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We report on the effects of the crystalline grain orientation on the charge transport properties of a J-
aggregate bisazomethine dye (DE2) in thin films. Highly oriented DE2 organic field-effect transistors are
fabricated using an insulating alignment layer of poly(tetrafluoroethylene) in the gate dielectric. An
enhancement of about one and two orders of magnitude in hole mobility is achieved when the molecules
and the crystalline grains are aligned perpendicular and parallel to the transistor channel, respectively.
Ambipolar transport is observed only for the parallel alignment. In order to gain additional insights into
the role of molecular packing on the charge transport properties of DE2, quantum chemical calculations
are carried out to determine and compare the energetic splittings of the highest occupied molecular
orbitals (HOMO) and of the lowest unoccupied molecular orbitals (LUMO) in the film. The results
provide evidence that DE2 is intrinsically an ambipolar organic semiconductor and demonstrate the
important role played by the grain boundary orientation on the charge trapping processes. Overall, the
demonstration of field-effect mobilities as high as 0.01 cm? V' s™! and the observation of ambipolar
transport in our devices represent an obvious milestone for possible use of J-aggregate thin films in
organic electronic devices. In addition, this work provides significant insights into the interplay between
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crystalline grain orientation and ambipolar charge transport properties in organic thin films.

Introduction

Charge transport properties of organic m-conjugated materials have
been the subject of intensive studies during the last decades and play
an essential role on the performance of a variety of plastic
optoelectronic devices.! It is well established now that these
properties are largely influenced by the electron orbital overlap and
thus by the spacing between adjacent conjugated molecules.'?
Different approaches have been developed to control the molecular
packing and improve the charge carrier mobilities in organic thin
films.*® For example, Giri et al. recently reported a solution-
processing technique for organic materials in which lattice strain was
used to decrease the m-m stacking distance and enhance charge
carrier mobilities.” In the case of polycrystalline organic thin films,
grain boundary effects on charge transport and trapping processes
can be particularly detrimental to the performance of optoelectronic
devices.® Control of the molecular packing and of the orientation of
grain boundaries is thus essential for an enhancement of the charge
transport properties.”! It has been also demonstrated that changes in
molecular packing can lead not only to an improvement of the
charge carrier mobilities but also to a majority carrier type
conversion.>'*'® In this work, we demonstrate a significant
enhancement of the ambipolar charge transport properties in highly
oriented organic thin films by controlling the orientation of the
molecules and the crystalline grains.

The molecular organization in vapor-deposited J-aggregate
organic thin films of N,N’-bis[4-(N,N-diethylamino) benzylidene]
diaminomaleonitrile (DE2) as well as their third-order non-linear

This journal is © The Royal Society of Chemistry 2013

optical and photophysical properties have been previously
investigated in detail.'”** The chemical structure of this neutral dye”®
is shown in the inset of Fig. la. The good stability of the J-
aggregates in DE2 films against heat and moisture was attributed to
the non-ionic character of this molecule. Schottky-type organic
photovoltaic cells based on J-aggregates DE2 thin films were
fabricated and exhibited power conversion efficiencies in the visible
region comparable with those typically obtained in metal
phthalocyanine thin films.>* The results presented in this work also
suggested that DE2 is a p-type organic semiconductor. More recently,
top-contact bottom-gate organic field-effect transistors (OFETs)
based on vapor deposited J-aggregate DE2 thin films were
successfully realized and were found to exhibit hole conduction”
with mobilities as high as 2.4 x 10* cm? V! s, Furthermore, DE2
molecules can be highly oriented by depositing the dye on aligned
poly(tetrafluoroethylene) (PTFE) **?7 layer, thereby forming films
with large degrees of in-plane anisotropy and dichroic ratios up to
40.2"* Such a high degree of molecular orientation should have a
significant effect on the charge transport properties.

