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Calculations are presented for the energy bands of three polymorphs of pentacene: the thin-film, bulk, and
single-crystal phases. In the calculation of the thin-film phase, the structural data from our recent results on the
x-ray diffraction reciprocal space mapping were applied. The band structures are essentially two dimensional,
i.e., only small dispersions are found along the ¢* direction. The energy dispersion of the thin-film phase is
found to be larger and more isotropic than those of the other phases. The energy dispersions of the bands
derived from highest occupied molecular orbital (HOMO), HOMO-1, lowest unoccupied molecular orbital
(LUMO), and LUMO+1 levels are analyzed by comparing with the corresponding results on the basis of the
tight-binding approximation; the dispersions are well described by transfer integrals involving only the nearest
neighbor molecules. In accordance with this finding, a simple model is presented to explain the relation
between the crystal structure and the energy dispersion. From the calculated bands, the effective masses are
derived to discuss the transport properties of the hole and electrons. Angle-integrated photoemission spectra
were also measured for the thin-film and bulk phases. Finally, spectral features of the HOMO-derived bands

are interpreted by the calculated density of states.
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I. INTRODUCTION

The electronic structure of organic semiconducting mate-
rials has received considerable attention from the viewpoint
of both fundamental research and device applications. Since
organic molecules form crystals owing to weak intermolecu-
lar interactions such as dispersion and electrostatic forces,
the electronic structure in the solid states is primarily deter-
mined by that of the isolated molecule through those in-
tramolecular interactions.! In this decade, however, the inter-
molecular energy bands have been experimentally observed
in organic thin films of bis(1,2,5-thiadiazolo)-p-
quinobis(1,3-dithiole) ~ (BTQBT)>3,  perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA)*?, discotic liquid
crystals,® and pentacene.”® The magnitude of the energy dis-
persions is a few 100 meV which indicates that the band
transport of charge carriers is possible in organic solids. The
temperature dependence of the charge carrier mobility at low
temperature supports the band transport model.!'”

Among these molecular solids, energy band formation in
pentacene attracts particularly our interests because penta-
cene is one of the most intensively studied materials as a
working layer of an organic field-effect transistor; a field-
effect mobility of 1 cm> V™! s7! is often obtained in thin
films, and 58X 10 cm® V~!s™! is achieved in the single
crystal.!!

Energy band calculations of pentacene have been carried
out by several groups.'>2° Since the energy band dispersion
is imposed by the intermolecular interactions, the crystallo-
graphic structure used in the calculation is important. Several
polymorphs are reported for pentacene crystals and thin
films. The structure of the “single-crystal” phase (dog,
=1.41 nm) (Refs. 21 and 22) has already been determined
with x-ray analysis of the single crystal. The “bulk” phase
(dyg;=1.44 nm) was first found in thick vacuum-deposited
films?>?* and organic solvent-treated films.?> Although there
were confusion about its structure, we have confirmed?® that
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the structure coincides with that of the single crystal reported
by Campbell et al.>’ On the other hand, thin films fabricated
on insulator surfaces such as silicon oxide (SiO,) often show
the “thin-film” phase characterized by dyy;=1.54 nm. Since
this phase is only found in films thinner than 100 nm, com-
plete structural data was not obtained, despite various efforts
using electron diffraction (ED)?*-3? or grazing incidence
x-ray diffraction (GIXD).33-3% Even the identity of the crystal
system among orthorhombic, monoclinic, and triclinic lattice
types has not been determined as only the periodicity in the
plane parallel to the substrate surface can be examined with
these methods. As a result, most of the band calculations
were made for the single-crystal'>!>17:18 and bulk!>-20
phases.

The band structure of the thin-film phase is, however, the
most interesting because this phase is found in the pentacene
thin films applied in the field-effect transistors. In fact, the
band calculation for the thin-film phase has been attempted
under the limited knowledge about its structural
information:'8-2° Orthorhombic lattices were frequently as-
sumed, and model structures were estimated from unreliable
lattice parameters with the aid of molecular mechanics
calculations.'®?? In the structure optimization, the potential
energy surface of pentacene crystals has many local
minima®® that yield several different structures, so determin-
ing a most plausible structure is not a trivial task.

