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Solution-processed, organic electronics have received remarkable attention over the past two
decades due to the exclusive capabilities that they offer in comparison to mainstream inorganic
semiconductor technologies.!!! 2! The desire for roll-to-roll printed, transparent, flexible
electronics with greater economic viability has driven extensive research in the field, leading to
substantial advances in the electronic properties of organic materials. These developments are
illustrated by the overall rise in charge carrier mobilities — a crucial figure of merit — in organic
thin-film transistors (OTFTs).I!! B ¥ Qver the past few years, this evolution has not only
allowed organics to outperform dominant inorganic technologies such as amorphous silicon (a-
Si), but it has excelled to the point that solution-processed organic transistors have now

surpassed the benchmark mobility of 10 cm?/ Vs, moving OTFTs into the realm of industrial

applications.!5! 161 71 (8191 (101 (111112]

Organic semiconducting blends consisting of a small molecule and a polymer —
renowned for their complexity as well as their advantageous electronic qualities — provide one
of the most auspicious systems for realising the application of OTFTs in future electronic
technologies. 1311141 Small molecules are well-known for their high charge carrier mobilities
due to their high crystallinity, however they are difficult to process from a solution-phase.!'”!
[16] 171 polymers, on the other hand, offer superior solution-processing qualities and produce
uniform thin-films, but they are generally characterised by lower charge carrier mobility
values.!!”! [181 Blending small molecules with polymers has been shown to combine the high
electrical performance traditionally associated with the small molecule with the superior film-
forming attributes of the polymer, leading to semiconducting systems that combine the best of
both worlds.!!31 141 1191 The 1 generation blend was introduced in 2009 by Hamilton et al when
they blended the small-molecule 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene
(diF-TES ADT) with the semiconducting polymer poly(triarylamine) (PTAA), resulting in

OFETs with mobilities of 2.4 cm?/Vs.["*! The excellent performance of the diF-TES
2
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ADT:PTAA blend is attributed to the vertical phase separation of the two material components
that results in a layer of high mobility polycrystalline small-molecule on top of a layer of
polymer that acts as a binder.! *! [ 201 This unique microstructure has been shown to reduce
the energetic disorder in the transistor channel through the formation of conductive grain
boundaries [2!! that appear to mediate charge transport between polycrystalline domains. ['*! In
2012, the development of the 2™ generation blend by Smith et al further demonstrated that the
choice of polymer binder in the blend is of critical importance, with factors such as electronic
energy levels and intrinsic polymer charge carrier mobility values being conducive in attaining
organic transistors with very high charge carrier mobilities (>5 cm?/Vs).['*! However, one
interesting question that still remains is whether the charge carrier mobility of the blend system
can be further increased to levels comparable to state-of-the-art OTFTs.[5! [71 PTHUT2T §ych an
advancement would impact the field of printed electronics by enabling the realisation of
inexpensive, high-performance organic microelectronics that can be manufactured using

scalable processing techniques.

Here, we report the development of 3™ generation hole-transporting organic blend
semiconductors and their application in high mobility OTFTs. The small-molecule 2,7-
dioctyl[1]benzothieno[3,2-b][1]benzothiophene (Cs-BTBT) [Figure 1(a)] was chosen due to
its high solubility in various organic solvents as well as its ability to form large intermolecular
overlaps arising from well-ordered molecular arrays, which under certain circumstances can
lead to exceptionally high hole mobilities.!” " [22I A5 the complementary polymer binder we
selected the indacenodithiophene-benzothiadiazole (CisIDT-BT) [Figure 1(a)] primarily due
to its good solubility, high hole mobility (3.6 cm?/Vs)?3! 241 [251 and comparable highest
occupied molecular orbital (HOMO) energy level to that of the Cs-BTBT [Figure 1(b)].2%! [27]
Using this unique combination of materials we have demonstrated solution-processed OTFTs

with hole mobility values in excess of 13 cm?/Vs. Key to our success is the incorporation of a
3
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third molecular component, namely CeoFss?®! (2! which acts as both a p-dopant and an electron
scavenger. The use of solvent mixtures for dissolving the Cs-BTBT and C6IDT-BT was also
investigated and has been shown to have a remarkable influence on the resulting layer

morphology and overall transistor performance.

