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Ab initio calculation of the electronic and optical properties of solid pentacene
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The optical and electronic properties of crystalline pentacene are studied, using a first-principle Green'’s-
function approach. The quasiparticle energies are calculated within the GW approximation and the electron-
hole excitations are computed by solving the Bethe-Salpeter equation. We investigate the role of polymorphism
on the electronic energy gap and linear optical spectrum by studying two different crystalline phases: the
solution-phase structure and the vapor-phase structure. Charge-transfer excitons are found to dominate the
optical spectrum. Excitons with sizable binding energies are predicted for both phases.
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[. INTRODUCTION properties are discussed in Sec. IV. We conclude with some
final remarks.
There has been an increase in interest in organic semicon-

ductors for applications in electronic devices. Solid penta- Il. THEORY
cene (G,H,) in particular has been the focus of much at-
tention recently;” both as a model system for fundamental ~ The ground-state configuration of the system is described
studies as well as a material employed in thin film growth ofwithin the framework of density functional theoDFT).
electronic device&® An interesting and unsolved issue is the Degrees of freedom related to core electrons can be ignored
nature of charge transport in pentacene and other organRy replacing the electron-ion potential bwb initio

semiconductors. Both phonon-assisted hopping and barfpeudopotentials: In the present worli,swe employ the gen-

transport mechanisms have been discussed in ther@lized gradient approximatilGGA)™ for the exchange-

literature®”1° A deeper understanding of the transportcorrelatlon potentiaV/,., although similar results can be ob-
) tained using the simpler local-density approximat{bBA ).

mechanisms requires knowledge of the electronic excita;l_ ; . ;
. . T "~ “The Troullier-Martins schenté is used to generate the
tions. We have therefore performed first-principle quasiparti- seudopotentials, and we solve the Kohn-Sham equations,

cle calculations of the band structure for pentacene emplo;}? . L
ing the GW approximation. Two different crystalline phasesuSIng a plane wave basis with energy cutoff of 50 Ry.

h b died: a bulk oh btained b luti h In order to obtain quasiparticle energies of electrons and
ave been studied: a bulk phase obtained by a solution-phag@ s and thus determine the electronic band structure, we

growth procesS and a phase obtained by vapor depositiony e yse of the GW approximation for the electron self-
of mglecular pentacene. The phase obtalned.by growth l‘rorgnergy operatok..® Within this approach. is taken to be
solution, which we will denot&, was characterized structur- the first term in a series expansion in terms of the screened
ally by Campbell, Robertson, and TrotférThe phase ob- coulomb interaction. Dielectric screening is calculated from
tained by vapor deposition, which we dendfe has been first principles within the random phase approximation
characterized by Slegrlsett al.l Venuti et al.5 have investi- (RPA) and the genera”zed p|asm0n po|e model for dynami-
gated the difference in the phonon spectrum for these tweal screening® This formalism does not include electron-
polymorphs, but there is limited knowledge of the effect of phonon interactions, which would lead to polarons, rather
polymorphism on the electronic and optical properties ofthan electrons and holes, as the main single-particle excita-
solid pentacene. tions.

The calculations are performed by using first-principles Optical excitations are obtained by including electron-
methods. The structural properties are determined with thBole correlations and solving the BSE for the two-particle
ab initio pseudopotential density functional metiddQua- ~ Green’s functiort The optical excitations may be written as
siparticle energies are obtained by using the GW apprbach,a linear combination of electron-hole pairs plus corrections,
which provides a good description of electronic properties.

We also calculate the linear optical response by solving the e

Bethe-Salpeter  equation (BSE) for  electron-hole |S)=2 AS,kala,k/G)+ corrections, &y
excitations:* The effect of polymorphism is addressed by cuk

characterizing and comparing the electronic and optical ~t )

properties of pentacene in structu@gsolution-phase crys- Wheréag, creates an electron at empty bamdith momen-
tallized andV (vapor-phase crystallizédThis paper is or- tumk anda, creates a hole at filled bamdwith momentum
ganized as follows: Sec. Il has a brief exposition of the thek. |G) is the many-body ground state of the electronic sys-
oretical approach employed. Electronic properties argem. The coefficien'[s!\?uk satisfy the Bethe-Salpeter equa-
presented in Sec. lll, and the optical spectrum and excitotion,
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whereE® is the excitation energy of stal&), andX is the
interaction kernel between electron and hi§l@he first term
in Eq. (2) refers to differences between quasiparticle ener- b

gies. Once the electron-hole pair statéé‘v(() and the exci-
tation energies BS) have been determined, response func- \% \ \\

tions can be calculated and compared with the experiment.

