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Effect of Acene Length on Electronic Properties
in 5-, 6-, and 7-Ringed Heteroacenes

Katelyn P. Goetz, Zhong Li, Jeremy W. Ward, Cortney Bougher, Jonathan Rivnay,
Jeremy Smith, Brad R. Conrad, Sean R. Parkin, Thomas D. Anthopoulos, Alberto Salleo,

John E. Anthony, and Oana D. Jurchescu*

Interest in organic semiconductors is motivated by their
promise to offer a viable route to fabricating low-cost electronic
devices on arbitrary substrates, and by the versatility of their
chemical structures and physical properties, accomplished by
means of molecular engineering.'*l Molecular modifications
can yield soluble semiconductors that allow reduced com-
plexity device fabrication using methods such as spin-coating,
ink-jet printing, roll-to-roll processing and spray-deposition.l*”7]
Trialkylsilylethyne-substitution of fused aromatics in particular is
an effective method to induce stability, solubility and r-stacking
interactions favourable for charge transport in semiconductor
chromophores.l®! Using this technique, derivatives of penta-
cenel” and its heteroatom analogue anthradithiophene (ADT)!'%
have shown impressive performance in thin-film transistor
studies, and single crystal mobilities comparable with their
insoluble counterparts.!!l The nature of the substituent silyl
group attached to the backbone determines the solubility and
crystal packing motif in functionalized acenes.l'Z These varia-
tions in the solid state order have critical impact on electrical
properties, with the best transistor performance being achieved
with materials that adopt a two-dimensional n-stacking arrange-
ment.["?l This technique has also led to the first reports of stable,
soluble, n-stacked versions of larger acenes, such as hexacenes
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and heptacenes,!3] as well as larger heteroacenes such as tet-
radithiophenes (TDTs) and pentadithiophenes (PDTs).'* These
derivatives have not been subjected to device studies, mostly
because of their lower solubilities and stabilities compared to
their 5-ringed counterparts. However, numerous computational
studies predict electronic features that promise enhanced trans-
port properties from such larger acene systems,>'7] which
provides impetus to study the device properties of these larger
m-conjugated materials. Here, we report on the synthesis of
stable, soluble anthradithiophene, tetradithiophene and penta-
dithiophene derivatives, and their physical and device proper-
ties. We study the partially-fluorinated versions of these acenes
due to the enhanced stability afforded by the fluorine sub-
stituent,'® and we have developed a new substituent group to
enhance solubility and tune crystal packing. The tri-sec-butylsi-
lylethynyl (TSBS) group represents a compromise between sol-
ubilizing power and compactness; the unresolved chiral centers
on the sec-butyl substituents significantly enhance solubility,
while the branched chain and central attachment to the silane
compresses the substituent, allowing the enhanced n-stacking
interactions critical for electrical performance. The resulting
materials, difluoro TSBS anthradithiophene (ADT), difluoro
TSBS tetracenedithiophene (TDT), and difluoro TSBS penta-
cenedithiophene (PDT) are represented in Figure 1.

To investigate the impact of backbone size on solid-state
order and electrical properties, we characterized the novel com-
pounds by single crystal X-ray diffraction (XRD), optical micro-
scopy, grazing incidence X-ray diffraction (GIXD), atomic force
microscopy (AFM), and field-effect transistor (FET) measure-
ments. Our results demonstrate that increasing the backbone
size in fluorinated functionalized acenedithiophenes has a dra-
matic effect on the structural and electrical properties, leading
to improved crystalline order, better n-stacking, and superior
device performance. Typical field-effect mobilities for drop-
cast films range from 10~ cm? V-!s7! for the ADT derivative to
1072 cm? V157! for TDT and 1 cm? V-1s7! for PDT. Additionally,
PDT blended with amorphous poly(triarylamine) as the binder
material yielded spin-cast films with improved uniformity and
hole mobilities on the order of 0.1 cm? V1571,

Single-crystal X-ray diffraction studies were performed on
the ADT, TDT and PDT derivatives to determine the impact
of changes in acene length on crystal packing and m-stacking
interactions. Crystals were grown by slow cooling of saturated
solutions of the compounds in hexanes. Although the struc-
ture could not be resolved fully, the ADT derivative appeared to
adopt a “sandwich herringbone” motif similar to that observed
in some pentacene-based photovoltaic acceptors.'®!l In this
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a) \2 motif, z-stacking interactions are strictly one-dimensional,

and a high mobility is not expected, in agreement with the
electrical measurements presented later. The TDT derivative
consistently formed low-quality single crystals, likely due to
the lower symmetry compared with ADT and PDT, and only
a crude model of the structure was possible. The material
appears to arrange in segregated stacks with two-dimensional
m-overlap within these stacks, but the crystalline disorder
makes a full assessment of the structure challenging. In
sharp contrast, the seven-ringed PDT derivative (Figure 2a,b)
formed crystals of much higher quality, and it was straightfor-
ward to determine that this molecule packed in two-dimen-
sional segregated stacks very similar to TIPS pentacene.®!
Nevertheless, in the PDT case there is a significantly larger
expanse of aromatic surface participating in these important
n-stacking interactions (Figure 2c), suggesting improved
transport properties.

