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Surface energetics and growth of pentacene
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First-principles pseudopotential density-functional calculations for pentacene and anthracene are used to
obtain atomic structures, cohesive energies, and surface energies for the low index surfaces. For pentacene,
calculations predict that the~001! surface has a much lower surface energy than the other surfaces. From the
first-principles results a general model of the intermolecular bonding is developed. This model may be em-
ployed to estimate the surface energies and cohesive energy forany polyacene crystal. Implications of the
present results for understanding the temperature dependence of the growth morphology of pentacene are
discussed.
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There is a substantial interest in organic semiconduc
such as pentacene and other polyacenes because of the
mobilities exhibited by single crystals1 and because of the
potential to employ thin-film depositions of these materi
to fabricate electronic devices.2–5 Room-temperature mobili
ties in the range of 1 cm2/V s can be achieved in pentacen
thin-film transistors,3–5 making this material a possible alte
native to amorphous silicon. The possibility that gra
boundaries formed during growth may limit the mobility h
motivated experimental studies of the growth morphology
well as attempts to increase the grain size by modifying
interaction between the molecule and the substrate.6,7 An im-
proved understanding of thin-film growth would be enab
by knowledge of the intermolecular bonding energetics a
its anisotropy. This requirement has motivated the pres
first-principles calculations of the surface energies of pen
cene (C22H14) and anthracene (C14H10).

Experimental studies of the morphology of evapora
pentacene films on various substrates indicate that the c
tals tend to be oriented so that the~001! face is parallel to the
substrate.2,8,9 It is shown here that the~001! surface of pen-
tacene has a much lower surface energy than other low in
surfaces, and that the bonds between molecules in the s
layer are several times stronger than those between
ecules in adjacent layers. This anisotropy in the bonding
the driving force for the film to exhibit~001! orientation
when deposited on a substrate with which it interacts wea

Total-energy calculations were performed within the lo
density-functional theory using first-principles pseudopot
tials and the Ceperley-Alder exchange correlation-ene
functional. Details of the method are discuss
elsewhere.10,11A plane-wave basis with a cutoff energy of 4
Ry is employed. With this cutoff, the binding energy of bu
pentacene with respect to isolated pentacene molecule
converged adequately: Increasing the plane-wave cutoff f
40 to 60 Ry led to a negligible change in the molecu
cohesive energy of about 0.02 eV.

Pentacene can exhibit several different polytypes co
sponding to different packing arrangements of the C22H14
0163-1829/2002/66~12!/121404~4!/$20.00 66 1214
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molecules.12 The calculations reported here were perform
for the triclinic structure determined by Campbellet al.,13,14

usingx-ray diffraction. The lattice vectors determined in th
study are Robertson, and Trottera5a(0.9973,0.0732,0),
b5b(0,1,0), andc5c(20.36974,20.2062,0.9056). The
lengths of the vectors area57.90 Å, b56.06 Å and c
516.01 Å. The angle betweena andb is 85.8°, that between
b andc is 101.9°, and that betweena andc is 112.6°. These
lattice parameters were kept fixed during the optimization
the internal coordinates of the C and H atoms.

Shown in Fig. 1 is a schematic representation of a sin
pentacene molecule. To form the bulk phase these molec
are arranged in a herringbone pattern with molecules c
tered at~0 0 0! and ~1/2 1/2 0!. Pentacene forms a layere
structure with a separation between adjacent layers of 14
in thez direction. Figure 2 depicts a single layer of pentace
in the a-b plane. There are two molecules in each cell, a
they are oriented so that their respective longitudinal ax
defined asL in Fig. 1, form angles of 22.2° and 20.4° wit
respect to thez axis. Each molecule is approximately plana
and the calculations indicate that the maximum deviat
from planarity of each molecule is less than 0.02 Å. T
calculated CuC bonds vary in length from 1.35 to 1.44 Å
and are in excellent agreement with experimental values
comparison between the experimental and theoretical va
is given in Table I. The intermolecular bonding in pentace
is a result of dipole-dipole and weak van der Waals inter