The imaginary part of the dielectric functiogy(w), is given % %/
by 5 :

4me? 1
Vs |2 AS KN VIek)S(Es w),
c

g, “ay
5

25 S,
5 %;
( ) i %,, Eﬁ;” >

) %

1] X3 >

A 13

e(w)= w2

where the velocity operator is used instead of momentum
because of the nonlocal nature of the quasiparticle theory
(pseudopotentials and  self-energy  have  nonlocal a
contributiong.*” \ is the polarization direction, and the crys- 2 g 2>

tal (or superce)l volumeV, normalizes the sum over excited % % %

states. From Eq(3) and the Kramers-Kronig relations, one

can obtain the real part of the dielectric function and other g1 1 crystalline structure of solid pentacene projected on the

linear optical properties. ab plane. The molecules are arranged so that the long(alasg
benzene ringss roughly orthogonal to thab plane. The short axis
I1l. ELECTRONIC PROPERTIES is indicated on the upper panel by an arrow.

Polymorphism in pentacene is a known phenomenon, and )
a number of different crystalline structures has been obMOSt degenerate at poinks Y, A, andD. The appearance of

served and studieti*In the present work, we concentrate Pairs of bands arises from the existence of two nonequivalent
on two structures: structur® obtained by crystallization of Molecules in a unit cell. Intermolecular interactions break the
pentacene from solutions of trichlorobenzéhand structure ~ two-fold degeneracy of the bands, and introduce finite band-
V, obtained by a vapor-phase deposition prodedsth struc- widths. As expected, structuné shows_ bigger band_W|dth_s
tures have the same “herringbone’-type arrangement oftind a narrower energy gap. An analysis of eIectro_nlc or'bltals
molecules, with two nonequivalent molecules per unit cell Shows that the eight lowest empty bands and eight highest
space groupP-1, and a triclinic crystalline lattice, but they Occupied bands are composed almost exclusively of combi-
have slightly different densities: 1.345 g&mand  nations of carbonr orb|tals._E_nergy bands far away from the
1.361 g/cm for structuresSandV, respectively:'' This dif-  €nergy gap have non-negligibe character. Bandwidths are
ference in density gives rise to enhanced intermolecular intather small along crystallographic directiol” to B in Fig.
teractions in structur® compared tdS As in other molecu-  2), but they increase by one order of magnitude when going
lar solids, the pentacene molecules are bound together [Bjong directions or b. For instance, the energy separation of

weak Van der Waals interactions, and the cohesive energyands for the highest occupied pair at pdinis 0.54 eV for
itself is very smallt® StructureV. This strong anisotropy is consistent with what is

A picture of the arrangement of molecules in the triclinic known about the strength of intermolecular interactions
crystal is presented in Fig. 1. The unit cell is defined by the2long the various crystallographic plar@sBandwidths of
experimental  parameters:a=6.06 A, b=7.90 A, ¢ about 0.2 eV along directioa were also predicted by semi-

—14.88 A, a=96.74°, B=100.54°,y=94.2° for structure €Mpirical Hartree-Fock calculationS.
S anda=6.253 A, b=7.786 A, c=14.511 A, «=76.65°, Energy gaps obtained within GGA and the GW approxi-
B=87.50°,y=84.6° for structure/." In order to make com- mation are presented in Table |, together with bandwidths.

parisons easier, we use the lattice vector definition propose@@y photocoondqct@vity measurements indicate an energy
by Siegristet al.! that differs from earlier onésby the in-  92p of 2.2 eV’ Within a specific band, the GW corrections
terchange of vectora andb, and redefinition of vector. I~ &re found to be roughli-independent, and they can be ap-
our calculations, we perform relaxation of atomic coordi-Proximated by a “scissors operator.” For structusgV in

nates, keeping the cell parameters fixed at the experimentBfrenthesgs it has the form ej :Sng \L"‘ SEK:I
values. Within GGA, the calculated cohesive energies for the<0.22(0.23) for occupied bands, andji"=¢jy
two structures are very similar. +1.30(1.13)+ ey 1x0.10(0.17) for unoccupied bands,

