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The relationship between the crystal structures, band structures, and electronic properties-oT @b&De
complexes has been investigated. We focus on the newly synthesized crystals of the charge-transfer salt
tetracene- TCNQ and similar to it peryleneTCNQ, 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 aceRENQ 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 tetracen@ CNQ, which has good transport properties for electrons only. The
estimated degree of charge transfer for tetrac@@NQ is 0.13e and for peryleref CNQ 0.46e.

1. Introduction molecular orbital band (HOMO band) and the lowest unoccupied

. . . . . molecular orbital band (LUMO band). The electronic band
Organic electronics is a rapidly developing branch of physics, gctyre relates to the crystal structure and, therefore, is an

chemistry, and technology. The success of practical applicationsininsic property that in turn influences measured values of the
of organic semiconductors in fabrication of electronic devices charge carrier mobility. The basic idea behind synthesizing

such as field effect transistors (FET3pind light emitting diodes  3jous acene TCNQ structures is to satisfy the aforementioned
(LEDsY stimulates further research in this field. For this reason conditions, i.e, to tune the band gap as well as transport

various organic semiconductors were synthesized and sttidied. properties. This is the main aim of HOME@ UMO engineering.
Organic semiconductors are mostly p-type, leading to prevalentTpe gimple schematic energy band picture (see Figure 1) shows
p-type conduction; however, n-type behaviorhasbeenredz8d.  yhat py choosing an acene one can get a new compound with
Several n-type organic transistors have been fabricated usinggi4j1er band gap and a new HOMO and LUMO bands.
TCNQ (tgtracyanoqwnod|methane) single qrys%&lél. The In this paper the electronic band structures of recently
comblnz_itlon of both p-type and n-type behavior would enfable synthesized tetracerd@ CNQ'6 and similar perylene TCNQY

an ambipolar-FET. This can be used in the elementary units of complexes are studied and compared. Also we correlate the

< e
CMOS logic invertors?~14 Various acene TCNQ compounds o nerimental transport properties with calculated electronic band
such as (antraceriétetracené® perylené”’)—TCNQ known as structure.

weak charge-transfer salts, exhibit an alternating stacking

sequence of p-type and n-type semiconductor layers of planara. Results and Discussions

m-conjugated molecules (layered heterostructure). This leads to .

one-dimensional electrical properties. Single crystals of these 2-1. Interpretation of the Band Structure. Because there
materials may be suitable to build ambipolar FEfRecently, ~ &'€ no calculations on the band structure of TCNQ itself,
ambipolar behavior was reported in the single-crystal charge- contrary to the cases for tetracéhand perylené; we consider
transfer salt (BEDT-TTF)(IFCNQ) by Hasegawa et &Y. |t_f|rst_. The band dispersion of _the LUMQ banq in three main
Several conditions must be simultaneously satisfied for a directions X@), Y(b®), and Z(*) is almost isotropic. This result
successful ambipolar functioning. First, a properly chosen 1SN full agreement W|th_ the obser\{ed isotropic mobility in the
electrode material with a Fermi level in the middie of the aP-Plane as measured in a FET with TCNQ single crystals as
relatively small band gap enables the introduction of both holes the active layet: The lack of anisotropy is remarkable because
and electrons in the material, as the barrier for electron and the intéractions ira andb directions have different origins. In
hole injection is almost equal and low enough for both types of the b-direction cyano groups interact witir-electrons of the
charge carriers. Second, trapping states and various defect®n€ny! group of the neighboring molecule, whereas in the

deteriorate good conducting properties and, therefore, materialsdirection cyane-cyano interactions are dominant. This follows
must be sufficiently purified.The third important issue, which from the examination of the shortest interatomic distances in

plays a crucial role in the discussion of the band-like transport the crystal structure. In theedirection the cyanecyano distance

properties, is the electronic structure of the bands where (=34 A) is the shortest while in the direction the cyane

electrons and holes are injected. These are the highest occupieBN€nYyl-group £3.5 A) is the shortest, as shown in Figure 2.
The band structure and the crystal structure of tetracene

. o . TCNQ is shown in Figure 3. The valence band is very narrow
* Corresponding author. E-mail: R.deGroot@science.ru.nl. . . . . . . .
t University of Groningen. in comparison with the conduction band in the direction of the
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Figure 1. HOMO—-LUMO engineering. Schematic positions of the
acene and TCNQ bands (adapted from ref 30).
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Figure 2. Electronic structure of the top of the valence and the bottom
of the conduction bands of TCNQ along= (a*/2, 0, 0), Y = (0,

b*/2, 0), andZ = (0, 0, c*/2) direction.a*, b*, and c* correspond to

the directions of, 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.

