
Published: February 04, 2011

r 2011 American Chemical Society 1194 dx.doi.org/10.1021/cm102834m |Chem. Mater. 2011, 23, 1194–1203

ARTICLE

pubs.acs.org/cm

Controlling the Microstructure of Solution-Processable Small
Molecules in Thin-Film Transistors through Substrate Chemistry
R. Joseph Kline,*,† Steven D. Hudson,† Xinran Zhang,† David J. Gundlach,‡ Andrew J. Moad,§

Oana D. Jurchescu,|| Thomas N. Jackson,^ Sankar Subramanian,# John E. Anthony,# Michael F. Toney,O and
Lee J. Richter*,§

†Polymers Division, ‡Semiconductor Electronics Division, and §Surface and Microanalysis Science Division, National Institute of
Standards and Technology, Gaithersburg, Maryland 20899-1070, United States

)Department of Physics, Wake Forest University, Winston-Salem, North Carolina 27106, United States
^Center for Thin Film Devices and Materials Research Institute, Department of Electrical Engineering, Penn State University,
University Park, Pennsylvania 16802, United States

#Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506, United States
OStanford Synchrotron Radiation Lightsource, Menlo Park, California 94025, United States

bS Supporting Information

ABSTRACT: Solution-processable small molecules have
tremendous potential in macroelectronics applications by
providing both high charge carrier mobility and low cost
processing. Fluorinated 5,11-bis(triethylsilylethynl) anthra-
dithiophene enables high performance thin film transistors
due, in part, to a self-patterning process where crystals grow
from chemically tailored contacts and bridge the transistor
channel. This paper outlines a detailed microstructural study
that identifies the crystallization mechanisms of the self-
patterning. Two crystal habits are observed: we find that
crystals on chemically modified electrodes predominantly
form (001) oriented platelets while untreated surfaces form
a fine mixture of (001) and (111) oriented crystals. For (001)
oriented platelets, the (010) fast growth face lies in the plane
of the film and allows extended growth from platelets
nucleated on the electrode into the transistor channel. The in-plane charge carrier mobility of the (001) platelets is high; for
short channel lengths, crystal growth fronts from adjacent electrodes bridge the channel gap, resulting in the excellent device
performance. On untreated surfaces between devices, the low charge carrier mobility, finely mixed state provides self-isolation for
stable device operation.

KEYWORDS: organic electronics, thin-film transistors, grazing-incidence X-ray diffraction, transmission electron microscopy,
FTIR, TESADT, crystal habits, morphology

’ INTRODUCTION

The production of thin-film transistors (TFTs) by low-cost
methods such as roll-to-roll processing and printing promises to
be a disruptive technology, enabling item level RFID tags, flexible
displays, and many other unique products.1-3 Much interest has
been invested in correlating the physical structure and electrical
characteristics of devices based on thin films of organic mole-
cules. The synthetic diversity presented by organic molecules
facilitates the inexpensive patterning and low temperature pro-
cessing necessary for macroelectronics commercialization. In
general, the highest performance has been achieved with small,
polycyclic aromaticmolecules such as pentacene and rubrene where
both single crystal4-9 and evaporated thin film10-12 devices can

achieve charge-carrier mobilities in excess of 5 cm2/(V s). The high
performance has been related to the high level of crystalline order
in the thin films. Alternatively, the solution processability re-
quired for printing of devices has primarily been limited to
semiconducting polymers with generally lower performance,
attributed to a lower level of structural order.13-15

Solubility can be conferred to small molecules by the addition
of appropriate side groups,16 or by using thermally or photol-
ytically convertable soluble precursors.17,18 Silylethyne substitu-
tion of acenes has emerged as a promising synthetic paradigm for
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design of optimal, solution processable material.19 The introduc-
tion of the silylethyne side groups allows rational engineering of
the crystal packing such as inhibiting the typical herringbone
structure of planar aromatic systems and promoting cofacial
interactions.16 Substitution can also confer chemical stability, as
the more reactive sites on the molecule can be passivated by the
side group. Small molecule blends with polymers have also been
used to optimize the charge transport and processability.20,21