FIG. 1. A single pentacene molecule (C22H14) consists of five
benzene rings. Each C atom is threefold coordinated. The H at
are not shown. The calculated C—H bonds have length;1.096 Å.
The calculated bond distances between C atoms are listed in T
I. The dashed lineL defines the longitudinal axis of the molecule
©2002 The American Physical Society04-1



r
o

ri
u
ro
on
tu
V
am
th
ol

om
h
1
n
s

r
take
the
-

i-
la-
ith

een
be-
be-

le
cal-
ets

a-
tes

uc-

sult
ate

on

ed
y,

de-
ter-

ell
in

.

ter-

ta

RAPID COMMUNICATIONS

NORTHRUP, TIAGO, AND LOUIE PHYSICAL REVIEW B66, 121404~R! ~2002!
tions. As the molecules are brought together the moleculap
orbitals of the isolated molecules broaden into bands
width ;0.5 eV.15

Another form of pentacene has been reported by Sieg
et al.16 This polymorph also adopts a triclinic structure, b
the lattice vectors and angles between the axes differ f
those of the Campbell form. Nevertheless, our calculati
predict that the cohesive energies of the Siegrist struc
and the Campbell structure differ by only about 0.05 e
molecule. Because both types of structures exhibit the s
kind of herringbone arrangement of the molecules within
a-b plane, one expects the surface energies of the two p
morphs to be similar.

One may define amolecularcohesive energy (Ecoh) for
an organic crystal to be the energy reduction arising fr
bringing isolated molecules together to form a crystal. T
molecular cohesive energy for pentacene is found to be
eV per molecule. It is clear from this result that pentace
molecules are bound together more weakly than the atom
typical inorganic crystals where the cohesive energies~rela-

FIG. 2. A singlea-b layer of pentacene is depicted. The unit c
of the crystal contains two pentacene molecules. The longitud
axes of the two molecules form angles of~104.5°, 106.4°, 22.2°!
and~104.5°, 104.0°, 20.4°! with respect to thex, y, andz axis. One
is viewing thea-b layer along the longitudinal axis of a molecule

TABLE I. Comparison between calculated and experimen
bond distances. The experimental values are from Ref. 14.

CuC bonds~pentacene! Theory ~Å! Experiment~Å!

1–2 1.350 1.35
2–3 1.413 1.42
3–4 1.373 1.38
4–5 1.394 1.40
5–6 1.384 1.39
1–11 1.412 1.43
3–9 1.439 1.44
5–7 1.443 1.45
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tive to isolated atoms! are typically between 4 and 5 eV pe
atom. For this reason growth of pentacene crystals must
place at lower temperatures than those employed in
growth of inorganic semiconductors. Typical growth tem
peratures for pentacene are less than 100 °C.

Surface energies were calculated for the~001!, ~100!,
~010!, ~110!, and ~1-10! surfaces. These surfaces are ind
cated schematically in Fig. 2. The surface energy calcu
tions were performed using a repeated slab geometry w
four molecules per cell and a vacuum separation betw
surfaces that is large enough to remove the interaction
tween the surfaces. Increasing the vacuum separation
tween~010! surfaces from 15 to 19 bohrs led to a negligib
change in surface energy of less than 0.01 eV/cell. The
culated energies are listed in Table II. Based on the fac
considered in this work, an equilibrium crystal shape~ECS!
has been constructed and is depicted in Fig. 3. The~001!
surface is found to be the lowest in energy, having a form
tion energy of 0.15 eV per surface unit cell. This transla
into a surface energy,g, of 3.1 meV/Å2, a value that is much
lower than the surface energies for inorganic semicond
tors, where values are higher typically by a factor;30. The
very low values of the surface energies for pentacene re
from the fact that no covalent bonds must be broken to cre
surfaces. The~010! surface of pentacene has a formati
energy of 0.75 eV/cell, corresponding tog56.4 meV/Å2.
Of the surface orientations for which we have perform
calculations, the~010! facet has the highest surface energ
and in fact this facet would be absent from the ECS.

The calculated surface energies may be employed to
termine the parameters of a model by which one may de

al

FIG. 3. The equilibrium crystal shape of pentacene was de
mined from the calculations discussed in the text.

l

TABLE II. Surface energies of pentacene.

