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ABSTRACT: The electrical responses of a columnar liquid crystal .oy El o7 Vo-80v
(a diimidodiester derivative of benzo[ghi]perylene) deposited %18 ~o-After Amealing £h1o° fz

either by spin-coating or by thermal evaporation into a typical >10'{ ® g g, wov
OLED device are compared. For the spin-coated film, homeotropic 5133 g “’7 s

alignment was induced by thermal annealing, which enhanced the §1g‘ :2 4 0V
charge carrier mobility significantly. For the evaporated films, = 10°] & o O e
homeotropic alignment could not be obtained by annealing. A0 ey 0B [CNEES ‘V‘E’(v)m 6 708

However, a degree of rectification higher than 3 orders of Nonannealed Spin-Coated
magnitude was achieved, even without annealing, with an electrical
response similar to the response of the aligned spin-coated film. A
trap-limited space—charge-limited current model was used to
extract the charge carrier mobility directly from the current—
voltage curves. Grazing incidence wide-angle X-ray scattering
confirmed the homeotropic alignment of the annealed spin-coated
film, whereas the columns are mostly oriented parallel to the surface in the evaporated case. In a field-effect transistor with
bottom-gate bottom-contact geometry, the evaporated film exhibited a typical behavior of an n-type transistor. The degree of
intermolecular order is thereby strongly dependent on the deposition method where vacuum deposition leads to a higher order.
This higher order, however, impedes reorientation by annealing of the evaporated film but leads to improved charge transport
between the electrodes even without homeotropic alignment of columnar liquid crystal.
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1. INTRODUCTION

Liquid crystals (LCs) are a fascinating class of soft materials
due to their combined properties of fluidity and long-range
order. Recently, these materials have been recognized for
various optoelectronic applications, and new research lines are
being investigated.' > Columnar liquid crystals (ColLCs) are
emerging as one-dimensional organic charge transport
materials, providing good charge carrier mobility along the
columns.*® In the columnar phase z-stacking between
aromatic cores can provide a facile path for charge transport
via hopping from one molecule to another.” Thus, LCs have
attracted special attention from the scientific community as
promising self-organized molecular semiconductors due to their
potential application in organic electronics,”” including organic
field effect transistors (OFETs)," organic solar cells (OSCs),""
and organic light emitting diodes (OLEDs)."” LCs can be easily
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processed since they can be spin-coated in the form of thin
films from solution like polymers or by vacuum deposition like
most small molecules. One important characteristic of these
materials is the property of self-healing, i.e., the ability of the
mesophase to repair spontaneously structural defects, which are
likely to act as traps for charge carriers."*™"

In ColLCs the local molecular orientation and the
intermolecular distance of neighboring aromatic cores within
the columns exert a strong influence on the charge trans-
port."®"” High charge carrier mobilities, up to 1.1 cm?/(V's) for
p-type liquid crystalline semiconductors'®'” and up to 6 cm?/
(V s) for n-type liquid crystalline semiconductors,”” have been
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found. Hole transport is observed in a great variety of organic
materials, whereas electron transport is limited to a few classes
of materials."® ColLCs based on the perylenediimide core have
been successfully used as electron acceptor materials in OSCs,
OFETs, and OLEDs,”! exhibiting charge mobilities of up to 1.3
em?/(V s).>*

In the present article it is described how the deposition
method (spin-coating versus thermal evaporation) influences
the molecular packing and the intermolecular order of a
diimidodiester derivative of benzo[ghi]perylene. It was
observed that the higher molecular order, induced by vacuum
deposition, improved the charge transport along the columns.
As determined by GIWAXS measurements, even that in the
evaporated films the columns are mostly oriented parallel to the
surface, a rectification rate of 3 orders of magnitude in a diode
configuration was obtained. The current—voltage curves were
fitted with a trap-limited space—charge-limited current model
to extract the carrier mobility of the material. In a bottom-gate
bottom-contact transistor structure, the evaporated films
revealed an n-type behavior.

2. EXPERIMENTAL SECTION

The synthesis of the columnar liquid crystal (ColLC) used here,
benzo[ghi]perylene-1,2,4,5,10,11-hexacarboxylic-1,2-bis(2-ethylhexyl)-
ester-4,5:10,11-bis(undec-4-yl)imide, has been published elsewhere™
as well as its characterization as spin-coated active layer in diode
structures.”* The chemical structure is shown in Figure 1.
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Figure 1. Molecular structure, absorption, and fluorescence spectra of
the spin-coated (solid) and evaporated (dashed) films of the ColLC.
Inset: non-normalized photoluminescence spectra.

