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The relationship between the crystal structures, band structures, and electronic properties of acene-TCNQ
complexes has been investigated. We focus on the newly synthesized crystals of the charge-transfer salt
tetracene-TCNQ and similar to it perylene-TCNQ, potentially interesting for realization of ambipolar
transport. The band structures were calculated from first principles using density-functional theory (DFT).
Despite the similarity in the crystal structures of the acene-TCNQ complexes studied here, the band structures
are very different. Hole and electron transport properties are predicted to be equally good in perylene-
TCNQ, in contrast to the tetracene-TCNQ, which has good transport properties for electrons only. The
estimated degree of charge transfer for tetracene-TCNQ is 0.13e and for perylene-TCNQ 0.46e.

1. Introduction

Organic electronics is a rapidly developing branch of physics,
chemistry, and technology. The success of practical applications
of organic semiconductors in fabrication of electronic devices
such as field effect transistors (FETs)1,2 and light emitting diodes
(LEDs)3 stimulates further research in this field. For this reason
various organic semiconductors were synthesized and studied.4-6

Organic semiconductors are mostly p-type, leading to prevalent
p-typeconduction;however,n-typebehaviorhasbeenrealized.2,7-9

Several n-type organic transistors have been fabricated using
TCNQ (tetracyanoquinodimethane) single crystals.10,11 The
combination of both p-type and n-type behavior would enable
an ambipolar-FET. This can be used in the elementary units of
CMOS logic invertors.12-14 Various acene-TCNQ compounds
such as (antracene,15 tetracene,16 perylene17)-TCNQ known as
weak charge-transfer salts, exhibit an alternating stacking
sequence of p-type and n-type semiconductor layers of planar
π-conjugated molecules (layered heterostructure). This leads to
one-dimensional electrical properties. Single crystals of these
materials may be suitable to build ambipolar FETs.19 Recently,
ambipolar behavior was reported in the single-crystal charge-
transfer salt (BEDT-TTF)(F2TCNQ) by Hasegawa et al.20

Several conditions must be simultaneously satisfied for a
successful ambipolar functioning. First, a properly chosen
electrode material with a Fermi level in the middle of the
relatively small band gap enables the introduction of both holes
and electrons in the material, as the barrier for electron and
hole injection is almost equal and low enough for both types of
charge carriers. Second, trapping states and various defects
deteriorate good conducting properties and, therefore, materials
must be sufficiently purified.2 The third important issue, which
plays a crucial role in the discussion of the band-like transport
properties, is the electronic structure of the bands where
electrons and holes are injected. These are the highest occupied

molecular orbital band (HOMO band) and the lowest unoccupied
molecular orbital band (LUMO band). The electronic band
structure relates to the crystal structure and, therefore, is an
intrinsic property that in turn influences measured values of the
charge carrier mobility. The basic idea behind synthesizing
various acene-TCNQ structures is to satisfy the aforementioned
conditions, i.e., to tune the band gap as well as transport
properties. This is the main aim of HOMO-LUMO engineering.
The simple schematic energy band picture (see Figure 1) shows
that by choosing an acene one can get a new compound with
smaller band gap and a new HOMO and LUMO bands.

In this paper the electronic band structures of recently
synthesized tetracene-TCNQ16 and similar perylene-TCNQ17

complexes are studied and compared. Also we correlate the
experimental transport properties with calculated electronic band
structure.

2. Results and Discussions

2.1. Interpretation of the Band Structure. Because there
are no calculations on the band structure of TCNQ itself,
contrary to the cases for tetracene21 and perylene,22 we consider
it first. The band dispersion of the LUMO band in three main
directions X(a*), Y(b*), and Z(c*) is almost isotropic. This result
is in full agreement with the observed isotropic mobility in the
ab-plane as measured in a FET with TCNQ single crystals as
the active layer.11 The lack of anisotropy is remarkable because
the interactions ina andb directions have different origins. In
the b-direction cyano groups interact withπ-electrons of the
phenyl group of the neighboring molecule, whereas in the
a-direction cyano-cyano interactions are dominant. This follows
from the examination of the shortest interatomic distances in
the crystal structure. In thea direction the cyano-cyano distance
(=3.4 Å) is the shortest while in theb direction the cyano-
phenyl-group (=3.5 Å) is the shortest, as shown in Figure 2.