Shown in Figure 1a is the molecular structure of fluorinated
5,11-bis(triethylsilylethynyl) anthradithiophene (diF-TESADT).
Thin films of the unfluorinated analogue, TESADT, are typically
amorphous when spin-coated and require post-processing such
as solvent annealing22 or the addition of small amounts diF-TESADT23

to develop adequate order to support high performance TFTs.
Fluorination of the chromophore improves the crystal formation
characteristics and confers oxidative stability by lowering the
highest occupied molecular orbital (HOMO).24,25 The strong
tendency to crystal formation in diF-TESADT results in poly-
crystalline films even under the rapid drying conditions of spin-
coating.26-28 It has been found that proper chemical treatment
of the device contacts leads to beneficial self-patterning where
crystals nucleate on the contacts and extend into the channel of
the TFT.26,29 The highest mobilities are obtained for short channel
deviceswhere the contact-nucleated crystals bridge the channel. The
self-patterning enables thin film performance that approaches the
mobility of single crystal devices with minimal processing.6,30

In this report, we present detailed structural characterization
of thin films of diF-TESADT spin coated onto a variety of treated
and untreated Au and SiO2 surfaces that model device source-
drain contacts and channels. Using X-ray diffraction, polarized
infrared spectroscopy, and optical, electron, and atomic force

microscopies we identify the specific film crystal structures,
orientations, and growth models. In particular, the investigation
of the local morphology, the variation of the film structure and
crystallite orientation with surface treatment, provides funda-
mental insights into the practical control of the development of
order in this system.

’EXPERIMENTAL METHODS

A 50-50 inseparable mixture of the syn- and anti- forms of diF-
TESADT (figure 1) was prepared by a previously reported synthesis.25

All films were prepared by spin-coating from a chlorobenzene solution
(2% by mass) at 1000 rpm (1000 � 2π rad min-1) unless otherwise
noted. The typical film thickness was ≈55 nm as measured by spectro-
scopic ellipsometry. The final stages of film formation during drying
took a few seconds.

Transport measurements were made on TFTs in a bottom contact,
bottom gate configuration. The gate dielectric was nominally 200 nm of
SiO2 on a highly doped (0.05 Ω-cm), p-type Si wafer. The Si wafer
served as both substrate and gate electrode. The source/drain contacts
were ≈40 nm of Au on ≈5 nm of Ti, patterned by conventional lift-off
processing. The channels were 1 mm wide with lengths varying from
(5 to 100) μm. The TFT substrates were cleaned with acetone and iso-
propanol followed by a UV ozone treatment and deionized water rinse
prior to further processing. Prior to deposition of the semiconductor, the
contacts were treated via solution deposition of thiols [benzene thiol
(BT), perfluorinated benzene thiol (PFBT), or perchlorinated benzene
thiol (PClBT)] from ethanol solutions. The mobilities were calculated
in the saturation regime. Blanket film structural characterization was
performed on films spin coated onto either Si wafers (native oxide) or
vapor-deposited Au films (≈100 nm on Si wafers, Platypus Techno-
logies32) cleaned via acetone and isopropanol followed by a UV ozone
treatment and deionized water rinse. The thiol monolayers for both TFT
electrode treatment and blanket film studies were deposited by soaking
the substrate in a 100 mmol/L room-temperature solution in ethanol for
30 min, followed by thorough ethanol rinse. The resultant monolayers
were characterized by contact angle, ellipsometry, IR spectroscopy, and
X-ray photoelectron spectroscopy (XPS). On the basis of XPS, the sur-
face coverage is between (2 to 3) � 1014 cm-2. Details are provided in
the Supporting Information.

Grazing incidence X-ray diffraction (GIXD) spectra were collected at
the Stanford Synchrotron Radiation Lightsource (SSRL) Beamline 11-3
with an X-ray wavelength of 0.9752 Å, an incidence angle of 0.12�, and an
area detector (MAR345).33 The incidence angle was chosen to be
greater than the critical angle of the film but less than the critical angle of
the substrate so that the measurement sampled the entire film thickness,
but minimized the contribution from the substrate. The measurement
was calibrated using a LaB6 standard. Atomic force microscopy (AFM)
was performed with an Asylum Research MFP-3D in resonant mode
using Nanosensor probes (PPP-NCL).

