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Abstract: A magnetic field has been utilized for producing highly oriented films of a substituted
hexabenzocoronene (HBC). Optical microscopy studies revealed large area HBC monodomains that covered
the entire film, while wide-angle X-ray measurements showed that the HBC molecules are aligned with
their planes along the applied field. On the basis of this method, solution-processed field-effect transistors
(FET) have been constructed with charge carrier mobilities of up to 103 cm?/V-s, which are significantly
enhanced with respect to the unaligned material. Exceptionally high mobility anisotropies of 25—75 for
current flow parallel and perpendicular to the alignment direction have been measured as a function of the
channel length. Atomic force microscopy performed on the FET structures reveals fibril superstructures
that are oriented perpendicularly to the magnetic field direction, consisting of molecular columns with a
slippage angle of 40° between the molecules. For channel lengths larger than 2.5 um, the fibrils are smaller
than the electrode spacing, which adversely affects the device performance.

Langmuir-Blodgett depositiorf;# and the use of alignment
layers or electric fields> Here we demonstrate that high
mesoscopic order can be introduced in thin films of a hexa-
benzocoronene-based discotic liquid crystal by application of a
high magnetic field. This resulted in large-area monodomain
films that allowed charge transport studies in FET devices, in
which we found a more than 10-fold enhancement and an
ultrahigh anisotropy, up to 75 times, of the field-effect mobility
over unaligned films.

Magnetic alignment of an anisotropic molecule originates
from the anisotropy in its diamagnetic susceptibiligy,char-
acterized byAy = y — xo, the difference iny between two
orthogonal molecular axes. The energy of a molecule, given

Introduction

Liquid-crystallinesr-conjugated organic molecules are prom-
ising semiconductors for solution-based fabrication of electronic
devices, such as field-effect transistors (FETs) and light-emitting
diodes, due to the attractive prospect of harnessing their fav-
orable capability for molecular self-assembly in mesophase(s).
Mesoscopic order is of major importance for the electronic
performance of organic semiconductém@nd alignment of the
mesoscopic order may lead to enhanced charge-carrier mobility
or to anisotropic optical or electrical propertfes. Alignment
techniques investigated so far include mechanical stretéhing,
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by E = —yB? P therefore, depends on its orientation with respect
to the magnetic field direction. An aromatic molecule, for
instance, has a relatively highy and tends to align with its
ring plane, that is, the axis of lowegtalong the magnetic field.
It is not possible to align a single molecule with the highest
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C12H25

Figure 1. Chemical structure of the discotic liquid-crystalline semiconduc-
tor, hexa(4-dodecylphenyl)hexzeri-hexabenzocoronene (HB®hGy).

magnetic fields that are currently available since the reduction
in magnetic energyAy B2, is still considerably smaller than
the thermal energ¥T (i.e., thermal motion prevents alignment).
In a liquid-crystalline (LC) mesophase, however, the difference
in magnetic energy dN self-assembled molecules can become
large enough to align the moleculés/Ay B2 > kT). Magnetic
fields have been successfully utilized to align a wide variety of
self-assembled systeris.16

We selected hexa(4-dodecylphenyl)h@eai-hexabenzocoro-
nenet’ HBC—PhG; (Figure 1), for the work reported here, as
this material combines favorable magnetic and electrical proper-
ties. Their discotic LC phase and aromatic core, and thus high
Ay (4.9 x 107° m¥mol),'® make HBC derivatives suitable for
magnetic alignment, while the formation of columnar stacks
leads to one-dimensional charge-carrier transpoff High
intrinsic charge-carrier mobilities have been found for HBC
PhG. in time-resolved microwave conductivity measureménts
and a mobility along the columnar stacks that is up to 20-times
higher than perpendicular to theth.To date, this liquid-
crystalline HBC derivative has never been applied in a FET.
Different HBC derivatives, however, have been ordered, aligned,
and used in FET$27 Charge-carrier mobilitiegrg, of up to
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Figure 2. Structural characterization of magnetically aligned HBRhG,
films. (a) Optical micrographs under crossed polarizers. The transmitted
light was maximal for films with the alignment direction &#5° to the
orientation of the polarizer/analyzer system (left), and minimal at O and
90° (right). (Arrows indicate the orientation of the polarizers.) (b) Wide-
angle X-ray scattering pole figures measured as a functiap (@fh-plane
rotation around the center of the sample) and tilt angfer two different
scattering angle$. Left: the pole figure measured at ti&racolumnar
distance (0.35 nm,2= 25°) reveals that the HBEPhG, molecules are
oriented with their plane along the magnetic fieRight: probing at the
intercolumnar distance (3.4 nm@2= 2.5°) reveals that the columnar stacks
are at+40° to the magnetic field axis.