Top-gate bottom-contacts transistors [Figure 1(¢)] with channel lengths (L) in the range
of 30-100 um and a fixed channel width (W) of 1 mm, were fabricated using the Cs-
BTBT:Ci6IDT-BT (1:4 wt. ratio) blend deposited from a chlorobenzene (CB) solution (for
details see Experimental Section). Although a range of Cg-BTBT:CicIDT-BT compositional
ratios were investigated, devices based on 1:4 wt. ratio yield the highest performance for this
particular set of materials employed further details of which will be discussed later. Figure 1(d)
shows a representative set of transfer characteristics measured at two different drain voltages
(Vp). As-prepared OTFTs exhibit ambipolar transport behaviour with a prominent p-channel
character as well as high operating voltages and significant hysteresis. Although the former
property is attributed to the use of a thick Cytop layer (~900 nm) and its low dielectric constant
(~2.1), the origin of the hysteresis is unknown and is most likely attributed to significant
energetic disorder in the blend. Despite these nonidealities, the blend OTFTs exhibit an
improved maximum hole mobility value of ~4.7 cm?/Vs, compared to control devices made of
Cs-BTBT (~2.6 cm?/Vs) and CiIDT-BT (~3.1 cm?/Vs). This is a key observation that
demonstrates the potential of this particular blend, indicating that blending C16IDT-BT with Cs-
BTBT results in passivation of grain-boundaries and improved hole-transport between Cs-
BTBT rich regions, in an analogous manner to the 1*' and 2™ generation blend systems
discussed earlier.['*"!*] The subsequent inferior OTFT operating characteristics will not be
considered in detail here, however, we believe that the performance improves with lower ratios
of small-molecule to polymer as this encourages miscibility between the two materials leading

to an improved layer microstructure.
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There are a few potential reasons for the large operating hysteresis and high threshold
voltages (VTu) observed in Cs-BTBT:C6IDT-BT transistors. One possibility is the existence of
high energetic disorder due to the presence of deep trap states similar to those found in the 1%
generation blends.!?”! This energetic disorder may partially originate from the difference in the
HOMO energies of Cs-BTBT and CisIDT-BT (~100 meV) [Figure 1(b)] and/or from the
presence of microstructural defects;*! the presence of chemical impurities and the polymer
molecular weight distribution may also play a role.*®! Due to this energetic disorder, high gate
fields are required to fill the hole traps and eventually switch-on the channel current. However,
once the transistor enters saturation, it is able to sustain large channel currents which is

indicative of the blend’s high hole mobility.

To examine whether energetic disorder is indeed responsible for the observed operating
hysteresis, we have attempted to p-dope the Cg-BTBT:CicIDT-BT blend by introducing a
molecular dopant. In such ternary blend systems the dopant molecules are expected to accept
electrons from the semiconducting materials leaving behind positively charged holes. This
doping process can lead to the deactivation of hole traps that may contribute to the non-ideal
transport characteristics seen in Figure 1(d). To this end, recent work has shown that — under
certain circumstances — doping organic semiconductors can indeed yield OTFTs and integrated
circuits with improved operating characteristics.*!1 321 To assess the impact of doping, different
molecular dopants were investigated with the most promising being the fluorinated fullerene
derivative CgoFass [Figure 2(a)].l33 B4 1351 The attractive properties associated with CeoFas
include a large molecular size that is expected to reduce its diffusivity in the solid state and a
characteristically large electron affinity [Figure 2(b)]; because of these unique attributes,

CeoFss has been used successfully as p-dopant for numerous carbon-based materials.?%! 1361 137]

(38]
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Figure 2(c) shows representative measured transfer characteristics for a p-doped Cs-
BTBT:C6IDT-BT:CeoFas(1%) OTFT processed from CB. We investigated a range of dopant
molar weight (wt.) percentages (0.01%, 0.1%, 1%, 5% and 10%) and found that the addition of
1% CeoFss in the Cs-BTBT:Ci6IDT-BT blend has a profound impact on the transistors’
operating characteristics. Specifically, we observe a dramatic reduction in both the operating
hysteresis and Vtu of the device, both indicative of moderate p-doping. Increasing the CeoFas
to 5% and 10% results in large off-currents and reduced on/off ratios due to an increase in hole
concentration. Additionally, electron transport is fully supressed due to the presence of CeoFass
molecules that act as deep electron traps. The most important effect, however, is the significant
improvement in the hole field-effect mobility which now reaches values up to 7.8 cm?/Vs, with
an average value of 5.3 cm?/Vs calculated from 10 transistors fabricated on the same substrate.
These are amongst the highest hole mobilities reported to date for both solution processed Cs-
BTBT and Ci6IDT-BT based transistors and clearly highlight the technological potential of this

particular doped blend system.

