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The use of organic materials presents a tremendous opportunity to significantly impact the functionality and pervasiveness of
large-area electronics. Commercialization of this technology requires reduction in manufacturing costs by exploiting inexpensive
low-temperature deposition and patterning techniques, which typically lead to lower device performance. We report a low-cost
approach to control the microstructure of solution-cast acene-based organic thin films through modification of interfacial chemistry.
Chemically and selectively tailoring the source/drain contact interface is a novel route to initiating the crystallization of soluble
organic semiconductors, leading to the growth on opposing contacts of crystalline films that extend into the transistor channel. This
selective crystallization enables us to fabricate high-performance organic thin-film transistors and circuits, and to deterministically
study the influence of the microstructure on the device characteristics. By connecting device fabrication to molecular design, we
demonstrate that rapid film processing under ambient room conditions and high performance are not mutually exclusive.

During the past decade, research on organic thin-film transistors
(OTFTs) and related materials has resulted in significant
improvements to the electrical characteristics of discrete devices
and the use of OTFTs in several demonstrations of anticipated
entry market applications'”. Recent reports of high-performance
solution-processed polymer TFTs (ref. 8) and ultralow-power-
consumption complimentary logic circuits fabricated from
vapour-deposited  small-molecule organic semiconductors’
underscore the rapid progress in materials design and device
engineering/processing. However, the former example uses a
relatively high-temperature anneal step to improve molecular
order for high mobility, and the latter example uses shadow
masks to pattern the different organic semiconductor films and
source/drain contacts. The lack of high-volume, cheap processing
methods for fabricating high-performance OTFTs limits the
potential for organic electronics to significantly impact the large-
area electronics market'*"2,

Several innovative schemes have been presented to address
manufacturing challenges in depositing and patterning the
materials/layers comprising an OTFT. These include the use
of organic etch masks and plasma etching to define deposited
layers"™, transfer printing of materials with predefined
features'®” and local deposition by direct dry printing'.
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Attempts to self-pattern high-performance regions in the organic
semiconductor layer have focused on modifying the gate dielectric
surface using molecules that form self-assembled molecular
layers and promote differential adsorption or wetting between
the channel region of the device and the field regions'™.
Here, we report on high-performance OTFTs and OTFT circuits
fabricated with a soluble acene derivative by using spin-coating,
a rapid film-forming technique. OTFTs fabricated from films of
soluble acene derivatives cast using slow film-forming techniques
were demonstrated to have high field-effect mobility (exceeding
l1ecm?*V~'s™'), making this class of materials technologically
relevant for low-cost large-area flexible electronic applications®.
We exploit the strong tendency of this class of material towards
forming molecular crystals’®? to greatly improve the transistor
channel mobility. By chemically tailoring the surface properties of
the source/drain contacts, we are able to induce crystalline growth
on the contacts that extends tens of micrometres into the transistor
channel and significantly impacts the electrical characteristics of the
OTFTs. Importantly, our use of the contacts to induce improved
thin-film microstructure demonstrates a novel low-cost room-
temperature process for self-patterning high-mobility regions in
the channel of OTFTs with technologically viable dimensions.
Our results are fundamentally different from the previous work
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on contacts treated with self-assembled molecular layers where
improvements in electronic structure or microstructure are limited
to the nanometre to submicrometre length scale?***=°. In
addition, the unique microstructure we obtain in our films enables
us to fabricate test structures that are ideal for studies correlating
charge transport with thin-film microstructure.

The processing conditions used to obtain improved
microstructure and OTFT electrical performance are documented
in the Methods section. Figure 1a,b shows the chemical structure
of fluorinated 5,11-bis(triethylsilylethynyl) anthradithiophene
(diF-TESADT) and pentafluorobenzene thiol (PFBT) (ref. 23),
which are the organic semiconductor and contact treatment
material, respectively. Although not shown explicitly in Fig. 1a,
the diF-TESADT is synthesized as an inseparable mixture (typically
1:1) of syn- and anti-isomers. The schematic cross-section of the
OTFT device structure used in this study is shown in Fig. 1c.