A Philips EM400T transmission electron microscope (TEM), oper-
ated at 120 kVwas used to perform electron imaging and diffraction. The
images were recorded with an SIS Cantega 2K CCD camera. For TEM
specimen preparation, a thin layer of carbon was evaporated onto the
sample, either a blanket film or a diF-TESADT-covered TFT substrate.
Poly(acrylic acid) (PAA) aqueous solution (20% by mass) was then
drop-cast on top of the film. After drying overnight at 55 �C, the soli-
dified PAA disk, along with the film underneath, was detached from the
substrate. The film was picked up by a blank copper grid after PAA was
dissolved by floating the disk on water for ≈3 h. The retrieved film was
washed repetitively by touching the back side of the copper grid to clean
drops of water and then to a filter paper edge.

DiF-TESADT thin films on double side polished SiO2 (native oxide)
wafers were characterized by polarized IR spectroscopy at Brewster’s

Figure 1. (a) Molecular structure of the syn form of diF-TESADT.
(b) Triclinic crystal structure of the high temperature phase of diF-
TESADT.31 (c) Definition of Euler rotation angles θ (tilt from surface
normal) andψ (twist about z0) between themolecular frame (see a) and lab
frame. Molecules with the fused core long axis oriented in the transport
plane will have θ≈90�; those with edge-on orientation will haveΨ≈90�.
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angle (73.7�) employing a custom variable-angle goniometer. Both s
(electric field vector perpendicular to the plane of incidence) and p
(electric field vector in the plane of incidence) polarized transmission
spectra were recorded using a wire grid polarizer. The spectra were quan-
tified by a nonlinear least-squares fit to multiple Lorentzian lines.34 DiF-
TESADT films and thiol monolayers deposited on Au were character-
ized with p-polarized (wire grid polarizer) reflection absorption infrared
spectroscopy (RAIRS) employing a commercial 75� angle-of-incidence
grazing reflection accessory. Further experimental details can be found in
previous publications.35 Uncertainties were calculated as an estimated
standard deviation from themean based on independent film preparations.

’RESULTS

TFTs with various Au electrode surface treatments were
fabricated and electrically tested. Figure 2 shows typical electrical
properties for transistors with PFBT-treated and untreated elec-
trodes. The transfer characteristics are excellent, with slight
curvature of

√
Id versus Vg at low voltage suggestive of contact

effects, possibly because of the low HOMO. The saturation
mobility μ was extracted from the clear linear region of

√
Id

versus Vg. Figure 2c shows a plot of the μ versus channel length

for various electrode treatments. The charge carrier mobility
increased with decreasing channel length for all treatments, with
the rate of increase being much higher for treated-contacts and
mobilities in excess of 0.5 cm2/(V s) were obtained for 5 μm
channel lengths. For 100 μm channel lengths, the mobility of
treated electrodes was about 2 times higher than untreated, while
at short channel lengths (<20 μm) the mobilities were 10 to
20 times higher with treatment, although greater differences have
been reported.20 Themobilities were found to be similar for both
PFBT and PClBT-treated electrodes. BT-treated electrodes were
intermediate between PFBT and untreated electrodes. For the
structural studies wewill emphasize the PFBT-treated electrodes,
but similar results were obtained for PClBT-treated electrodes.
Blanket Films. Figure 3 shows 2D-GIXD measurements com-

paring thin films of DiF-TESADT spin coated onto PFBT-
treated Au and bare oxide terminated substrates. DiF-TESADT
exhibits at least 2 reversible polymorphs in the bulk with a
transition temperature of 294 K.31 Both are triclinic with space
group P1. In both polymorphs, the ADT cores π-stack in
approximately the a-b plane with the side groups oriented nomi-
nally along the c axis in a lamella-like structure as shown in

Figure 2. (a) Right axis: transfer characteristics (ID- VGS) for a diF-TESADT TFT with PFBT-treated contacts and L = 20 μm andW = 1000 μm, at
VDS =-40 V. Left axis:

√
ID-VGS plot in the saturation regime. The extracted saturation mobility is 0.14 cm2/(Vs) andVT = 5 V. (b) Similar results for

a diF-TESADT TFT with untreated contacts withW = 500 μm. The extracted saturation mobility is 0.01 cm2/(Vs) and VT = 5 V. (c) Plot of saturation
mobility versus channel length for various surface treatments.
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Figure 1. DiF-TESADT films on PFBT-treated Au are highly
crystalline with the crystals predominantly oriented with the
(001) orientation normal to the substrate (Figure 3c). This
orientation has theπ-planes of the molecules and the long-axis of
the conjugated core oriented approximately in the plane of the
film and is expected to be the optimal orientation for TFT charge
transport. Transport measurements on single crystals with (001)
orientation have reported mobilities as high as 5 cm2 V-1 s-1.6

The polycrystalline films have a random in-plane orientation
within the beam footprint of 150 μm by 10 mm with the diffrac-
tion pattern being consistent with a film with large crystals.
The unit cell for the single-crystal high-temperature polymorph

(a = 7.21 Å, b = 7.32 Å, c = 16.35 Å, r = 87.72�, β = 89.99�,
γ = 71.94�) fits the thin-film diffraction reasonably well, indicating
that no distinct thin-film phase is present in DiF-TESADT.6,31

DiF-TESADT films on untreated oxide have diffraction peaks
in addition to those of (001) oriented crystals. These additional
peaks have significant intensity and can be indexed to (111) ori-
ented crystals with nominally the same unit cell as the (001)
crystals. The (111) orientation has the π-planes lying flat (paral-
lel) on the substrate surface as shown in Figure 3d and is expected
to be deleterious to charge transport along the TFT channel.
Nevertheless this orientation in the field outside of devices provi-
des an electrically insulating boundary to isolate neighboring

Figure 3. GIXD of blanket films of DiF-TESADT on (a) PFBT-treated Au and (b) untreated oxide. Indices on right denote the peaks of the (001)
orientation while italicized indices on left denote the peaks corresponding to the crystals with (111) orientation. A significant amount of (111) oriented
crystals are present on the untreated oxide, while only a small amounts of the (111) orientation are present in the PFBT-treated diffraction pattern. The
molecular orientations corresponding to these unit cell orientations are shown for the (c) (001) and (d) (111) orientations. The arrow indicates the
substrate normal and the box denotes the unit cell.
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devices.26 Nearly identical diffraction patterns with a mixture of
(001) and (111) orientations were also obtained on untreated
Au, indicating the presence of the polarizable metal surface, and
the corresponding increase in surface roughness has a minimal
effect on the crystal structure, preferred orientation, and film for-
mation of DiF-TESADT. We note that small amounts of the
(111) orientation are occasionally observed in the diffraction from
films on PFBT-treated substrates and are likely due to isolated,
non-representative regions within the large sampling area of the
measurement.
Unlike GIXD, which is only sensitive to the crystalline regions

of the film, FTIR samples the entire film, both ordered and
disordered regions and thus is a useful complement. Because of
the ≈180� phase shift upon reflection from a metal for s-polar-
ized (electric field vector parallel to the surface) light, the electric
field is essentially only along the surface normal. This gives rise to
the surface selection rule: only vibrations with an IR transition
dipole moment with a component along the surface normal are
observed in RAIRS. For a system with C2v symmetry, the dielec-
tric function is diagonal, and all IR active transitions must lie
along one of the three eigen axes of the system (x0, y0, z0 in
Figure 1). In this case, the average of the Euler angles θ and ψ
(see Figure 1) defining the orientation of the molecule in the sur-
face coordinate system of an azimuthally isotropic film (Æcos2 θæ
and Æcos2Ψæ) can be determined from comparison of the absorp-
tion lines in the RAIRS to that of an isotropic reference, typically
a KBr pellet.36 Shown in Figure 4 are IR absorbance spectra for
diF-TESADT dispersed in a pressed KBr pellet, and RAIR spec-
tra for diF-TESADT on PFBT treated and untreated Au. From
Figure 4, it is clear that the relative intensities of the transitions
are different between the RAIR spectra and the pellet, indicating
that the films are not isotropic, and are different between PFBT-
treated Au and untreated Au. While the core of the syn isomer of
the isolated molecule is C2v, that of the anti is C2h and modes in
the y0-z0 plane can have mixed dipole orientations. Additionally,
intermolecule coupling in the low symmetry (triclinic) crystal
can alter the eigen-axes of the crystal dielectric tensor with res-
pect to the molecule. We have performed density functional
theory calculations to both assign the vibrational spectrum and