Pentacene surface Eform /cell ~eV! g ~meV/Å2! Model

~001! 0.15 3.1 0.15
~100! 0.45 4.8 0.45
~110! 0.71 4.7 0.75

~1–10! 0.72 4.8 0.75
~010! 0.75 6.4 0.75
4-2
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mine,for any polyacene, surface energies, cohesive energi
and binding energies of adsorbed molecules on different
ets. To do this we define an orientation dependent effec
bond strength between pentacene molecules. As show
Fig. 4, the crystal is partitioned into cells and it is postula
that each molecule forms bonds with its neighbors
strengthA or B depending on the orientation. Bonds acro
the short side of the cell have strengthA and bonds acros
the longer side of the cell have strengthB. Then, to cleave
the crystal along any particular plane, one must break cer
numbers ofA-type andB-type bonds, and one can expre
the surface energy of any plane in terms of the energy co
break these bonds. Thus the surface energy per surface
cell of the ~100! surface is equal toB/2, and the surface
energy per surface unit cell of the~010! surface is (2A
1B)/2. From these two relations the pentacene effec
bond strengths are determined:A50.3 eV andB50.9 eV. A
third effective bond strength is determined by the surfa
energy per cell of the~001! surface and isC50.15 eV. The
predictive value of this model may be tested in two wa
First, note that the model predicts the energies of the~1-10!
and ~110! surfaces to be the same and to be equal to (A
1B)/250.75 eV/cell. This is in excellent agreement wi
the values determined in the first-principles calculations
0.72 eV/cell and 0.71 eV/cell. Second, the model predicts
cohesive energy of the crystal to beA1B1C, which is 1.35
eV. This is in excellent agreement with the calculated va
of 1.3 eV and shows that onlyC/(A1B1C);10% of the
cohesive energy results from the bonds between neighbo
layers.

As will be discussed below, this model may be employ
to estimate the energy ofany surface of pentacene, and als
the binding energies of molecules on these surfaces. H
ever, before turning to that discussion we argue that
model can be generalized to the other polyacenes, suc

FIG. 4. A singlea-b layer of pentacene is divided into recta
gular cells with sidesA and B. Intermolecular interactions acros
sideA have a cumulative strengthA50.3 eV. Intermolecular inter-
actions across sideB have cumulative strengthB50.9 eV as dis-
cussed in the text.
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naphthalene, anthracene, tetracene, and hexacene. To
this argument we need to know the cohesive energy
surface energies for anthracene.

Anthracene is constructed from three benzene rings
exhibits a herringbone molecular packing that is similar
pentacene. The structure of anthracene is monoclinic w
a58.562 Å, b56.038 Å, c511.184 Å andb5124.5 °.17

First-principles calculations of the cohesive energy and
surface energies for anthracene are summarized in Table
The calculated cohesive energy is 0.83 eV/molecule, the
mation energy of the~001! surface is 0.17 eV/cell, the energ
of the ~010! surface is 0.45 eV/cell and the energy of th
~100! surface is 0.28 eV/cell. The corresponding surface
ergies are 3.3, 5.7, and 4.1 meV/Å2. As for pentacene the
~001! surface has a lower surface energy than~100! and
~010!, but the anisotropy is slightly less than for pentacen

Now, it is possible to relate the surface formation energ
for anthracene to those obtained for pentacene via a sim
scaling relation. Define effective bond strengthsAn , Bn , and
Cn for a polyacene havingn benzene rings per molecule (n
55 for pentacene andn53 for anthracene!. It is proposed
thatAn andBn scale as the number of benzene rings, but t
Cn is independent of the number of rings, so thatA353/5 A5
and B353/5 B5 . In this model the cohesive energy of a
thracene is Ecoh(anthracene)5C31A31B35C13/5(A
1B)50.87 eV. This is in good agreement with the val
obtained in first-principles calculations, 0.83 eV/molecu
Likewise the surface energies for the~100! and ~010! faces
may be estimated using this model. The values obtaine
first-principles calculations for anthracene and those
tained via the model are compared in Table III. The agr
ment is excellent. It is therefore proposed that the model m
be applied also to calculate the corresponding quantitie
other polyacene materials. In particular, it should be poss
to express the cohesive energy for a polyacene in term
the number of benzene rings asEcoh(n)5l1bn wherel
;0.15 eV andb;0.24 eV. For anthracene the molecular c
hesive energy has been determined experimentally18 to be
approximately 1.0 eV. Our result is in good agreement w
this value.