In order to study the film-forming properties of these new
compounds, we deposited the materials from chlorobenzene
solution by drop-casting onto typical device substrates. The
resulting ADT, TDT, and PDT crystals were orange, violet, and
green respectively, as shown in Figure 3a,c,e, which shows
polarized optical micrographs of the films. From these pictures
we observe that the ADT crystals present needle-like texture,
while TDT and PDT crystals showed large platelet-like crys-
tals, of Um to mm size in-plane and less than 1 um thick. The
more pronounced two-dimensional morphology of TDT and
PDT is likely induced by their molecular packing that similarly
exhibits a two-dimensional n-stacked motif. The ADT crystals,
exhibiting mostly one-dimensional intermolecular interactions,
are thus narrower and more needle-shaped.

The top surface morphology and height of the semicon-

Figure 1. Chemical structures for (a) F-TSBS-ADT, (b) F-TSBS-TDT, and  ductor films were characterized by tapping-mode AFM, as seen
(c) F-TSBS-PDT. in Figure 3b,d,f. The surfaces exhibited broad terraced regions
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Figure 2. Crystalline order of PDT, showing (a) layered m-stacked arrays, (b) 2-D brickwork m-stacking motif and (c) comparison of m-overlap area of
PDT and TIPS Pentacene.
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PDT transistor was then calculated from the slope

of the /Ip versus Vg graph (Figure 4c, left
axis, in violet) using the equation:

W C;
Ip= T?“ (Vs — VT)2 (1)

where W and L are the channel width and
length respectively, C; is the gate oxide capac-
itance per unit area, Vg is the gate-source
voltage, and V7 is the threshold voltage.
For the device presented in Figure 4c, W =
1000 um, L = 20 um, and the mobility yields
U=4-102 cm? V-'s7L. The right axis of this
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graph allows us to determine the on/off cur-
rent ratio, which for this device is 103.
Figure 4d presents plots for the evo-
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Figure 3. Cross-polarized optical and AFM images showing the characteristic steps at the sur-

face of ADT (a, b), TDT (c, d), and PDT (e, f) films.

with well-defined steps. Terraces were commonly observed to
extend for at least 100 um, and all crystals were found to be
exceptionally smooth for distances smaller than 10 um, with
root-mean-square roughness ~1 nm and relatively few surface
imperfections across the terraces. TDT films often displayed
unique features consisting of structured islands present at the
surface of the crystal, extending for ~50 pm and randomly dis-
tributed across terraces (Figure 2d). The islands’ height was
in agreement with that of the terraces, suggesting a common
crystallographic orientation. In addition, TDT steps were com-
monly bunched, indicating that several steps terminated very
near or on top of nearest neighbours. Single molecular steps of
TDT were extremely rare.

To observe the effect of heteroacene length on the electronic
properties, we fabricated bottom contact field-effect transistors
from these materials, using a highly doped Si wafer as substrate,
with a 200 nm thermally grown SiO, dielectric. A photo and sche-
matic view of our transistors are shown in Figure 4a,b, respec-
tively. Source and drain contacts consisted of 5 nm Ti/45 nm
Au. Contact surface modification with pentafluorobenzene
thiol (PFBT) was performed for some devices???3] to compare
the performance of devices fabricated on treated and untreated
contacts. Solutions of ADT, TDT and PDT (0.33 wt% in chlo-
robenzene) were drop cast over the device substrates. For
devices labelled “drop cast” in Table 1, the solvent was allowed
to evaporate in air. For devices labelled “SAC-solvent assisted
crystallization”, the substrates were placed in a Petri dish with
a closed lid, and additional solvent around them; the solvent
in the films was allowed to evaporate over the course of two
days in the solvent-rich atmosphere. The substrates were sub-
sequently placed under vacuum to remove remaining solvent
and possible oxygen traces. The optical micrographs, as well as
AFM images presented in Figure 3 were acquired on crystals
created in this fashion. We characterized our FETs by meas-
uring the drain current (Ip) against a gate voltage (Vgs) swept
from —40 to 40 V in the saturation regime, at constant drain-
source voltage (Vps = —40V). The electronic mobility y of the

Adv. Mater. 2011, XX, 1-6

0123466789101
Position / um

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

lution of +/Ip versus Vgg for ADT (in
red), TDT (violet) and PDT (green) for
devices presenting similar geometries.
The ADT crystals exhibit inferior perform-
ance to TDT crystals and the PDT crys-
tals, and the latter compound presents excellent electrical
properties. The mobilities calculated for these films are:
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Figure 4. Field-effect transistor characteristics. a) Optical microscopy
image of a TDT device with channel length L = 20 um and channel
width W =1000 um. b) Schematic representation of our FETs structures.
c) Transfer characteristics for the TDT devices presented in (a). d) Evolu-
tion of the drain current with the gate voltage in the saturation regime
(Vps = —40V) for ADT (orange), TDT (violet), PDT (green).
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Table 1. Summary of the performance for the ADT, TDT and PDT field-
effect transistors fabricated under various conditions (SAC = Solvent
Assisted Crystallization).