1 x 1072 cm?/V-s were deduced for the zone-cast crystalline
HBC,2> while in devices based on films oriented on friction-
transferred poly(tetrafluoroethylen®)?” mobility anisotropies

for charge transport parallel and perpendicular to the HBC
columns of 2 orders of magnitude were reported. We note,
however, that this anisotropy might be due to the alignment
layer that hampers perpendicular charge trans3éft.

Results and Discussion

Thin aligned films were prepared by casting a HBRhG,
solution (15 g/L inp-xylene) onto field-effect transistor test
wafers positioned in a horizontal 20 T Bitter magnet at room
temperature. During evaporation of the solvent, HBEhG
undergoes a phase transition from the isotropic to a lyotropic
LC phase. The actual alignment takes place when the columnar
stacks are sufficiently large and mobile to be alightdhe
magnetic field was applied until the solvent had evaporated.

Remarkably, optical microscopy studies revealed large-area
HBC monodomains that covered thentire FET substrate
(Figure 2a). This is evidenced by the fact that transmitted light
intensity maxima were observed for films positioned with the
direction at whichB was applied ai-45° to the polarizers, and
minima for films with the B direction oriented parallel or
perpendicular to them.
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Figure 3. Electrical performance of a typical magnetically aligned HBC
PhGzbased field-effect transistot (= 10 um andW = 10 mm). (a)
Transfer characteristics for oriented HBC films, measured perpendicular
(Ip, red line) and parallell(, blue line) to the magnetic field direction, as
well as active HBC layers prepared without application of a magnetic field
(liso, black line). The insets schematically show the direction of the current
with respect to the field directioB and HBC-PhG;, fibrils (see text and
Figure 4). (b) Dependence of the field-effect mobility on the channel length
for both current directions:ure” and urd' correspond tolg and Iy,
respectively. Inset: channel length dependence of the anisotropy in the field-
effect mobility (ure/ure).

To elucidate the molecular arrangement of HBRhG. in
more detail, wide-angle X-ray (WAXS) diffraction pole figure

measurements were performed. Representative results are

displayed in Figure 2b. The left pole figure was measured at
the diffraction maximum originating from the intermolecular
distance within a column (3.5 A). It reveals that the HBC
PhG_ molecules are aligned with their planes along the applied
magnetic field, as expected for an aromatic molecule, with the
disc in an edge-on arrangeméfiThe two ridges in the right
pole figure, corresponding to the WAXS intensity probed at
the intercolumnar distance (3.44 nm), are likely due to the
presence of domains with close-packetblecular columns
making an angle of40° with the magnetic field direction (vide
infra). Remarkably, magnetically aligned coronene cores have
a ladder arrangement, which strongly contrasts all previous
reports on HBG-PhG; films26:27 that show face-to-face stack-
ing. The influence of the magnetic field on this difference in
packing is the subject of further studies.

Unambiguous evidence for the high degree of molecular order
introduced by the magnetic field was obtained from electrical
characterization of devices with the charge transport direction
parallel and perpendicular to the applied magnetic field (Figure
3a). These were compared with the performance of isotropic