The absorption and fluorescence spectra for the solid state were
collected with an OceanOptics USB4000 spectrophotometer.
Measurements were performed on evaporated films on glass
substrates.

Atomic force microscopy (AFM) was applied to inspect the
morphology of the evaporated films, using an Asylum Research MFP-
3D in tapping mode with a scanning rate of 0.10 Hz covering a size of
10 pm X 10 pm with 512 X 512 lines.

GIWAXS was performed to gain structural information on the spin-
coated and evaporated films. The measurements were done by means
of a solid anode X-ray tube (Siemens Kristalloflex X-ray source, copper
anode X-ray tube (1 = 1.5418 A) operated at 30 kV and 20 mA),
osmic confocal MaxFlux optics, X-ray beam with pinhole collimation,
and a MAR34S image plate detector. GIWAXS measurements of the
films deposited by thermal evaporation after thermal annealing were
performed at the DELTA Synchrotron using beamline BLO9 with a
photon energy of 10 keV (1 = 1.2398 A). The beam size was 0.05 mm
X 0.5 mm, and samples were irradiated just below the critical angle for
total reflection with respect to the incoming X-ray beam (~0.18°).
The scattering intensity was detected on a 2-D image plate (MAR-
345) with a pixel size of 150 gm (2300 X 2300 pixels), and the

detector was placed 345 mm from the sample center. Data analysis was
performed using the Datasqueeze software.

For the electrical characterization, indium tin oxide (ITO) coated
glass plates with a sheet resistance of about 15 Q/o were used as
conductive substrates. After proper substrate cleaning, a thin layer of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) was deposited by spin-coating at 3000 rpm during 30 s,
followed by annealing at 110 °C for 5 min. The organic layer was
deposited by spin-coating at 2000 rpm for 30 s using a 50 mg/mL n-
heptane solution and by thermal evaporation in high vacuum (1077
mbar) at a deposition rate of 2 A/s. The thickness of the evaporated
film was probed with a Dektak 8000 profilometer. Top electrodes were
obtained by a successive vacuum deposition (1077 mbar) of Ca (50
nm) and Al (100 nm) at a deposition rate of 2 A/s. The active area of
the diode was 10 mm? Devices were annealed on a hot plate at 120 °C
for 4 h in order to achieve homeotropic alignment, followed by cooling
to room temperature. The J/V curves were measured at room
temperature (25 °C) using a HP Semiconductor Parameter Analyzer
(Model 4145A).

The bottom-gate, bottom-contact OFET substrates were purchased
from the Fraunhofer Institute for Photonic Microsystems in Dresden,
Germany. Highly n-doped silicon with a thin layer (~230 nm and
capacitance of 1.5 X 10~* F/m?) of silicon dioxide acts as the gate
electrode and insulator, respectively. The source-drain (30 nm Au with
a 10 nm ITO high work function adhesion layer) electrodes possess an
interdigital structure with a channel length of 20 gm and a channel
width of 10 mm. The organic layer was deposited on the cleaned
device substrate by thermal evaporation in high vacuum (10~ mbar)
at a deposition rate of 2 A/s. The transistors were characterized at
room temperature (25 °C) using a HP Semiconductor Parameter
Analyzer (Model 4155A).

3. RESULTS AND DISCUSSION

Photophysical Properties. The absorption and fluores-
cence spectra of the spin-coated and evaporated ColLC films
showed the same vibronic structure with two main peaks at 445
and 477 nm (Figure 1). This indicates that the molecular
structure is preserved after the sublimation process. The
photoluminescence maximum of the evaporated film coincides
with the shoulder of the spin-coated one at 575 nm. This
shoulder vanishes above the columnar to isotropic phase
transition and can be related to the z-stacking aggregation.”*
This fact suggests that the 7-stacking aggregates are stronger in
the evaporated film. Furthermore, the emission of the
evaporated film is less intense than that of the spin-coated
film (films of same thickness) (inset in Figure 1). This
photoluminescence suppression also supports the enhanced
molecular packing expected in the evaporated film.