determine the IR transition dipole orientation for both the syn
and anti forms of the molecule, which indicate that an adequate
number of strong modes have transition dipoles along the mole-
cule coordinates for both forms to perform an orientation anal-
ysis. These lines are indicated in Figure 5 and summarized in
Table 1. The primary differences between the two RAIR spectra
and the reference lie in the intensity of the out-of-plane CdC-H
wagging modes near 870 cm-1. These lines are nearly absent on
PFBT-treated Au, indicating an edge-on orientation. They are
much stronger on untreated Au, suggestive of a more face-on
orientation. The results of the quantitative orientation analysis
are reported in Table 2. The orientation distribution average is
reported as a single, effective angle, assuming a delta function
distribution. An isotropic distribution would thus be reported as
the magic angle: 54.7�.
For films on dielectric substrates (such as the untreated oxide),

an alternate approach to the orientation analysis can be per-
formed, based on the observed ratio of line intensities in p- and
s-polarized transmission spectra.34 This approach provides orien-
tation information independent of the assumption of C2v sym-
metry. The results of such an analysis to transmission spectra
(data in Supporting Information) is included in Table 2. The
excellent agreement in the effective orientation angles for untrea-

Figure 4. IR spectra: top, diF-TESADT in a KBr disk; middle, RAIRS
for a film deposited on untreated Au; bottom, RAIRS for a film deposited
on PFBT-treated Au. The asterisks denote those lines used for the
orientation analysis. Highlighted are the CdC-H wagging modes,
absent in the spectra from tr Au.

Figure 5. Cross-polarized optical and AFM images of DiF-TESADT
TFTs on (a) PFBT-treated electrodes of TFT with L = 20 μm and (b)
untreated electrodes of TFT with L = 80 μm. Images of the PFBT-
treated electrodes show substantial growth of electrode-nucleated
crystals into the TFT channel. Images of untreated electrodes show
identical structures on both the oxide and the electrode. Scale bars on
optical images are 10 μm. Larger scale AFM images of blanket films can
be found in the Supporting Information.
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ted Au and untreated oxide validate the assumptions in the
analysis of the RAIRS.
The effective orientation angles are the result of an average

over all molecules in the film. If we assume that the film consists
entirely of either (00 L) or (111) oriented domains, as identified
by GIXD and TEM, we can use the observed average orientation
to calculate the volume fraction, f, of the (001) domains. Shown
in Table 2 are the predicted molecular orientations for the (001)
and (111) crystal orientations, based on the high temperature
polymorph crystal structure. The estimated (001) volume frac-
tion is also summarized in Table 2. For the PFBT and PClBT-
treated films, we find comprehensive (100) orientation within
the precision of the measurement. For the untreated Au and
oxide substrates, we find comparable amounts of both the (001)
and the (111) orientations.
Spatially-Resolved Measurements on Individual Devices.

The previous section discussed the microstructure in blanket
films of DiF-TESADT deposited on treated and untreated
substrates. These measurements reflect the structure of the film
on the Au electrodes and the oxide in the field of the devices, but
do not provide a measurement of the crystals present in the
channels of transistor devices that extend from the gold elec-
trodes onto the oxide. As shown previously, films spin-cast on
patterned PFBT-treated Au electrodes have crystals that extend
beyond the edges of the electrode into the transistor channel.26,37

This structure is critical to the transistor performance, as long
channel devices where the edge-grown crystals do not bridge the
transistor channel have substantially lower charge carrier mobi-
lity. Additionally, transistors with untreated electrodes have sub-
stantially lower charge carrier mobility and show no effects of the
electrodes on the film microstructure. Figure 5 shows polarized
optical micrographs and corresponding AFM images of the
channels of PFBT-treated and untreated electrodes. The polar-
ized optical micrographs show that the platelet-like crystals on
the PFBT-treated electrodes extend out over the oxide channel
region with a fan-like growth front. The birefringence of the
crystals shows a common orientation in each of the growth front