Figure 2a shows typical drain current versus drain-to-source
voltage (I, versus V) characteristics for a diF-TESADT TFT with
PFBT-treated contacts. The device has a channel length (L) of
20 wm and a channel width (W) of 1,000 um. The curvature and
compression of I, at low Vi (linear region of device operation) is
generally attributed to contact effects®®*!. Such non-ideal behaviour
is commonly observed in high-mobility OTFTs because the large
channel current density (10*~10° A cm™?) places great demand on
the injection efficiency of the source contact. Figure 2b shows
the drain current versus gate-to-source voltage (Ip versus Vis)
characteristics for the same device biased in the saturation region
of operation (Vps = —60V). The data are plotted as /Iy versus
Vs, and the fitting line used for mobility extraction is shown
(equation (1), Methods section). The straight line fits the data over
a large range of Vi, indicating that the OTFT is a reasonably
well-behaved square-law device, although the deviation from ideal
behaviour for large Vs gives further evidence that charge transport
is limited by injection over/through a potential barrier. The
calculated effective field-effect mobility (w4 ) and extracted threshold
voltage (V1) are 0.13 cm? V™' s7' and 28 V, respectively. These same
I, versus Vs characteristics are plotted on a semi-logarithmic scale
and show the OTFT to have an on/off current ratio near 10°. The
data in Fig. 2 are typical and not best case. We often observe some
hysteresis between the forward and reverse current—voltage sweep
as a result of a shift in the threshold voltage of 2—5 V. The magnitude
of the shift can, for some devices, be related to the film quality
and substrate preparation. The opportunity for improvement by
optimization of the dielectric is suggested by the observation
that the use of hexylmethyldisilazane to chemically modify the
silicon dioxide interface can reduce Vi to near zero and increase
the on/off current ratio to greater than 10’ (see Supplementary
Information, Fig. S1).

Figure 2¢ shows p versus L for two representative batches of
diF-TESADT TFTs, one fabricated with PFBT-treated contacts and
the other with untreated contacts. The effective field-effect mobility
is 3—5 times larger for OTFTs with PFBT-treated contacts and
L < 25um. Both data sets show a similar qualitative dependence
on L: the mobility increasing with decreasing channel length. This
observed trend is the reverse of the decrease in mobility with
decreasing L that is typically reported for high-mobility OTFTs
with parasitic contact effects®.

Studying the film microstructure on top of the contacts, along
the contact edge, and in the channel region provides insight
into the cause for the observed dependence of p on contact
treatment and L. Optical micrographs of OTFTs with decreasing
L show the contacts to greatly affect the film microstructure
(Fig. 3a,b). Optical inspection of the contact and channel region
for a long L device under crossed polarizers confirms nucleation
and growth on top of the contacts that extends into the channel
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Figure 1 Chemical structures and OTFT schematic cross-section. a,b, Chemical
structure for fluorinated diF-TESADT (a) and PFBT (b). ¢, Schematic diagram of the
device cross-section.

and is strongly birefringent (see Supplementary Information,
Fig. S2). The oriented regions near the contact edge extend
for more than 10um into the channel of the device. Devices
with longer L show a transition in film microstructure in the
middle of the transistor channel (Fig. 3a). OTFTs with L < 20 um
have channel regions comprised almost entirely of large grains
(Fig. 3b). For comparison, Fig. 3¢ shows the optical micrograph for
a diF-TESADT TFT fabricated with untreated contacts (L =20 pm).
Relatively small grains are found on top of the contacts, and
there is comparatively little or no growth/propagation of grains
into the transistor channel. Correspondingly, the mobility is lower
(u~2x102cm*V~'s™") for short L devices. The mobility is
independent of contact treatment for large L devices, quantitatively
confirming that it is the contact-induced microstructure that gives
the superior performance of treated devices at shorter L.

