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ABSTRACT: Discotic molecules comprising a rigid aromatic core and flexible side chains have been promisingly applied in
OLEDs as self-organizing organic semiconductors. Due to their potentially high charge carrier mobility along the columns, device
performance can be readily improved by proper alignment of columns throughout the bulk. In the present work, the charge
mobility was increased by S orders of magnitude due to homeotropic columnar ordering induced by the boundary interfaces
during thermal annealing in the mesophase. State-of-the-art diodes were fabricated using spin-coated films whose homeotropic
alignment with formation of hexagonal germs was observed by polarizing optical microscopy. The photophysical properties
showed drastic changes at the mesophase-isotropic transition, which is supported by the gain of order observed by X-ray
diffraction. The electrical properties were investigated by modeling the current—voltage characteristics by a space-charge-limited

current transport with a field dependent mobility.
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1. INTRODUCTION

Organic charge-transporting materials have been intensively
studied because of their potential application in electronic and
optoelectronic devices such as organic field effect transistors
(OFETs), organic light emitting diodes (OLEDs), and organic
photovoltaic cells (OPVs)." In this respect liquid crystals (LCs)
are currently being recognized as a new class of self-organizing
organic semiconductors, which are characterized by high charge
carrier mobility.” Whereas rod-like molecules give rise to
smectic phases, in which the molecules are arranged in layers
acting as 2D conductors, disc-like molecules may give rise to
columnar phases, in which the molecules are stacked on top of
one another resulting in columnar organization. Charge
transport in these systems is “quasi one-dimensional” and
occurs along these columns.® In the most common hexagonal
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columnar phase the columns are arranged on a regular two-
dimensional hexagonal lattice.

Recently, columnar liquid crystals (ColLCs) have found
increasing interest as a promising class of liquid crystal materials
for electronic applications including OFETs, OLEDs, and
OPVs.* ™ The disk-like molecules form stable columns due to
overlap of the 7-orbitals of their aromatic core and side chain
(tail) interactions, while thermal fluctuations of these tails give
rise to the liquid-like dynamic disorder.” ColLCs form efficient
m—n columnar stacks that induce a high charge carrier mobility,
which strongly depends on the degree of order and 7—n
molecular orbital overlap within the columnar stacks. The
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organization of those columns increases the local order without
creating many grain boundaries on the macroscopic level as in
the case of crystalline materials. The reason for this can be
found in the material’s ability to self-heal structural defects due
to their partially liquid-like character. Consequently, under
simple thermal annealin§, they usually can spontaneously form
large single domains."**® ColLC materials therefore combine
several advantageous properties: long-range self-assembly, self-
healing, visible light absorption, easy processing, high charge-
carrier mobility, and tunable surface alignment of the column
axes.”’

The ability to control the macroscopic orientations of
columnar superstructures on surfaces is critical to attain high
charge-carrier mobility. There are two distinct uniform
alignments of ColLCs: the planar uniaxial alignment with
edge-on orientation of the molecules (column axes parallel to
the substrate) and the homeotropic alignment with a face-on
orientation of the discs (column axes perpendicular to the
substrate). Unidirectional planar alignment is a priori ideal for
OFETs, while the homeotropic alignment is ideal for OLED
and OPV applications. The face-on orientation can occur
during mesophase formation by slow cooling of the material
from the isotropic phase.>>'?

With respect to order, LCs have advantages over amorphous
materials, and moreover, they allow tuning the degree of order
in the bulk and at the interfaces when compared with crystalline
materials. It has already been revealed that some discotic and
smectic liquid crystals exhibit high mobilities ranging from
107 em® V7 s7 up to 1 em? V7! s71.>® For practical device
applications a liquid-crystalline material must, besides featuring
a high charge mobility, also exhibit a wide mesophase
temperature range, including ambient temperatures.'’ On top
of that, LC molecules can be designed to be soluble in common
organic solvents, being easily processable from solution. Several
recent review articles® >”'%'> have discussed the specific
aspects and the advantages of LCs for potential use in OFETs,
OLEDs, and OPVs, where in some cases special attention has
been devoted to the alignment techniques that improve the
performance of such devices.