In addition to p-doping, we have also explored the use of alternative solvents as a means
of improving the morphology and hence the long-range charge transport in the Cs-
BTBT:C16IDT-BT:CeoFa3(1%) blend. The choice of solvent is known to have a significant
influence on film formation and has been exploited extensively for crystal engineering!®! 140]
(411 a5 the solvent can impact the microstructure by effecting the thermodynamics of the solution,
crystallisation kinetics and also the interface structure of the formed crystals.*”! For these
reasons, a variety of solvents and solvent-blends have been explored previously in organic
electronics as a simple manufacturing approach to morphological and hence electrical

performance optimisation.[!>! 191 (4211431 [431 451 1461 Figure 2(d) shows the transfer characteristics

of a Cs-BTBT:Ci6IDT-BT:CeoFss(1%) blend OTFT processed from the higher boiling point
6
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(207 °C) solvent 1,2,3,4-tetrahydronaphthalene (tetralin). Although the devices exhibit
hysteresis-free and low Vrty operation, the hole transport is significantly hindered when

compared to devices processed from CB, with the hole mobility values ranging between 0.1

and 1.6 cm?/Vs.

We were able to significantly improve the performance and device-to-device parameter
distribution of the Cg-BTBT:C6IDT-BT:CeoFss blend OTFTs by using a solvent mixture
composed of tetralin and CB (tetralin:CB). As with the single solvent formulations, we
investigated both the impact of dopant concentration as well as the Cs-BTBT loading ratio.
Figure S2 shows the evolution of the work function (WF), obtained via Kelvin probe
measurements, and HOMO energy level, evaluated via atmospheric photoemission
spectroscopy, in the Cs-BTBT:C6IDT-BT blend as a function of CeoF4s concentration. In this
plot 0% molar wt. represents the energy levels of pristine Cs-BTBT:Ci6IDT-BT. Close
examination of the data reveals that incorporation of 1% molar wt. CeoFss leads to a drastic shift
in the WF by approximately -0.5 eV. The HOMO energy on the other hand remains unchanged
as would be expected. Increasing the CeoFss concentartion to 5% molar wt. reduces the WF
further by ~0.2 eV to -4.9 eV. These measurements provide direct evidence of p-doping of Cs-

BTBT:Ci6IDT-BT by CeoFas.

In Figure 3(a) we show a representative set of transfer characteristics measured for a
top-gate, bottom-contact Cs-BTBT:C16IDT-BT:CeoFas(1%) OTFT processed from tetralin:CB.
As with the previous solvent formulations, 1:1 volume ratio of Cs-BTBT:CisIDT-BT combined
with 1% CeoFag was found to yield best performing transistors (Figure S3). The maximum hole
mobility calculated in saturation from these devices was in excess of 13 cm?/Vs, with an average
value of 9.4 cm?/Vs taken over 16 devices. In Figure 3(b) we summarise the calculated hole

mobilities with the associated spreads and mean values obtained from Cg-BTBT:Ci6IDT-
7


http://onlinelibrary.wiley.com/doi/10.1002/adma.201601075/abstract

A. Paterson et al. Adv. Mater. 2016, DOI: 10.1002/adma.201601075

BT:CeoF43(1%) OTFTs processed from the three different solvent solutions. The use of
tetralin:CB as the solvent not only increases the hole mobility of the transistors compared to the
OTFTs processed from CB or tetralin, but also improves other device operating characteristics
such as the channel current on-off ratio (Ioxjorr > 10? ) and device-to-device parameter spread
[Figure 3(b)]. On the basis of these results we conclude that the addition of CeoFag (1%) as a p-
dopant combined with a tetralin:CB solvent blend results in OTFTs with significantly improved

performance characteristics.

