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SymmetricalR,ω-substituted quarter-(T4), penta-(T5), sexi-(T6), and heptathiophene (T7) oligomers
containing thermally removable aliphatic ester solubilizing groups were synthesized, and their UV-vis
and thermal characteristics were compared. Spun-cast thin films of each oligomer were examined with
atomic force microscopy and near-edge X-ray absorption fine structure spectroscopy to evaluate the ability
of the material to self-assemble from a solution-based process while maintaining complete surface coverage.
Films of theT5-T7 oligomers self-assemble into crystalline terraces after thermal annealing with higher
temperatures required to affect this transformation as the size of the oligomers increases. A symmetrical
R,ω-substituted sexithiophene (T6-acid) that reveals carboxylic acids after thermolysis was also prepared
to evaluate the effect of the presence of hydrogen-bonding moieties. The charge transport properties for
these materials evaluated in top-contact thin film transistor devices were found to correlate with the
observed morphology of the films. Therefore, theT4 and theT6-acid performed poorly because of
incomplete surface coverage after thermolysis, whileT5-T7 exhibited much higher performance as a
result of molecular ordering. Increases in charge mobility correlated to increasing conjugation length
with measured mobilities ranging from 0.02 to 0.06 cm2/(V‚s). The highest mobilities were measured
when films of each oligomer had an average thickness between one and two monolayers, indicating that
the molecules become exceptionally well-ordered during the thermolysis process. This unprecedented
ordering of the solution-cast molecules results in efficient charge mobility rarely seen in such ultrathin
films.

Introduction

It is well-known that efficient organic semiconductors
require a high degree of molecular organization involving
extendedπ-stacked or herringbone networks to achieve
efficient charge mobility.1-4 These strongπ interactions in
the highest performance organic semiconductors such as
pentacene,5-7 oligothiophene derivatives,8-15 and hybrid

conjugated oligomers16-25 decreases the solubility, and, thus,
the use of thermal evaporation is needed to obtain thin films.
While this processing technique is expensive and time-
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consuming, it provides a high degree of control where
variables such as time, temperature, and pressure can be
optimized to give films with precise thickness and molecular
orientation.1,26 In contrast, very little control over film
organization is normally achieved with solution-processed
materials. Thus, most materials processed in this manner offer
lower performance than their insoluble counterparts.27-35 To
benefit from the extreme cost advantages of solution
processing methods such as spin coating,36,37 stamping,38,39

or inkjet printing,40,41materials must be designed to organize
spontaneously. Control of the assembly of oligothiophenes
from solution has been attempted through the use of
substituents, but the large saturated side chains that are
typically used tend to inhibit overall charge transfer through
the materials.42-44 Recently, elegant methods for solubilizing
pentacene without dramatically decreasing performance have
been demonstrated either by using a precursor route28,45 or
by strategic placement of substituents.46 However, few reports
have focused on structure-property relationships of solution-
processed oligothiophenes.47

In this work, control of molecular self-assembly from
solution using minimal substitution was explored through
the synthesis and evaluation of a series of symmetricalR,ω-
substituted quarter-, penta-, and heptathiophene oligomerscontaining thermally removable solubilizing groups, analo-

gous to a sexithiophene derivative we reported previously
(Scheme 1).48,49 This solution-processed sexithiophene was
found to have a strong tendency to self-assemble into
crystalline terraces after thermal removal of its bulky
solubilizing groups. In this work, the use of smaller oligomers
for solution-based methods was investigated to explore the
structure-property relationships with an emphasis on the
ability of the various oligomers to self-assemble. A larger
heptathiophene oligomer was also synthesized to establish
if increased conjugation length has an influence on the self-
assembly leading to a further increase in the charge mobility.
In addition, a complementaryR,ω-substituted sexithiophene
that reveals carboxylic acid end groups after thermolysis was
also synthesized and evaluated to explore the effect of
hydrogen-bonding moieties on the self-assembling properties
of these materials (Scheme 1). The UV-vis and thermal
characterization of the bulk materials, along with atomic force
microscopy (AFM) and near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy of solution-processed
films of the series of oligomers, is presented. Different film
morphologies were found to correlate with hole mobility
when the materials were employed as the active layer in thin
film transistor (TFT) devices.