This simple model of the intermolecular bonding m
also be employed to estimate the binding energies of m
ecules on various surfaces relative to isolated molecules
do this we make the simplifying assumption that the str
tural change produced by molecular binding corresponds
simple continuation of the bulk crystal lattice. It should th
be clear from an examination of Fig. 4 that the molecu
binding energies on the various surfaces are as follo
Eb(100)5B50.9 eV, Eb(010)5A1B51.2 eV, and
Eb(110)5Eb(1-10)5A1B/250.75 eV. The same assump
tion givesEb(001)5C50.15 eV. The binding energy of a

TABLE III. Surface energies of anthracene.

Anthracene Eform /cell ~eV! g ~meV/Å2! Model

~001! 0.17 3.3 0.15
~010! 0.45 5.7 0.45
~100! 0.28 4.1 0.27
4-3
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molecule at a step on the~001! surface@relative to its energy
on the~001! terrace# should be quite similar to the bindin
energy on the corresponding surfaces. Therefore, the bin
energies to steps on the~001! surface are predicted to lie i
the range from 0.75 to 1.2 eV.

We may exploit this model of the energetics to gain so
insight into growth of pentacene from the vapor. It has be
shown experimentally that growth of pentacene atTg
525 °C may be described in terms of a diffusion-limite
aggregation model in which the pentacene molecule is
sumed to become immobilized once it has diffused to a s
edge.5 The values obtained here for the binding energies
molecules to the various surfaces seem large enough to
port that assumption. For example, the binding energy o
molecule attached to the~100! facet is;36kTg ~0.9 eV! in
these low-temperature growth conditions. This correspo
to a Boltzmann factor for detachment of exp(2E/kT)
510216. To estimate the residence time we assume an
tempt frequency for detachment ofn5231012 Hz. This cor-
responds to the energy~8.5 meV! measured1 for a phonon
mode corresponding to intermolecular vibration. The re
dence time is defined asn21 exp(E/kT). In this way one ar-
rives at an estimated residence time of a molecule at
~100! step of 23103 sec forTg525 °C. On the other hand
in studies of growth carried out at somewhat higher tempe
tures (Tg;100 °C) steps with~1-10! and ~110! orientation
have been observed.8 These latter studies suggest that f
Tg;100 °C some degree of transport can occur between
ferent step facets, and so the growth velocity of steps
comes orientation dependent. At this higher temperature
binding energy to the~100! surface is;29kTg and the cor-
responding Boltzmann factor is increased by about three
ders of magnitude. ForTg5100 °C the estimated residenc
time of a molecule bound to a~100! step is on the order o
one second. Since the typical deposition time is 10 to
sec/layer,8,9 it is plausible that the molecule can attach a
detach from several steps before incorporating during gro
at Tg5100 °C. However, atTg525 °C the molecule is likely
to remain attached at the step to which it first binds. T
argument is qualitative, of course, but it does indicate t
the growth morphology of pentacene can change sign
cantly between 25 °C and 100 °C. It is also interesting to n
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that according to this model the~110! and ~1-10! facets are
those for which the binding energies are expected to be l
est in comparison to the other in-plane facets. This re
could explain why the growth velocity of the~110! and ~1-
10! steps would be relatively slow in comparison to the~010!
and ~100! steps, and why these facets are seen in the fi
studied in Ref. 8.

The energies associated with creating monolayer he
steps on the~001! surface result from breakingA- andB-type
bonds in thea-b plane, and the model may be employed
make estimates of the step energies. The energy cost of
ating a step is the additional surface energy created per
length by the step. The step energies obtained in this w
vary from 70 to 95 meV/Å and are given in Table IV. Th
~110! and ~1-10! oriented steps have the lowest energies.

In summary, first-principles pseudopotential densi
functional total-energy calculations have been employed
determine the cohesive and surface energies for penta
and anthracene. In each case the~001! surface exhibits the
lowest surface energy. A model of the intermolecular bon
ing in these types of polyacenes enables estimates to
made for the various surface energies and cohesive ene
for the entire class of polyacenes. Estimates of the bind
energies of molecules on different surfaces and at steps
be made using this model. These energies provide ins
into the temperature dependence of growth morphology
served experimentally.
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TABLE IV. Estimated energies of steps on the~001! pentacene
surface.

Step normal Step facet Step energy Energy~meV/Å!

a ~100! Eform(100)/b 75
a1b ~110! Eform(110)/ua2bu 74
a2b ~1-10! Eform(110)/ua1bu 70

b ~010! Eform(100)/a 95
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