Material SAM treatment  Fabrication method ~ Mobility [cm?V~'s™"]
ADT - Drop Cast 2.107
PFBT Drop Cast 4.7-107
SAC 2-107
PFBT SAC 25-1072
DT - Drop Cast 1.1072
PFBT Drop Cast 1.1072
SAC 5.1072
PFBT SAC 8.7-1072
PDT - Drop Cast 9.10"
PFBT Drop Cast 5.107
SAC 1.8
PFBT SAC 1.5

u=1.1-103cm?V-'sHforADT,u=4.5- 10 2cm Vs forTDT,and i=
1.5 cm? V-Is7! for PDT crystal. We measured at least 200 sam-
ples for each material, under various fabrication conditions, and
these are representative values. The electrical properties of the
three compounds investigated here were stable during several
measurements taken in ambient conditions over a week. The
PDT compound degraded slightly over the course of months,
possibly as a result of oxidation in the presence of air.

It is well known that processing parameters are of para-
mount importance to film microstructure.??24l For this reason,
we investigated the effect of deposition methods and surface
treatments on device performance. Table 1 summarizes the
field-effect mobilities for ADT, TDT and PDT derivatives for
several fabrication conditions, including PFBT modification
of contacts and conventional drop-cast and SAC film growth.
Spin-coating does not yield uniform films for these soluble
acenes, and for this reason these measurements are not
included. Comparing results obtained for the same deposition
technique, there is no significant improvement as a result of
PFBT treatment. On the other hand, the SAC method consist-
ently yielded superior transistor characteristics, which likely
arises from the slower solvent evaporation allowing the forma-
tion of a high-quality crystalline film.?) The beneficial effect
of thin-film exposure to solvents was previously reported in
triethylsilylethynyl anthradithiophene (TES ADT), but in that
case a post-fabrication step of solvent annealing was employed,
resulting in a dramatic increase in film crystallinity and field-
effect mobility.2¢]

The average mobilities obtained for ten devices of the three
materials presented here are typr=0.001£7 - 107* cm? V-1s7},
Urpr = 0.09 £ 0.03 cm? Vs and pppr= 0.7 £ 0.2 cm? V7157,
The trend in mobility is strongly supported by the quality of
crystals and types of n-stacking interactions observed for these
derivatives. While a small effect may come from shifts in the
position of the HOMO levels, which were determined from
cyclic voltammetry (presented in SI) to be 5.34 eV for ADT,
5.15 eV for TDT and 5.03 eV for PDT, we believe that the
adoption of a strongly 2-D n-stacked motif is responsible for
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the superior performance of the PDT derivative. However, we
note that a higher off current is always present in PDT devices,
which may arise from adventitious doping because of the low
oxidation potential of this compound. While larger acenes may
indeed yield improved mobility compared to the lower homo-
logues, this performance will clearly come at the price of oxida-
tive stability. In general, the mobilities measured on these het-
eroacenes track well with the nature of n-stacking and crystal
quality, which carries over to the quality of the crystalline films
measured here. The PDT derivative exhibited the most exten-
sive m-stacking, formed the highest quality crystals, and also
formed the best-performing devices.

In order to fully correlate the relationship between device
performance and crystal packing, GIXD was used to verify
that the solid-state arrangements of the three derivatives when
deposited in thin films were similar to those determined from
single crystal measurements. The three molecules showed
varying degrees of fiber texture, with a preferential orienta-
tion of the axis containing the two TSBS groups perpendicular
to the substrate surface. In this texture, the fast charge trans-
port directions are located in the plane of the substrate while
little dispersion is expected normal to the substrate. The dif-
fraction pattern of the ADT displayed the worst texture, with
pronounced arcing of the near-specular peaks and the presence
of numerous reflections along the polar angles away from the
specular direction. PDT and TDT displayed much stronger tex-
ture, in agreement with the optical microscopy that shows the
presence of large platelet-like crystals for these two molecules.
While we do not have sufficient data to be able to perform a
complete indexing of the peaks, the specular peaks of the
PDT and TDT films are consistent with the single crystal data
(Figure 5, GIXD patterns are presented in SI Figure S1). Slight
variations in the peak positions indicate small differences
in the unit cell parameters, but should not indicate a drastic
change in the general packing motif, confirming the structure-
property relationships inferred from the trend in single-crystal
structure.