Substituted phthalocyanines are a class of columnar
mesogenic materials widely investigated as donor materials.%"?
As acceptor materials, perylenediimides®'*™"” and related
molecules have been extensively studied due to their high
electron affinity, making them highly attractive as n-type
semiconductors with favorable absorption properties in the
visible range. These perylene dye materials have also attracted
much attention due to their high thermal and chemical
stabilities."® Columnar perylene derivatives have been applied
in OLEDs,'”*°OFET,s*!™* and OPVs.2*2¢ They even have
been utilized as electron transporting material in OLEDs based
on two complementary ColLCs, a columnar donor and a
columnar acceptor.'”*® Compounds based on perylenediimide
are among the best and most used n-type semiconductors.”’

In this work, we show that the electrical properties of a
perylenediimide derivative are dramatically improved by
thermal annealing of a diode-like structure leading to
homeotropic alignment. The current versus voltage (J/V)
characteristics were analyzed in terms of an Ohmic behavior for
low voltages and modeled for higher voltages by a space-charge-
limited current transport with a field dependent mobility. In
order to characterize the structural order as well as the
morphology a multitechnique approach was used.

2. EXPERIMENTAL SECTION

The synthesis of the 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.”® The transition
temperatures and associated enthalpies were determined by differential
scanning calorimetry (DSC) using a TA equipment Q2000 module.
The thermal gravimetric analysis (TGA) was made with a Shimadzu
thermogravimetric analyzer TGA-50. A heating and cooling rate of 10
°C min~" with a nitrogen flow of 50 mLmin~" was used. The textures
of the substance in its mesophase sandwiched between two glass slides
were obtained from an Olympus BXS0 polarizing optical microscope
(POM) in transmission mode, equipped with a Mettler Toledo FP-82
hot stage to control the temperature. The images were recorded with a
CCD camera coupled to the optical microscope.

The X-ray diffraction (XRD) experiments were performed using a
X’PERT-PRO (PANalytical) diffractometer with CuKa radiation (1 =
1.5418 A) performed in continuous scanning mode from 2° to 30° (26
angle). The diffracted radiation was collected with an X’Celerator
detector. The samples were prepared by heating the powder material
on a glass plate to complete melting bringing them into the isotropic
phase, followed by cooling to room temperature. As a result, a film of a
thickness of approximately 1 mm was obtained. The film was then
placed into a diffractometer on a TCU2000-Temperature Control
Unit (Anton Paar). During measurement the film was heated up to the
isotropic phase, and the diffraction patterns were collected during
cooling back through the mesophase down to room temperature.

The absorption and fluorescence spectra were collected in the solid
state with an OceanOptics USB4000 spectrophotometer. Measure-
ments were performed on spin-coated films (at 2000 rpm for 30 s)
using a S0 mg/mL n-heptane solution on glass substrates. To
determine the absorption and the fluorescence as a function of the
temperature, films were placed on a hot stage (Mettler Toledo FP-82)
and illuminated with a UV lamp. The absorbance and emission spectra
were captured using an optical fiber placed close to the film.

Atomic Force Microscopy (AFM) was performed on spin-coated
films to determine their morphological properties, using a Nanosurf
EasyScan2 apparatus in tapping mode with a scanning rate of 1.0 Hz
covering 512 X 512 lines.

The energy level of the LUMO (lowest unoccupied molecular
orbital) was obtained by cyclic voltammetry (CV) on a thin film. The
voltammogram was recorded at a scan rate of 100 mV s™' from a
solution in acetonitrile containing 0.1 M tetrabutylammoniumhexa-
fluorophosphate (TBAPFy) as electrolyte. A three-electrode cell was
used, with the ColLC coated on a platinum (Pt) electrode as the
working electrode, a Pt wire as the counter electrode, and an Ag'/
AgCl electrode as reference. The potentials were corrected in relation
to the ferrocene/ferrocenium (Fc/Fc*) redox couple, used as internal
standard. Before starting the measurements the cell was deoxygenated
by purging with nitrogen gas. The optical band gap was determined
from the absorption spectrum of a thin film. The HOMO (highest
occupied molecular orbital) energy level was then estimated from the
optical band gap and above determined LUMO level.