To investigate the significant differences in device performance, we studied the
morphology of the various blend layers using polarized optical microscopy (POM), atomic
force microscopy (AFM) and scanning electron microscopy (SEM). In Figures 4(a-c) we show
the POM images of Cs-BTBT:Ci6IDT-BT:CeoF4s(1%) blend films processed from tetralin:CB,
CB and tetralin, where solvent-dependant morphologies are observed. This is not surprising, as
the solvent is known to play an important role on the crystallisation and phase separation of the
different components.[*! BV For example, films deposited from tetralin:CB [Figure 4(a)]
are characterised by long crystalline Cs-BTBT domains of random shapes. Films fabricated
from CB [Figure 4(b)], on the other hand, consist of more rounded, spherulite-like
polycrystalline domains closely resembling those seen in semiconducting blends composed of
2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TESADT) and
poly(triarylamine) (PTAA).I'3 Finally, films spin-cast from tetralin appear highly
discontinuous with high surface roughness [Figure 4(c)]. Scanning electron microscopy (SEM)
imaging [Figure S4] provides key clues on why the hole mobilities obtained from CB and
tetralin formulations are not as high as in devices processed from the tetralin:CB blend.
Specifically, the SEM images in Figure S4 show that the surface topography of pristine [Figure
S4(a)] and CeoFss (1%) doped [Figure S4(b)] blend films processed from tetralin:CB appear

continuous and very similar. On the contrary, layers processed from CB contain
8
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cracks/perforations [Figure S4(c)] most likely due to residual-solvent effects¥! while tetralin
layers exhibit strong phase separation. In the latter case, these non-ideal morphological features
are believed to be the reasons for the lower mobilities measured for OTFTs processed from CB

and tetralin solutions [Figure 3(b)].

The stark differences in the surface topography of the three layers are better illustrated
in the high-resolution AFM images in Figures 4(d-f) and in the statistical distributions of
surface heights and associated root mean square (RMS) surface roughness displayed in Figure
4(g). Close examination of Figure 4(g) reveals that blend films processed from tetralin:CB
exhibit significantly smoother surface topographies -manifested as narrow distribution of
heights and lower RMS values- when compared to films processed from CB and tetralin where
clear bi/multi-modal distributions (indicative of the presence of plateaus and valleys) are
evident. The prominent bimodal surface topography seen in layers processed from tetralin is
thought to be due to the high tetralin boiling point (207 °C) which allows Cs-BTBT to diffuse,
crystallise and phase separate from the higher viscosity polymer, forming the polycrystalline
domains seen in Figure 4(f) and in the SEM image of Figure S4(d). In contrast, the surface of
doped blend films processed from the lower boiling point CB (131°C) is characterised by what

appears to be a continuous polycrystalline layer of Cs-BTBT.

The improved microstructure seen in layers of Cg-BTBT:Ci6IDT-BT:CesoFag(1%)
processed from tetralin:CB and CB is further supported by the observation of molecular
terracing. In Figures 4(h) we show a representative AFM line scan obtained from the
highlighted region in Figure 4(d), clearly indicating the formation of molecular terraces with
step heights of 2.65 (£0.2) nm; this observation closely resembles the molecular terracing
previously reported for high mobility Cs-BTBT layers/devices.[”! 221 9 Similar molecular

terracing features are also seen in layers processed from CB, but the terraces appear to be 2-3
9
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molecules thick [~5.69 (£0.2) nm, Figure 4(i)] as opposed to the single molecular steps seen in
blends processed from tetralin:CB [Figure 4(h)]. In contrast, no evidence of molecular
terracing is observed in layers processed from the tetralin solutions where strong phase-

separation between the two components is observed [see Figure 4(f) and Figure S4(d)].

