20DT2-T)
V,, [V] 8+8 11+8
Hsat avg [CMZ/VS]? 0.7+0.15 0.2 +0.03
Mgat min [CM/VS]° 0.3+0.05 0.1 +0.01
Meat max [CM*/Vs]° 1.7 £0.77 0.5+0.12
rsat® 0.97 +0.07 0.99 + 0.06
Wsateff [cm2/Vs]® 0.7 £0.17 0.2 +0.04
oo/ lor 1x10° £ 9x10°  2x10" & 1x10"

All numbers are averages and standard deviations of at least six devices measured in forward direction.
2 Usatavg are the average saturation mobilities between the threshold voltage and the maximum applied
gate voltage. P Usatmin are the saturation mobilities at high gate voltages (between -60 and -80 V). € psat,max
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are the ones close to the threshold voltage (between Vi and Vin — 20 V). 9 rs4 are the reliability factors
and © Psaterf the effective mobilities (Usateff = I'sat® Usatavg) SUggested by Choi et al.32

In order to understand the reasons behind the improved device performance of P(DPP6DOT2-
T), we investigated the film structure by grazing incidence wide angle X-ray scattering
(GIWAXS). Fig. 6a shows the 2D diffraction images of solution sheared films of P(DPP6DOT2-
T) and P(DPP20DT2-T) on ODTMS treated SiO,. Both polymers produce multiple orders of
lamellar stacking reflections and a distinct out-of-plane -1 stacking peak with P(DPP6DOT2-
T) having stronger signals for comparable samples. The in-plane cuts (Fig. 6¢) reveal that the
extension of the side chains led to a decrease of the in-plane -1 stacking distance from 3.66
A to 3.61 A. By reducing the distance between cofacially oriented polymer backbones the
overlap of the molecular HOMO orbitals (which are typically concentrated on the polymer
backbone*®49) is increased, which has been shown to result in an improved charge transport
between adjacent molecules.?®**° The summary of the in-plane and out-of-plane -1 stacking
and alkyl distances is schematically depicted in Fig. 6b and shows slight variations of the
spacings in the different directions. From the in-plane and out-of-plane 1D plots (Fig. 6¢) it can
also be seen that not only the -1 stacking peak position is shifted for P(DPP6DOT2-T)
compared to P(DPP20DT2-T) but also that the peak is more pronounced. This indicates a
larger number of domains with a larger crystalline coherence with both face-on and edge-on
orientation. This overall increase in crystallinity due to the extension of the side chains is in
good agreement with previous reports on spin coated blends of DPP-based polymers with
fullerene.* We therefore believe that both the reduced m-m stacking distance and the
increased structural order in the films, most likely due to the higher propensity for aggregation
in solution as has already been seen from the gel permeation chromatography, are the reasons

for the improved charge transport in the transistors.
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Fig. 6 a) GIWAXS 2D images of P(DPP6DOT2-T) and P(DPP20DT2-T). b) Schematics of the
packing regimes (top: edge-on, bottom: face-on) in the solution sheared films including the
various 1-11 and alkyl spacings. P(DPP6DOT2-T) shows a reduced 1-17 stacking distance and
increased alkyl spacing in edge-on and face-on orientation compared to P(DPP20DT2-T). c)
1D scattering plots for in-plane (Qxy) and out-of-plane (Q;) directions for the two polymers. The
dashed lines indicate the position of the -1 stacking peaks.

Stability of field-effect transistors

We also investigated the stability of the optimized P(DPP6DOT2-T) devices fabricated using
the ODTMS SAM. The devices were characterized immediately after fabrication, subsequently
stored under ambient conditions in the dark and re-measured after 4, 16, and 58 weeks (Table
S2). Over this period, only a small decrease in on-current occurred as evident from the transfer
characteristics (Fig. 7a). Furthermore, a reduction of the “kink” in the 142 curves can be seen.
This can be shown even more clearly when psatavg, Hsatmax @nd Hsatmin are plotted over time
(Fig. 7b). The graph shows that the difference between sa,max and Wsamin IS reduced over time.
We attribute this effect to a decrease in contact resistance over time as has been reported for
other organic semiconductors in the literature.3°2 The transistor parameters are summarized
in Table S2 and it can be seen that the average saturation mobility only decreased from 0.6