Recently, we have employed x-ray reciprocal space map-
ping (RSM) to determine the lattice parameters of the penta-
cene thin-film phase.?” This method enabled us to measure
structural periodicity along any direction including those nei-
ther parallel to nor normal to the substrate surface plane, in
contrast to those only of surface plane in ED and GIXD and
of surface normal in the #-26 scan of x-ray diffraction. Dif-
fraction data obtained by RSM are indispensable to deter-
mine the lattice parameters of low symmetric crystals such as
monoclinic or triclinic. With the aid of RSM, we found that
the thin-film phase had a triclinic lattice and the complete set
of the lattice parameters was obtained.
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TABLE 1. Lattice parameters and molecular orientations for two inequivalent pentacene molecules (expressed by Eular angles) for the
thin-film (Ref. 37), bulk (Refs. 27 and 41), and single-crystal (Ref. 22) phases. The lattice parameters of the bulk phase have been changed
from the original ones to facilitate comparison with other polymorphs. The molecular orientations in the thin-film phase were optimized with
two different force fields, Dreiding force field (a) and comPass (b), for the check of the effect from their difference.

Lattice parameter

Euler angle

Phase a (nm) b (nm) ¢ (nm) a (deg) B (deg) v (deg) o (deg) X (deg) ¢ (deg)
Thin film® 0.593 0.756 1.565 98.6 933 89.8 215.4 176.7 150.2
87.2 43 337.9
Thin film" 0.593 0.756 1.565 98.6 93.3 89.8 124.6 5.5 350.4
77.6 6.5 346.9
Bulk 0.6079 0.7893 1.478 83.20 79.92 94.40 164.9 159.0 53.6
64.9 225 231.3
Single crystal 0.6266 0.7775 1.4530 76.475 87.682 84.684 203.2 155.8 134.9
109.3 24.6 313.9

In this work, we calculated the energy bands of the three
polymorphs of pentacene, i.e., the thin-film, bulk, and single-
crystal phases. A detailed analysis of the band structures was
made in accordance with the tight-binding model. The effec-
tive masses and the densities of states (DOS) were then de-
rived from the calculated band structure. Since the identity of
the polymorphs was not considered explicitly in the previous
ultraviolet photoemission spectroscopy (UPS) studies,®3°
angle-integrated ultraviolet photoemission spectra were also
measured for the thin film and bulk phases. The spectral line
shape of the highest occupied molecular orbital (HOMO)-
derived feature in the UPS spectra was examined by compar-
ing with the calculated DOS.

II. METHOD OF CALCULATION

The structure of a single pentacene molecule was opti-
mized by the B3LYP method with the 6-31G(d) basis set
using GAUSSIAN03.*’ The molecule was treated as a rigid
body throughout the subsequent calculations. We used the
optimized geometry instead of the x-ray diffraction analysis
data for the single pentacene molecule in order to avoid dif-
ferences in the electronic structure imposed by the intramo-
lecular interactions. This procedure allows a meaningful
comparison of the electronic structures between the different
polymorphs.

The lattice parameters obtained from x-ray diffraction of
the single-crystal,?> bulk,*! and thin-film3” phases are sum-
marized in Table I. For the bulk phase, we adopted the recent
powder diffraction analysis data*! rather than the data of
Campbell et al.?’ because they show more precise agreement
with the recent GIXD results.2#? In addition, the ¢ and b
axes are interconverted and the c¢ axis is taken as the 011
direction (the unit vectors of the lattice in the real space,
a,b,c, are converted to b,a,b+c) to facilitate a better com-
parison of the band structure with the other polymorphs.