Results and Discussion

Synthesis.The T4-T7 oligomer series was synthesized
as shown in Scheme 2.T4 was generated by Suzuki
homocoupling of functionalized bithiophene1.49 Stille cross-
coupling of 1 with 2,5-bis(trimethylstannyl)thiophene and
5,5′-bis(tributylstannyl)-2,2′-bithiophene was employed to
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Scheme 1. Oligothiophenes Studied that Produce either
Alkenes or Carboxylic Acids after Ester Thermolysis
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give T5 and T6, respectively. To obtain theT7 oligomer,
an additional thiophene ring was added to1 by a Stille cross-
coupling reaction with 2-(trimethylstannyl)thiophene. Bro-
mination of2 with N-bromosuccinimide to give3, followed
by cross-coupling with 2,5-bis(trimethylstannyl)thiophene,
produced the desiredT7 oligomer. An octathiophene oligo-
mer was also synthesized in an analogous fashion, but its
low solubility precluded further investigation of its properties.

TheT6-acid precursor was synthesized in three steps, as
shown in Scheme 3. Esterification of commercially available
2-bromo-5-thiophene carboxylic acid, followed by Stille
cross-coupling with 5-(tributylstannyl)-2,2′-bithiophene, af-
forded terthiophene5. The final product was generated using

a recently reported homocoupling method utilizing PdCl2-
(PhCN)2 and silver fluoride.50

UV-Vis Characterization. The UV-vis spectra of the
T4-T7 series in chloroform are shown in Figure 1. The
expected bathochromic shift ofλmax by about 20 nm per
thiophene ring51 was observed, givingλmax values of 400,
422, 440, and 455 nm for theT4-T7 series, respectively.
The solid-state spectra revealed a slightly different trend as
shown in Figure 2. InT4-T6, theλ max values are slightly
blue-shifted in the solid state presumably as a result of
distortion of the conjugated backbone by the bulky ester end
groups. In particular, theT5 λmax value blue-shifts below
that of theT4. It is possible that the odd-numbered oligomer
is more sensitive to the bulky esters, twisting it farther out
of conjugation. However, in contrast, the odd-numberedT7
exhibits a solid-stateλmax value that is comparable to the
solution value with shoulders at 480 and 525 nm, which are
indicative of intermolecular excitons due to the electronic
association of theπ orbitals. This result is promising, as this
propensity forπ-orbital association in the solid state before
thermolysis may lead to enhanced order in thin films through
partial pre-organization of the molecules. Similarly, the
smaller ester moieties on theT6-acid precursor allow for
π-orbital association in the solid state, as evidenced by the
shoulders at 485 and 525 nm (Figure 3). An increase inλmax

(50) Masui, K.; Ikegami, H.; Mori, A.J. Am. Chem. Soc.2004, 126, 5074-
5075.

(51) Becker, R. S.; Demelo, J. S.; Macanita, A. L.; Elisei, F.Pure Appl.
Chem.1995, 67, 9-16.

Scheme 2. Synthesis ofr,ω-Branched Ester Functionalized
T4-T7 Oligothiophenes

Scheme 3. Synthesis of the T6-acid Precursor
Oligothiophene

Figure 1. UV-vis spectra of theT4-T7 series in chloroform. The
compounds exhibited an increase inλmax from 400 nm for theT4 to 455
nm for theT7.

Figure 2. Solid-state UV-vis spectra of theT4-T7 series.T4-T6 display
a blue shift inλmax from solution indicating a disruption in planarity, while
theT7 red-shifts slightly. Spectra of all oligomers, but particularlyT7, have
shoulders at higher wavelengths indicative ofπ interactions in the solid
state.
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in chloroform for theT6-acid precursor by about 11 nm over
T6 can be attributed to extended conjugation of the thiophene
backbone with the carbonyl groups.

Thermal Characterization. The thermal characteristics
of the series were monitored using thermogravimetric
analysis (TGA). All data were obtained while heating at 5
°C/min at ambient humidity under a flow of nitrogen gas
(see Supporting Information). Thermolysis initiates between
200 and 210°C in all of the oligomers, but variations are
seen in the time required to evaporate the carboxylic acid
side product. The TGA instrument is limited in its ability to
monitor the progress of this thermolysis reaction because of
the high viscosity of the smaller oligomers combined with
the low vapor pressure of the acid byproduct. Therefore,
additional examination of the products from each TGA
sample was done with matrix-assisted laser desorption
ionization time-of-flight mass spectrometry. In each case,
complete conversion to the bis-alkene or di-acid was
confirmed after holding the samples at 200°C for 30 min,
but varying amounts of residual carboxylic acid byproduct
were found in each of these samples.