In this manuscript, we report on the fabrication and
characterization of DE2 OFETs with a rubbed alignment PTFE layer
in the gate dielectric. The results show the crucial role played by the
molecular and grain boundary orientation on the charge transport
properties of polycrystalline DE2 thin films. In particular,
enhancement of the hole field-effect mobility by about two orders of
magnitude and ambipolar transport are observed in OFETs with a
molecular alignment parallel to the device channel. The ambipolar
character of DE2 films is fully supported by quantum chemical
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calculation of the energetic splittings of the highest occupied
molecular orbitals (HOMO) and of the lowest unoccupied molecular
orbitals (LUMO). In particular, 3D calculations were carried out to
examine the role of the molecular orientation on the ambipolar
charge transport properties of DE2 single crystal. To explain our
experimental results in polycrystalline DE2 thin film devices,
influence of charge trapping by the grain boundaries on the
mobilities must also be taken into account. Overall, our study
provides important insights into the interplay among molecular
packing, grain boundary orientation and ambipolar charge transport
properties. The demonstration of ambipolar transport in J-aggregate
DE2 OFETs suggests the possibility to use organic J-aggregates in
efficient light-sensing electronic devices.

Experimental

For the absorption spectra measurements, 50 nm thick layers of
PTFE with a good uniformity were deposited by thermal evaporation
onto precleaned fused silica substrates. The PTFE films were rubbed
by a cloth at a pressure of 5 kg/cm? in a given direction at a speed of
5 mmy/s. 2>’ The DE2 thin films were then vapor-deposited on top of
the PTFE alignment layers. Absorption spectra were measured using
an UV-VIS-NIR scanning absorption spectrophotometer (Shimadzu,
UV-3100PC) and a sheet polarizer to control the linear polarization
parallel and perpendicular to the sliding direction. The atomic force
microscopy (AFM) images were recorded in the tapping mode on a
Veeco Dimension 3100 Scanning Probe Microscope with a
Nanoscope V controller and equipped with a Si coated cantilever
(Veeco, model NCH-W, resonance frequency: 261.9 kHz, spring
constant: 29-48 N/m). Silicon wafers with a thermally grown 300 nm
thick SiO, layer were used as substrates for the top-contact bottom-
gate OFETs. The 50 nm thick PTFE dielectric layers and the DE2
films were prepared using exactly the same procedure as above.
Gold source/drain electrodes were then evaporated through a shadow
mask on top of the DE2 films. Prior to the deposition of the organic
dye, the PTFE layers were rubbed in the directions parallel and
perpendicular to channel of the devices. In all the devices, the length
(L) and the width (W) of the channel are 45 pm and 4 mm,
respectively. Electrical properties of the OFETs were characterized
using a couple of picoammeter/voltage source units (Keithley, model
6487). The field-effect mobility p was calculated in the saturation
regime using the following equation: Iy = (W / 2L) p C{(V, - V)
where I, is the drain current, C; is the capacitance density of the gate
dielectric taking into account that the dielectric constant of PTFE is
about 2.1,% V, is the gate voltage and V, is the threshold voltage
determined from the plot of (|I))"* as a function of V.

Theoretical Methodology

The charge transport mechanism between molecules can be seen as a
charge transfer from a charged donor molecule to a neighboring
neutral acceptor molecule.>”? As previously described in the
literature, the charge hopping rate, noted ki, in absence of electric
field, can be described as:?

2. 1 __A
knop =77t ‘/4nAkBTexp[ 4kBT] (1)

where A is the reorganization energy for the intermolecular charge
transfer, T is the temperature and t is the transfer integral, which
describes the strength of the electronic interaction between
neighboring molecules. The transfer integrals for holes and electrons
can be estimated, with the help of the semi-empirical Hartree-Fock-
based Zerner’s Intermediate Neglect of Differential Overlap
(ZINDO/S) method®® using the Gaussian 09 suites of programs™, by
calculating the splittings of the HOMO and LUMO levels upon
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interaction in stack of molecules extracted from the crystalline
structure of the material. In addition, these quantum chemical
calculations can be used to determine the preferential directions for
charge transport in films and the relative mobilities of holes and
electrons.***