The band structure and the crystal structure of tetracene-
TCNQ is shown in Figure 3. The valence band is very narrow
in comparison with the conduction band in the direction of the
stackinga.
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Moreover, there is no intersection of the HOMO with the
Fermi energy in theΓ-X direction. In other words, no hole
transport in the stacking direction is possible. This does not
imply that there is no transport possible at all. There is an
intersection along the Y-M direction (parallel toΓ-X). This
transport has a component in the stacking direction; however,
its dispersion is vanishingly small.

From the partial density of states (DOS) shown in Figure 3
we found that the conduction band has predominantly TCNQ
and the valence band tetracene character. Another and more
explicit way to show this is to plot the charge densities of the
conduction and the valence bands. The charge density of the
conduction band in tetracene-TCNQ crystal is centered mostly
at TCNQ molecule (Figure 4a) and has the shape of the LUMO
charge density of a single TCNQ molecule as shown in Figure
4b. The valence band charge density is predominantly centered
on tetracene and has the shape of the HOMO of a single
tetracene molecule. In tetracene-TCNQ the LUMO interacts
with HOMO-2 and not with HOMO or HOMO-1 as one can
conclude from the band dispersions. This result can be explained
qualitatively on the basis of a simple nearest neighbor tight
binding model by examining the phase structure of the wave
functions of separate tetracene and TCNQ molecules. The
difference in the wavefunction nodal structure of the nearest
molecules in the stack reflects the bonding-antibonding overlap.
To see this, we calculated the charge density distribution of the
molecular wave functions of the TCNQ and tetracene molecules
separately. The nodal structure of the charge density distributions
in Figure 4b shows the alternation of the signs of phase and
the shape of the wave function between two regions, separated
by a nodal plane. By superimposing these wave functions on

Figure 1. HOMO-LUMO engineering. Schematic positions of the
acene and TCNQ bands (adapted from ref 30).

Figure 2. Electronic structure of the top of the valence and the bottom
of the conduction bands of TCNQ alongX ) (a*/2, 0, 0), Y ) (0,
b*/2, 0), andZ ) (0, 0, c*/2) direction.a*, b*, and c* correspond to
the directions ofa, b, andc crystallographic axess. The Fermi energy
was chosen on top of the valence band. The view of the TCNQ crystal
packing is given below.

Figure 3. Electronic structure of the top of the valence and bottom of
the conduction bands of tetracene-TCNQ alongX ) (a*/2, 0, 0),Y )
(0, b*/2, 0), M ) (a*/2, b*/2, 0), andZ ) (0, 0, c*/2) direction. The
Fermi energy was chosen on top of the valence band. DOS is given in
arbitrary units and matched to the band structure. The gray area
corresponds to the partial DOS contributed by TCNQ molecule, and
the white area corresponds to the tetracene. The view of the tetracene-
TCNQ crystal packing is given below. The dissimilarity between
HOMO and LUMO dispersions is remarkable.
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top of each other as if they were in the tetracene-TCNQ crystal
we can see how the wave functions overlap in the direction
perpendicular to the molecular plane. The HOMO and the
HOMO-1 of tetracene have a nodal plane along the long
molecular axis but the HOMO-2 and the LUMO of TCNQ do
not, as displayed in Figure 4b. Hence upon the superimposing
of TCNQ and tetracene, the resulting overlap between HOMO,
HOMO-1 of tetracene and the LUMO of TCNQ is obviously
zero, which leads to nondispersive shape of the HOMO and
the HOMO-1 bands. On the contrary, the nodal structure of
the HOMO-2 wave function of tetracene leads to nonzero
overlap with the LUMO of the TCNQ. This results in the
dispersive shape of the HOMO-2 and LUMO bands. Note that
nonzero overlap of TCNQ LUMO and tetracene HOMO-2 here
is a direct consequence of the finite angle between stacking
direction and the normal of the molecular planes. Because of
this, the central maximum of the tetracene HOMO-2 is not
directly above the central nodal plane (separating the left and
right halves) of the TCNQ LUMO. Instead, it is shifted toward
one of the two banana-shaped maxima of the TCNQ LUMO,
so that a nonzero overlap exists. The striking difference of

TCNQ LUMO and tetracene HOMO-2 also explains why the
LUMO-HOMO-2 gap increases going fromΓ to X in the
Brillouin zone (BZ); i.e. that within the tight-binding picture
the interaction between both molecular orbitals is essentially
nonbonding atΓ whereas the bonding and antibonding interac-
tions are most effective at X.