Moreover, there is no intersection of the HOMO with the
Fermi energy in thd'—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 ¥M direction (parallel tol'—X). This

transport has a component in the stacking direction; however,

its dispersion is vanishingly small.
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Figure 3. Electronic structure of the top of the valence and bottom of
the conduction bands of tetraceriECNQ 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.

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 tetracer@ CNQ 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 tetracenECNQ the LUMO interacts
with HOMO-2 and not with HOMO or HOMG-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
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Figure 4. (a) Charge density corresponding to the HOMO and the
LUMO bands in the bulk of tetracer CNQ. 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 A above the molecular plane, on a logarithmic scale. The Figure 5. Electronic structure of the top of the valence and bottom of
difference between the lines corresponds to a difference of a factor the conduction bands of perylen@CNQ alongX = (a*/2, 0, 0),Y =
10%4in the electron density. The nodal structure of the LUMO of TCNQ (0, b*/2, 0), andZ = (0, 0, c*/2) direction. The Fermi energy was
is similar to the HOMG-2 of tetracene but different from HOMO and  chosen on top of the valence band. DOS is given in arbitrary units and
HOMO-1. (c) Plot of the HOMO charge density of single perylene matched to the band structure. The gray area corresponds to the partial
molecule. DOS contributed by TCNQ and the white area corresponds to perylene.
The view of the peryleneTCNQ crystal packing is given below.

top of each other as if they were in the tetraceMENQ crystal

we can see how the wave functions overlap in the direction TCNQ LUMO and tetracene HOMO2 also explains why the
perpendicular to the molecular plane. The HOMO and the LUMO—-HOMO-2 gap increases going froii to X in the
HOMO-1 of tetracene have a nodal plane along the long Brillouin zone (BZ);i.e. that within the tight-binding picture
molecular axis but the HOM©2 and the LUMO of TCNQ do the interaction between both molecular orbitals is essentially
not, as displayed in Figure 4b. Hence upon the superimposingnonbonding al” whereas the bonding and antibonding interac-
of TCNQ and tetracene, the resulting overlap between HOMO, tions are most effective at X.

HOMO-1 of tetracene and the LUMO of TCNQ is obviously It is interesting to compare the band structure of tetracene
zero, which leads to nondispersive shape of the HOMO and TCNQ with the band structure of compound perylef€NQ,

the HOMO-1 bands. On the contrary, the nodal structure of because of their similar crystal structure and availability of
the HOMO-2 wave function of tetracene leads to nonzero electrical measurements. The band structure of peryl@@NQ
overlap with the LUMO of the TCNQ. This results in the is given in the Figure 5 with the corresponding crystal packing.
dispersive shape of the HOME and LUMO bands. Note that  The valence and conduction bands of peryleRENQ appear
nonzero overlap of TCNQ LUMO and tetracene HOMBhere in pairs because the unit cell contains two perylene and two
is a direct consequence of the finite angle between stacking TCNQ molecules. The valence and the conduction bands of
direction and the normal of the molecular planes. Because of tetracene- TCNQ differ from that of perylene TCNQ. Although
this, the central maximum of the tetracene HOMDis not the distance between the acene and the TCNQ molecules in
directly above the central nodal plane (separating the left and the stack of the tetracer@ CNQ compound is similar to that
right halves) of the TCNQ LUMO. Instead, it is shifted toward in perylene-TCNQ, the conduction bandwidths are completely
one of the two banana-shaped maxima of the TCNQ LUMO, different. It should be stressed that not only the intermolecular
so that a nonzero overlap exists. The striking difference of distance determines the magnitude of p, orbital overlap but
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TABLE 1: DFT Band Gaps and Band Widths (eV)? TABLE 2: Calculated Bond Lengths (A) of TCNQ®
DET effective mass bond CT TCNQ TCNQ
compound band HOMO LUMO Cl-C2 1.432 1.439 1.424
(pristine) gap direction band band m* my m* M C1-C4 1.405 1.400 1.434
TCNQ 1.20 X 0.016 0.136 1.88 gi:gg ii% iigé iizg
Y 0034 018 234 N1-C5 1.169 1.168 1.174
4 0.054 0.084 ’ ’ ’
perylene-TCNQ 0.39 X 0.249 0.251 094 0.91 a CT refers to the charge-transfer crystal. TCNQ and TCN@y
(perylene) (1.56) for single neutral and charged molecules.
Y 0.113 0.002
Z 0.064 0.016 ; ;
tetracene TCNQ  0.08 X 0014 0128 1.97 which precludgs tetracerd CNQ from hole conduction and
(tetracene} (1.23) thus from ambipolar transport.
Y 0.080 0.030 2.2. Estimation of the Charge Transfer. Acene-TCNQ
z 0.052  0.045 complexes belong to the class of materials called charge-transfer