It has been previously shown that Cs-BTBT layered crystallinity — which is known to
form herringbone structures with lattice constants a = 0.593, b = 0.788 and ¢ = 2.92 — favours
hole transport along the film planes (x-y plane).l”! P9 It is therefore important to investigate the
crystal structure and quality of the polycrystalline planes parallel to the Cs-BTBT:Ci6IDT-
BT:CesoFa43(1%) film surface, i.e. the charge carrier direction. To achieve this we have used an
in-plane wide-angle x-ray diffraction (WAXD) technique. Both pristine and doped films of the
Cs-BTBT:Ci6IDT-BT blend processed from all three of the solvents were found to be
crystalline with the main peaks associated mostly with the Cs-BTBT, as shown in Figure 5(a)
and in more detail in Figure S1. Quantitative variations of the Cs-BTBT lamellar stacking
dimensions (i.e. in-plane crystallite size) and the corresponding d-spacing between them do
exist amongst the different samples. These variations were quantified by a Lorentzian peak fit
analysis of the WAXD data and in particular the (003) planes of Cs-BTBT by Scherrer’s and
Bragg’s formulae, respectively.”®! The corresponding results are summarised in the histogram
in Figure 5(b). It is evident that use of tetralin:CB as the solvent results in Cg-BTBT:Ci6IDT-
BT films with improved crystallinity and longer spatial separation between their lattice planes.
These results suggest that the improved electrical performance of the p-doped Cs-
BTBT:C16IDT-BT:CeoFa3(1%) OTFTs might be the result of complementary effects from
improved crystallinity along the z-direction (more well-defined phase separation) — which is
supported by the WAXD data — and improved integrity and coherency in the x-y plane, as
determined by AFM [Figures 4(d-f)] and SEM [Figure S4]. We note, however, that the

observed structural differences along the growth direction (z-direction) are less prominent
10


http://onlinelibrary.wiley.com/doi/10.1002/adma.201601075/abstract

A. Paterson et al. Adv. Mater. 2016, DOI: 10.1002/adma.201601075

compared to the morphology variations observed in the x-y planes detected by the AFM
measurements, and therefore we might safely assume that the longer range continuity of the
blend films in the x-y plane is the dominant factor for the enhanced electrical performance

observed.

Finally, the vertical phase separation of the different materials in the best-performing
Cs-BTBT:Ci16IDT-BT:CeoF4s(1%) blend processed from tetralin:CB was studied using time-of-
flight secondary ion mass spectrometry (ToF-SIMS). The Poisson corrected ion signals
corresponding to the three molecular components are plotted in Figure 5(c¢) as a function of
sputter time (with the air interface at x = 0 s). As the beam sputters through the depth of the
film, the signals corresponding to Cs-BTBT and CisIDT-BT decrease and increase respectively
as a function of sputtering time. The step-wise nature of this change in elemental composition
suggests a pseudo-bilayer microstructure with the Cs-BTBT segregating on the surface of the
film. This vertical phase separation correlates with previously reported blend systems!!3 11411201
making the Cs-BTBT:Ci6IDT-BT:Ce0F43(1%) ideal for use in top-gate OTFTs. Interestingly,
we find that the signal corresponding to the CeoF4s appears almost entirely within the Ci6IDT-
BT layer located closer to the bottom interface (blend/substrate). One plausible explanation is
that CeoF4s is more soluble in the C16IDT-BT compared to Cs-BTBT, and/or the crystallisation
of Cs-BTBT tends to expel CeoF4s causing this vertical phase separation to occur. Additionally,
a strong signal associated with CeoF4s is found at the air interface; this is consistent with the
expected phase separation of the F~ rich compound as its presence at the air interface would
tend to reduce the total surface energy of the system. An alternative explanation would be the
presence of physical gaps (perforations) in the crystalline layer of Cs-BTBT at the top of the
film which allow the sputtering beam to access the buried Ci16IDT-BT:CeoF4s(1%) layer even at

sputter time x = 0 s, leading to the apparent observation of ions associated with the two

compounds being present at the surface in higher than expected concentrations.
11
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A further implication of this unusual vertical material distribution is the unconventional
nature of the doping mechanism that might be at work. By studying the energy band diagram
in Figure 2(b) one may expect Cs-BTBT to p-dope more easily due to its higher ionization
potential (-5.04 eV) as compared to CisIDT-BT (-5.15 eV). However, since the dopant is
distributed primarily within the polymer, it is reasonable to assume that free holes are generated
within Ci6IDT-BT and/or close to the mixed Cs-BTBT:Ci6IDT-BT:CeoF4s(1%) interface region
[Figure 5(c)]. Mobile excess holes can then contribute to the channel current via different
processes including: (i) mediation of hole transport between the high mobility crystalline
domains of Cs-BTBT due to the enhanced conductivity of Ci6IDT-BT in a process similar to
that observed in 1% generation blend OTFTs?!l; (ii) deactivation of hole traps present in the
pristine blend OTFTs; (iii) transfer of holes to the polycrystalline top Cs-BTBT layer in a
process similar to modulation doping of inorganic heterointerfaces. Although it is currently
difficult to identify, with high degree of certainty, the dominant mechanism(s) responsible for
the dramatic enhancement of the hole mobility observed, obtained results indicate the co-

existence of more than one processes with most dominant the deactivation of hole traps.