It is interesting to compare the band structure of tetracene-
TCNQ with the band structure of compound perylene-TCNQ,
because of their similar crystal structure and availability of
electrical measurements. The band structure of perylene-TCNQ
is given in the Figure 5 with the corresponding crystal packing.
The valence and conduction bands of perylene-TCNQ appear
in pairs because the unit cell contains two perylene and two
TCNQ molecules. The valence and the conduction bands of
tetracene-TCNQ differ from that of perylene-TCNQ. Although
the distance between the acene and the TCNQ molecules in
the stack of the tetracene-TCNQ compound is similar to that
in perylene-TCNQ, the conduction bandwidths are completely
different. It should be stressed that not only the intermolecular
distance determines the magnitude of pz-pz orbital overlap but

Figure 4. (a) Charge density corresponding to the HOMO and the
LUMO bands in the bulk of tetracene-TCNQ. Hydrogens are not
shown. It is clear that centers of gravity of molecules in the layer are
shifted. (b) Plots of the charge density of tetracene and TCNQ molecules
at 1.9 Å above the molecular plane, on a logarithmic scale. The
difference between the lines corresponds to a difference of a factor
101/4 in the electron density. The nodal structure of the LUMO of TCNQ
is similar to the HOMO-2 of tetracene but different from HOMO and
HOMO-1. (c) Plot of the HOMO charge density of single perylene
molecule.

Figure 5. Electronic structure of the top of the valence and bottom of
the conduction bands of perylene-TCNQ alongX ) (a*/2, 0, 0),Y )
(0, b*/2, 0), andZ ) (0, 0, c*/2) direction. The Fermi energy was
chosen on top of the valence band. DOS is given in arbitrary units and
matched to the band structure. The gray area corresponds to the partial
DOS contributed by TCNQ and the white area corresponds to perylene.
The view of the perylene-TCNQ crystal packing is given below.
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also the relative position of the molecules in the plane parallel
to the molecular planes, which defines the area of the overlap
and the relative positions of the positive and negative phases
of the wave functions. In contrast to the crystal structure of the
tetracene-TCNQ, the perylene and the TCNQ molecules are
shifted sidewise (Figure 5) with respect to each other (along
the short molecular axis of the perylene viewed perpendicular
to its molecular plane), leading to a nonzero overlap between
the LUMO of the TCNQ and the HOMO of the perylene wave
functions (see Figure 4b,c). With a similar reasoning as for
tetracene-TCNQ above, here the sidewise shift and the different
shape of TCNQ LUMO and perylene HOMO explain why the
HOMO-LUMO interactions are maximal at the BZ edge. The
above analysis shows that the nodal structure of the wave
functions of the molecules comprising the molecular crystal and
their relative orientation within a crystal alone contain already
vital information on the HOMO and the LUMO interaction.

The total band widths and the direct band-gaps following from
the calculated band structure are summarized in Table 1. Despite
the common deficiency of DFT to estimate the value of the
band gap (typically the band gap is 50-80% underestimated),23

it is still possible to compare the general trends of going from
one acene-TCNQ complex to another. This is in agreement
with the schematic band diagram shown in Figure 1. Acene-
TCNQs have smaller band gap than TCNQ itself and their
pristine compounds. The effective electron (m*e) and hole
masses (m*h) of charge carriers for the most dispersive bands
are also given in the Table 1. They were obtained from the band
structure by fitting

at the top of the valence and conduction bands in terms of
electron rest massm0. The effective electron mass of charge
carriers in perylene-TCNQ is 2 times smaller than in TCNQ,
promising higher mobilities because mobility is inversely
proportional to the effective mass. Moreover holes have also
almost the same effective mass as electrons, suggesting that
perylene-TCNQ can be used for hole transport as well. This
is a very interesting result because the symmetry between
electron and hole conduction point to the usefulness of
perylene-TCNQ for ambipolar FETs. Tetracene-TCNQ shows
no improvement because the effective electron mass in the
staking direction is nearly the same as in TCNQ and flatness
of the valence band makes injected holes extremely heavy,

which precludes tetracene-TCNQ from hole conduction and
thus from ambipolar transport.