To quantify the thin-film microstructure, we have used a
number of analytical techniques, including X-ray diffraction
studies of free-standing diF-TESADT single crystals grown from
solution to determine the crystal structure. Results from X-ray
diffraction of single crystals show the molecules adopt a packing
very similar to unfluorinated TESADT and 6,13-bis(triisopropyl-
silylethynyl) pentacene: a two-dimensional st-stack’®**2. To study
the crystallinity of the thin films in-plane (parallel to the substrate),
we use grazing-incidence X-ray diffraction (GIXD). Preliminary
results verify that blanket films are comprehensively oriented on
PFBT-treated Au with a structure very similar to that of single-
crystal diF-TESADT with the a—b plane parallel to the substrate
(see Supplementary Information, Fig. S3). The GIXD patterns of
films on untreated silicon dioxide clearly consist of two different
orientations of crystals with only a fraction with the a—b plane
parallel to the substrate. We presume the mid-channel region of
long L OTFTs to be similarly ordered.

Polarizing optical techniques (spectroscopic ellipsometry and
infrared absorption) have also been applied to the study of films on
unpatterned substrates (see Supplementary Information, Fig. S4).
In contrast to the diffraction techniques that exquisitely probe
only the crystalline regions of the film, the optical techniques
characterize the average molecular orientation distribution of the
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Figure 2 Representative d.c. electrical characteristics for a diF-TESADT TFT. a,b, /;, versus Vs characteristics (a) and f versus Vs characteristics (b) for a diF-TESADT
TFT with PFBT-treated contacts, a 20 um channel length and a 1,000 um channel width. ¢, Saturation mobility as a function of channel length (L) for diF-TESADT TFTs with a
1,000 um channel width with PFBT-treated contacts and with untreated contacts. The devices were fabricated using films spun-cast at 1,000 r.p.m. from 2 wt% solutions in

room-temperature toluene.

Figure 3 Optical micrographs of diF-TESADT TFTs. The TFTs have channel lengths of 80 um (a) and 20 um (b,c). a,b, Films spin-cast at 1,000 r.p.m. from 2 wt% solutions
in warm toluene onto substrates with PFBT-treated source and drain contacts. ¢, Film spin-cast at 1,000 r.p.m. from a 2 wt% solution in room-temperature toluene onto
substrates with untreated source and drain contacts. Images were taken using differential interference contrast.

entire film. The molecular orientation is found to vary with film
thickness, substrate and chemical treatment. In all cases, there is
a net molecular order (that is, the films are not entirely random).
The highly crystalline, oriented films on PFBT-treated Au exhibit
a molecular order quantitatively consistent with the single-crystal
structure with the a—b plane parallel to the substrate. The long
axis of the ADT core is preferentially near the plane of the surface,
whereas the side groups preferentially orient near the surface
normal. This is the preferred orientation for charge transport via
the wt-system. The orientation of films on untreated Au and silicon
dioxide is significantly different with persistent orientation of the
ADT core long axis but a more face-on orientation with the side
groups strongly tilted from the surface normal consistent with the
GIXD observation of multiple crystal orientations.

The strong tendency of diF-TESADT films to crystallize
provides some evidence of interaction between the fluorine atoms
and the sulphur atoms in the thiophene rings on adjacent
molecules. Weak sulphur—fluorine interactions have been reported
in the literature™. We suggest that increased sulphur—fluorine
interaction in diF-TESADT leads to rapid formation of a ‘tape’
motif that precipitates and seeds the growth of the plate-like
crystals, consistent with the short (~0.294nm to 0.298 nm) F-S
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contact observed for the single crystal. This conjecture of increased
sulphur—fluorine interaction between diF-TESADT molecules is
also substantiated by the increase of melting enthalpy from an
average value of AH =23.6] g~ for TESADT to AH =44)g™" for
diF-TESADT (measured by differential scanning calorimetry).