In this work, quantum chemical calculations were carried out to
understand at a microscopic level the relationships between the
molecular packing and the charge transport properties of DE2 thin
films. Following the method detailed in previous studies, the semi-
empirical Hartree-Fock-based ZINDO/S method was used to
calculate the electronic structure of isolated DE2 molecules and of
systems composed of dimers or larger 3-dimensional molecular
clusters in configurations found in the crystalline structure of DE2 at
room temperature. The transfer integrals between adjacent
monomers were also evaluated using the PW91 functional and the
TZP basis set as implemented in the ADF package®. The calculated
values of the HOMO and LUMO splittings in these systems are then
compared to discuss about the influence of the molecular orientation
on the ambipolar charge transport properties of DE2 films observed
experimentally.

(a) 15

[ — — Non-rubbed e
[ omeeeee No PTFE

S

S B

: |

g L /.

b 4

@ 7

< s

USRS (TSN TN T S SN S W S N TT
500 600 700

WAVELENGTH / nm

" :
O ]
z 3
S e
o ]
o ]
O E
1] 3
o 3
< 1

ol ™M v L

300 400 500 600 700 800

WAVELENGTH / nm

Fig. 1 (a) Absorption spectra of 93 nm thick DE2 films deposited onto either
SiO; or a 50 nm thick PTFE layer. The chemical structure of DE2 is shown in
the inset. (b) Polarized absorption spectra of the highly oriented 93 nm thick
DE?2 film deposited onto an aligned PTFE layer. Light polarization was either
parallel or perpendicular to the aligned PTFE chains.

Results and discussion

Absorption spectra and optical dichroic ratio

Vapor-deposited DE2 films are known to exhibit two phases: a non-
aggregate crystalline phase and a J-aggregate phase.”> While the two
phases are present in DE2 films thicker than 90 nm, the non-
aggregate crystalline phase dominates in thinner films. The
absorption features of these two phases has been previously
examined in details.'”*' Fig. la shows the absorption spectrum of a

This journal is © The Royal Society of Chemistry 2012
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93 nm thick DE2 thin film vapor-deposited onto a 50 nm thick PTFE
layer. This spectrum is compared to that obtained without the PTFE
film. Both spectra present similar features. The peak located in the
region 530-560 nm is attributed to the absorption from the non-
aggregate crystalline phase of the DE2 film. The other peak
observed at 600-620 nm is assigned to the absorption of the J-
aggregatephase.'”*'* In fact, it should be mentioned that the shape
and the position of this J-aggregate peak slightly vary with film
thickness, due to a thickness dependence of the J-aggregate
formation in DE2 films. A model describing the J-aggregate
formation in DE2 has been already proposed, suggesting that the J-
aggregates are formed at the top surface of the film when the
crystalline grains are sufficiently large to be in contact with each
other.”” The differences between the absorption spectra displayed in
Figure la are presumably due to changes in film morphology and
their effects on J-aggregate formation. DE2 thin film was also vapor-
deposited onto an alignment PTFE layer. This layer was rubbed in a
given direction at constant pressure and speed, in order to orient the
PTFE chains parallel to the sliding direction. Fig. 1b shows the
absorption spectra of this sample for a polarization of the light
parallel and perpendicular to the PTFE chain orientation. The
absorbance of the J-band is found to be much higher when the
direction of polarization is parallel to the rubbing direction of the
PTFE layer. The dichroic ratio between the absorbances measured
for parallel and perpendicular polarizations reaches values of 24 and
21 at 616 and 549 nm respectively. Taking into account the fact that
the absorption transition dipole moment of the DE2 molecule lies in
the direction of its long axis, these results provide evidence that the
DE2 molecules are indeed strongly oriented parallel to the PTFE
chains in both aggregate and crystalline phases®'.