2.2. Estimation of the Charge Transfer.Acene-TCNQ
complexes belong to the class of materials called charge-transfer
salts.24 TCNQ acts as an acceptor due to its high electron
affinity, attracting electrons from the acene. This leads to the
charge redistribution in the unit cell, which can be described as
the partial electron charge transfer from the acene to the TCNQ.
We inferred the partial charge transfer from the HOMO of the
tetracene to the LUMO of the TCNQ by analyzing the bond
lengths and the total charge distribution in the unit cell in the
way it was done in the work of Brocks.25 We calculated the
ground state geometry of neutral TCNQ and TCNQ-. The bond
lengths are listed in Table 2 (the bonds are labeled as in Figure
6). We interpret differences in the bond lengths in terms of
charge transfer. The bond lengths, found from the geometry of
TCNQ in the optimized tetracene-TCNQ crystal structure, are
always between the neutral and charged case indicating a partial
charge transfer. Note that the changes in charge density are not
reflected in the N1-C5 and C2-C3 bond lengths (because they
barely change) because of the nodal planes in the LUMO (see
Figure 4b). The same is valid for tetracene. The charge transfer
was calculated to be 0.1e, using empirical relations between
the bond lengths and the electronic charge in our previous

TABLE 1: DFT Band Gaps and Band Widths (eV)a

effective mass

compound
(pristine)

DFT
band
gap direction

HOMO
band

LUMO
band m*em0 m*hm0

TCNQ 1.20 X 0.016 0.136 1.88
Y 0.034 0.183 2.34
Z 0.054 0.084

perylene-TCNQ
(perylene)

0.39
(1.56)

X 0.249 0.251 0.94 0.91

Y 0.113 0.002
Z 0.064 0.016

tetracene-TCNQ
(tetracene)21

0.08
(1.23)

X 0.014 0.128 1.97

Y 0.080 0.030
Z 0.052 0.045

a The effective mass is given for the most dispersive bands. The
band gap for pristine perylene was estimated from calculation of the
ground state of the single perylene molecule as the HOMO-LUMO
distance.

1
m*

) 1

p2

d2E(k)

dk2
(1)

TABLE 2: Calculated Bond Lengths (Å) of TCNQa

bond CT TCNQ TCNQ-

C1-C2 1.432 1.439 1.424
C1-C4 1.405 1.400 1.434
C2-C3 1.362 1.361 1.377
C4-C5 1.415 1.420 1.410
N1-C5 1.169 1.168 1.174

a CT refers to the charge-transfer crystal. TCNQ and TCNQ- stay
for single neutral and charged molecules.

Figure 6. Charge density along the stacking direction∆F(x) )
∫∫(FA+B(r ) - FA(r ) - FB(r )) dy dz. The area of the integration is the
crosscut of the unit cell by a plane perpendicular to thea-axis. The
curve shows the accumulation of the charge on TCNQ site and the
depletion on the tetracene, indicating the charge transfer. The amount
of the charge transfer is the area under the upper part of the curve. The
insets to the figure correspond to the contour plots of the positive
(centered mostly at TCNQ) and the negative (centered mostly at
tetracene) values ofF(r ) at the level of 0.7 Å above the molecular
plane.
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work.16 In this article we estimate the partial charge transfer
directly by examining the charge density given by DFT
explicitly. We calculated the following charge density distribu-
tion: ∆F(r ) ) FA+B(r ) - FA(r ) - FB(r ), whereFA+B(r ) is the
charge density in the unit cell of tetracene-TCNQ andFA(r ),
FB(r ) are the tetracene and the TCNQ molecular charge densities
within the same geometry. The positive part of∆F(r ) shows
the accumulation and the negative part the depletion of the
electronic charge. In the Figure 6 we plotted∆F(r ) in the
stacking direction. The insets of the Figure 6 show that the
charge accumulation pattern at the TCNQ is similar to the shape
of the LUMO of the neutral TCNQ molecule and the charge
depletion pattern on tetracene looks like the HOMO of the
neutral tetracene. From Figure 6 we estimated the charge transfer
to be 0.13e. For perylene-TCNQ the charge transfer is
estimated to be 0.46e, suggesting better orbital overlap and thus
better conductive properties than in tetracene-TCNQ. A
quantitative, unique definition of charge transfer is difficult to
give, however.

2.3. Discussions of Experimental Results.The measure-
ments on devices in FET geometry for tetracene-TCNQ were
complicated by the lack of adhesion of the crystal to the gate
dielectric, the presence of possible traps and injection barriers.26

Therefore, no experimental results have yet been reported.
However, on the basis of the calculated band structure, we can
state that this material is not suitable for ambipolar transport as
was presumed before.26

In general, several conditions must be satisfied to realize
ambipolar transport. We mentioned already the electrode
material and the influence of defect states in the introduction.
Another consideration is the effect of temperature. The interac-
tion of electrons (holes) with the crystal lattice plays a role in
transport mechanism in organic semiconductors with the increase
of temperature.27 This leads to the decrease of the HOMO and
the LUMO bandwidths evolving from band-like to hopping-
like transport. The solution of the Holstein-Peierls model,
describing coupling of charge carriers with the phonons, has
been successfully applied by Hannewald et al.28,29 to several
organic molecular crystals, where theab initio DFT results were
involved as an important ingredient. However, the calculated
DFT results indicate that hole transport is impossible even at
low temperature in the case of tetracene-TCNQ.