The PFBT treatment is found to play an essential role in
obtaining the microstructure shown in Fig. 3a,b for the improved
device performance. This role extends beyond simply ‘tuning’ the
surface energy to avoid dewetting from the contacts, as observed
for films cast on octadecanethiol-treated Au (6y,0 & 105° compared
with 0y,0 ~ 86° for PFBT-treated Au). For example, we fabricated
and tested devices with benzenethiol-treated Au (6,0 &~ 61°) and
observed only minimal, if any, crystallization along contact edges
(similar to the microstructure shown in Fig. 3c). Consequently,
TFTs with benzenethiol-treated Au have mobility similar to that
shown in Fig. 2¢ for the devices fabricated with untreated contacts.

The results from the different microstructure studies show
diF-TESADT crystals preferentially nucleate on the PFBT-treated
Au with the a-b plane (and thus their fast growth directions)
in the plane of the film, enabling the formation of plate-like
crystals. Crystals nucleating near contact edges are found to grow
10wm or more into the channel (see atomic force microscopy
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images in Supplementary Information, Fig. S5 and polarized
optical micrographs Supplementary Information, Fig. S2). Our
general observations and quantitative findings from microstructure
studies point to the possibility of some interaction between the
sulphur atoms in the thiophene rings of the diF-TESADT and
the PFBT-treated Au. It should also be noted here that spun-cast
unfluorinated TESADT solutions in toluene on substrates with
PFBT-treated contacts show no crystal growth on the contacts
or extending from the contact edges. Interestingly, heating the
diF-TESADT solution before spin-casting is found to significantly
affect crystallization along the contact edge and in the channel
region for OTFTs with untreated contacts, while having only a
relatively small influence on p (~0.2cm?V~"'s™" for L < 20 um)
and film microstructure for OTFTs fabricated with PFBT-treated
contacts. The thin-film microstructure, magnitude of p and the
dependence of & on L for untreated contacts with heated solutions
are nearly identical to that shown in Figs 2 and 3 for the OTFTs
fabricated with PFBT-treated Au. Taken together, this suggests
that the contact-controlled microstructure arises from competition
between the nucleation rate (set by contact treatment) and growth
rate (influenced by solvent temperature).

To gain further insight into the relationship between the
contact-induced film microstructure and charge transport, we
have studied the temperature dependence of the current—voltage
characteristics for devices as a function of L. Figure 4 shows u
for OTFTs with different channel lengths (L = 10 um, 20 um,
50 wm, 80 um) measured from 4.2K to 300 K. The mobility for
all OTFTs is thermally activated between 90K and 300K, with a
characteristic energy (E,) that increases with increasing L from
E,~0.027 ¢V for L=10um to E, ~0.080 eV for L =80 um. We
find the large difference in E, to be consistent with our picture
of decreasing disorder in the channel region with decreasing L,
that is, a reduction in the density of grain boundaries and an
increase in the fraction of crystals oriented with the a—b plane
parallel to the substrate. For T < 90K, the mobility shows a
trend towards temperature-independent transport with decreasing
L. Temperature-independent mobility has rarely been observed in
TFTs. It was most recently reported for single-grain pentacene TFTs
and a decade ago for high-performance polycrystalline pentacene
TFTs (refs 34,35).

The ability to favourably control the morphology of spin-
coated films processed at room temperature using simple
interface treatments is remarkable and suggests a diversity of
simple self-patterning possibilities. We demonstrate the use of
contact-treatment-controlled microstructure by fabricating high-
performance OTFTs and ring-oscillator circuits on a flexible
polyimide substrate. Circuit fabrication and characterization is
described in detail in the Methods section. Figure 5a,b shows a
flexed polyimide substrate with a variety of spin-cast diF-TESADT
circuits and an optical micrograph of the seven-stage ring oscillator.
The different microstructures on the PFBT-treated electrodes and
polyimide field regions can be easily seen. Despite the greater
processing complexity required to fabricate circuits on flexible
polyimide substrates, we are able to obtain the same contact-
controlled microstructure shown in Fig. 3b for OTFTs on oxidized
silicon (see Supplementary Information, Fig. S6 showing the optical
micrograph of an OTFT pair that make up an inverter stage of the
ring oscillator).