aThe effective mass is given for the most dispersive bands. The salts?* TCNQ acts as an acceptor due to its high electron
band gap for pristine perylene was estimated from calculation of the affinity, attracting electrons from the acene. This leads to the
ground state of the single perylene molecule as the HGMOMO charge redistribution in the unit cell, which can be described as
distance. 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 Brock8.We calculated the
ground state geometry of neutral TCNQ and TCN®he 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 tetracerd CNQ 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 N+ 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

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 0.01 -
band gap (typically the band gap is-580% underestimateds,
it is still possible to compare the general trends of going from
one acene TCNQ complex to another. This is in agreement 0.005 ot o J
with the schematic band diagram shown in Figure 1. Aeene
TCNQs have smaller band gap than TCNQ itself and their — "‘\\
pristine compounds. The effective electrom*() and hole )
massesrt(*,) of charge carriers for the most dispersive bands
are also given in the Table 1. They were obtained from the band

structure by fitting
-0.005 |- /
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at the top of the valence and conduction bands in terms of
electron rest massy. The effective electron mass of charge
carriers in peryleneTCNQ is 2 times smaller than in TCNQ, | 2 3 4 5 5 7
promising higher mobilities because mobility is inversely x (A)
proportional to the effective mass. Moreover holes have also figure 6. Charge density along the stacking directidp(x) =
almost the same effective mass as electrons, suggesting thay (pais(r) — pa(r) — ps(r)) dy dz. The area of the integration is the
perylene-TCNQ can be used for hole transport as well. This crosscut of the unit cell by a plane perpendicular to akeis. The
is a very interesting result because the symmetry betweencurve shows the accumulation of the charge on TCNQ site and the
electron and hole conduction point to the usefulness of 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
perylene—TCNQ for ambipolar FETS. T_etraceﬁé'CNQ ShOW.S insets to the figure correspond to the contour plots of the positive
no improvement because the effective electron mass in the centered mostly at TCNQ) and the negative (centered mostly at

staking direction is nearly the same as in TCNQ and flatness tetracene) values i(r) at the level of 0.7 A above the molecular
of the valence band makes injected holes extremely heavy,plane.
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work 18 In this article we estimate the partial charge transfer 3. Conclusions
directly by examining the charge density given by DFT

explicitly. We calculated the following charge density distribu- T .
PICIY J g y TCNQ complexes were calculated to get a better insight into

tion: Ap(r) = r) — pa(r) — ps(r), where r) is the . - ) .
chargepée)nsit)e?;Bt(klé un'(i)’[A((:(e)II Ofp fe(tr{'j\cen'éCNpgr:(nzipA(r) their transport properties. It complements experimental evidence,
ps(r) are the tetracene and the TCNQ molecular charge densitiesWh'Ch’ due to a number of experimental conditions, provides

S " us not always with consistent results. The electron mobility
within the same geometry. The positive part&s(r) shows . : o
the accumulation and the negative part the depletion of the measured in peryleréfCNQ is 0.3 cri/(V s). Intrinsically,

X : . erylene-TCNQ crystals are better for electron conduction than
electronic charge. In the Figure 6 we plottédgh(r) in the P .
stacking direction. The insets of the Figure 6 show that the TCNQ crystals, as follows from the band structure; however,

: o the highest electron mobility measured in TCNQ was 1.6/cm
charge accumulation pattern at the TCNQ is similar to the shape . e
of the LUMO of the neutral TCNQ molecule and the charge (V's). Thus even higher electron mobilities in perylem&NQ

. . are expected under equal experimental conditions. Adie
depletion pattern on tetracene looks like the HOMO of the mobility in perylene-TCNQ has not been measured. However,

neutral tetracene. From Figure 6 we estimated the charge tr"’,‘nSfeEonduction and valence bands are equally wide and dispersive
to be 0.1& For perylene TCNQ the charge transfer is implying equal mobilities both foholesand for electrons. This

estimated to be 0.46e, suggesting better orbital overlap and thugy,akes peryleneTCNQ an interesting material for possible
better conductive properties than in tetraceMENQ. A application in ambipolar FETS.