The experimental results on perylene-TCNQ were more
successful. The measurements on FETs fabricated from perylene-
TCNQ showed the electron mobility as high as 0.3 cm2/(V s).30

The band structure suggests thathole transport with similar
mobility is also possible in perylene-TCNQ because the valence
and conduction bands are almost equally dispersive. In practice
it is more complicated to realize because deep and shallow trap
states are present. They alter the mobility significantly. Notice
that the electron mobility (1.6 cm2/(V s))11 measured in TCNQ
is several times higher than obtained from the measurements
in perylene-TCNQ. However, the calculated effective mass
corresponding to conduction bandwidth of perylene-TCNQ is
2 times smaller than in TCNQ (see Table 1 for details),
indicating that in principle the mobility measured in perylene-
TCNQ can be even higher than in TCNQ both for holes and
for electrons, assuming a comparable influence of phonons.

Bandwidths and gaps are summarized in Table 1. The
decrease in the band gap compared to pure TCNQ is clear. This
decrease in the band gap, as mentioned previously, is advanta-
geous for ambipolar FET behavior however it should not be
too small.

3. Conclusions

The band structures of tetracene-TCNQ and perylene-
TCNQ complexes were calculated to get a better insight into
their transport properties. It complements experimental evidence,
which, due to a number of experimental conditions, provides
us not always with consistent results. The electron mobility
measured in perylene-TCNQ is 0.3 cm2/(V s). Intrinsically,
perylene-TCNQ crystals are better for electron conduction than
TCNQ crystals, as follows from the band structure; however,
the highest electron mobility measured in TCNQ was 1.6 cm2/
(V s). Thus even higher electron mobilities in perylene-TCNQ
are expected under equal experimental conditions. Thehole
mobility in perylene-TCNQ has not been measured. However,
conduction and valence bands are equally wide and dispersive,
implying equal mobilities both forholesand for electrons. This
makes perylene-TCNQ an interesting material for possible
application in ambipolar FETs.

We were not able to determine either electron orhole
mobilities for tetracene-TCNQ. The electronic band structure
shows that the electron mobility in tetracene-TCNQ should
be lower than in perylene-TCNQ andholesare expected to be
immobile. The estimated value of the charge transfer for
tetracene-TCNQ is 0.13e and for perylene-TCNQ is 0.46e.

Organic semiconductors suitable for the ambipolar transport
should have the following properties: a relatively small band
gap that reduces the injection barriers both for holes and for
electrons and highly dispersive valence and conduction bands
that give low bare effective mass to the charge carriers. For
ambipolar transport the perylene-TCNQ compound turns out
to be more promising. Tetracene-TCNQ with a similar crystal
structure is orders of magnitude worse. The differences reflect
the different symmetries of the HOMO and LUMO states
involved.
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4. Appendix. Method of Calculation

The electronic band structure calculations represented in this
article were performed using anab initio technique based on
density-functional theory (DFT)31 in the generalized gradient
approximation (GGA) PW91.32 This method is implemented in
the Viennaab initio Simulation Package (VASP).33-37 The
crystal structures were taken from the literature.16-18 The present
approach was successfully applied to a number of organic
semiconductors in particular for pentacene.21,38-40

Because X-ray diffraction cannot determine hydrogen posi-
tions accurately, for each of the bulk calculations the positions
of the atoms in the unit cell were relaxed (while the shape and
the volume of the unit cell were kept fixed) using a conjugate
gradient algorithm and a tolerance of 10 meV/Å on interatomic
forces. For Brillouin zone (BZ) integration we used a Monkhorst-
Packk-point mesh41 with 6 × 6 × 6 points. The energy cutoff
on the plane-wave basis set used in all calculations was 400
eV. The charge-density plots for separate molecules were
obtained with the same package. For these calculations we used
a cubic supercell of 20× 20 × 20 Å3, which ensures that the
periodic molecular replicas do not interact.

Band Structure of Tetracene-TCNQ and Perylene-TCNQ J. Phys. Chem. A, Vol. 112, No. 11, 20082501
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