devices fabricated using the same procedure, but without a
magnetic field applied. Typical transfer characteristics are shown
in Figure 3a. All devices exhibited clean transistor action with
high on—off current switching ratios up to #O(measured
between gate voltageg, = —20 and 10 V), a good operating
stability with typical turn-on voltages of5 V and negligible
hysteresis between forward and backward scans. Most impor-
tantly, FETs with the charge transport direction perpendicular
to the magnetic field displayed a substantially higher sotrce
drain current than isotropic devices or devices with the channel
parallel to the field. Extracting the respective saturated field-
effect mobilities, urg,?® with ure” and urd' = field-effect
mobility perpendicular and parallel to the magnetic field, we
find that ure' ~ upgs® = 3 x 1076 cm?/V-s anduge” = 1074
cn?/V-s (Figure 3b). Magnetic field alignment leads to a more
than 10-fold enhancement of the mobility and a high anisotropy
(ureluee") of 33 (L = 10um, W= 10 mm). This unequivocally
demonstrates that the magnetic field alignment is effective in
introducing one-dimensional mesoscopic order in the discotic
liquid-crystalline semiconductors.

In addition, when analyzing the dependenceupf with
channel lengthl., we find, rather surprisingly, that the anisot-
ropy in the field-effect mobility gre"/ure') increases with
decreasind- (W = const.= 10 mm), leading to a maximum
anisotropyure-/iuse' = 75 for L = 2.5 um (inset Figure 3b).
This high anisotropy appears to be originating from the fact
that higher values foure” are recorded at smaller channel
lengths, which is opposite to the more common behavior, where
contact-resistance phenomena negatively affeg with
decreasingd.;?° ure” increases more than 1 order of magnitude
from 2.5 x 1075 to 6 x 10~* cm?/V-s when reducing. from
40 to 2.5um. In this rangeur£' was found to only change from
1 x 105to 8 x 1076 cnm?/V-s.

To gain more insight into this dependence, the microstructure
of the magnetically aligned HBC films was investigated by
tapping mode atomic force microscopy, performed directly on
the FET structures. Representative images of FET devices with
the channel perpendicular to the magnetic field directlor=(

30, 7.5, 5, and 3um, respectively) are displayed in Figure
4a—-d, whereas Figure 4e displays a FET with a® long
channel, with the channels oriented parallel to the magnetic field.
Generally, we find that the aligned HB&hG films exhibit
afibril “superstructure” of individualfibrils ” oriented perpen-
dicularly to the magnetic field direction. From the presented
images, it appears that the highest field-effect mobility is
obtained for devices of = 2.5 um as the gap between the
electrodes is entirely covered by oriented HBC fibrils without
dead ends. For largér the average length of the fibrils becomes
smaller than the electrode spacing, which, eventually, will
adversely affect device performance. Similarly, for devices with
the magnetic field parallel to the channel, no continuous pathway
is formed (Figure 4e). Nevertheless, the low values measured
for ure!, which are comparable to that of isotropic films (Figure
3b), may give some indication of the amount of molecular and
microscopic defects and disorder present in the latter films.

Certainly, for allL values investigated, the average amount
of fibril ends is much higher when the fibrils are aligned

(28) Sirringhaus, H.; Tessler, N.; Thomas, D. S.; Brown, P. J.; Friend, R. H. In
Advances in Solid State Physics;3&amer, B., Ed.; Vieweg: Braunsch-
weig 1999; pp 10+110.
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i :é! individual HBC-PhC,, molecule

Figure 4. Atomic force microscopy (AFM) images of magnetically aligned HBRhG »-based field-effect transistors for different channel lengttend
schematic representation of the fibril superstructure consisting of molecular columns=(8p um, (b)L = 7.5um, (c)L = 5um, (d)L = 3 um, (e)L

= 3 um for the opposite orientation. (f) Internal structure of a fibril, showing evidence for unidirectionally aligned columnar stacktoahémagnetic

field. (g) Schematic representation (top view) of the fibril superstructure, aligned perpendicularly to the magnetic field. The fibrils comslistudér
columns att40° to the field, with the individual HBE PhG2 molecules aligned along the field with the discs in an edge-on arrangement, which is consistent
with the WAXS data (Figure 2b). The films in-al are fabricated in a horizontal magnetic field (denoted by the black arrow). In e, the magnetic field
direction is pointing upwards.