In summary, we have developed solution-processed blend OTFTs with maximum hole
mobility values in excess of 13 cm?/Vs. We have achieved this by blending the small-molecule
Cs-BTBT with the conjugated polymer Ci6IDT-BT. Although the performance of the resulting
OTFTs is moderate and highly variable, the introduction of the molecular p-dopant CeoFas (1%
mol) in combination with a suitable solvent blend, significantly improve the hole transport
properties, leading to transistors with maximum hole mobilities exceeding 13 cm?/Vs. By
considering additional processing improvements, we believe that it is feasible for the Cs-
BTBT:Ci6IDT-BT:Cs0Fas8(1%) transistors to reach hole mobilities close to the maximum value

of 31.3 cm?/Vs reported for single crystal Cs-BTBT based devices.[”)
12
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Experimental Section

Material Preparation and Device Fabrication: CicIDT-BT was prepared using
previously reported procedures °!!, while Cs-BTBT was purchased from Aldrich and used as
received. The number average molecular weight for Cic(IDT-BT was 66.5 Kg/mol with a
dispersity (D) of 2.42 as measured by GPC in chlorobenzene at 80 °C against polystyrene
standards. The Cs-BTBT:C16IDT-BT blend solutions were prepared at a concentration of 10
mg/ml and at a small-molecule to polymer ratio of 1:4. Three solutions were made: one in
tetralin, another in CB and a third in a solution that was comprised of tetralin and CB at a ratio
of 1:1. CeoFag was added to each solution at 1% molar weight. TG-BC devices were fabricated
on glass substrates. The glass substrates were cleaned in a detergent solution (DECON 90),
acetone and isopropanol. 40nm thick Au source and drain electrodes were evaporated under
vacuum onto a Snm Al adhesion layer, before being treated with a pentafluorothiophenol
(PFBT) self-assembling monolayer (SAM). The SAM treatment required the substrate to be
submerged in a 5 mmol/L. PFBT in isopropanol solution for 5 minutes. The semiconducting
blend films were deposited from a solution heated to 50°C and applied via spin coating in a
nitrogen atmosphere. Following spin coating, the films were placed on a hotplate for 5 minutes
at 120°C and allowed to cool to room temperature (~23 °C). The fluoropolymer CYTOP was
deposited via spin-coating to produce a 900 nm thick dielectric layer, which was then annealed
for an hour at 50°C. Thermal evaporation through a shadow mask was then used to deposit a
50 nm thick Al gate.

Atomic Force Microscopy: An Agilent 5500 scanning probe microscope operating in
tapping mode was used to gather information on both topography and phase of the
semiconductor films. In order to accurately replicate the real-system, each film that was
measured had the dielectric layer (CYTOP) deposited onto and removed from the

semiconductor layer. Statistical and image analysis was undertaken using Gwyddion 2.39.
13


http://onlinelibrary.wiley.com/doi/10.1002/adma.201601075/abstract

A. Paterson et al. Adv. Mater. 2016, DOI: 10.1002/adma.201601075

Time-of-flight secondary ion mass spectrometry (ToF-SIMS): An IONTOF ToF-SIMS
V with a base pressure of 10719 torr was used to measure depth profiles with a 2.5kV Ar cluster
(1000 atoms, ~1 nA) sputter beam rastered across a 300 x 300 um square. Negative ions were
collected from the central 200 x 200 um of the sputter crater using a Biz* (~0.5 pA) beam. The
molecular signals used to construct the depth profiles correspond to ionized forms of the Cs-
BTBT and Ci6IDT-BT, i.e. C30H40S2™ and CNS- respectively. The elemental signals of F~ and
Si-were used to construct the depth profiles of the CeoFas and silicon substrate, respectively.