For the electrical characterization, diodes were fabricated by
solution processing of the mesogenic material in n-heptane at a
concentration of 50 mg/mL. ITO (indium tin-oxide) coated glass
plates with sheet resistances of about 15 €/[] were used as conductive
substrates. After proper substrate cleaning, a thin layer of PEDOT:PSS
[poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)] was de-
posited by spin coating at 3000 rpm during 30 s, followed by annealing
at 110 °C for S min. Then the mesogen-containing solution was spin-
coated at 2000 rpm for 30 s. The thickness of the coated films was
probed with a Dektak 8000 profilometer. Top electrodes were
obtained by a sequential 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 three hours 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). AC impedance measurements were
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performed to determine the dielectric constant of the mesogenic
material, using an Impedance/Gain-Phase Analyzer (SI 1260) in the
frequency range of 0.1-10° Hz.

3. RESULTS AND DISCUSSION

Thermal Stability and Liquid Crystalline Properties.
The thermal stability of the mesogenic material was evaluated
by TGA measured under a nitrogen atmosphere, showing high
stability with decomposition temperatures above 350 °C (see
the Supporting Information). The material presented a
hexagonal columnar liquid-crystalline mesophase (Coly),
characterized by POM and XRD.

Figure 1 shows the DSC measurement for a heating and
cooling cycle. During heating, only one endothermic peak was

Heat Flow (W/g)

heating

T T T T T T
60 -30 O 30 60 90 120 150 180

Temperature (°C)
Figure 1. DSC heating and cooling cycles, using a rate of 10 °C min™"

with a nitrogen flow of S0 mL min . Inset: scheme of the molecular
structure of the mesogenic compound.

observed with an onset at 151.2 °C, which is related to the
transition from the liquid crystalline mesophase to the isotropic
liquid state. During the cooling-down stage, the same peak was
observed with onset at 150.1 °C, indicating the transition from
the isotropic liquid state to the Col, mesophase. The values for
the transition enthalpies were around 8.8 kJ/mol (91.2 meV).
No further phase transition was detected down to —50 °C,
indicating that the mesophase is stable in a wide temperature
range including room temperature, which is favorable for
practical applications.

Textures typical for a Col, mesophase were observed by
POM as a function of temperature. They are very similar to
those described elsewhere for materials based on the perylene
core.® The textures were obtained by cooling down at a rate of
10 °C min™" from the isotropic liquid state. Figure 2a shows the
focal conic texture at 120 °C, which was similar to the one
observed at room temperature, see Figure 2b, which confirms
that the hexagonal columnar structure is maintained at room
temperature.

To confirm the hexagonal columnar structure of the
mesophase, XRD measurements as a function of temperature
were performed. Figure 3 shows the temperature dependence
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Figure 3. Temperature dependence of the first and second order
columnar lattice peaks in the X-ray spectra. Inset: full XRD patterns in
the isotropic phase at 170 °C, in the Col,, mesophase at 100 °C and at
room temperature (25 °C).

of the first and second order X-ray diffraction peaks of the
columnar lattice in the temperature range of the mesophase
and, as inset, the overall X-ray diffraction patterns in the
isotropic liquid phase and the mesophase. The presence of two
well-defined nonsplit peaks in the low angle region at 26 = 4.5°
(100) and 26 = 9.1° (200) leads, together with the optical
texture, to the assignment of a hexagonal columnar mesophase
with reciprocal spacing ratio of 1:2°**° This hexagonal
symmetry is further confirmed by the presence of a weak
(210) peak previously reported at higher resolution at room

Figure 2. Optical microscopic images of focal conic texture. (a) at 120 °C and (b) at room temperature (25 °C). The textures were taken of the
sample confined between two glass slides at a magnification of 100X (under crossed polarizers) with a CCD camera.
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Figure 4. Absorbance (a) and photoluminescence (c) spectra recorded during heating from room temperature to the isotropic phase. Plot of the
absorbance (b) and photoluminescence (d) at the wavelength of maximum intensity vs temperature.

temperature.”® The 6-fold symmetry furthermore manifests
itself directly in the domain shape at homeotropic growth, see
Figure S.