Figure 2 presents the quasiparticle band structure for bottvhere all energies are given &V. This procedure repro-
systems, obtained from the GW calculation. Near the energguces the GW quasiparticle energies to within 0.1 eV or less
gap, electronic bands are arranged in pairs, and become dbr energy bands within 5 eV from the gap. Outside this
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>
= o I | IV. OPTICAL EXCITATIONS
c — T — B
w i [ 1 , We find the two structures studied to show similar optical
o T I ——— — | spectra. The imaginary part of the calculated dielectric func-
— | — e e : tion is preser_lted in Fig. 3 for_polgriza}tion of light parallel to
r X ¢ Y TB A E D B the three main crystallographic directions. For both the struc-
DOS tures, several peaks below the quasiparticle energy gap ap-

pear and they correspond to optical transitions involving

Only the bands close to the energy gap are shown. Energies aﬁbarge transfgr eXCI.tonS' I.n the energy range 1._4 (.EV’ the
referenced to the valence band maximum. The density of states }g/eak.absorptlon of light W'th polarization along direction
shown in the right panel. The Brillouin zorisketched in the inspt 'S a.S|gnature of the .underlylng molecular character of (_-:‘Iec-
is oriented so that directionE—X and I'—B are orthogonal to  tronic states. For an isolated pentacene molecule, the highest
planesbc andab, respectivelly. occupied molecular orbitdHOMO) and lowest unoccupied
molecular orbital(LUMO) states belong to group represen-

i L . tationsB,;4 andB,,, respectivelymolecular pentacene itself
range, the scissors approximation becomes more compllcattfa,mngs to symmetry group,;), and selection rules prevent
due to the increasing character of energy bands. In the yniicq transitions between these states with polarization per-
subsequent construction of the BSE, we make use of thigendicular to the molecular short axiee Fig. 1 The lower
scissors operator for states near the gap to facilitate the catymmetry of the crystalline environment breaks this selec-
culations. tion rule, resulting in weak optical activity for polarization

alongc and strong optical activity for polarization alorg
In the solution of the BSE, we use a discrete sampling of
the Brillouin zone, with 384 regularly spacéeboints. This
TABLE I. Calculated GW energy gap and bandwidWdor the corresponds to a supercell of dimensions <6, enough
highest occupied pair of ban@dOMO) and the lowest unoccupied for 3 good description of charge transfer states with correla-
pair of bandSLUMO). Wis defined to be the energy separation of i3y |ength of about four molecules or less. The accuracy in
the pairs of bands at th point. For comparison, the Kohn-Sham o cacylated quasiparticle excitation energies is about 0.1

gaps within the GGA are given in parenthesis. All quantities are ineV, typical of the GW approximation, but exciton binding

FIG. 2. Band structure of pentacene in structi8éa) andV (b).

ev. energies are accurate to within 0.02—0.04 eV. A comparison
between density of excited stajedbtained from Eq(2) with
StructureS StructureV the full interaction kernek’], and the interband joint density
W (HOMO) 0.36 0.54 of quasiparticle statemull kerne) shows that the absorption
W (LUMO) 0.57 0.67 peaks below the gap in Fig. 3 are really due to discrete ex-
energy gap 2.2 1.9 citon states, instead of a continuusee Fig. 4 As Eq.(3)
0.9 (0.7) shows, the density of excited states and the absorption spec-

trum differ by the oscillator strength contribution, related to
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TABLE Il. Calculated energy position of the main features in
the extinction coefficientstructureV), compared with the measure-
ment by Parket al. (Ref. 22. All energies are in eV.

Energy[eV]
This work 1.73 1.86 2.13 2.27
Exp23 1.82 1.94 2.11 2.25

tion, one can see that the results from the present approach
compare well with experiment, although the first exciton
peak is found at 1.7 eV, whereas the measured data indicates
1.8 eV(see Table ). The broad features at 2.0—-2.4 eV arise
from the above gap transitions, and are consistent with what
was seen in the experiment.

The absorption spectrum obtained from structiishows
larger shifts compared with the measurements by Park

line) for structureV. Both the functions are calculated with a Gauss- et al,?2 which suggests that structuykis similar to the crys-

ian smoothing of 0.05 eV.

the coefficientsAZ,, .
broadening of 0.05 eV in thénumerically discreteabsorp-

talline phase present in the measured samples. Siegrt
observed absorption in the range 1.8—2.5 eV and above 3.5

In Fig. 3, we include a Gaussian eV, which is also consistent with our calculatidisse Figs. 3

and 5, although their measurement provides limited details.

tion peaks. The measured width of the two lowest energy
peaks is related to factors such as electron-phonon interac-
tions and inhomogeneous broadening. Since these effects are
ignored in the present work, the agreement between mea-
sured and calculated peak widths depends on our choice of
the broadening parameter.