In-plane Wide Angle X-ray Diffraction (WAXD): The crystal structures of the films were
studied by in-plane (Bragg-Brentano geometry) WAXD using the CuKa monochromated line
(A=0.154 nm) in a Rigaku Ultima+ diffractometer. The anode high voltage and the filament
current were 40 kV and 30 mA, respectively.

Kelvin Probe and Air Photoemission Measurements: The work function (WF) and
HOMO levels of the doped/undoped blends and constituent materials were determined via the
Kelvin Probe (KP) and air photoemission (APS) technique, respectively, using a scanning
Kelvin Probe system (KP Technology, SKP5050/APS02) and silver as the KP reference
material. Photoemission measurements were performed by scanning the wavelength of incident
light between 6.2 and 4.4 eV and monitoring the photocurrent response. The HOMO level was
then extracted using Fowler analysis, by plotting the cube-root of the photocurrent signal and
extrapolation to the zero baseline [1]. All measurements were carried out in ambient atmosphere
at room temperature and approx. 25 % relative humidity.

Scanning Electron Microscopy: The surface morphology was investigated using a LEO
Gemini 1525 Field Emission Scanning Electron Microscope (FESEM) with the operating

voltage at 5 kV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Chemical structures of the small-molecule 2,7-dioctyl[1]benzothieno[3,2-
b][1]benzothiophene (Cs-BTBT) and the indacenodithiophene-benzothiadiazole (Ci6IDT-BT)
polymer used in this work. (b) Highest occupied molecular orbital (HOMO) energy levels of
Cs-BTBT and Ci6IDT-BT measured via air photoemission. (c) Schematic of the top-gate,
bottom-contact (TG-BC) transistor architecture used to study the charge transport properties of
the various semiconducting materials. (d) Representative transfer characteristics measured for
a Cs-BTBT:C6IDT-BT blend-based transistor at Vp = -40 V and Vp = -200 V in nitrogen at

room temperature.
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Figure 2. (a) Chemical structure of the molecular dopant CeoFss. (b) HOMO energy levels of
Cs-BTBT and Ci6IDT-BT measured using air photoemission spectroscopy and the range of
lowest unoccupied molecular orbital (LUMO) energies reported for CgoFag.??! 1361 1371 138]
Representative transfer characteristics measured at Vp =-25 V and Vp = 80 V for two p-doped

Cs-BTBT:Ci16IDT-BT:CeoF4s(1%) blend transistors processed from chlorobenzene (c), and

tetralin (d). Both transistors have channel length and width of 80 um and 1000 pm respectively.
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Figure 3. Representative transfer characteristics measured at Vp =-25 V and Vp =80 V for a
p-doped Cs-BTBT:Ci6IDT-BT:CeoF4s8(1%) blend transistor processed from 1:1 tetralin:CB
solvent-blend; the transistor has channel length and width of 80 um and 1000 pm respectively.
(b) Box-and-whisker plot comparing the saturation mobilities measured for a number of

transistors processed from tetralin:CB, chlorobenzene and tetralin solutions.
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Figure 4. Polarized optical microscopy (POM) images of p-doped Cs-BTBT:CicIDT-
BT:CeoF43(1%) blend films processed from (a) 1:1 tetralin:CB, (b) chlorobenzene and (c)
tetralin solutions. (d-f) Atomic force microscopy (AFM) topography images of the same blend
films shown in (a-c). (g) Surface height distribution histograms of the three films processed
from the different solvent systems and corresponding root mean squared (r.m.s) surface
roughness values. (h) Line-scan obtained from the highlighted area in the AFM image in (d)
demonstrating molecular terracing of Cs-BTBT. (i) Line-scan obtained from the highlighted

area of the AFM image in (e).
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Figure 5. (a) Details of the in-plane WAXD measurements for the low index planes of the

pristine and p-doped Cs-BTBT:CisIDT-BT:CeoF4s(1%) films processed from tetralin:CB,

chlorobenzene and tetralin. Solid and dashed lines stand for undoped and 1% CeoFas doped

films respectively. (b) Shows the vertical (z-axis) crystallite size of Cs-BTBT for the three

considered solvents, and the elongation of the (003) Cs-BTBT lattice plane spacing (Ad) for the