fans. The crystallographic orientation of these crystals will be
examined later by electron diffraction. These platelet-like regions
can be followed back to the crystal on the electrode where they
originated. The AFM image provides a higher resolution image of
the crystals growing out from the electrode. The AFM image and
the optical image also show the much finer structure in the field
of the oxide away from the electrode edge. This samemicrostruc-
ture is observed to cover uniformly both the untreated electrodes
and the oxide in Figure 5b. For untreated electrodes, the micro-
structure of the DiF-TESADT film is independent of the sub-
strate surface (consistent with the blanket film studies) and
continuous across the electrode step edge. The AFM image only
identifies the electrode edge because of the change in height.
Similarly the optical micrograph only identifies the electrode
because of the change in optical reflectivity between the silicon
oxide and the Au electrode.
The microstructure of the film and the local crystal orientation

were further investigated with TEM analysis of a film delami-

Table 1. Vibrational Mode Frequencies and Assignments for Features Used in the Orientation Analysis

experiment [cm-1] theory (syn, anti) [cm-1] assignment dipole orientation

801 (797, 796) CdCH opa wag X0

863 (873, 872) CdCH op wag X0

870 (884, 882) CdCH op wag X0

1364 (1348, 1348) C6 CdC þ C-C Y 0

1403 (1405,-) CdCH ipb bend Z0

1413 (-,1416) CdCH ip bend Z0

1588 (1585, 1586) CdCF stretch Z0

2134 (2116, 2115) CtC stretch Y 0
a op: out-of-plane. b ip: in-plane.

Table 2. Summary of Extracted Average Orientation Angles from IR Absorption Studies

Degree (deg) PFBT PClBT UnTr Au UnTr Oxide (001) (111)

θ 69.3 ( 0.4a 69.5 ( 0.8 67 ( 1. 64.b 71. 69.

ψ 75.8 ( 0.4 75.7 ( 0.9 49. ( 5. 46. 72. 10.

f(001) 1.0 ( 0.04 1.0 ( 0.04 0.61 ( 0.09 0.55
aAll uncertainties are one estimated standard deviation based upon two or three independently prepared and analyzed films. bUncertainty is expected to
be similar to the results on Au.

Figure 6. TEM image showing the microstructure of a delaminated film
from an electrode edge on PFBT-treated device. The red dashed line
denotes the edge of the former electrode. Red arrows were obtained
from selective area diffraction measurements and denote the orientation
of the (010) planes. White hexagon denotes the region investigated in
Figure 7.
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nated from a transistor device. Selective area electron diffraction
was conducted at a series of positions near the electrode edge and
showed a preferential orientation of the nominally (010) planes
radiating away from the electrode edge (Figure 6). This result is
consistent with a (010) primary growth face for the platelets. Fast
in-plane growth along the (010) face is supported by the shape
anisotropy of the platelets on the treated contacts, and the single
crystal habit for vapor phase growth.38 On treated contacts the
anisotropy is not remarkable, because crystals continue to grow
in other directions after initial impingement. The platelet shape is
thus merely oblong with the longest axis approximately the
(010). This direction also is transverse to the π-planes and there-
fore is expected to have the high charge transport because of the
strong intermolecular coupling between adjacent molecular
cores. This preferential orientation of the (010) planes, and thus
the π-planes, perpendicular to the electrodes and across the con-
ducting channel should result in a large charge carrier mobility.
While these large lath-shaped crystals owe their shape to crystal
growth kinetics, their large size is governed by nucleation kinet-
ics: crystals nucleate earlier during the drying process on the
treated electrode surface and therefore can extend further over
the untreated surface before impinging with the relatively slower
nucleating aggregates there. Note that these edge-nucleated crys-
tals form on the surface of the electrode near the edge, and not on
the actual step edge. They nucleate with a random azimuthal
orientation, just as those far from the edge. Those with (010) at a
shallow angle to the electrode edge impinge with neighbors early
and do not grow to as great length as those oriented approxi-
mately perpendicular to the edge.
Next, we examine how the (001) crystal habit, which is stable

on the treated surfaces, exhibits a crystal habit transformation on
untreated surfaces. This transformation occurs through crystal
branching along the (110) plane (Figure 7). These crystal
branches nucleate on the lateral surfaces of the lath especially and
eventually the (010) face itself. They commence away from the
lath in the [110]direction, and as they proceed curve slightly.