From the absorption spectrum, one can compute the re-
fractive index and extinction coefficient. They are plotted in
Fig. 5 for structureV. For the sake of comparison, we also
include results obtained by ignoring electron-hole interac-
tions[null kernel in Eq.(2)]. These quantities were measured
in thin films of highly crystalline pentacene by Pagkal??
Considering the difficulties both in experimental measure-
ment and first-principles calculation of the dielectric func-
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FIG. 5. Refractive indexupper pangland extinction coefficient
(lower panel for structureV, polarization along directioa. Solid

(b)

FIG. 6. Isovalue contour of the electron-hole probability distri-
bution for the lowest spin singlég) and triplet(b) excitons. The
value of the distribution at each contour is such that 30% of the
integrated distribution is contained inside the contour. The crystal-
line structure isv, and the hole is fixed slightly above the molecule
marked with an “x.” In both cases, the probability distribution is

and dashed lines correspond to the results obtained from the Betheery small outside the shown molecular layer. Around a given mol-
Salpeter equation and uncorrelated interband transitions, respeeeule, this probability distribution resembles the distribution of the

tively.

LUMO.
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TABLE lII. Calculated excitation energy of lowest spin singlet eV measured from the electronic g@fables | and Il). Table
and triplet excitons, and Davydov splitting for the spin triplet states||| shows that the excitation energy of the lowest spin singlet

(energies are in eV state is roughly twice the lowest spin triplet state. Recent
pump-probe spectroscopy experiments on pentacene thin
StructureS  StructureV films have suggested this ratio of excitation energies, which
Singlet excitation energy 1.7 16 can explain _the qbserved creation of triplet excitons from
Triplet excitation energy 0.9 0.8 optically excited singlet statés.
Davydov splitting(spin tripled 0.05 0.08

V. CONCLUSION

The electronic properties and linear optical spectra of
solid pentacene have been determined from first-principle
calculations. We obtained slightly different electronic energy
oL o oo gaps for the two crystalline structures studied. This is attrib-
BSE approach, differing from spin singlet excitations by the g o enhanced intermolecular interactions in the vapor-
absence of a repulsive exchange interaction in the kergjhase structurév) compared to the solution-phase structure
K.”" This state has binding energy of about 1 eV, with re-(q) ‘|5 addition, the binding energies of both the spin singlet

spect to the free electron and hole energies. Figure 6 illussng gpin triplet exciton states are comparable in both the

trates the calculated electron-hole probability distribution forg; ctures. The optical spectrum for structivfds in good

the Iqwest spin singlet and triplet states. Whe_reas the formeé:greement with measurements performed on pentacene thin
one is a charge transfer exciton, the latter is a very wellgjmg.

localized Frenkel exciton. This difference in character is re-
lated to the exchange interaction, which effectively adds a
repulsive potential between electron and héle.

Table 11l shows the excitation energy of the lowest triplet  This work was supported by National Science Foundation
exciton state, and the corresponding Davydov splittify. Grant No. DMR00-87088 and by the Director, Office of Sci-
The Davydov splitting* is small compared to typical band- ence, Office of Basic Energy Sciences, Division of Materials
widths of pentacene because it is dominated by dispersio8ciences and Engineering, U.S. Department of Energy under
along directionE—C. Figure 2 does not show that disper- Contract No. DE-AC03-76SF00098. Computational re-
sion explicitly, but the energy states at poifisand C are  sources have been provided by NSF at the National Partner-
less than 0.1 eV apart, whereas other crystallographic direship for Advanced Computational Infrastructure, and DOE at
tions show dispersions much bigger than that. Early predicthe National Energy Research Scientific Computing Center.
tions of the Davydov splitting are around 0.1 8\Spin sin-  This work is facilitated by the Computational Materials Sci-
glet states have much smaller binding energies, of about 0.8nces NetworKCMSN) of the Department of Energy.

Aoki-Matsumoto et al?® have also observed a well pro-
nounced exciton line at 1.84 eV.
Spin triplet excitations may also be obtained within the
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