200 nm

Non-rubbed no PTFE

Direction of Channel

// rubbing 1 rubbing

Fig. 2 AFM images of DE2 films used in the devices. The films were
prepared onto a PTFE layer with a molecular alignment parallel to the
channel, with a molecular alignment perpendicular to the channel and
without any alignment. The AFM image of the DE2 film prepared onto SiO,
is also shown for comparison. The thickness of the four DE2 films was 93
nm.

This journal is © The Royal Society of Chemistry 2012

ARTICLE

The film morphology of DE2 films deposited onto glass
substrates has been previously investigated in details. It was
demonstrated that J-aggregate DE2 films showed heterogeneous film
texture with soft and curved crystalline grains as well as unclear
grain boundaries. A solvent-vapor treatment was also found to
strongly modify the surface morphology of the DE2 film, leading to
a fine-grained texture with well-defined grain boundaries. The AFM
images displayed in Figure 2 are consistent with these previous
observations. Nevertheless, the surface morphology of the J-
aggregate DE2 films is clearly affected by the PTFE layer. In
particular, the crystalline grains seem to be less isolated in the PTFE
cases. These morphological differences can be responsible for the
changes observed in the absorption spectra displayed in Fig. la.
More importantly, the AFM images in Figure 2 show that the
crystalline grains are strongly oriented in the rubbing directions. This
is in good agreement with the alignment of the DE2 molecules along
the direction of the PTFE chains previously evidenced by the
absorption spectra measurements. It should be noted that the grain
size should be similar in the DE2 films prepared onto the PTFE layer
with a molecular alignement parallel and perpendicular to the
channel. The little differences observed in Fig. 2 are only due here to
the sample dependence of the crystalline grain formation.

The surface roughness of the DE2 films was determined from
the AFM images and their values are listed in Table 1. The films
deposited on PTFE exhibit a lower roughness than the sample
prepared onto SiO,. In addition, the roughness of the rubbed and
non-rubbed DE2 films vapor-deposited on the PTFE layer is nearly
identical, indicating that the rubbing does not affect significantly the
roughness of the films. To gain further insights into the surface
morphology of the DE2 films, the Fourier transforms of the AFM
images were calculated in the direction of the device channel and the
obtained power spectral densities (PSD) were fitted using a single
Gaussian function, which can be expressed as PSD = exp[-(x-
mp)*/2v], where mg and 2v correspond to the inverse of the grain size
and the dispersion factor of my, respectively. The values of m, and
2v, were evaluated in the 93 nm thick DE2 films and are
summarized in Table 1. It can be seen that the grain size is larger and
the dispersion factor 2v is smaller in the no PTFE case. In the
samples prepared onto the PTFE layer, the value of m, is
significantly lower for the parallel alignment due to the orientation
of the crystalline grains in the direction of the channel. Similarly, m,
is found to be the largest for the perpendicular alignment. These
results will be useful to discuss about the influence of the grain
boundaries / grain sizes on the charge transport properties of aligned
and non-aligned DE2 films.

Table 1 Hole field-effect mobilities in the saturation regime, inverse of the
grain size (my), dispersion factor of mg (2v) and RMS roughness (Rg) in 93
nm thick DE2 OFETs with a parallel molecular alignment, a perpendicular
alignment, without any alignment, and without PTFE layer.

