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We show how the optical absorption properties of organic molecular crystals based on finite molecular units
depend on the oligomer length. We calculate the dielectric tensor for the first four linear oligoacenes by solving
the Bethe-Salpeter equation for the electron-hole Green'’s function. The exciton binding energy significantly
decreases with the molecular size. While strongly bound excitons are present in naphthalene, the carriers are
only weakly bound in pentacene. This trend is understood in terms of the increasing dielectric screening and
the spatial distribution of the exciton wave function.
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A variety of measurements have been performed on theacene(4A), and pentacenésA), wheren in nA indicates
linear oligoacenes to determine their electronic and opticathe number of phenyl rings in the molecule and hence mea-
properties, e.g., carrier mobilitité and photoconductivity,  sures the oligomer length. At ambient conditions, 2A and 3A
in view of their applicability in organic thin-film transistors crystallize in the monoclinic structurB2;/a, whereas 4A
and optoelectronic devicés.However, the question on the and 5A have the triclinic space groii. All four materials
exciton binding energies in such organic semiconductors igxhibit a herringbone pattern of molecules in the unit cell.
still controversial and hence, of great interest. Regarding thi§he lattice parameters ofA, which have served as input for
problem, the organic polymers have been comprehensivelthe calculations, are taken from Refs. 15-18. In a preceding
studied in the past, but a consensus could not be achieved sgep, the internal geometry of these crystal phases has been
to now. In general, there exist different opinions, whetheroptimized, i.e., the atomic positions have been relaxed by
the lowest optical transition is due to the absorption ofminimizing the forces acting on the atoms to be less than 2
free charge carriergdirect interband transitions weakly = mRy/a.u. Based on these structures, the imaginary parts of
bound electron-holée-h) pairs (Wannier or charge transfer the dielectric tensors Im;(w) have been calculated within
excitons, or tightly bound(Frenke) excitons. In this con- the random-phase approximati@RPA).1® Concerning the
text, the exciton binding energ{BE) varies from a few crystalline structure it is emphasized that () Cartesian
keT to the order of 1 eV even within one materi@.g., components of the dielectric tensor are equivalent tobthe
poly-para-phenylene-vinylene®’ On the way to solving this and thec-axis polarized transitions in 2A and 3A. In triclinic
puzzle, a first success has been achievedtbynitio calcu-  4A and 5A, however, only the axis remains parallel to the
lations: It has been found that the interchain interaction carCartesiarz axis. For 5A it has been shofhthat the trans-
reduce the exciton BE up to one order of magnitude and thabrmation of they into the b component does not signifi-
the excitons extend over several unit cells along thecantly change the spectrum in the energy range of interest.
chain®-101In organic crystals built of shorter molecular units ~ Since the RPA describes the excitation spectra of solids
it is still believed that the intermolecular interactions areonly in a single-particle picture, excitons are not present in
weak and therefore theeh pairs are expected to be basically such calculations. Therefore, the Bethe-Salpeter equation
confined to single molecules resulting in large exciton BEs(BSE) for the two-particle Green’s functiéh?? has been
In a previous work on anthracefiét has indeed been shown solved, which allows for the treatment of tieeh Coulomb
that the lowest excitation is generated by a strongly boundhteraction. An elaborate description of this formalism is
e-h pair. However, systematic quantitative first-principlesgiven in Ref. 23. Regarding the following discussion of our
studies on the size dependence of the exciton BE in suctesults, the most important equations are briefly summarized
molecular crystals are still missing. At the same time, highhere. The matrix eigenvalue form of the BSE is given by
crystallinity can hardly be achieved in polymers, such that in
real samples chain fragments of different lengths are present. D feff AN - Aﬁ (1)
Therefore, the investigation of the excitonic effects as a func- vek,v' e’k vk ok
tion of the molecular size is extremely important. This mo-

tlva_ted th? calcul_atlons of exciton blnd_lng energies for thewhere the crucial step is to set up the effective Hamiltonian
series of linear oligoacenes presented in this work.