Grazing Incidence Wide-Angle X-ray Scattering. When
the ColLC was deposited by spin-coating followed by
deposition of the metallic electrodes in a typical diode structure
(ITO/PEDOT:PSS/ColLC/Ca/Al) and annealed at 120 °C
for 3 h, homeotropic alignment was obtained only under the
metallic layer.”* Therefore, the presence of the second
electrode surface (Ca/Al) plays an important role for alignment
of spin-coated films. Homeotropic alignment by thermal
annealing of a columnar liquid crystal spin-coated between a
glass plate and a metallic electrode has been achieved previously
in Brunet et al,,”> where the confining effects due to the silver
electrode were verified. Accordingly, we investigated by
GIWAXS the alignment of evaporated films under an upper
metal electrode and without the covering electrode.

GIWAXS measurements performed in the open area of the
spin-coated film after annealing of the device at 120 °C for 3 h
show a typical pattern of a hexagonal unit cell with edge-on
arranged molecules (ay,e, = 2.21 nm; 7-stacking distance = 0.37

DOI: 10.1021/acsami.5b03496
ACS Appl. Mater. Interfaces 2015, 7, 16374—16381


http://dx.doi.org/10.1021/acsami.5b03496

ACS Applied Materials & Interfaces

Research Article

ITO/PEDOT:PSS

Figure 2. GIWAXS patterns of annealed spin-coated ColLC film measured (a) in the open area and (b) in the electrode area (the arrow points
toward the isotropic reflection related to the metal electrode, reflections are assigned by Miller’s indices, reflections* are attributed to the minor
edge-on fraction), (c) schematic illustration of the molecular organization in the open film (edge-on orientation) and in the region under the

electrode (face-on orientation).
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Figure 3. GIWAXS of evaporated ColLC film measured in the open area (a) before and (b) after annealing. Reflections are assigned by Miller’s
indices; reflections™ are attributed to the minor edge-on fraction. GIWAXS of evaporated film under the electrode area (c) before and (d) after
annealing (arrow indicates isotropic reflection of the metal electrode). Insets illustrate the corresponding molecular organization in the evaporated

film before and after annealing.

nm). The scattering intensities are assigned by using Miller’s
indices in Figure 2a. The h00 and 0kO peaks are related to the
hexagonal intercolumnar arrangement, whereas the 001
reflection is attributed to in-plane 7z-stacking. Most probably

several domains, which are randomly in-plane oriented,
contribute to the scattering pattern leading to the appearance
of z-stacking and intercolumnar reflections. In the area under
the electrode, the initial edge-on arrangement turns into a
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Figure 4. Electrical characterization of an evaporated film in a diode structure. (a) Current density (left) and luminance (right) versus voltage. (b)
and (c) Log—log plots of the J—V curves for the device before and after annealing (120 °C for 4 h), respectively. The red solid lines indicate the
fitting by trap-limited SCLC transport. (d) Electroluminescence spectra of devices for the spin-coated (solid) and evaporated (dashed) films
obtained at 15 V. Black circles and blue squares represent the device before and after annealing, respectively.

major face-on orientation due to surface interactions (Figure
2b). This orientational transition is evident from the shift of the
m-stacking 001 reflection (Figure 2a,b) from in-plane to out-of-
plane. Interestingly, the 7-stacking scattering intensity becomes
more distinct in the face-on organization indicating higher
intracolumnar order in this type of alignment. However, a
minor edge-on fraction is still present in the electrode area as
indicated by the weak reflections™ related to in-plane 7-stacking
and the hexagonal unit cell. The GIWAXS measurements of the
spin-coated films confirmed that the homeotropic alignment
occurs only in the region under the metallic contact agreeing
with the optical observations.”*

To investigate the molecular organization and the thermal
annealing effects for the evaporated films, GIWAXS measure-
ments (Figure 3) were also performed for the diode structure in
the regions outside and under the metallic electrode before and
after annealing the device at 120 °C for 4 h. For the as-
evaporated films three distinct scattering spots in the small-
angle region can be observed which are characteristic for a
hexagonal arrangement of columns. The hexagonal lattice
parameter”®”’ determined from the 400 and 0kO peak positions
is ap., = 2.15 nm and is in agreement with the value found for
the bulk structure (Figure 3a). Thereby, the columnar axis is
oriented parallel to the surface (inset in Figure 3a). The edge-
on arrangement of the molecules was confirmed by in-plane 7-
stacking 001 reflection related to an intermolecular distance of
0.35 nm (Figure 3a). The unit cell parameters are identical to
the bulk and verify liquid crystallinity also in the evaporated
film.>> After annealing the film at 120 °C for 4 h, significant
changes in the structure of the film became evident by the
appearance of new scattering peaks (Figure 3b). The increased