Parallel  Perpendicular  Non- No
rubbed PTFE

Mobility 0.006 0.0003 1.1x10° 2x107
(cm? V's™)
Inverse of the grain 1.73 3.16 2.78 1.44
size (mo) (um™)
Dispersion of my (2v) 15.7 26.7 30.7 721
(um?)
RMS roughness (R;) 13.7 12.0 12.6 272
(nm)
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Organic field-effect transistors

The output and transfer characteristics are measured in DE2 OFETs
with the PTFE layers rubbed either in the parallel or the
perpendicular direction, with no rubbing, and with no PTFE layers.
As shown in Fig. 3, the output characteristics of the devices with a
molecular orientation perpendicular and parallel to the channel show
clear linear and saturation regions for negative drain-source voltages
(Vg) and gate voltages (V,). Similar behavior is observed in OFETs
with both non-rubbed PTFE and no PTFE layers. These results
indicate that the highly oriented J-aggregate DE2 OFETSs operate
well in the hole accumulation mode, independently of the molecular
orientation. As displayed in Fig. 3, the transfer characteristics
measured in DE2 OFETs with parallel and perpendicular molecular
orientations for V4 = -80 V show a strong drain current (I;) at
negative V, , which confirms that the devices present good hole
transport properties. It is important to emphasize here that while the
absorption spectra of DE2 films exhibit a strong influence of the film
thickness on the J-aggregate formation, it was previously
demonstrated that the hole mobility in DE2 OFETs with a SiO, gate
dielectric does not vary in films thicker than 90 nm. This behavior
was attributed to the fact that the J-aggregates are formed in DE2
films at the surface of the crystalline grains and thus do not affect the
semiconductor/gate dielectric interface and the charge transport
properties. In that regard, while the formation of J-aggregates in DE2
films plays a major role on their optical properties, its influence on
the charge transport properties is negligible in the OFET architecture
and does not need to be taken into account to describe the results
presented in this work.
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Fig. 3 (a) Output and transfer characteristics of a 150 nm thick DE2
OFET with a molecular alignment perpendicular to the device channel.
(b) Output and transfer characteristics of a 190 nm thick DE2 OFET
with a parallel orientation. In both cases, the thickness of the PTFE
alignment layer is 50 nm. Top contact source/drain electrodes were
made of gold. The channel width and length were 4 mm and 45 pum
respectively.

Field-effect mobilities are calculated in the saturation region from
the transfer characteristics. The averaged values measured in 93 nm
thick DE2 OFETs are listed in Table 1. The molecular orientations
parallel and perpendicular to the channel lead to hole mobilities of
5.8x 107 and 2.9x10* cm® V™' 57!, respectively. It is worth noting
here that a chloroform vapor treatment results in an improvement of
the device performance, due to an improved molecular packing.”
After such a treatment, hole mobility could be enhanced up to 0.01
em’® V' s in DE2 OFETs with a molecular alignment parallel to the
channel. Note that a value of about 1 x 10° cm? V™' s is measured
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in a device containing a non- rubbed 50 nm PTFE film, which is
nearly two times lower than the hole mobility measured in a DE2
OFET with a SiO, gate dielectric layer. We also find that the
alignment PTFE layer causes significant variations in the threshold
voltage (Vy,) and the drain current on/off ratio (I ). For example,
in the case of a 93 nm thick DE2 film, V, reaches the values of 7
and -11 V and I, is measured to be around 10 and 10> when the
molecules are oriented perpendicular and parallel to the channel,
respectively. Similar changes in Vy, and I,,.x are observed in
devices using DE2 thin films with various thicknesses ranging from
70 to 230 nm. As mentioned above, the integration of a non-rubbed
PTFE layer in the DE2 OFETs leads to a decrease of the hole field-
effect mobility. This is certainly due to the larger crystalline grain
size observed in the no PTFE device, as evidenced by the AFM
images in Figure 2. However, a strong enhancement of the hole
field-effect mobilities is observed when the DE2 molecules are
aligned parallel and perpendicular to the channel. This demonstrates
that the rubbed PTFE films are attractive dielectric alignment layers
for the realization of OFETs with highly oriented active organic
semiconducting thin films.