We apply the full-potential augmented plane wave plus'f'eﬁ- The indicesv(c) andk stand for the valenceconduc-
local orbitals(APW-+lo) formalisni? as implemented in the tion) band and a vectok in the irreducible Brillouin zone.
WIEN2K codé® for the ground state and the lts diagonalization yields the eigenvalug$ and eigenvec-
EXCITING@WIEN2K packagé for the description of the opti- tOrs Ay representing the excitation energy of theh cor-
cal properties. Exchange and correlation effects have beeilatede-h pair and the coupling coefficient used to construct
treated by the generalized gradient approximation. The mathe exciton wave function, respectivel¢ consists of three
terials considered are naphthald@4), anthracené3A), tet-  terms,

v'c’k’
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1 2 TABLE |. Lowest y- and z-polarized response of the oli-
T goacenes: The calculated peak positions and exciton BEs compared
: - RPA to experimeniRefs. 25 and 26, and references thexein
i |
W' 4 ,' Peaks(eV) 2A 3A 4A 5A
E 3 C |
2 Lol Theory
AR RPA, 4.8 3.8 2.8 2.0
FEIPE AR i S, 3.9 3.1 2.4 1.9
r Singlet T, 2.4 1.9 1.4 15
3T RPA, 5.6 5.1 45 3.9
w S 5.6 54 54 5.6
& T, 3.3 3.3 3.2 3.6
SBE, 0.9 0.7 0.4 0.1
TBE, 2.4 1.9 1.4 0.5
TBE, 2.3 1.8 1.3 0.3
STy 15 1.2 1.0 0.4
‘ 140 £ S-S, 1.7 2.3 3.0 3.8
: 130 — ST, 2.3 2.1 2.2 2.0
':, 110
e Experiment
3 4 5 6
Band gap 5.0-5.4 3.9-4.2 2.9-3.4 2.2-2.4
Energy [eV] Energy [eV]
T, 2.6 1.9 1.3 0.8
FIG. 1. y andz component of the Ing;(w) calculated fornA S 3.9-4.0 3.1-3.5 2.4-3.0 1.9-2.3
within the RPA(upper panelsand the BSE formalisnlower pan- S, 5.6 5.7-6.0 5.4-5.6 5.4
els). A lifetime broadening of 0.1 eV has been included.
SBE, 1.0-15 0.4-1.1 0.1-1.0 0.0-0.5
Hsgk,u'c'k' = Hglci?u'c'k' + Hggk,v’c’k’ +2H g o (2 ;?.Ey i'gj'i ig:iz 1?:?; iijg
1.6-1.7 2.2-2.9 2.4-3.2 3.1-3.5

The kinetic termH99 is determined from the quasiparticle SS

energies, while the attractive direct and the repulsive ex-
change interaction matrix eIementAfls‘,jir and |:|><, are respon- the RPA results. For the whole series, the lowest, but weak
sible for the formation of bound excitons. Th&" contains \?V?\téﬁggstr;r:asg![cr)gnésagsgr%t[?(;ﬁdneg);-%xsngrzlﬁrilszz?ﬁg%hst’

the statically screened Coulomb interaction, whereas in t_hSoIarized radiation. These optical transitions are shifted to