pristine and p-doped blend films for the three considered solvents i.e. tetralin:CB,

chlorobenzene and tetralin. (c) Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

data obtained for a representative p-doped Cs-BTBT:Ci6IDT-BT:CeoFas(1%) layer.
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A ternary organic semiconducting blend based on the high hole mobility small-molecule Cs-
BTBT, the polymer Ci6ITD-BT and the molecular p-dopant CeoFas, is developed and used in
solution-processed organic transistors with maximum hole mobility in excess of 13 cm?/Vs
(Figure). We show that key to this development is the incorporation of the CeoFas dopant and
the formation of a vertically phase-separated film microstructure.
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Small Molecule / Polymer Blend Organic Transistors with Hole Mobility
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Hendrik Faber, George Vourlias, Panos A. Patsalas, Olga Solomeshch, Nir Tessler, Martin
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Section S1. Experimental Results

Samples of pristine Cs-BTBT and Ci6IDT-BT were measured as references of the single
constituents of the blends. All the CiIDT-BT samples were found to be amorphous,
independent of the solvent and diffraction geometry. Only a very broad peak around q,=0.15
Al has been recorded and it is believed to correspond to alkyl chains [Ref S1] and it is
consistent with the halo observed in corresponding GIWAXS data. The pure Cs-BTBT, on the
other hand, was found to be highly crystalline; the observed in-plane WAXD peaks are
consistent with the monoclinic structure of Cs-BTBT and its reported lattice sizes and
geometrical characteristics [Ref S2], and therefore the corresponding Miller indices were firmly
assigned (see Figure S1). The blends (both doped and undoped) were found to be crystalline
with the main peaks being associated mostly with the Csg-BTBT (as shown in Figure S1) for
representative samples. The main peaks observed in the in-plane WAXD are consistent with
the GIWAXS data along the in-plane direction. In the case of the doped blend in a
chlorobenzene solution, there are strong indications of partial crystallization of the C16sIDT-BT.
In particular, there is a faint peak at q,=0.9 A "' (Figure S1, dashed line) that may correspond
to the (002) Ci6IDT-BT planes [Ref S3], as well as a fine structure of the peak around q,=0.45
A’!, which could only be explained by the emergence of the (001) CicIDT-BT planes; this
potentially indicates a stronger phase separation in this case, which is in strong agreement with

the ToF-SIMS data.
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Figure S1. In-plane wide angle x-ray diffraction (WAXD) of selected samples showing the
main diffraction peaks obtained for the pristine and CeoFas(1%)-doped blend films processed

from tetralin:CB and Chlorobenzene solvents.
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Figure S2. Kelvin Probe and air photoemission measurements were employed to calculate the
work function (WF) and HOMO energy level of the Cs-BTBT:CicIDT-BT blend as a function

of CeoFag concentration (dopant) with O wt.% representing the energy levels for the pristine
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(undoped) Cs-BTBT:C6IDT-BT blend. As can be seen, WF shifts towards the HOMO energy
level of the Cs-BTBT:CicIDT-BT blend with the addition of CeoFag up to 5% molar wt.. This

shift provides direct evidence of p-doping of Cs-BTBT:Ci6¢IDT-BT by CeoFas.

50% 33% 25% 15%
Cs-BTBT content

Figure S3. Box-and-whisker plot comparing the saturation mobilities (usat) measured for a
number of transistors processed from Cg-BTBT:Ci6IDT-BT:CsoF4s(1%) blends containing
50%, 33%, 25% and 15% Cs-BTBT. Transistors based on the 1:4 small-molecule:polymer

blends were found to be the best performing.
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Figure S4. Scanning Electron Microscopy images of the various organic semiconducting
blends investigated. (a) Shows a representative image of the pristine Cs-BTBT:Ci6IDT-BT
blend processed from 1:1 wt.% tetralin:CB, while (b) displays the SEM image of a p-doped Cs-
BTBT:C6IDT-BT:CeoFas(1%) blend film processed from 1:1 tetralin:CB. Images (c) and (d)
are for the same blend formulations but processed form chlorobenzene and tetralin solutions,
respectively. The images of the doped and non-doped 1:1 tetralin:CB show very little difference

in surface morphology.
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