The observed enhancement of the charge transport properties in
highly oriented J-aggregate DE2 OFETs can be due to an increase of
the mobilities inside the grains®®“’, the orientation of the grain
boundaries **! or a combination of these two effects. An increase of
the mobilities inside the grains is supported by the average values of
the grain sizes calculated from the Fourier transforms of the AFM
images by fitting the power spectral densities with a single Gaussian
function. The results shown in Table 1 indicate that the grain size in
the channel direction for the perpendicular alignment is comparable
to that of the non-rubbed film. This suggests that enhanced
mobilities measured in the perpendicularly aligned DE2 films are
due to a molecular packing in the grains more favorable to charge
transport. In addition to the anisotropic hole mobility inside the
grains, another plausible reason for the enhanced mobilities with the
parallel molecular alignment is based on the role played by the
orientation of the grain boundaries. It is well known that grain
boundaries can induce energy barriers to charge transport, leading to
a large decrease of the charge carrier mobilities. **** Similarly to
what was observed in a perylene diimide derivative,® it is possible
that the grain boundaries in the parallel DE2 devices show a lower
degree of molecular misorientations resulting in a smaller barrier to
transport. This is highly supported by the variations observed in Vy,
which can arise from the impact of the anisotropy of the DE2
crystalline grains on the charge trapping processes near the dielectric
layer interface. As displayed in Fig. 3, an electron current is
observed at positive V, only in the transfer characteristics of the
devices with a molecular orientation parallel to the channel. Electron
field-effect mobilities up to 7 x 10 cm® V™' s™' are measured in the
saturation regime. These results show an unprecedented way of
tuning the ambipolar transport properties via the control of the
orientation of the molecules and the crystalline grains within the
device channel.

Quantum chemical calculations

To clarify the role of the molecular packing and grain boundaries on
the ambipolar charge transport properties of DE2 films, quantum
chemical calculations were carried out to determine the electronic
structure of DE2 crystal. The crystalline structure of DE2 at room
temperature has been already reported in previous works'®?'. The
DE2 molecules in the crystal present two configurations with
different torsion angles and planarity of the benzene rings. As shown
in Fig. 4, these two configurations, noted o and B, exhibit slightly
different distribution on the HOMO and LUMO. This must be taken

This journal is © The Royal Society of Chemistry 2012



RSC Advances

Journal Name

into account in the quantum chemical calculations of the electronic
structure of the crystal. From Fig. 5, it can also be seen that each
o monolayer is sandwiched between two [ layers and that the
direction of DE2 molecules is different in two neighboring
monolayers, that we note B1 and PB2. In order to analyze the
interactions between all DE2 dimers in such a crystalline structure,
the calculation of the HOMO and LUMO splittings must be carried
out in several configurations which are shown in Fig. 6 and in Fig. 7.
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Fig. 6 Schematic representation of the DE2 crystalline structure used for the
calculation of the HOMO and LUMO splittings in dimers located in the (a)
alpha and (b) beta monolayer. The numbers associated with each molecule
correspond to those given in Fig. 5.

Fig. 4 Calculated HOMO and LUMO of DE2 in the neutral ground-state
geometry for the o and B molecular structure.

PTFE Alignment Layer

Fig. 5 Schematic representation in three-dimension of the crystalline
structure in DE2 thin films deposited onto a PTFE layer. A number is
allocated to each molecule shown in these illustrations.
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Fig. 7 Schematic representation of the DE2 crystalline structure used for the
calculation of the HOMO and LUMO splittings in dimers composed of
molecules in two different monolayers. The configurations shown in (a) and
(b) were used to characterize the intermolecular interactions between (a) 31
and B2 monolayers and (b) o and B1 monolayers. The numbers associated
with each molecule correspond to those given in Fig. 5.

Table 2 shows the HOMO and LUMO splittings calculated for
DE2 dimers located either in the o or the f layer. In this case, the
interaction was computed between a central molecule (molecule 8
for the olayer and molecule 15 for the P layer) and their
neighboring molecules located in the same monolayer. It was found
that the HOMO and LUMO splittings resulting from the interactions
of dimers either in the o or 3 layer are small (< 16 meV), indicating

This journal is © The Royal Society of Chemistry 2012

Table 2 Calculated values of the HOMO and LUMO splittings in dimers
located either in the same o or B layer. The numbers characterizing the
position of each DE2 molecules in the crystalline structure are indicated in
Figures 5 and 6.