An alternative processing route that allows spin casting of
the semiconductor, and that has proven very successful with
ADT-based materials, is to blend the heteroacene molecule with
an amorphous polymer.?’” Top-gate FETs fabricated from a 1:1
ratio by weight blend of PDT with a poly(triarylamine) (PTAA)
resulted in an average linear mobility of Upprpras = 0.17 %
0.01 cm? V-1s7L. The latter value was measured over 6 devices
with the same channel geometry; the standard deviation was
0.01 cm? V-Is7! (details in SI Figures S4 and S5). Although
this is lower than the single component FET performance, the
remarkably small spread in mobility values arising from this
method demonstrates that the uniformity of PDT based films
can be enhanced whilst maintaining some of the good crystal-
lographic and therefore electronic properties of the acene.

In summary, we have synthesized and characterized par-
tially-fluorinated stable, soluble m-conjugated heteroacenes
with fused aromatic backbones of unprecedented lengths. Our
results demonstrate high electronic performance in solution-
processed films of the seven-ringed pentadithiophene deriva-
tives, with mobilities exceeding 1 cm? V~!s7!, consistent with
computational predictions on these systems, and with earlier
reports obtained on vacuum deposited large heteroacenes.?8-3%

Adv. Mater. 2011, XX, 1-6
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T drain contacts (5 nm Ti/45 nm Au) were defined
by photolithography and deposited by e-beam
evaporation. We cleaned these predefined substrates
by placing them in acetone heated to 85 °C for
10 min, then rinsing with acetone and drying with
nitrogen. After repeating this step with 2-propanol,
we placed the substrates in a UV-ozone cleaner for
5 minutes. Finally, we rinsed them with de-ionized
water and dried them thoroughly with nitrogen.
The PFBT treatment was performed by soaking the
substrate in a 50 mM room-temperature solution in

DT
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ethanol for 30 min, followed by a thorough ethanol
rinse. The solutions of the semiconductor materials
were prepared by dissolving them in chlorobenzene,
such that the percentage concentration by weight
of the material provided optimal coverage of the
substrates. The blend FETs were fabricated using
a top-gate, bottom-contact architecture. Substrates
were detergent cleaned glass with PFBT treated
gold contacts. The solutions were spin coated
from tetrahydronaphthalene and annealed at
100 °C resulting in film thicknesses of around

PDT
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Figure 5. a) Specular slice of the GIXD pattern of TDT (a) and PDT (b). The vertical lines rep-

resent the positions of the peaks based on the single-crystal structure.

The larger acene introduced here also proved amenable to use
in blended semiconductor configurations, which allowed the
deposition of more uniform films by spin-casting. In both cases,
the field-effect mobility correlates well with the solid state order
present in the films, where a two-dimensional n-stacking and
superior long range order yields good electronic performance,
and a one-dimensional stacking present in the ADT derivative,
as well as film disorder in TDT derivative, are reflected in lower
mobilities.

Experimental Section

Optical Microscopy: Images were taken with an Olympus BH2 UMA
microscope, under polarized light.

Atomic Force Microscopy: The sample top surfaces were examined
by tapping-mode AFM using a Bruker Dimension Icon SPM. All
measurements were made at room temperature in ambient air conditions
in the dark. Commercially available metal-coated Mikromasch cantilevers
were used with a nominal force constant of 5.7 N-m~'. Images were
minimally processed and analyzed using Scan Probe Image Processor
(SPIP), of Image Metrology A/S.

GIXD: GIXD was performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beam line 11-3 (2-D scattering with an area
detector, MAR345 image plate, at grazing incidence), with an incident
energy was 12.7 keV. The incidence angle was slightly larger than the
critical angle, ensuring that we sampled the full film depth. Scattering
data are expressed as a function of the scattering vector g = 47” sin 0
where 6 is half the scattering angle and A is the wavelength of the
incident radiation. The diffraction patterns shown are taken from line
cuts along the vertical (nominally g,) direction, the component of the
scattering vector perpendicular to the substrate.

Field-Effect Transistor Fabrication and Characterization: We fabricated
bottom contacts field-effect transistors on highly doped Si gate
contact, with 200 nm thermally grown SiO, gate dielectric. Source and

Adv. Mater. 2011, XX, 1-6
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70 nm. To complete the structure a 500 nm layer of
fluoropolymer dielectric (CYTOP) was deposited by
spin casting followed by the deposition of aluminum
gate electrode under high vacuum (<107® mbar).
As prepared devices were electrically characterized
using an Agilent 4155C Semiconductor parameter
analyzer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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