cm?/Vs to 0.5 cm?/Vs (reduction by 17%) after 58 weeks storage under ambient conditions,
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which is a promising starting point for potential long-term stability important for device
applications. Additionally, we observed an increase in off-current with storage time leading to
a decrease in the on/off ratio. This behavior together with the reduction in subthreshold slope
indicates that there is a doping effect over time, for example by oxygen, creating charge
carriers in the semiconductor as has been observed previously for organic semiconductors.>3%
Recently, it has been shown that this effect can be mitigated by the addition of molecular
dopants (e.g. cyanocarbons or aminosilanes), either during the film formation® or after the
fabrication,®® potentially allowing to recover Von and the subthreshold slope, which will be

investigated in future work.

0.04 2 25
Hsat,avg
- IJsat,min
® * Msat,max 20
410,03 1.5 1
‘ + ¢ Vip
@ .
= >
M < l . 155
002—= E 1 g
8 1=
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09k = After 2 weeks L H .
1 P : * After 16 weeks
:_ P « After 58 weeks
1e-10- g : 0 0 . : ; -0
%0 20 0 -30 -4 <0 80 0 100 200 300 400
Va[V] time [days]

Fig. 7 a) Transfer characteristics of solution sheared P(DPP6DOT2-T) transistors measured
directly after fabrication and after 2, 16 and 58 weeks storage under ambient condition. b)
Saturation mobility and threshold voltage of P(DPP6DOT2-T) transistors stored in ambient
conditions measured at different times after fabrication. It can be seen that the devices are
reasonably stable over more than one year of storage. The lines act as guide for the eye.

Conclusion

In summary, we have introduced a new DPP-based polymer P(DPP6DOT2-T) with extended
solubilizing side chains and branching points further away from the polymer backbone. Bottom-
gate top-contact field-effect transistors with the solution sheared polymer exhibit average
saturation mobilities between 0.1 — 0.8 cm?/Vs depending on the shearing speed and the used

surface-modifying SAM. By applying charge modulation spectroscopy, we were able to show
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that the increased mobility for devices with ODTMS SAM can be attributed to a higher degree

of polaron delocalization in the films.

The optimized OFETSs using the polymer with the extended side chains and the ODTMS SAM
achieved average saturation mobilities of up to 1 cm?/Vs. This is an improvement by more than
a factor of three compared to the reference devices with the polymer having the standard
octyldodecyl side chains. The improved charge transport in P(DPP6DOT2-T) has been
attributed to a more beneficial molecular packing in the solution sheared films due to the
extended side chains. From GIWAXS we determined that the extension of the side chains
produces films in which the 1-11 stacking distance between neighboring chains is reduced and
the relative fraction of crystalline domains is increased. Both these effects likely contribute to
the improvement in charge carrier transport. Finally, we showed that the devices exhibit a very
promising stability under ambient conditions with only minor degradation in mobility and

threshold voltage over a time span of more than a year.

Methods
Materials

All chemicals, solvents and the different silanes used as self-assembled monolayers,
octadecyltrimethoxysilane (ODTMS), octyltrimethoxysilane (OTMS), and
phenyltrimethoxysilane (PTMS), were purchased from Sigma Aldrich and used as received.
The monomers 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(6-dodecyloctadecyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (DPP6DOT2Br2) and DPP20ODT2Br2 (Fig. S1) were synthesized

based on the procedures reported in the literature. 141951
Polymer synthesis

Under nitrogen atmosphere, DPP6DOT2Br2 (568 mg, 0.437 mmol, 1.0 eq.), 2,5-
bis(trimethylstannyl)thiophene (179 mg, 0.437 mmol, 1.0 eq.), tris(dibenzylideneacetone)
dipalladium(0) (8.0 mg, 8.73 umol, 0.02 eq.) and tri(o-tolyl)phosphine (10.6 mg, 34.94 umol,