Dimer AHOMO (meV) ALUMO (meV)
a-o interactions
8-5,11 4 1
8-6,10 0 0
8-7,9 2 1
B-B interactions
15-12,18 5 6
15-13,17 3 1
15-14,16 16 3

J. Name., 2012, 00, 1-3 | 5
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Table 3 Calculated values of the HOMO and LUMO splittings in dimers
composed of molecules located in different monolayers. The numbers
characterizing the position of each DE2 molecules in the crystalline structure
are indicated in Figures 5 and 7.

Dimer AHOMO (meV)  ALUMO (meV)
B1-B2 interactions
15-19 0 10
15-20 7 1
15-21 3 1
15-22 143 83
a-B1 interactions
15-8 74 57
15-9 73 16
15-10 51 44
15-11 14 84

that charge transport along the same molecular monolayer is not
efficient. In contrast, Table 3 shows significantly higher HOMO and
LUMO splitting values for dimers composed of two molecules
placed in different monolayers. For instance, in case of an interaction
between B1 and B2 layers, the dimer composed of the molecules 15
and 22 presents a large overlap of the molecular orbitals, resulting in
high HOMO and LUMO splitting values equal to 143 and 83 meV,
respectively. The other splittings are much smaller, presumably
because the distance between the interacting molecules is
significantly larger. For interactions between a and B1 layers, all the
different configurations showed high splitting values. In particular, it
can be seen that the dimer 15-8 displays HOMO and LUMO
splittings equal to 57 and 74 meV, respectively. However, because
the molecular structure of DE2 is different in the o and B layers,
some of these dimers do not show symmetrical orbitals, which can
lead to overestimated calculated values of the splittings. To
overcome this issue related to the energetic mismatch between
different monomers, splittings were also calculated using the ADF
package. The results obtained with this method are shown in the
supplementary information section. These data are consistent with
those obtained by the Hartree-Fock-based ZINDO/S approach. The
demonstration of the main path for the charge carrier (8-15,22) is
confirmed. However, the ADF method shows that in addition the
LUMO splitting of the dimer (15-10) is also moderately large,
suggesting that this path might be favorable to electron transport.
From all these considerations, we can propose that charge transport
in DE2 films takes place more effectively between the molecules 8§,
15 and 22, indicating that the charge carriers would migrate in the
film by zigzagging through this main path. Another important
information that can be deduced from these calculations is that DE2
presents the potential of being an ambipolar organic semiconductor.
Indeed, LUMO splittings higher than 70 meV calculated in some
DE2 dimers are similar to those calculated in n-type fullerene
derivatives *.

We also calculated the HOMO and LUMO splittings for several
molecules selected 3-dimensionally in the DE2 crystal using the
Hartree-Fock-based ZINDO/S method. Fig. 8 shows the results
obtained by taking DE2 molecules only in the 3 layers. The HOMO
and LUMO splittings obtained for the 4 selected molecules were
found to be 153 and 132 meV, respectively. This suggests that
ambipolar charge transport could occur in the f§ layers. When two
molecules are then placed sideways, as displayed in Fig. 8, both
HOMO and LUMO splittings increase to 220 and 186 meV. On the
other hand, by placing one molecule in front and another one behind
the four initial DE2 molecules, we found that the HOMO and
LUMO splittings yield values of 211 and 148 meV. The higher
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Fig. 8 HOMO and LUMO splittings calculated in 3-dimensional molecular
clusters in a P layer in order to simulate the influence of the molecular
orientation on the ambipolar charge transport properties.
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Fig. 9 HOMO and LUMO splittings calculated in 3-dimensional molecular
clusters in a B layer in order to simulate the influence of the molecular
orientation on the ambipolar charge transport properties of DE2 crystal.

splittings obtained in the first case indicates that ambipolar charge
transport properties should be more effective in this configuration.