quantitative, unique definition of charge transfer is difficult to We were not able to determine either electron hmie

give, however. mobilities for tetracene TCNQ. The electronic band structure
2.3. Discussions of Experimental ResultsThe measure-  shows that the electron mobility in tetracefECNQ should
ments on devices in FET geometry for tetraceMENQ were  pe Jower than in peryleneTCNQ andholesare expected to be
complicated by the lack of adhesion of the crystal to the gate jmmobile. The estimated value of the charge transfer for
dielectric, the presence of possible traps and injection baffiers. tetracene- TCNQ is 0.13e and for perylereéfCNQ is 0.46e.
Therefore, no experimental results have yet been reported. organic semiconductors suitable for the ambipolar transport
However, on the basis of the calculated band structure, we canghould have the following properties: a relatively small band
state that this material is not suitable for ambipolar transport as gap that reduces the injection barriers both for holes and for
was presumed beforé. electrons and highly dispersive valence and conduction bands
In general, several conditions must be satisfied to realize that give low bare effective mass to the charge carriers. For
ambipolar transport. We mentioned already the electrode ambipolar transport the perylen@ CNQ compound turns out
material and the influence of defect states in the introduction. to be more promising. Tetracen@ CNQ with a similar crystal
Another consideration is the effect of temperature. The interac- structure is orders of magnitude worse. The differences reflect
tion of electrons (holes) with the crystal lattice plays a role in the different symmetries of the HOMO and LUMO states
transport mechanism in organic semiconductors with the increaseinvolved.
of temperatur@’ This leads to the decrease of the HOMO and
the LUMO bandwidths evolving from band-like to hopping- Acknowledgment. This work work was supported by the

The band structures of tetracenECNQ and perylene

like transport. The solution of the HolsteitPeierls model, NWO breedte strategie program M®€ and is part of the
describing coupling of charge carriers with the phonons, has research programme of the Stichting voor Fundamenteel Onder-
been successfully applied by Hannewald eté&P.to several zoek der Materie (FOM) with financial support from the

organic molecular crystals, where thie initio DFT results were ~ Nederlandse Organisatie voor Wetenschappelijk Onderzoek
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low temperature in the case of tetraceffeCNQ.

The experimental results on peryledlBCNQ were more 4. Appendix. Method of Calculation
successful. The measurements on FETSs fabricated from perylene
TCNQ showed the electron mobility as high as 0.34ws).*° article were performed using ab initio technique based on
The_l_Jar]d structure_ suggests thatle transport with similar density-functional theory (DF? in the generalized gradient
mobility is also possible in peryleref CNQ because the valence approximation (GGA) PW9# This method is implemented in
and conduction bands are almost equally dispersive. In practicena viennaab initio Simulation Package (VASP¥-37 The
it is more complicated to realize because deep and shallow trapcrystal structures were taken from the literatifrd8 The present
states are present. They alter the mobility significantly. Notice apnr0ach was successfully applied to a number of organic
that the electron mobility (1.6 cff(V s))'* measured in TCNQ  semiconductors in particular for pentac@h@s-40
?s several times higher than obtained from the meqsurements Because X-ray diffraction cannot determine hydrogen posi-
in perylene-TCNQ. However, the calculated effective mass o accurately, for each of the bulk calculations the positions
corresponding to conduction bandwidth of peryleMENQS ¢ the atoms in the unit cell were relaxed (while the shape and
2 times smaller than in TCNQ (see Table 1 for details), the yolume of the unit cell were kept fixed) using a conjugate
indicating that in principle the mobility measured in perylene  gradient algorithm and a tolerance of 10 meV/A on interatomic
TCNQ can be even higher than in TCNQ both for holes and forces. For Brillouin zone (BZ) integration we used a Monkherst
for electrons, assuming a comparable influence of phonons.  packk-point mesht with 6 x 6 x 6 points. The energy cutoff

Bandwidths and gaps are summarized in Table 1. The on the plane-wave basis set used in all calculations was 400
decrease in the band gap compared to pure TCNQ is clear. ThiseV. The charge-density plots for separate molecules were
decrease in the band gap, as mentioned previously, is advantaebtained with the same package. For these calculations we used
geous for ambipolar FET behavior however it should not be a cubic supercell of 26« 20 x 20 A3, which ensures that the
too small. periodic molecular replicas do not interact.

The electronic band structure calculations represented in this
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