0.08 eq.) were dissolved in anhydrous chlorobenzene and heated up to 130 °C under vigorous
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stirring. After 16 h at 130 °C, the reaction mixture was allowed to cool down and hydrogen
chloride methanol solution (3.4 ml, 1.25 M) was added. After stirring for 4.5 h, the reaction
mixture was poured into methanol, solids were collected by filtration and subsequently purified
by Soxhlet extraction using methanol, acetone and hexane. The remaining polymer material
was dissolved by dichloromethane, precipitated into methanol, isolated by filtration and dried
in vacuum at 40 °C overnight. A dark solid was obtained (510 mg, 96 %). *H NMR (C2D.Cl4,
393 K, 500 MHz) ¢ [ppm] = 8.82 (br. s.), 7.20 (br. s.), 4.12 (br. s.), 1.75 - 1.10 (br. s.), 0.94 (br.
s.) (Fig. S10). HT-GPC (1,2,4-TCB, 150 °C): My = 19.4 kg/mol, My, = 49.2 kg/mol, B = 2.54.

GPC (CHClIs, 40 °C): M, = 160.5 kg/mol, My = 378.4 kg/mol, B = 2.36 (Fig. S11 and S12).
Instrumentation

Proton *H and carbon **C nuclear magnetic resonance (NMR) spectra were recorded at 500.13
MHz and 125.75 MHz, respectively, using a Bruker Avance Ill 500 spectrometer and the
specified solvents. The NMR spectra were referenced to the residual non-deuterated solvent

signals of chloroform-d (CDCls: 8(*H) = 7.26 ppm, 8(**C) = 77.16 ppm) or tetrachloroethane-d,
(C2D2Cls: (*H) = 5.98 ppm, 3(*3C) = 73.37 ppm). Abbreviations were used for *H NMR spectra

data as listed: br. s. - broad signal.

For gel permeation chromatography (GPC) a PL-GPC 50 Plus (Polymer Laboratories, USA)
normal-temperature size exclusion chromatograph was used comprising an UV/Vis and
refractive index detector and a three-column system (pre-column ResiPore and first/second
main column Resipore/PLgel 5um Mixed-C). Measurements were performed using chloroform
as eluent at 40 °C and at 1 ml/min flow rate. Sample solutions (c = 2 mg/ml) were filtered
through PTFE filter (0.2 ym pore size) before the injection. Number average-molecular weights
(Mn) and dispersities (B = Muw/M,) were calculated based on calibration with polystyrene

standards (Polymer Standards Service (PSS), Germany).

High-temperature GPC (HT-GPC) measurements were carried out on a PL-GPC 220 (Polymer

Laboratories, USA) with two MIXED-B-LS columns and 1,2,4-trichlorobenzene (TCB) as eluent
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at 150 °C and at 1 ml/min flow rate. Samples (2.5-3.0 mg/ml) were stirred at 150 °C for 7 h,

then kept at 80 °C and heated up to 150 °C for 2 h prior to each measurement.

Thermogravimetric analysis (TGA) was conducted on a TA Instruments Q5000 applying a
nitrogen gas flow and a heating rate of 10 K/min. The decomposition temperature Tq was

determined at 5 % weight loss.

Differential scanning calorimetry (DSC) was performed on a TA Instruments Q1000 at a scan

rate of 10 K/min under nitrogen atmosphere (Fig. S3).

Cyclic voltammetry (CV) was conducted using a three-electrode setup comprising a non-
aqueous Ag/Ag+ reference electrode, a platinum wire as auxiliary electrode and a platinum
disc working electrode on which a thin film of the polymer sample was freshly deposited prior
to each measurement. Deoxygenated, anhydrous acetonitrile was used as solvent and tetra-
n-butylammonium hexafluorophosphate (0.1 M) as electrolyte. Voltammograms were recorded
at 50 mV/s and externally referenced to the signal of the ferrocene/ferrocenium redox couple.
The energy of the highest occupied molecular orbital (HOMO) was calculated according to the
equation Exomo = - (5.09 + Eonsetox vs. Ferre+) [€V].1%°7 The energy of the lowest unoccupied
molecular orbital (LUMO) was calculated considering the band gap energy (Eg) estimated from

thin-film UV/Vis absorption spectra: E umo = Exomo + Eg.