The Bragg-spacing values obtained from XRD data were d,,
= 19.5 A and d,y = 9.7 A, respectively, where the lattice
constant (a = 22.4 A) was calculated from the position of the
first maximum according to the equation a = (2/3'2)d;.>"

In the wide angle region, the diffuse halo at 5.0 A (20 =
17.7°) indicates liquid-like ordered chains and the sharper peak
at 20 = 24.6° reveals an intracolumnar long-range order with a
n—r stacking distance of 3.6 A, which suggests the presence of
a short-range correlation within the columns, as illustrated in
the inset of Figure 3. In addition, the appearance of this peak is
especially important with respect to electronic conduction,
since strong m—7 interactions are required for intermolecular
order (overlap of orbitals), leading to an efficient charge carrier
transport along the columns."

The spectra presented in Figure 3 indicate that the
intercolumnar spacings are not affected from 140 to 25 °C.
The absence of new peaks in the wide angle region for 100 and
25 °C supports the lack of crystallization of the material at
room temperature after cooling down from the isotropic phase
(170 °C). The X-ray spectrum at 170 °C clearly shows that in
the isotropic phase the hexagonal order is lost, due to the
absence of the peaks at the low and wide angle regions,
indicating a lack of translational and positional order of the
molecules.

Photophysical Properties. The UV—vis absorption and
photoluminescence spectra of ColLC films are presented in
Figure 4. It is known from the literature that the molecules
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derived from perylenediimide present two well-defined bands
of absorption in the visible region. These bands are attributed
to the n—7* and 7—7* transitions.">"'®3

At room temperature the compound showed strong
absorption in the range of 380 to 500 nm with absorption
peaks at 477 nm, 445 nm and a discrete shoulder at 422 nm, as
shown in Figure 4a. The photoluminescence spectrum presents
maximum emission intensity at 548 nm with a shoulder
emission at 575 nm, see Figure 4c. Absorbance and
photoluminescence were also measured as a function of
temperature, with several spectra taken during heating cycles
from room temperature to the isotropic phase as can be seen in
Figures 4a and 4c.

The temperature-dependent absorbance spectra show a
gradual increase of intensity with rising temperature across
the Coly, phase until 150 °C. At the Col;-Iso transition, at
approximately 155 °C, a discontinuity can be observed (see
Figure 4a). As the temperature increases, the shoulder band at
422 nm becomes less prominent, nearly vanishing above the
Col,-Iso transition. A blue shift of the two main absorption
peaks from 445 and 477 nm to 434 and 465 nm, respectively, is
also observed in the analyzed range of temperatures. Those
results are an evidence of the formation of aggregates due to
strong intermolecular interactions in the mesophase.” It has
been already mentioned by Schmidtke et al.> that perylenete-
tracarboxdiimide dyes present strong aggregation in the solid
state, leading to modified absorption spectra dependent upon
transverse and longitudinal offsets between molecules. A graph
of the absorption at the wavelength of maximum intensity as a

dx.doi.org/10.1021/am403681q | ACS Appl. Mater. Interfaces 2013, 5, 11935—11943



ACS Applied Materials & Interfaces

Research Article

Figure S. Optical images (100X magnification) obtained from POM showing the homeotropic alignment of the ColLC in the device structure: (a)
under metal; (b) interface metal-free film; (c) after one hour at 120 °C under metal; (d) detail of the hexagonal germ; (e) after three hours at 120 °C
under metal; and (f) interface metal-free film after cooling down to room temperature (25 °C). In the insets of parts a and b, the circle indicates the

position under observation with respect to the metallic stripe.

function of the temperature is shown in Figure 4b, evidencing
the strong increase of the absorbance at the Col,-Iso transition.