H the bare Coulomb potential without the long-range part iSower energies, when the molecular size increases. Analo-
present. Note that the latter is not active for spin triplet ex-gous to the oligophenylenééthis redshift is in accordance
citations. In the calculation of the Iey(w), the valence and with the reduction of the band gap within the series and
conduction state energies have been approximated by thgepends almost linearly on the inversenof
Kohn-Sham eigenvalues corrected bk-#@ndependent self- If the e-h Coulomb interaction is included in the theoret-
energy (scissors operatprsuch that for each material the ical description, the spin singlg¢s) and triplet(T) exciton
calculated optical gap matches the experimentally observegsponse is obtained. In the following we denote the energy
one. Recent GW calculations on pentacéhave shown that  difference between ths peak position and the RPA peak as
the self-energy correction to the band gap is roudghlpde-  the singlet exciton binding enerd$BE). The triplet exciton
pendent in an energy window plus to minus 5 eV around thejinding energy(TBE) is analogously specified. In 2A, an
Fermi level justifying the applicability of the scissors ap- SBE, of 0.9 eV is calculated. With increasiny SBE, de-
proximation. creases to 0.66, 0.44, and 0.09 eV in 3A, 4A, and 5A, re-
In the following we present the calculated optical absorp-spectively. Comparing our results for 5A to Ref. 24, we find
tion behavior for the series of oligoacenes and discuss thg lower singlet as well as triplet binding energy. We note here
spin singlet and triplet binding energies as well as thethat a small part of the difference can be attributed to the
singlet-triplet (ST) splitting as a function of the oligomer different definition of the BE. Since the BEs are sensitive to
length and the polarization of the exciting radiation. In Fig. 1the underlying ground-state calculations and the molecular
the two major Cartesian components of déffw), i.e., they-  geometry, it is hard to explicitly trace back discrepancies.
and thez-axis polarized response, are depicted. The impor- The reduction of the SBFEcan be explained in terms of
tant features of these spectra are summarized in Table | tahe following two effects: The longer the molecule is, the
gether with experimental finding8:2 Let us first focus on  more thee-h pair can spread out and thereby the average
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FIG. 2. The 2D electron distributioy(r )| of S, with respect 0.2 0.3 0.4 05
to the hole at a fixed positiof@ark crosgcalculated for 2A and 4A. ' ' 1/n ) ’
The unit cell is indicated by dashed rectangles. Thes&2 maps
represent slices &=0.3 (y=0.3) with the hole located at=0 (y FIG. 3. The SBE and theS,-S, splitting as a function of 11l in

=0) in units ofc (b). The dark regions correspond to high density. comparison to experiment.

Coulomb attraction is reduced. At the same time, the dielecy._nolarizede-h pairs. This time the reduction of the attrac-

tric screening becomes more effective. For this reason, thge part is roughly six times larger than that of the repulsive
exciton binding energy exhibits a decrease faster than 1/¢ychange interaction. As a consequence, the latter even over-
making freee-h pairs possible for larger molecules. In the ;o hengates the former, which explains the much smaller
following, we attribute the details of the optical spectra to theredshifts of theS, and T ,spectra between 2A and 4A and
respective terms in the effective Hamiltpnian. While the in'finally the blueshift of ihese peaks in case of 5A. When
terplay of both, thg screened attractid?") and the un- comparing the§, T, splitting and theS, T, splitting, we find
screened repulsivéH*) Coulomb terms influences the SBE, that the latter is significantly larger in magnitude, but less
the TBE is only governed by the former. Therefore, the TBEchanging with the molecular size, which can also be attrib-
generally reduces more drastically than the SBE. E.g.,,TBEuted to this effect.

decreases by 1.9 eV, when going from 2A to 5A. The effect Let us now discuss the calculated results in comparison to

of H* is reflected in theS,T, splitting, because the singlet the experimental findings, which are summarized in Table |
and the triplet Hamiltonian are distinguished only by thisand Fig. 3. The calculated quantities, SB#hd the relative
term. We see that alsd* is weakened, since tHg-T, split- position OfS‘/. with respect 10S,, W.h'Ch we call theS,S,

ting reduces with increasing, however only by half the splitting, are in good agreement with the data extracted from

amount of TBE. i.e.. by 0.9 eV between 2A and 5A measurements. Unlike SBEheS;-S; splitting increases as a
5 1.e., by 0. : function ofn. It is more than twice as large in 5A compared

The importance of the dielectric screening is also demonf0 2A, since contrary t&, S, hardly changes. Moreover, the
'[Srtéit?j?st? ?/btjk:i?)ri)aflt?rn)rvgfv < f?sngﬂgr\:\}r:r}oﬁlg':arde fAD ?rl]ec'reduction of the exciton BE with increasimgs supported by
Pk e S o . available measurements. When comparing theory and experi-
2A the exciton is extended over more than one unit cells N ent however. we have to consider the following facts
they dirgction, bu.t rather Io_calized imandzthug giving rise whicﬁ may be r,esponsible for certain discrepancies: Regara—
to the sizeable singlet exciton BE. When going from 2A toing theory, the calculations are performed for perfect crystals