NEXAFS Spectroscopy.To follow the thermolysis reac-
tion more conclusively, thin films of these materials annealed
at different temperatures were examined using NEXAFS
spectroscopy. The NEXAFS experiments were performed at
the NIST/Dow Soft X-ray Materials Characterization Facility
of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. NEXAFS is a synchrotron-
based photon absorption spectroscopy in which soft X-rays
are absorbed to cause resonant excitations of core K or L
shell electrons to unoccupied (antibonding) molecular orbit-
als.52 Therefore, NEXAFS spectroscopy is element-sensitive
by energetic selection of the K-edge accessed and bond-
sensitive by the location of the particular transitions within
the spectra. The chemical conversion of the molecule from
an ester to an alkene during thermolysis can then be
characterized by collecting carbon K-edge partial electron
yield (PEY) spectra normalized to the total carbon surface
signal taken at the orientation-insensitive “magic angle” of
54.7°. PEY spectra were collected at an entrance grid bias
of -50 V and represent the chemical structure for a surface-
weighted depth of≈6 nm. We believe that conversion at
this depth accurately reflects conversion in the film bulk.

Experimental standard uncertainty in peak position for PEY
spectra is(0.1 eV; yield uncertainty is(2%. Because up
to 48 h elapsed between thermal exposure and NEXAFS
measurement, samples were checked for aging, but no drift
in conversion was observed at room temperature in the dark
over several weeks.

The exact conditions used to construct TFT devices were
also used to prepare samples for NEXAFS analysis. Films
of T4-T7 were spun-cast from chloroform (2-3 mg/mL
solutions) on a 100-nm SiO2 dielectric thermally grown on
highly N-doped silicon. The films were divided, subjected
to temperatures between 75 and 300°C for 20 min, and
finally cooled to room temperature.

The disappearance of the carbon-oxygen 1s f π*
transition of the ester carbonyl and the appearance of the
carbon-carbon 1sf π* transition of the pendant alkenes
were monitored over the range of annealing temperatures.53-55

The stoichiometric concentrations of these functional groups
were quantified by fitting a combination of peak shapes to
the spectra and then integrating the peak areas. NEXAFS
peaks are typically well-separated in energy and can be de-
convoluted by this method. (See Supporting Information for
further detail.) As a result of extreme de-wetting from the
surface, as discussed below, reliable data forT4 was
unattainable. The combined results forT5-T7 are shown
in Figure 4. The unannealed films ofT5-T7 exhibit slightly
different, low levels of conversion that can be attributed to
aging between film casting and the NEXAFS measurement.
Thermolysis ofT5 andT6 initiates around 125°C, followed
by T7 around 150°C, as indicated by the increase in the

(52) Stöhr, J.NEXAFS Spectroscopy; Springer-Verlag: Berlin, 1992.

(53) Ishii, I.; Hitchcock, A. P.J. Electron Spectrosc. Relat. Phenom.1988,
46, 55-84.

(54) Stöhr, J.; Sette, F.; Johnson, A. L.Phys. ReV. Lett. 1984, 53, 1684-
1687.

(55) Urquhart, S. G.; Ade, H.J. Phys. Chem. B2002, 106, 8531-8538.

Figure 3. UV-vis spectra of theT6-acid precursor in chloroform and in
the solid state. The solutionλmax of 451 nm shifts slightly to 455 nm in the
solid state. Shoulders at 485 and 525 nm indicate the presence ofπ
interactions in the solid state.