Films deposited on PFBT-treated samples from toluene
solution on polyimide substrates typically have mobilities
of 0.1-0.2cm?V~'s™!, threshold voltages of —2 to 1V and
subthreshold slopes of 1.0V per decade to 2.2V per decade. The
electrical characteristics obtained on polyimide substrates are as
high quality as the devices fabricated on oxidized silicon using the
greatly simplified test structure. The near-zero threshold voltage
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Figure 4 Temperature dependence of the effective field-effect mobility in the
saturation regime. The mobility is plotted as a function of inverse substrate
temperature (1/ kg T) for devices with PFBT-treated contacts with a 1,000 um
channel width and having channel lengths (L) of 10 um, 20 um, 50 um and 80 pm.
The film was spin-cast at 1,000 r.p.m. from a 2 wt% solution in warm toluene.

for the devices on polyimide substrates enables us to fabricate
simple digital logic circuits without level shifting, unlike previous
reports for TFT circuits fabricated by using thermally evaporated
pentacene thin films'. Significant to the circuit work are the poor
transport properties of the field regions (optically clear regions),
which provide natural isolation between adjacent inverters, and
eliminates the need for further processing steps to etch the organic
semiconductor film. From the current—voltage characteristics of
long L TFTs biased at V55 = 0V, we estimate the sheet resistance of
the low-mobility regions in field to be higher than 10° ohms per sq.
This level of isolation is adequate for many circuit applications
and electronic paper, but is not sufficient for high-information-
content display applications. Preliminary evidence indicates that
a simple hydrophobic treatment of the field region can further
improve isolation owing to dewetting of the semiconductor.
Figure 5¢,d shows output waveforms for the seven-stage ring
oscillator operating at two different supply voltages; Vpp = —5V
and —40 V, respectively. The dynamic TFT operation demonstrated
at Vpp as low as —5V confirms that our diF-TESADT TFTs can
be used in low-voltage electronic applications. Figure 5¢ shows a
plot of the oscillation frequency and the single-stage propagation
delay as a function of the supply voltage. The propagation delay
(and oscillation frequency) shows the expected decrease (increase)
with increasing supply voltage and a single-stage delay of less than
5us is achieved for large Vpp. OTFTs fabricated on polyimide
substrates with untreated electrodes typically have mobility less
than 1072 cm? V™' s7

The results from our studies of spin-cast diF-TESADT OTFTs
show the tremendous potential for engineering self-ordering
of soluble organic semiconductor materials. We show that by
exploiting the strong tendency of diF-TESADT to crystallize along
chemically tailored contact interfaces, we can greatly improve the
electrical characteristics of the OTFTs. Channel-length-dependent
and temperature-dependent current—voltage characteristics
correlate well with the thin-film microstructure. Our ability to
dramatically influence the thin-film morphology at microscopic
and macroscopic scales enables us to fabricate high-performance
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Figure 5 Photograph, optical micrograph and electrical characteristics for diF-TESADT TFT circuits on a flexible plastic substrate. a,b, A polyimide substrate with a
variety of spin-cast diF-TESADT circuits (a) and an optical micrograph of a seven-stage ring oscillator (b). The different microstructures on the PFBT-treated electrodes and
polyimide field regions can be easily seen. ¢,d, Output waveforms for the ring oscillator operating from supply voltages of —5V (¢) and —40V (d). e, Plot of oscillation

frequency and per stage propagation delay as a function of supply voltage.

digital circuits on flexible plastic substrates, as well as test structures
that are well suited for fundamental studies on charge injection
and transport in the OTFT channel. Most importantly, our use
of the contacts to induce crystallinity in the channel region of
OTFTs opens the field to novel room-temperature, low-cost, self-
patterning techniques for manufacturing high-channel-mobility
OTFTs and flexible circuits™.