4A’. the exciton IS still conflned.to one molgcule aloqg ...based on experimental structural data. Further, the electron-
which, however, increases considerably in size, but signifi-

cantly expands along, This means that the-h pair prefer- phonon interaction, which has been proposed to be important

ably extends in the herringbon@y) plane instead of the in such materiald® cannot be treated on the same footing
y 9 Y P and thus is not included in our studies. The solution of the
molecular plane.

Compared to tha-polarized spectra. pronounced differ- BSE gives rise to an accuracy of 0.1 eV for the exciton BEs.
P yp P ' P . : Concerning experiment, we want to emphasize that not only
ences are observed in tkecomponent of the dielectric ten-

. : .. single crystals, but also crystalline thin films are used, which
sors, when th&, andT, energies are analyzed. First of all, it are extremely difficult to grow with a high degree of crystal-

is significant that in the whole series strongly bound SplnIinity and purity for the shorter linear oligoacenes. Moreover,

singlet excitons are not present in this channel. For exampl% B .
: - ; olymorphism in the samples could explain the large error

'i[:e E{r;igyeg%rlgsiﬁiés '?ﬁrg'zzlréoégat_?get?;rg?;risgggdt')ebars in the experimental values. E.g., in pentacene also a

9 P 9 . i ' crystallineV phase has been refirf@dhat preferably exists
concluded, that the attractive tet" is compensated by the in'vapor deposited thin films. We want to emphasize that our
repulsiveH*. Further looking at the details of tteepolarized  calculation of pentacene is based on the single-crystal
response reveals that both these interactions decrease witructurd® denoted a$ phase. The fact, that the SB&f 5A
increasingn, but not to the same amount as found for theis higher in severalbut not al) of the experiments does not
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necessarily mean a discrepancy. From Ref. 24 it is knowie attributed to two effects: the expansion of #h wave

that the energy gaps of tigandV phase differ by 0.3 eV. function and the strong enhancement of the dielectric screen-
Indeed, the experimental band gap given in Table | refers ting. For this reason, the reduction of thé binding energy

the Sphase, such that the energy gap is deduced to be 1.9 &¥ faster than the decrease of the band gap in these materials
for the V phase. Assuming that in Table | the 1.9 eV 8  and thus making free charge carriers possiblerfgreater
corresponds t& and the value of 2.3 eV to th®structure,  than six. As a consequence, the chain fragments of real poly-
the resulting measured SBBf SA would be approximately  mer samples should not particularly differ from the infinite

zero. Such uncertainties also affect the positionS,@ndTy,  chains in their optical behavior. Besides, if the light is polar-
hence prov[d[ng a possible explanation for the deviation of,¢qq parallel to the axis, bounde-h pairs are not present in
the S-S splitting in 5A. the investigated series, but the strong optical transitions are

~ Summarizing our findings, we have addressed the quegy,e o free carriers. Thus not only the molecular size, but
tions of how the oligomer length influences the optical ab-isg the polarization of the exciting radiation considerably
sorption properties of organic molecular crystals based offuence the size of the exciton BE. Such a behavior has
finite molecules by studying linear oligoacenes. In the monoyeen found only in the oligoacenes so far and may be an

clinic structures the lowest optical transition is generated bymnortant issue for their potential in technological applica-
a strongly bound spin singlet exciton. But with increasingjgns.

molecular size, the exciton binding energy is very effectively

reduced. Therefore, the spin singlet exciton is rather weakly This work was supported by the Austrian Science Fund
bound in pentacene. This is a consequence of the decreasiffgroject No. 16227-PHY and by the EU RT network
e-h Coulomb interaction with longer molecules, which can EXCITING Contract No. HPRN-CT-2002-00317.
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