Figure 4. Integrated peak intensities of carbon K-edge NEXAFS spectra
quantifying the increasing density of alkene bonds and decreasing density
of carbonyl bonds in films of theT5-T7 heated at various temperatures.
In all cases, conversion is nearly complete at 200°C.
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alkene intensity and a simultaneous decrease in the carbonyl
intensity. These initiation temperatures are lower than those
observed in bulk samples possibly because of catalysis by
the weakly acidic SiO2 surface. In theT5 andT6 samples,
the alkene signal levels off at 200°C indicating that
thermolysis is complete, but the transformation ofT7 requires
slightly higher temperatures. The final alkene intensity is
consistent with the expected functional group density, being
highest for T5 and lowest forT7. The carbonyl signal
decrease is also sharp for all three oligomers between 150
and 200°C as the carboxylic acid byproduct evaporates.
However, the evaporation slows from 200 to 250°C, and
the carbonyl signal does not completely disappear in theT6
and T7 films until >250 °C. Complete conversion was
further confirmed with oxygen K-edge scans by monitoring
the ester and the acid byproduct carbonyl resonances (see
Supporting Information). In all cases, the ester carbonyl
resonance disappears by 200°C, but a small acid carbonyl
resonance remains constant in theT6 and T7 films up to
250 °C, finally disappearing by 300°C. Acid trapping
observed by NEXAFS is similar to that observed with TGA,
but it occurs to a much lesser extent in thin films. However
small, a quantity of trapped acid does remain within the film
even though the conversion to the bis-alkene is complete at
200 °C. The effect of the residual acid has yet to be
determined and will be the subject of further studies. Further
optimization of these materials will incorporate more volatile
solubilizing groups, which should help alleviate the problems
of residual carboxylic acid in the films.

Film Morphology
Thin films of the materials were spun-cast from chloroform

(2-3 mg/mL) onto silicon wafers with a thermally grown
1000-Å SiO2 layer. Each spun-cast wafer was divided and
then heated at 175, 200, 225, or 250°C for 20 min to
investigate the effect of differences in oligomer length as
well as thermolysis temperature on film morphology.

AFM Studies. Under all the conditions mentioned above,
T4 was unable to form continuous films after heating of the
substrates. As shown in Figure 5, the material seems to clump
and de-wet from the surface even at low temperatures. As

the temperature increases, the large 5-10 µm clumps seen
at 150°C disperse into smaller islands approximately 500
nm in width.

The behavior ofT5 is very similar that of the previously
studied T6.48,49 Upon the application of heat, crystalline
terraced structures form with step heights of about 3 nm,
corresponding to the long axis of the molecule (Figure 6).
As is the case forT6, after thermal release of the bulky
solubilizing groups the molecules undergo a drastic re-
organization and orient themselves perpendicular to the
surface. The diameter of the terraced islands is larger than
that seen forT6, and the height of the islands increases much
more dramatically above 200°C. A continuous film, at least
one monolayer thick, persists up to 225°C, but significant
cracking and de-wetting from the SiO2 surface is seen when
heated to 250°C. Evidence for the presence of at least a
monolayer below 225°C can be seen in the phase images
shown in Figure 7. Phase images of films heated at 200°C
are monochromatic suggesting the presence of only one phase
and indicate that the tip of the atomic force microscope is
only encountering one type of material, namely, theT5
molecules. In contrast, the phase image of a film heated to
250°C shows two distinct phases, which can be interpreted
asT5 and the SiO2 surface below. This de-wetting was not
observed at these temperatures with films of the correspond-
ing T6 oligomer.

Figure 5. AFM height images (10× 10 µm) of T4 spun-cast from
chloroform (2-3 mg/mL solutions) on SiO2 and then heated to the
temperatures indicated. Even at low temperature, tall aggregates are formed,
resulting in discontinuous films.

Figure 6. AFM height images (10× 10 µm) of T5 films spun-cast from
chloroform onto SiO2 and then heated at the temperature indicated. Large
islands with monolayer high terraces dramatically increase in height with
increasing temperatures. While films heated to 225°C remain continuous,
heating to 250°C causes the films to crack and de-wet from the surface.

Ultrathin Oligothiophene Film Characteristics Chem. Mater., Vol. 17, No. 24, 20056037



AFM images of theT7 films are shown in Figure 8. These
films show a substantial change in morphology as compared

to films of theT5 andT6. Crystalline films are observed at
all annealing temperatures, but terraced island formation is
not seen until the temperatures exceed 225°C. These films
are also less susceptible to de-wetting, as revealed in the
phase images of films heated at 250°C, shown in Figure 9.
The phase image remains monochromatic indicating that the
AFM tip is only encountering theT7 molecules and not the
SiO2 below.