Figure 4c shows the photoluminescence spectra at different
temperatures. In the Col, mesophase range it is possible to
observe a reduction of the emission intensity with increasing
temperature. The same behavior was found in the study of the
temperature-dependent emission spectra of columnar triphe-
nyltriazine derivatives published elsewhere.** This is expected
for organic semiconductors due to a larger quantity of self-
quenching aggregates and also due to nonradiative decay
processes that are facilitated with increasing temperature.**~>’
At the Col;-Iso transition a huge increase in emission intensity
can be observed (Figure 4d). The lower emission in the Coly,
phase is interpreted as due to the suppression of z-stacking
aggregates, which are not present in the isotropic phase
characterized by molecular disorder. The enhanced emission
and the observed blue shift in the isotropic phase arise from the
excited isolated molecules, where the exciton decays radiatively
without exciton diffusion. Moreover, when the molecule is
more isolated, its z-orbital is localized, giving rise to light

emission with higher energy. To our knowledge, this is the first
time that the effect of photoluminescence suppression in an
ordered columnar phase was so clearly observed. Similar to the
absorption spectra for increasing temperature the maximum
emission peak presents a blue shift from 548 to 530 nm and the
long wavelength shoulder at 575 nm is less evident, nearly
vanishing above the Coly-Iso transition. The same photo-
physical behavior was observed during the cooling from the
isotropic phase to room temperature, conﬁrming the
reversibility of molecular aggregation interactions with temper-
ature (see the Supporting Information).

Homeotropic Alignment. The homeotropic alignment
(face-on orientation) of discotic molecules occurs usually
during slow cooling from the isotropic melt at the transition to
the liquid crystalline phase. Here, however, the homeotropic
alignment was induced following an alternative procedure
previously published, where samples are maintained at a
temperature just below the isotropic transition for a few
hours.** In contrast to previous work, where annealing was
performed in an electrically inert glass/ColLC/Ag structure, in

dx.doi.org/10.1021/am403681q | ACS Appl. Mater. Interfaces 2013, 5, 11935—11943
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Figure 6. Electrical characterization of a spin-coated film in a diode structure. (a) Current density (left) and luminance (right) versus voltage. (b),
(c), and (d) log—log plots of the J-V curves for the device before, during (120 °C for one hour), and after (120 °C for three hours) annealing,
respectively. The solid lines indicate the fitting at the ohmic and at the trap-limited SCLC regimes. Inset of (d) shows the electroluminescence
spectrum after annealing at a voltage of +15 V. Circles, squares, and triangles represent the device before, during, and after annealing, respectively.

the present work the face-on orientation was obtained via
thermal annealing at 120 °C for three hours under a controlled
N, atmosphere of a spin-coated thin film between typical device
electrodes in an ITO/PEDOT:PSS/ColLC/Ca/Al structure.
This allowed us to perform the electrical characterization on the
same device, during and after annealing in order to correlate
changes of electrical properties with molecule reorientation.
Figure S shows the sequence of the optical images captured
via POM in reflection mode from the ITO side, where the
schematic representation illustrates the metallic stripe evapo-
rated on the film and the circle indicates the region under
observation (inset of Figures Sa and Sb). Figures Sa, Sb, and Sc
were taken under crossed polarizers, while in Figures Sd, Se,
and 5f the polarizers were slightly uncrossed for better viewing.
Figure Sa shows the birefringent domains of the thin ColLC
film under the metal layer, and Figure Sb shows the interface
metal-free film, both taken before annealing at room temper-
ature (25 °C). Figure Sc shows that, after one hour at 120 °C,
the growth of nonbirefringent hexagonal domains has occurred
under the metal layer, indicating the formation of the
homeotropic alignment. Figure Sd shows in detail the
hexagonal form of the domain. Homeotropically aligned
samples typically do not show birefringence in POM between
cross-polarizers, since the optical axis, in this case, coincidences
with the columnar axis.'"’ The hexagonal form asserts that the
orientational transition is occurring within the hexagonal phase,
and not at a phase transition to the isotropic state due to the
confinement, where circular domains would be expected. Figure
Se shows that after three hours at 120 °C the whole film
became homeotropically aligned under the metallic layer. The
alignment remains even after cooling down to room temper-
ature, as proven by Figure 5f, where the free film outside the
metallic layer is still birefringent. Interestingly, the film was
homeotropically oriented only under the metallic layer,
indicating that the orientational transition requires strong
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confinement of the ColLC material between two solid
interfaces.