These branches retain mainly the (001) out-of-plane orientation
of the parent lath.
Figure 8 shows TEM images and selective area diffraction of

the DiF-TESADTmicrostructure on the untreated oxide as is the
case for the field regions away from the electrode edges. The fan-
like microstructure has a preferred in-plane orientation despite
consisting of a fine scale mixture of the (111) and (001) phases.
Electron diffraction shows that the (111) and (001) oriented
crystals locally share a common plane of (110), and thus the fine
rod-like crystals are homoepitaxially related. Angular relation-
ships between these crystals and diffraction from region (d) high-
lighted in Figure 8 suggest twinning about the (010). The aggre-
gates exhibit a bow-tie appearance with the (110) extending
toward the corners of the aggregate. The [110] direction is thus
the primary growth direction observed in the mixed phase struc-
ture, which at least on the untreated surfaces is faster than the
(010). This relative slowness of the (010) here may be associated
with poisoning by homoepitaxy. As noted before (Figure 3),
molecules lie approximately flat on the substrate in the (111)
crystal orientation, suggesting that surface adsorption influences
the crystal growth kinetics here.

’DISCUSSION

The excellent crystal forming characteristics of diF-TESADT
enable high mobilities within the a-b plane of single grains, while
the mixed phase films formed on untreated surfaces have poor
electrical performance. The ability to create highly textured device
channels by proper treatment of the contact allows exceptional
device performance from spin coated films.26 Microscopy and
diffraction measurements establish the microscopic origin of the
self-patterning during the film drying process. PFBT-treated
electrodes produce (001) platelets with their fast growth and
the preferred charge transport axes in the plane of the film (and
the plane of charge transport in TFTs). On untreated electrodes
and the oxide dielectric, the polycrystalline structure consists of
alternating rod-like crystals with (001) and (111) orientations,

Figure 7. Crystal branches at the transition between the two crystal habits. (a) TEM image of the region highlighted by the white lines in Figure 6. The
lines have been retained here to indicate the orientation of this image in relation to Figure 6. The black dotted lines indicate the local (010) orientation.
The region labeled a is a part of the main crystal lath that extends from the treated electrode (out of view to the left). This crystal has numerous branches
that protrude along the [110] direction toward the lower half of the figure. (b) The corresponding electron diffraction of the region labeled b in (a),
shown in the same orientation.
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that is, tilted at 71� relative to one another, separated by narrow
bands rich in (001) oriented platelets. For the (111) orientation,
the (010) growth direction (and the preferred charge transport
direction) are oriented out of plane at 32� above the horizon (see
Figure 9). The common plane, (110), observed between the
(111) and (001) crystal orientations is likely a secondary growth
face. The much faster growth of the (010) face of the (001)
platelets on PFBT-treated Au is in the plane of the film and allows
each nucleated platelet to grow considerable distances before
impinging on a neighboring platelet. The (111) oriented plate-
lets, on the other hand, can grow along the (010) face only until
the growth face reaches the film surface and then growth is lim-
ited by large-scale diffusion of newmolecules to the growth front.

Once this occurs, the crystals on untreated surfaces grow pre-
dominantly along the [110] direction.

The large crystal laths that grow out away from the electrode
over the untreated surface indicate that the (001) is stable for a
time and only eventually is disrupted by homoepitaxy. If the
primary nucleation event on the field that marks the center of the
crystal aggregate there were of the (001) orientation, we would
therefore expect that the (001) would persist some distance.
However, the two orientations are mixed at the very center, and
the fine rod-shaped crystals characteristic of the (111) orienta-
tion are observed there. Therefore, we suggest that the primary
nucleation event is in the (111) orientation, as would be favored
by face-on adsorption of molecules to the untreated substrate.

Figure 8. TEM Image of a film on untreated oxide showing structure of mixed phase present in the field of the TFTs. This structure comprises bow-tie
aggregates, whose boundaries are marked with thin lines. Several sites on the field are marked with a letter and the [110] direction, which points roughly
toward the corners of the aggregate. (Note that for this crystal structure, the plane normal of the (110) and the direction [110] are nearly parallel,
differing by only 2.2�.) (b) Electron diffraction from the region marked (a), which shows a mixture of the (001) and (111) orientations. These two
phases share a common (110) plane in the plane of the film. (c) Plot of the reciprocal lattice nets in the [110] zone for the (001) and (111) orientations,
denoted by o and x respectively. The lattice nets are rotated by 71.5�.
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The (001) orientation may then nucleate by homoepitaxy, but it
is not able to overtake the (111), which is always present.