UV/Vis spectroscopy was carried out using a Specord 210 Plus (Analytik Jena, Germany) at a

scan rate of 20 nm/s. Thin polymer film samples were fabricated on glass slides by drop casting

from chloroform (c ~ 1 mg/ml). The energy of the band gap was calculated using the onset
bs

absorption wavelength 1%.3,; determined from the absorption edge to high wavelengths and

the following equation.

h-c
E:T - Eg"’ 2abs [eV]

onset

Device fabrication and characterization

Highly n-doped silicon wafers with 300 nm wet grown oxide (Active Business Company GmbH)

were used as substrates for the OFETs. The substrates were cleaned by sequential sonication
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for 10 min each in detergent, de-ionized water, acetone, and 2-propanol. After the cleaning,
the substrates were blown dry by nitrogen. The different silane SAMs were deposited based
on the protocol reported by Ito et al.®® Solutions with 3 mM of ODTMS, OTMS, and PTMS in
trichloroethylene were dispensed onto the cleaned substrates after they have been exposed
to a UV-ozone plasma for 10 min. The solution was allowed to partially assemble for 10 s on
the wafer before spin coating for 30 s at 3000 rpm. After the spin coating the substrates were
stored in a vacuum desiccator together with a small amount (approximately 1 mL) of
ammonium hydroxide (~30% in water) in a vial for 15 h. The substrates were then sonicated

and rinsed with toluene before being blown dry with nitrogen.

P(DPP6DOT2-T) and P(DPP20ODT2-T) were dissolved in chlorobenzene at 8 mg/mL and
stirred on a hot plate for 2 h at 40 °C. After dissolving the solutions were filtered through a 0.2
pm PTFE filter. Films of the polymers on the various substrates were then fabricated using a
solution shearing setup.?® The setup consists of a heated substrate plate and a moving blade.
For the blade a silicon wafer piece with a hydrophobic ODTMS SAM was used. The angle
between blade and substrate was 8° and the blade-substrate gap was 100 um. The substrate
was heated to 60 °C and the films were coated at speeds between 0.1 and 0.5 mm/s. To finish
the devices, 50 nm gold source-drain gold electrodes were defined by thermal evaporation in

vacuum. The deposition rate was around 1.5 A/s at a chamber pressure of ~107 mbar.

The transistor characteristics were acquired with a Cascade Microtech MPS150 probe station
and a Keysight B1500A Semiconductor Device Analyzer with three high resolution source
monitor units. All fabrication and characterization steps were performed under ambient

conditions.
Charge modulation spectroscopy

Lightly doped Silicon substrates with a 150 nm SiO; dielectric layer were used as the CMS
substrates. The cleaning and treatment with the ODTMS SAM of the substrates was performed
in the same way as for the OFET devices followed by the solution shearing of the

P(DPP6DOT2-T) with the optimized coating conditions. To complete the CMS device, 15 nm
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thick gold electrodes were deposited in a nitrogen glove-box using a thermal evaporator. The
samples were then individually loaded into a home-built nitrogen sample chamber with KBr
windows to prevent oxygen degradation while maintaining IR transmissivity during the CMS

measurements.

CMS measurements were carried out as described previously*® using a home-built FT-IR
system by alternately biasing the samples at Vg = -10 V and -30 V. Since DPP-based
copolymers are expected to be ambipolar, these gate voltages (Vg) were chosen to ensure
that only mobile holes would be induced by field-effect and studied in our samples over the
course of the entire measurement. The resulting differential infra-red spectrum (AT/T) in
transmission, averaged more than 2,000 times, was measured using a Nicolet iS50 FT-IR in

conjunction with a Keithley 2400 to give the spectra.
GIWAXS measurements

Samples for grazing incidence wide angle X-ray scattering were prepared on highly n-doped
silicon wafers. The substrates were cleaned in the same way as for the devices and the films
were prepared with identical processing conditions. All the measurements were performed at
the SAXS beamline at Elettra in Trieste, Italy. The detector was a Dectris Pilatus 1M and the
photon beam energy was 8 keV. The sample-detector distance and the beam center were
determined by a silver behenate scattering standard. The grazing incidence angle for all
measurements was 0.153° and the samples were exposed to the beam for 600 s. The

scattering data was analyzed with WxDiff.>°
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