Electrical Characterization. The device structure used for
electrical characterization was ITO/PEDOT:PSS (45 nm)/
ColLC (300 nm)/Ca (50 nm)/Al (100 nm). The thickness of
the PEDOT:PSS (45 nm) and ColLC (300 nm) films were
determined by a Dektak profilometer.

AFM measurements were performed to investigate the
morphological aspects of the spin-coated films. From the
measurements, the mean-surface-roughness (RMS) of the film
was 2.5 nm for an image of 10 ym X 10 um (see the
Supporting Information for details). Electronic applications
require homogeneous films with low surface roughness, so it is
worth mentioning that such surface is considered smooth for
technological applications.">**

The electrochemical properties of the ColLC were
investigated by cyclic voltammetry of a thin film coated on a
Pt electrode (the cyclic voltammogram and details are
presented in the Supporting Information). The LUMO has
been determined to be at an energy level of —3.65 eV. The
optical band gap (2.46 eV) was determined from the absorption
spectrum,*' and the HOMO level (—6.11 €V) estimated from
the optical band gap and from the LUMO level. These values
are comparable to those already published for perylene
derivatives®'>'®*%** and are in good agreement with results
obtained by CV measurements in solution.*®

The electrical measurements were performed at room
temperature in a controlled N, atmosphere before, during
(120 °C for one hour) and after (120 °C for three hours) the
annealing process. Figure 6a shows the current-density/voltage
(J-V) and luminance—voltage characteristics before (circles),
during (squares) and after (triangles) annealing. Only a low
degree of rectification in the J-V curve and a very low
electroluminescence were observed for the nonannealed
sample. Taking into account the energy diagram of our sample,
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Table 1. Fitting Values Obtained for g, and y*

parameter/treatment before annealing
1o (10710 ecm?/(V s)) (9.86 + 0.03)
y (1072 em'/2/V1/2) (0.44 + 0.02)

u at Vg (ecm?/(V s))
u at applied +15 V (ecm?/(V s))

(52 +02) x 1078
(88 +£0.1) x 1078

during annealing
(9.12 + 0.03)
(1.98 + 0.02)
(2.5 +02) x 1077
(45 +01)x 107

after annealing
(9.03 £ 0.03)
(2.11 + 0.02)
(55 +0.1) x 1077
(85 +0.1) x 1073

“Using these fitting parameters the calculated mobilities for the corrected electric field at V = Vg and V = +15 V are presented.

one would expect a higher degree of rectification than that
observed experimentally. The Ohmic characteristics (slope
equal one in the log—log plot) observed for small voltages
requires generally a net charge density of zero in the bulk of the
sample. This can be achieved either by thermal excitation of
electrons from the HOMO into the LUMO or by charge
transfer doping. An estimation of the thermal excitation over
the bandgap does, however, not generate enough free charge
carriers. Such a generation could support a current density of
about 5§ X 107" mA/cm? In order to derive this value the
Fermi-level of the material was assumed to be positioned at the
center of the bandgap for a bandgap of E, = 2.5 V. In addition,
a total density of states of 10*' cm™>, a mobility of 1077 cm?> V™
s™" (as determined below), and an electric field strength of 5 V/
300 nm were used. Since such an Ohmic current is much
smaller than the measured one, it is possible to conclude that
the organic semiconductor contains extrinsic charges most
probably due to chemical doping by halogen ions or metal
residues from synthesis."