As expected, theT6-acid precursor generated a much
different morphology than that seen inT5-T7. As shown
in Figure 10, theT6-acid seems to have good surface
coverage after thermolysis, but the films are highly dis-
ordered. Small regions of aggregation can be discerned, but
no order within the aggregates can be found. The pendant
carboxylic acids are clearly affecting the molecular ordering,
with hydrogen bonding between molecules perhaps compet-
ing or taking precedence overπ-stacking interactions.

NEXAFS Evaluation. To further quantify the amount of
de-wetting or cracking of the thin films at various temper-
atures, NEXAFS spectroscopy was employed. All of the
oligomers were spun-cast from chloroform (2-3 mg/mL)
onto SiO2, which exhibits a prominent oxygen-silicon σ*
resonance in the oxygen K-shell spectra. Calibration of the
spectra versus bare SiO2 allows determination of the fraction
of organic film within∼6 nm of the sampling depth. AFM

Figure 7. AFM height images (10× 10 µm) of films of T5 spun-cast
from chloroform onto SiO2. The phase image of a film heated at 200°C is
monochromatic, indicating that the AFM tip is encountering only one type
of surface. However, a color change can be seen in the phase image of a
film heated at 250°C, confirming that the film is de-wetting, revealing the
SiO2 below.

Figure 8. AFM height images (10× 10 µm) of T7 heated at the
temperatures indicated. Islandlike terraces are not seen until films are heated
to 225 °C. Unlike the smaller oligomers, no cracking or de-wetting is
observed up to 250°C.

Figure 9. AFM height and phase images (10× 10 µm) of aT7 film spun-
cast on SiO2. The phase image of a film heated at 250°C is still
monochromatic, indicating that the film is not de-wetting.

Figure 10. AFM height and phase images (10× 10 µm) of a T6-acid
precursor film spun-cast from SiO2 then heated to 200°C. At all annealing
temperatures films are amorphous with small regions of aggregation.
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images confirm that the molecules orient with the long axis
perpendicular to the surface, and as a result of this orienta-
tion, the height of a single monolayer ranges from about 2.1
nm for T4 to 3.1 nm forT7. Therefore, the point at which
the average thickness of the film drops below a monolayer,
indicating de-wetting, should coincide with the point at which
the SiO2 signal is detected within 2-3 nm of the surface of
the film.

As shown in Figure 11, these values are given as a ratio
of organic to (SiO2 + organic), where a value of 1 would
indicate that there is no SiO2 within 6 nm of the surface and
a value of 0 would be a surface of entirely SiO2. (See
Supporting Information for further detail.) Because the
materials vary in height, the films lose continuity when the
fractions of the organic film drops below 35, 40, 45, or 50%
for the T4-T7 series, respectively.

The trend seen in Figure 11 correlates well with the AFM
images discussed earlier.T4 begins to lose coverage almost
immediately, and the average film thickness becomes sub-
monolayer as the temperature reaches 175°C. TheT5-T7
series exhibits a closer trend, where no SiO2 is detected until
the onset of thermolysis between 150 and 200°C. As the
molecules order and coalesce into the tall structures seen in
the AFM images, the average film thickness becomes less
than the sampled depth. The series follows the expected trend
whereT5 loses continuity first around 240°C, followed by
T6 around 275°C, and finally theT7 average film thickness
becomes submonolayer around 300°C.

The trends in film morphology of theT4-T7 series can
be summarized as follows. Because the molecules contain
no surface specific self-assembling functionalities, the main
driving forces for assembly in these materials are thought
to be theπ-π interactions between the conjugated oligomers
and the surface interactions of the underlying substrate. The
temperatures required for the chemical conversion of these
molecules from their soluble ester form to the corresponding
insoluble alkene form contribute a significant source of
kinetic energy to the molecules allowing for drastic re-
organization to take place. As the smallest oligomer,T4 is,
therefore, most affected by the thermal energy, allowing the
molecules to overcome the substrate surface energy more

easily and clump and de-wet from the surface. This de-
wetting is also seen in theT5, but only at temperatures>225
°C. This trend continues in the longer oligomers, where
temperatures in excess of 250°C are needed to see cracking
in the T6 films while no de-wetting is seen until the
temperature reaches 300°C for T7. Increasing the oligomer
size increases the activation energy and, thus, restricts
movement, resulting in continuous films at higher temper-
atures. This increase in size also leads to an increased barrier
for perpendicular alignment of the molecules with the
surface. Significant changes in film morphology are not seen
for the largest oligomer by AFM observation until temper-
atures in excess of 225°C are reached. These trends are
supported by the charge mobility data that is presented below.
TheT7 molecules need temperatures in excess of 225°C to
rearrange into their optimalπ networks resulting in the
highest charge mobility.