In order to clarify the role of the molecular orientation on the
charge carrier mobilities, quantum chemical calculations were then
performed for a 3D selection of DE2 molecules in both o and f
layers. As shown in Fig. 9, the HOMO and LUMO splittings
calculated for 15 DE2 molecules (4 o and 11 [ molecules) were
found to be 250 and 356 meV, respectively. This result confirms that
DE2 is intrinsically an ambipolar organic semiconductor, which is in
good agreement with the electrical properties of the DE2 OFETs
with the parallel rubbing as well as with the quantum chemical
calculations performed in dimers. We then looked at the influence of
adding molecules in the appropriate directions on the splittings.
When these additional molecules were placed sideways as indicated
in Fig. 9, leading to a system with 6 o and 16 3 DE2 molecules, both
HOMO and LUMO splittings increased to 322 and 435 meV,
respectively. In contrast, when additional molecules were placed in
front and behind the initial 15 molecules shown in Fig. 9, the
HOMO and LUMO splittings decreased to 253 and 343 meV. The
first and second cases were calculated to simulate the effects of the

This journal is © The Royal Society of Chemistry 2012
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molecular orientation perpendicular and parallel to the OFET
channel, respectively. The larger splitting values obtained for the
perpendicular orientation suggest that the charge carrier mobilities
should be higher in this direction, which seems to not be consistent
with the experimental results obtained in DE2 OFETs. We can
attribute this apparent discrepancy to the role played by charge
trapping at grain boundaries on the charge transport properties of
polycrystalline DE2 thin film devices. The density of grain
boundaries is indeed larger when the grains are oriented
perpendicular to the device channel. This implies that the decrease of
the charge carrier mobilities due to charge trapping at the grain
boundaries is presumably strongly reduced when the molecules and
grains are aligned parallel to the channel.

Overall, this study shows that 3D quantum chemical
calculations can be used to gain insights into the influence of the
molecular orientation on the ambipolar charge transport properties of
organic thin films. Our experimental results and our modeling
provide evidence that the improved charge carrier mobilities in
aligned DE2 OFETs are due to the intrinsic properties of the DE2
crystal. Nevertheless, it should be mentioned that the HOMO and
LUMO splittings calculated in DE2 are on the same order of
magnitude as those calculated in pentacene. As shown in the
supplementary information section, the HOMO and LUMO
splittings calculated for a 3D selection of 13 molecules in pentacene
crystal exhibit values of 341 and 340 meV, respectively. This
supports our conclusion that charge carrier mobilities in DE2
polycrystalline thin films are reduced by charge trapping at the grain
boundaries.

Conclusion

In summary, we demonstrate that a preferential orientation of
crystalline grains leads to a strong mobility enhancement and
ambipolar transport in J-aggregate DE2 OFETs. Hole mobility
anisotropy of about 20 is measured for drain current flowing parallel
and perpendicular to the alignment direction. When the DE2
molecules are oriented parallel to the channel, we found that the
devices become ambipolar with hole and electron mobilities, which
can be as high as 0.01 and 7 x 10* em® V' s, respectively.
Quantum chemical calculations were carried out to elucidate the
electronic structure of the DE2 crystal and determine the preferential
directions for charge transport in the polycrystalline DE2 films. The
results provide evidence that DE2 is intrinsically an ambipolar
organic semiconductor and that charge trapping at the grain
boundaries plays a key role on the charge transport properties of
DE2 films. The enhancement of the hole mobilities by two orders of
magnitude as well as the first observation of ambipolar transport in
J-aggregate OFETs suggest that DE2 is an attractive material for
organic electronic applications. Finally, improving the ambipolar
charge transport properties in organic thin films by a control of the
orientation of the crystalline grains is of interest for the realization of
high mobility organic optoelectronic devices.
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