As can be seen from Figure 6a annealing introduces a higher
degree of rectification compared to the nonannealed sample,
approaching the shape of a typical diode. The current densities
practically do not change in the Ohmic regime but increase by
approximately 4 orders of magnitude at +15 V for the annealed
device. This strong increase in rectification is almost certainly
related to the homeotropic alignment of the columns, which
provides a better m-orbital overlap and therewith a superior
transport. To the authors’ knowledge, such a degree of
rectification and improvement of the J-V curves are
unprecedented among perylenediimide derivatives, illustrating
the benefits of columnar mesogenic ordering and macroscopi-
cally anisotropic mesophase alignment for the electronic
performance.

The log—log plots of the current densities of the differently
annealed samples are displayed in Figures 6b, 6c, and 6d. At
low voltages all three curves follow an Ohmic behavior, obeying
a power law of | o« V" with n & 1, whereas at higher voltages,
the injection of charge carriers from the electrodes becomes
dominant and typical space charge effects are observed. The
measured slopes of n = 2.9 up to 7.9 for the differently annealed
samples indicate the existence of a density of states (DOS)
which is altered by annealing. In the trap-free case one would
expect a slope of n = 2 known as space-charge limited current

(SCLC) obeying the well-known Mott-Gurney law*~*

2

J= PR

L (1)

with €€, the permittivity of the organic film, y the charge carrier
mobility, and L the film thickness. In order to model the
experimentally observed SCLC the charge transport will be
described by a hopping conduction through this DOS originally
described by Bassler et al.** He assumes that the complicated
motion of the charge carrier in a disordered solid can be

described solely by a field dependence of the mobility within a
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Gaussian DOS according to the following relation also used by
others* !

-(73)

20
po=pie s eE =y (T)eVE @)
where uf is a constant, ¢ is the width of the DOS, k is the
Boltzmann constant, T is the temperature, and E is the electric
field. y resembles a Poole-Frenkel coefficient which accounts for
the asymmetry of the potential wells generated by electric field
E. The steady-state trap-limited SCLC can now be derived by
substituting the field dependent mobility of eq 2 into the

current equation

J = n(x, T)eu(E, T)E(x) (3)
which can be solved by utilizing Poisson’s equations

¢ dE(x)

— =n(x, T

e dx G, ) (4)

together with the boundary condition E(0) = 0. Combining egs
2, 3, and 4 the resulting differential equation can be analytically
integrated, giving rise to the following relation between the
location x and the electric field strength E:

eg, 1
x = ZTOyOF(é + erﬁ}/3E3’/2 - 3;/2Ee;'*/E

+ 6}/\/567‘/E - 66}/\/E) (s)

The final J/V relation is then obtained by integrating the
electric field E with respect to x, which can be solved by
integration by parts

L E

V= f E(x)dx = Ealt — f " x(E)dE
0 0 (6)
where E; is the electric field at the counter electrode, which can

be calculated by determining the roots of eq S for x = L.
Such integration was performed for € = 3.0 (obtained by
capacitance measurements, see the Supporting Information),
and the thickness of the organic layer L = 300 nm. Thereby
values for 4, and y were extracted from fitting the theoretical J-
V curves to the experimental ones. It should be noted that the
SCLC currents are only fitted to the difference of the measured
current and the linearly extrapolated Ohmic currents. For the
above-discussed calculation of the charge carrier density in the
Ohmic regime, u of the SCLC at the crossing point Vg was
utilized since it should not change just because of the change in
the transport mechanism. The average value of this mobility
amounts to 1.1077 cm? V™' s7' with a spread of 1 order of
magnitude possibly due to differences in the annealing process,
see Table 1. Fits are shown for each annealing stage (before,
during, and after annealing) in Figures 6b, 6¢, and 6d,
respectively. The respective fitting interval in voltage was
taken from the experiment reaching from right above the kink
in the log—log current/voltage characteristic (transition from
Ohmic to SCLC region) up to the highest voltage applied in
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order not to violate the validity region of eq 2. From the kinks
in the plots one can determine the onset voltages (V) between
the Ohmic and trap-limited SCLC regimes, being approx-
imately at +9.8 V, +3.2 V, and +2.0 V for the nonannealed,
partially annealed, and annealed case, respectively. The fitting
of the SCL current densities displayed in Figures 6b, 6¢, and 6d
show a very good agreement with experimental data with fitting
parameters listed in Table 1.