The determination of the crystal lattice spacing of the
individual molecules in these terraced films would have been
useful, but we have been unable to ascertain these parameters
by standard X-ray diffraction techniques because the films
are ultrathin. However, we are able to observe a single
diffraction peak in the annealed films, indicating that the
films are indeed crystalline.48 Further information about
orientation and ordering of the molecules within the films
was obtained using multi-angle NEXAFS spectroscopy,
which was published elsewhere.56

Electrical Characterization

Organic thin film transistor (OTFT) devices were fabri-
cated on low resistivity n-type silicon wafers, using 1050 Å
of thermally grown SiO2 as the dielectric, in top-contact
geometry. The active semiconducting layer was applied by
spin-casting 2-3 mg/mL solutions of the oligomers in
chloroform, and the films were then annealed at temperatures
between 175 and 250°C in a nitrogen atmosphere. Gold
contacts were patterned on top of the films using various
shadow masks giving channel lengths from 5 to 40µm and
widths from 200 to 400µm. All devices were tested as p-type
OTFTs in the accumulation regime, and saturation mobilities
were calculated using the equationµ ) gm2/2IDCox(W/L).

Devices annealed at temperatures between 175 and 250
°C were tested at various intervals. The averages measured
over 10 or more devices for each of the materials tested are
summarized in Table 1. In all cases, the standard deviation

(56) DeLongchamp, D.; Sambasivan, S.; Fischer, D. A.; Lin, E. K.; Chang,
P.; Murphy, A. R.; Fre´chet, J. M. J.; Subramanian, V.AdV. Mater.
2005, 17, 2340-2344.

Figure 11. Fraction of theT4-T7 oligomers within 6 nm of the surface
of the film when heated at various temperatures. Values are calculated from
NEXAFS oxygen K-shell spectra, in which the oxygen-siliconσ* resonance
of SiO2 can be used to quantify exposure of the dielectric below. The
oligomers range in length from 2 to 3 nm and the measurement samples to
a depth of 6 nm; therefore, monolayer coverage remains intact until the
organic/SiO2 ratio drops below 35, 40, 45, or 50% for theT4-T7 series,
respectively.

Table 1. Average Hole Mobilities, Measured over 10 or More
Devices, and On/Off Ratios for OTFT Devices of the T4-T7 Series

at the Given Temperaturesa

175°C 200°C 225°C 250°C

µ on/off µ on/off µ on/off µ on/off

T4 10-5 102 10-6 10
T5 0.013 104 0.018 104 0.0063 103 10-7 <10
T6 0.013 104 0.038 106 0.014 106 0.011 105

T7 0.011 104 0.028 106 0.044 105 0.031 105

a Units for µ are cm2/(V‚s).
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was less than(0.01. All top-contact devices tested prior to
heat treatment yielded low field effect mobilities in the range
of 10-5 cm2/(V‚s) with on/off ratios from 10 to 100.

As expected from the poor film quality ofT4, none of
the devices tested exhibited significant semiconducting
behavior. The highest measured mobilities were on the order
of 10-5 cm2/(V‚s) and were similar to or worse than those
of the unannealed samples.

The OTFT performance trends inT5 correlated well with
the observed film morphology. At temperatures below 200
°C, good device performance was observed with mobilities
reaching 0.02 cm2/(V‚s) [average) 0.01 cm2/(V‚s)] with
on/off ratios>104. A small drop in performance is seen when
devices were heated to 225°C, and a complete loss of
conductivity is seen at 250°C as a consequence of film
dewetting.