For the heterogeneous structure of patterned electrodes that
have been treated with PFBT, platelets that nucleate near an
electrode edge with their (010) growth face oriented toward the
oxide region grow over the neighboring oxide regions. For these
edge-nucleated crystals to grow over the oxide without impinge-
ment, either the nucleation on PFBT-treated surfaces during film
drying is faster than on untreated surfaces or the small crystals
present in the untreated oxide are consumed by the growing
platelet in an Oswald ripening process. For transistors with suffi-
ciently narrow channels, the (010) growth fronts from adjacent
electrodes bridge the channel and provide a high mobility path
for the charge carriers to cross the channel.

It is interesting to speculate on the origin of the substrate con-
trol over crystal orientation. The vapor growth of (001) oriented
platelet single crystals on both glass plates6 and untreated Au
(Supporting Information) suggests that the low energy crystal
habit is (001) oriented and the mixed (111) and (001) film is the
result of kinetic constraints during the rapid film formation
during sample drying. Simple free energy considerations suggest
that a face-on (111) orientation would be favored on polarizable
surfaces such as untreated Au and (001) platelets would be
favored on a low energy surface.39,40 Vapor deposited thin film of
pentacene have been extensively studied as models for the orga-
nization of surface-confined molecular crystals. Deposition of
pentacene on low to moderate (OTS-treated or clean silica) free
energy surfaces results in the formation of a monolayer phase,
with a virtually upright molecule.41 Further deposition results in
the formation of a distinct thin film phase with a vertical d-
spacing typically 15.4 Å versus the bulk 14.5 Å,42,43 which ulti-
mately breaks-up into the bulk phase. Deposition of pentacene
on non-reactive clean metals such as Au, Ag, and Cu, typically
results in a “laying down”monolayer phase, consistent withmaxi-
mal overlap between theπ system of the pentacene molecule and
the free electrons of the metal.39,40 The presence of a SAM layer
of either polar or nonpolar character inhibits the formation of the
face-on monolayer, and the near upright thin film phase is typi-
cally reported.44,45 Significant contact effects in TFTs have been
attributed to the presence of the face-on orientation on untreated
Au contacts.46

It has been hypothesized that PFBT specifically orients the
molecules into a (001) motif because of S-F interactions simi-
lar to those that support the crystallization of the material.26

However, PFBT also significantly lowers the surface energy
(water contact angle is ≈88�) and could act solely by “passiv-
ating” the high energy interfaces. PClBT results in a similar

low surface energy (water contact angle is≈72�) and also inhibits
the (111) orientation. BT films, with identical water contact
angle to PClBT (Supporting Information) do not fully suppress
the (111) orientation, as evidenced in the electrical performance
and diffraction measurements (Supporting Information). Thus it
appears that surface energy alone is not the origin of the influence
of PFBT and PClBT on DiF-TESADT orientation, and that the
halogen-chalcogen interaction likely is important.

’CONCLUSION

Wehave used a combination of microscopy, spectroscopy, and
diffraction to determine the dependence of DiF-TESADTmicro-
structure on the substrate chemistry and identified the mech-
anisms for self-patterning responsible for the high mobility of
DiF-TESADT spin-cast films and for highly insulating portions
of these films that adopt a different morphology. We have found
that PFBT-treated Au surfaces preferentially form large (001)
oriented platelets of DiF-TESADT, while untreated Au and un-
treated oxide form a finely mixed film of (001) and (111) orien-
ted crystals. Molecular adsorption onto the substrate therefore
influences the growth habits and growth habit transformations.
For patterned Au, platelets nucleated near the edge of the elec-
trode grow unimpinged into the transistor channel over the
untreated oxide. The growth into the channel occurs along the
(010) growth face, the direction of high charge transport, result-
ing in a substantially enhanced charge carrier mobility when
growth fronts from adjacent electrodes meet.
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