perpendicularly to the current path than for the parallel alignment systems, this method is a promising tool for optimizing the
(Figure 4d,e). We therefore expect the fibrous superstructure properties of functional materials. Currently, we are optimizing
to significantly contribute to the measured anisotropy of the the fabrication conditions in order to lower the magnetic fields
field-effect mobility. In addition, anisotropic transport within  and utilizing materials that have a higher intrinsic charge-carrier
ordered LC domains and columns might play a considerable mobility to enhance the device performari€e.
role. When zooming in on aimdizidual fibril (Figure 4f),
unidirectionally orderedcolumnar stacks are observed. The
structural analysis, using WAXS and AFM, therefore leads to Magnetic Field Alignment. Alignment experiments were performed
the structure schematically depicted in Figure 4g. Tihdls, in a water-cooled, 20 T, resistive Bitter magnet, the operation of which
oriented perpendicularly to the magnetic field, consist of is discussed eIsewhe_?bThe temperature of the sample was stabilized
molecular columnghat make an angle of roughb40° with at 20°C (i0:1°C) using a water-b_ased tempe_rature cohtroller.
the field direction and in which the individual HBEPhy, WAXS. Wide-angle Xray scattering was carried out using a custom-
molecules are aligned along the magnetic field in an edge-on built setup for experiments in reflection mode. Monochromatic @u K

; radiation was employed. Pole figures were recorded at a fixed scattering
arrangement. Inte.restmgly, very r(_acenFIy th(_a structure of zone- angle (constant-spacing) measuring a series gfscans (in-plane
cast HBC-CroHzs films was determined in which the discs have  rotation around the center of the sample) at various tilt angjes,
a herringbone-packing motif with opposite rotations of 39 (azimuth angles).
between neighboring stacked columns: Breiby, D. W.; Bunk,  AFM. Atomic force microscopy images were recorded under ambient
O.; Pisula, W.; Sglling, T. I.; Tracz, A.; Pakula, T.; N&n, conditions using a Digital Instrument Multimode Nanoscope 1V,
K.; Nielsen, M. N.J. Am. Chem. So2005 127, 11288~ operating in the tapping mode regime on the FET devices immediately
11293. The anisotropic internal structure of the fibrils might after mobility measurements. Microfabricated silicon cantilever tips

Experimental Methods

be an extra contribution to the ultrahigh anisotropyef. (NSGO01), with a resonance frequency of approximately 150 kHz and
a spring constant of about 5.5 Nfp were used. The scan rate varied
Conclusions from 0.5 to 1.5 Hz. The set-point amplitude ratig,& As/As, Where

We have demonstrated in the case of substituted hexaben-ASP is the amplitude set point and, is the amplitude of the free

L . . oscillation) was adjusted to 0.75. All AFM images shown here were
zocoronenes that magnetic fields are effective for producing

. . . N . . " subjected to a first-order plane-fitting procedure to compensate for
oriented films of discotic liquid-crystalline materials. This allows sample tilt. AFM analysis was done offline.

the investigation of structureproperty relationships in such Devices The field-effect transistor devices consisted of heavily doped
magnetically aligned films formed in transistor structures in a sj wafers as the gate electrode, covered by a 200 nm thick layer of
noninvasive, contact-free way. We find that the field-effect thermally oxidized Si@ Using conventional lithography, 100 nm thick

mobility in magnetically aligned films is more than 10 times

i e H ; H H H (29) Meijer, E. J.; Gelinck, G. H.; van Veenendaal, E.; Huisman, B.-H.; de
higher than that in isotropic films, which highlights the Leetw, D. M.: Klapwilk, T. M. Appl. Phys. Lett2003 82. 4576-4578,

importance of controlling the active material’s microstructure (30) Piris, J.; Debije, M. G.; Watson, M. D.; Man, K.; Warman, J. MAdb.

AV ; ; ; i~ fi Funct. Mater.2004 14, 1047-1052.
fo_r aChIeVIn_g optlmum device per_formanpe. Since magnetic field (31) Perenboom, J. A. A. J.; Wiegers S. A. J.; Christianen P. C. M.; Zeitler, U.;
alignment is applicable to a wide variety of self-assembled Maan, J. CPhysica B2004 346, 659-662.
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