The device performance from spun-cast films of theT6
peaks around 200°C,48 giving measured mobilities up to
0.05 cm2/(V‚s) [average) 0.038 cm2/(V‚s)]. Slightly higher
maximum mobilities of 0.06 cm2/(V‚s) [average) 0.044
cm2/(V‚s)] can be achieved in spun-cast films ofT7, but
when annealed at temperatures>225 °C. The trend of
mobility versus annealing temperature closely follows film
morphology, asT6 is able to rearrange into the well-
organized, terraced structures at a lower temperature than
T7. Current-voltage characteristics of a typicalT7 film
heated to 225°C are shown in Figure 12. These plots are
similar to those obtained forT5 andT6.

While slight differences between the even- and the odd-
numbered oligomers exist in the UV and thermal character-
istics, we do not observe any odd-even effects in the charge
mobilities. The mobility for each oligomer seems to scale
with increasing number of thiophene units, which is similar

to the findings for a series of thermally evaporated unsub-
stituted thiophene oligomers.57

The mobilities measured with these materials are note-
worthy given the average film thicknesses measured with
AFM and NEXAFS spectroscopy. These materials appear
to perform best when the average film thickness is roughly
equal to that of a single monolayer. Many studies have shown
that the majority of the charge carriers are located within
the first one or two molecular layers of material located
adjacent to the dielectric layer.58,59 However, because it is
very difficult to obtain a defect-free monolayer using typical
evaporation techniques, multilayers must usually be deposited
to achieve maximum charge mobilities. In our system, spun-
cast oligothiophenes can self-assemble into very thin films
that are unprecedented in the literature, resulting in the
efficient charge mobility rarely seen to occur in such thin
films. Limiting the amount of material deposited on the
surface using ink-jet printing can further control the mor-
phology of these films.48,60 We have found that uniform
monolayers ofT6 and films less than three layers thick of
T7 can be deposited by this method. In all cases, the films
with controlled thickness exhibit higher field-effect mobility
than the spun-cast films presumably due to increased
molecular order within the films. Minimizing the thickness
of the semiconductor film is also beneficial to the electrical
performance by improving gate control of the channel, and
reducing undesired source to drain leakage at low gate bias.
We have also found that devices made from thinner films
exhibit minimal hysteresis as a result of reduced charge
trapping within the film.60 Further aspects of this phenom-
enon are currently under investigation.

Conclusion

Overall, this study highlights the interplay between the
various forces that are involved in the self-assembly of
continuous organic thin films. Adjusting the length or end
functionalization of the oligomers, the strength of theπ-π
interactions, and the ability of the molecules to form
hydrogen bonds all had significant effects on the final
morphology of the molecules. While oligomer length modi-
fications led to predictable and controlled changes in
processed films, replacing the alkene end groups with
carboxylic acids caused drastic differences in morphology
and performance. This work also shows that oligomer length
in solution-processed films can be exploited to achieve the
desired properties. The tradeoff between surface coverage
and applied temperature may be particularly important when
tailoring molecules for use on various substrates with
different surface energies. This study, therefore, emphasizes
the necessity to balance the ability of the material to self-
assemble while still maintaining surface coverage. This
balance in self-assembly from a solution-based process will

(57) Nagamatsu, S.; Kaneto, K.; Azumi, R.; Matsumoto, M.; Yoshida, Y.;
Yase, K.J. Phys. Chem. B2005, 109, 9374-9378.

(58) Dinelli, F.; Murgia, M.; Levy, P.; Cavallini, M.; Biscarini, F.; de
Leeuw, D. M.Phys. ReV. Lett. 2004, 92 (11).

(59) Dodabalapur, A.; Torsi, L.; Katz, H. E.Science1995, 268, 270-271.
(60) Chang, P. C.; Molesa, S. E.; Murphy, A. R.; Fre´chet, J. M. J.;

Subramanian, V.62nd DRC Conference Digest2004, 1, 183-184.

Figure 12. Electrical characterization of aT7 film after heating to 225
°C. (a) Drain currentID vs drain voltageVD as a function of gate voltage
for a top-contact device withL ) 200 µm andW ) 20 µm (dielectric)
1050 Å). (b) Drain current and the square root of the drain current versus
gate voltage atVD ) -35 V.
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play a key role in optimizing semiconductor properties for
materials designed for use in low-cost and low-temperature
applications.
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