16377

number of reflections is characteristic for an increased
crystallinity due to the thermal annealing. The n-stacking
peak, labeled as 002, is shifted from in-plane to an off-equatorial
position indicating a molecular tilting (inset in Figure 3b).
Thereby, the molecular plane was tilted by ca. 30° toward the
surface maintaining an unchanged intermolecular distance of
0.35 nm. However, a minor fraction of molecules remained
edge-on as evident from the low intensity 001* reflection. The
columnar arrangement is slightly distorted from the hexagonal
lattice to an oblique one with parameters of a = 2.19 nm and b
= 2.07 nm. Within the stacks the molecules are assembled in a
staggered fashion as implied by an additional off-equatorial
reflection at g = 0.92 A™" on the hkI scattering line related to
the doubled 7-stacking distance of 0.68 nm. In this packing
motif neighboring molecules are flipped by 180° so that every
second disc possesses an identical positional arrangement in the
column.”® The GIWAXS patterns in Figures 3c and 3d
indicated that the molecular organization is not influenced by
the presence of the metallic electrode as a second surface on
top of the film. In contrast to the spin-coated films, the
GIWAXS patterns for the evaporated films after annealing were
almost identical in the open area and in the area under the
electrode (compare Figures 3b and 3d). For the evaporated
films, the increase in crystallinity and considerable reorganiza-
tion are mainly attributed to the substrate. The importance of
the surface on the initiation of nucleation and crystallinity has
been reported for various polymers and also for discotic liquid
crystals.””*"

In contrast to spin-coated films, homeotropic alignment was
not induced in the area under the electrode for the evaporated
film after thermal annealing at 120 °C for 4 h. This behavior
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can be attributed to the tight packing of molecular cores and
side chains depending on the film processing method.
According to the GIWAXS data, the intermolecular distances
were larger in the spin-coated film than in the evaporated one
indicating that the molecular packing is denser in the latter case.
Even thermal annealing at higher temperatures for longer times
(for example, at 130 °C for 6 h) does not lead to homeotropic
alignment in the evaporated film. The alignment of ColLCs
dependent on the deposition method has been studied
previously in open films (without the electrode) by grazing
incidence X-ray diffraction. In that work, homeotropic
alignment was observed for spin-coated and evaporated films
of a columnar pyrene derivative after thermal annealing.”’ An
evaporated film of a columnar perylene derivative was also
homeotropically oriented by thermal annealing and applied in
Schottky-type devices.”

Electrical Characterization in a Diode Structure. The
device structure used for electrical characterization of the
evaporated films was ITO/PEDOT:PSS (45 nm)/ColLC (160
nm)/Ca (50 nm)/Al (100 nm). The thicknesses of the
PEDOT:PSS (45 nm) and ColLC (160 nm) films were
determined by a Dektak profilometer.

AFM measurements were performed to investigate the
morphological aspects of the evaporated films. From those
measurements, the mean-surface roughness (RMS) of the film
was found to be 2.1 nm for an image of 10 yum X 10 um (see
the Supporting Information for details). This roughness is
slightly smaller than the roughness obtained from spin-coated
films, and both films exhibit quite similar morphology.

The electrical measurements were performed at room
temperature in a controlled N, atmosphere before and after
the annealing process (120 °C for 4 h). Figure 4a shows the
current—density/voltage (J—V) and luminance/voltage (L—V)
characteristics before (black circles) and after (blue squares)
annealing at 120 °C. A degree of rectification higher than 3
orders of magnitude at 20 V was obtained before annealing.
This result for the evaporated film is very interesting since for
the spin-coated film only a low degree of rectification was
observed before annealing. This suggests that in the evaporated
film a superior molecular order exists prior to annealing. As the
columnar domains are mostly oriented edge-on on the surface
the better electrical response in a diode configuration supports
a particularly dense molecular packing for the evaporated film,
in which the close proximity of the molecules leads to improved
charge migration through a strong z-orbital overlap. It can also
be concluded that for the film produced by thermal evaporation
the interfacial contact between the ColLC and the electrodes
was improved. This is especially the case at the interface
ColLC/PEDOT:PSS at the anode side leading to improved
hole injection.