METHODS

TRANSISTOR AND CIRCUIT FABRICATION, AND ELECTRICAL CHARACTERIZATION
Discrete OTFTs were fabricated on heavily doped and thermally oxidized (100)
n-type silicon wafers. The silicon dioxide gate insulator was grown in dry
oxygen and had an average thickness of 200 nm. Source and drain contacts
were formed by evaporating a 3—5-nm-thick titanium (Ti) adhesion layer
followed by a conformal 50-nm-thick gold (Au) layer, and they were patterned
by photolithography and a lift-off process. Subsequently, the substrates were
cleaned by immersion in solvents and rinsed with deionized water. Trace
organic contaminants were removed by ultraviolet-ozone exposure. To modify
the source and drain contact interface properties, the substrates were immersed
ina 107 mol1™! PFBT solution in room-temperature ethanol for 30-60 min
and sonicated in neat ethanol before blow drying with N,. Fluorinated
diF-TESADT was used as synthesized by SS and JEA. Details of the synthesis
and crystal structure will be published elsewhere. All diF-TESADT films were
deposited by spin-coating from 17 to 18 mgml™" (2 wt%) solutions in room-
temperature or warm (approximately 60 °C) toluene at 1,000 x 27t rad min~!
or 2,000 x 27t rad min~"' for 30's. The ellipsometric film thickness on untreated
silicon dioxide was approximately 70 nm. The completed OTFTs were placed in
a vacuum oven at 30 °C to remove any residual solvent from the film.

Because of its good dimensional stability, polyimide substrates were used to
fabricate flexible diF-TESADT TFTs and ring-oscillator circuits. The integration
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of TFTs into electronic circuits on a plastic substrate requires a patterned gate
electrode and a gate insulator that can be deposited at temperatures compatible
with the substrate. For this work, nickel (Ni) was used for the gate electrode
and silicon dioxide deposited by reactive ion-beam sputtering at 80 °C was
used as the gate dielectric and insulation layer for wiring cross-overs. Au source
and drain electrodes were deposited by thermal evaporation and patterned
using lift-off. Before the active-layer deposition, substrates were cleaned
using ultraviolet ozone. After ultraviolet cleaning, the interface properties of
the Au source/drain electrodes were modified by immersing the substrates

in a 1072 moll™" solution of PFBT in ethanol for 15 min. For the active
layer, a diF-TESADT film was spun from a 17 to 18 mgml™! solution in
room-temperature toluene over the prepatterned circuit electrodes and dried.
All solution preparation and device processing steps for circuit fabrication were
carried out in an air ambient at room temperature.

The d.c. electrical characteristics of discrete OTFTs on silicon substrates
were measured at room temperature in a nitrogen-purged probe station by
using a semiconductor parameter analyser. The electrical characteristics of
the OTFT circuits on polyimide substrates were measured in room air on a
probe station by using a d.c. power supply to provide the circuit bias and an
oscilloscope to capture the output waveform. Temperature-dependent d.c.
electrical characteristics were measured in a vacuum (base pressure < 1077 torr)
cryogenic probe station (4.2 K to 300 K). For all of the electrical measurements,
the gate contact was made to the wafer backside. The effective field-effect
mobility in the saturation regime was calculated from the following relationship:

2 L’ O
=W aves

where 1 is mobility, C; is the capacitance per unit area for the silicon dioxide
gate dielectric, and W and L are the transistor channel width and length,
respectively. An aggregate value for 81113/ ? /8 Vs was determined from the slope
of the line fitted to the linear part of a plot of /T, versus V.
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FILM MICROSTRUCTURE AND SURFACE TREATMENT ANALYSIS

Differential interference contrast optical microscopy, polarized optical
microscopy and atomic force microscopy were used to analyse the thin-film
microstructure. The orientation of diF-TESADT molecules comprising films
spin-cast on silicon dioxide (assumed to be similar to that in the field region and
in the mid-channel of long L devices) and on untreated and PFBT-treated Au
was analysed by using GIXD and polarizing optical techniques: spectroscopic
ellipsometry and infrared absorption. Silicon dioxide and Au interfaces that
were chemically modified with molecules that self-assemble to form molecular
layers were characterized by measuring the contact angle of a deionized water
droplet (6,0) by using the sessile-drop method.
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