By adding the Ohmic region it is possible to fit the whole
experimental curves. The Poole-Frenkel coefficients y increase
with annealing, revealing that the hopping transport is made
easier in the annealed sample than in the partially annealed and
the nonannealed ones.

From eq 2 it is obvious that due to the annealing a large
increase in charge carrier mobility is achieved in the SCLC
region which reaches about S orders of magnitude. In Table 1
are presented the values calculated for each annealing step for
the corrected electric field related to the applied voltage of +15
V, see also the graphs of y(V) in the Supporting Information. It
should also be mentioned that this increase in mobility is
responsible for the related increase in SCLC current density
which explains the shift in the turn-on voltage Vg to smaller
values due to the experimental fact that the Ohmic currents are
almost unchanged after the different annealing steps. Vg, for the
differently annealed devices shifts from +15 V before annealing,
to +10 V for partial annealing, to +3.5 V for a complete
annealing.

It is also interesting to investigate the onset of the
electroluminescence. As can be seen from Figure 6 this onset
happens at slightly higher applied voltages than the respective
Vqo. The reason therefore most likely can be seen in an
increased electric field at the counter electrode which is a
consequence of the SCLC transport. Such an enhanced electric
field gives rise to a thinner injection barrier for holes which
then can be crossed by quantum-mechanical tunneling. The
subsequent recombination of electrons and holes results in light
emission. The respective field strengths at the hole injecting
electrode for all differently annealed samples are approximately
at 7 X 107 V/m (at 15 V).

4. CONCLUSION

The characterization of a perylenediimide derivative is
presented in view of its application as active organic layer in
diode structures. The strength of the investigated material is the
existence of a columnar hexagonal liquid crystalline phase at
room temperature together with a convenient transition
temperature to the isotropic liquid state that allows annealing
close to the phase transition temperature. The thermal stability
of the hexagonal columnar liquid crystalline phase and of the
molecular structure was established by thermal DSC and TGA
analysis, polarizing optical microscopy, and X-ray diffraction.
Temperature dependent absorption and fluorescence measure-
ments taken in the isotropic liquid state and in the mesophase
down to room temperature clearly corroborate a pronounced
quenching of fluorescence by z-stacking in the organized
columnar structure. The face-on organization was successfully
induced within metallic contacts by annealing the device for
three hours at a temperature of 120 °C, below that of the
isotropic transition, in a diode configuration.

The annealing process resulted in pronounced improvement
of the electrical properties. The J-V characteristics revealed an
initial Ohmic behavior at low voltages that above Vj, evolves
into a SCLC regime. The SCLC transport was modeled

assuming a Poole-Frenkel like field dependence of the charge
carrier mobility. The modeled results could be interpreted by
associating the annealing processes to the disorder parameter
extracted from the mobility at zero fields. It was found that
annealing narrows the width of the Gaussian distribution,
thereby improving charge carrier transport by 4 orders of
magnitude in current and 5 orders of magnitude in charge
carrier mobility. It is inferred that the SCLC character of the
transport of the columnar structure allows for an improved
charge injection of the holes at the counter electrode and
therewith allowing for light emission. Macroscopically uniform
homeotropic alignment by postfabrication annealing of diode
structures with a columnar mesogenic emitter material is thus
shown to improve current rectification, charge mobility, and
electroluminescence dramatically.

B ASSOCIATED CONTENT
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Thermal stability measurement (TGA), the absorption and
emission spectra of thin films as a function of the temperature
during the cooling cycle, AFM analysis of the spin-coated film,
cyclic voltammetry for the HOMO/LUMO determination, AC
impedance measurements, and the charge mobilities at the
SCLC regime as a function of the voltage for the device before,
during, and after annealing. This material is available free of
charge via the Internet at http://pubs.acs.org.
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