It can be seen that the turn-on voltage for the electro-
luminescence is higher than the threshold voltage for which the
SCLC process becomes dominant, as was the case of the spin-
coated film.>* For the same electric field, the electro-
luminescence intensity for the evaporated film is 2 orders of
magnitude higher than for the spin-coated film before
annealing, indicating superior transport and injection processes
in the evaporated film compared to the spin-coated film before
annealing. A reduction of the electroluminescence intensity is
observed above 15 V. This reduction is not related to a
degradation of the organic material as can be seen from the
renewed increase of the luminance upon reduction of the
voltage. This reduction of the electroluminescence may be

related to the quenching of excitons at the anode. As described
previously the electron mobility of this material is higher than
that of holes, and electron injection is easier than hole injection
in this device configuration.”* Consequently, the recombination
of charge carriers occurs close to the anode. As the applied
voltage increases above 15V, the electrons seem to overwhelm
the injected holes thereby reducing the radiative decay rate.

Upon annealing, the current density at 20 V increases by a
factor of 2 (Figure 4a). A more pronounced increase in current
density upon annealing can be observed at lower voltages (from
1 to 5 V) (Figure 4c). Thermal annealing is known to heal
structural defects.”® In the present case, it is possible that the
thermal annealing reduces the number of trapping states or the
average trap depth associated with structural defects (such as
grain boundaries), and thus more charge carriers contribute to
the current. After annealing, the electroluminescence does not
decrease above 15 V anymore which can be related to an
improvement in injection of holes and an increase hole
mobility, favoring charge carrier recombination in a region
more distant from the anode. It is also observed that the onset
of electroluminescence (Figure 4a) was reduced from 8.4 to 6.8
V after annealing,

The log—log plots of the current densities for the evaporated
film before and after annealing are displayed in Figures 4b and
4c, respectively. The conduction regimes follow an Ohmic
behavior at low voltages and a trap-limited SCLC at higher
voltages. The charge carrier mobility was obtained by fitting
SCLC curves with an electric field dependent mobility, y =
Ho(T)e’VE, to the experimental current—voltage characteristics.
The underlying theoretical model was presented previously.”*
Thereby, values for u, and y were extracted before and after
annealing, and corresponding current fits are displayed as red
lines in Figures 4b and 4c. The fits for the trap-limited SCLC
regime show very good agreement with experimental data with
fitting parameters listed in Table 1. The Poole—Frenkel

Table 1. Fitting Values Obtained for py and ¥

parameter before annealing  after annealing
1o (107 cm?/(V s)) (5.50 + 0.03)  (19.00 + 0.03)
7 (107 em/V)'/2 (478 + 0.02)  (4.88 + 0.02)
u at applied +20 V (107 ecm?/(V s)) (2.1 +£0.1) (6.5 +0.1)

Ho is the mobility at zero field, and y resembles the Poole—Frenkel
coefficient.

coefficient y is higher after annealing, revealing that the
hopping transport is easier for the annealed sample than for the
nonannealed one. In Table 1 the values of mobility calculated
from p = py(T)e’VE are presented before and after annealing
for an applied voltage of +20 V (see also the graphs of (V) in
the Supporting Information).

It was found that annealing leads to a threefold increase in
charge carrier mobility in the trap-limited SCLC regime. This
increase in mobility goes along with the increase in current
density. Figure 4d shows the electroluminescence spectra for
the devices with films produced by spin-coating (solid line) and
by thermal evaporation (dashed line). The maximum intensity
for both cases coincides at 565 nm, but the emission for the
evaporated film is narrower, indicating a more ordered
molecular organization. For the same diode structure, the
ColLC material deposited by thermal evaporation presents
intermediate electrical characteristics to those obtained by spin-
coating without and with annealing. The electrical properties of
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the evaporated film were superior to the spin-coated film before
annealing, but inferior to the electrical properties of the
annealed spin-coated film. Figure S sketches the molecular
packing and the charge transport for each case.
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Figure S. Molecular packing in the spin-coated films (a) before and
(c) after annealing and in the (b) nonannealed evaporated film.

In the evaporated film the molecular packing is more ordered
and denser than in the nonannealed spin-coated film, and, thus,
the charge transport prior to annealing was higher in the
evaporated film. On the other hand, in the spin-coated film
after annealing, the face-on orientation provides an optimal
condition for the charge transport in a diode device. The ¥
values indicate that transport via hopping in the aligned spin-
coated film is more efficient than in the evaporated film.**

Electrical Characterization in a Transistor Structure.
According to the GIWAXS measurements, the columnar
domains in the evaporated film are preferably edge-on oriented
on the surface. Therefore, the ColLC was deposited by thermal
evaporation in a transistor structure in order to determine the
in-plane mobility. The electrode geometry of the transistor
possessed a channel length L = 20 ym and width W = 10 mm.
The organic material was deposited on the device substrate at a
thickness of 60 nm. Figure 6 shows the typical output and
transfer characteristics of the transistor after annealing at 120
°C for 4 h. Although the source-drain currents (I3) were very
low of the order of 107° A, the device exhibited a clear n-type
operation, where a current of electrons was measured between
the source and drain electrodes for an applied positive voltage
at the gate.

The reason for the low current value can be explained by the
large energetic barrier (1.6 eV) for the electron injection from
the gold electrode (5.2 eV) to the LUMO (3.6 eV) of the
organic material. A comparison of Figure 6 and Figure S3 of the
Supporting Information shows that after annealing for 4 h at
120 °C the current increases by a factor of 3 indicating an
enhanced structural order. The respective mobility values of 3.8
X 1077 and 1.3 X 107 cm?/(V s) before and after annealing

were determined from the saturation regime,”*** plotting

(1) versus V, for V4 = 80 V. The magnitude of the mobility
obtained from the diode structure also increases by a factor of 3
in the case of the evaporated film after annealing and therefore
is comparable to the increase observed for the OFET structure.
The general behavior of an increased order in the diode
structure is supported by the GIWAXS and J—V measurements.

In contrast, when the ColLC material was deposited by spin-
coating in the transistor structure (annealed or not annealed),
the electrical characterization did not reveal an operating
transistor. This fact also corroborates to the GIWAXS results
which indicate beyond a preferred edge-on orientation, a denser
molecular packing in the evaporated films.

4. CONCLUSION

It was shown that an electron-deficient columnar liquid
crystalline benzo-perylene-diimidodiester can be deposited
either by spin-coating or by thermal evaporation. The so-
obtained films show molecular packing, annealing behavior, and
electrical properties that depend strikingly on the film
depositing method. The fluorescence spectrum of the
evaporated film is red-shifted and less intense than the spin-
coated film, indicating stronger n-stacking interactions. The
functionality of the ColLC material was proven in a typical
diode structure. The devices were thermally annealed at 120 °C
for several hours in order to obtain a face-on orientation.
GIWAXS measurements clearly prove in the case of the spin-
coated film a homeotropic alignment under the metallic
electrode. However, after applying the same thermal annealing
to the evaporated film, the columnar domains remain edge-on
oriented and no homeotropic alignment is observed in the
region under the metallic electrode. Nevertheless, a pro-
nounced rectification was obtained for the evaporated film even
before annealing, showing a typical diode behavior. In contrast,
for the spin-coated film this behavior was only obtained after
the induction of homeotropic alignment by annealing. It is
assumed that the denser molecular packing in the evaporated
film does not allow a reorientation from edge-on to face-on by
thermal annealing. On the other hand, this very dense
molecular packing ensures an improved s-overlap between
molecules to yield an efficient charge transport between the
electrodes.

The J—V characteristics revealed an initial Ohmic behavior at
low voltages followed by a trap-limited SCLC regime at higher
voltages. The SCLC transport can be described by a theoretical
model”* with an electric field dependent charge carrier mobility.
The nonannealed organic film applied in the same diode
structure showed much better rectification and emission for the
evaporated sample in comparison to the spin-coated one. The
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Figure 6. (a) Output characteristics and (b) transfer curves of the n-type transistor for the evaporated film after annealing at 120 °C for 4 h.
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evaporated film also exhibited typical n-type transistor behavior.
Transistors with a spin-coated film did not present an expected
characteristic behavior. The mobility values for the evaporated
film were determined directly from the J—V curves and from
the transistor structure. Finally, this work provides valuable
insights how the deposition method influences the electrical
properties of a columnar liquid crystal in diodes and transistors.
In addition, the thermal evaporation impeded the possibility of
homeotropic alignment. Thereby, the best performance in an
OLED device was obtained for the aligned spin-coated film.
Despite this fact, comparing the spin-coated and evaporated
films nonannealed in an OLED device, the evaporated one
showed a higher current rectification and more intense
luminance. In transistor devices only the evaporated film
revealed a clear operating transistor. In summary, due to the
superior molecular packing in the evaporated films they can be
applied either in diode or transistor, showing a satisfactory
electrical response.
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