The molecular orientations of the bulk and single-crystal
phases were obtained from the single-crystal x-ray structural
data.?>?” The molecular long and short axes were determined
using the least-squares method. Those of the thin-film were

determined by comparing the calculated diffraction intensi-
ties with the reported x-ray reciprocal space map.’’ The crys-
tal structures were constructed from the molecular orienta-
tions and the optimized molecular structure. They were
further optimized using the Dreiding force field** on CERIUS?
program (Accerlys) with fixed lattice parameters.** The ob-
tained molecular orientations and structures are shown in
Table I and Fig. 1, respectively. The molecular orientations
are expressed in terms of the Euler angles, w, x, ¢. The y
axis is parallel to the b axis, and the x axis is in the ab plane
while the z axis is parallel to the ¢* axis. The atom positions
in the crystal (x,y,z) are converted from the reference posi-
tions (x',y’,z"),

!

X X
V| =RO)R, (YR ()| ¥ |, (1)
z Z'

where R, is a matrix that expresses the rotation around the v
axis. The 7z’ and y’ axes are parallel to the molecular long
and short axes, respectively, and the x’ axis is normal to the
molecular plane.

In order to assess the reliability of the obtained geometry,
the structure of the thin film was also optimized using COM-
PASS (condensed-phase optimized molecular potentials for
atomistic simulation studies).*> As shown in Table I, al-
though the structure is slightly different, the difference in the
calculated band energies was found to be less than 50 meV.

The energy bands were calculated using the CASTEP
code*® on MATERIAL STUDIO program (Accerlys). The gener-
alized gradient approximation (GGA) of the Perdew-Burke-
Ernzerhof functional (PBE) was applied for the exchange-
correlation energy. The plane wave basis set cutoff was
310 eV and the ultrasoft pseudopotential was used. The k
point for Brillouin zone was sampled at 3 X4 X2 mesh
points.

III. EXPERIMENT

Pentacene was purchased from Tokyo Kasei Kogyo Co.
Ltd. and purified by three cycles of vacuum sublimation.
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FIG. 1. The crystallographic structure of the pentacene (a) thin-film, (b) bulk, and (c) single-crystal phases.

Si(100) wafers were treated with buffered HF (HF:NH,F
=1:10) to remove the thick insulating oxide layer and then
irradiated by UV light in air for a few minutes to grow a thin
oxide layer.

Pentacene was deposited at room temperature in a
vacuum lower than 1 X 107> Pa. The thin-film phase was pre-
pared as a 5-nm-thick film grown at a deposition rate of
0.01 nms™" and the bulk phase as a 230-nm-thick film
grown at a deposition rate of 0.2 nms~!. In the previous
work, we confirmed that the bulk phase grows on top of the
thin-film phase.?® We estimated that the top 100 nm layer of
the present sample belongs to the bulk phase. The inelastic
mean free path of an electron in most organic compounds is
not larger than 1 nm (Refs. 47 and 48) in electron kinetic
energy region of UPS. Thus, the photoemission spectra of the
230-nm-thick film originate almost completely from the bulk
phase. Photoemission spectra were measured in sifu using a
SPECS Phoibos 150 analyzer with a Hel discharge lamp
(hv=21.218 V). The background pressure during the
sample depositions and measurements was about |
X 107 Pa.

The structures of the sample films were subsequently ana-
lyzed with x-ray diffraction (Rigaku, ATX-G) using a Cu K«
(A=0.154 184 nm) x-ray source. Polymorphs of the films
were examined from 001 and 021 diffractions. The rocking
scan of 001 diffractions showed that the ¢* axes were normal
to the substrate surface plane within the experimental uncer-
tainty of about 0.1° in both the thin-film and bulk phases.
The crystalline domains were randomly oriented around the
¢* axis in both films as observed from the rocking scan of the

110 diffraction.

IV. RESULT AND DISCUSSION
A. Band structure

The energy bands calculated for the three polymorphs of
pentacene are plotted in Figs. 2-4 where the symmetry
points 1'(0,0,0), X(1/2,0,0), ¥(0,1/2,0), Z(0,0,1/2),
M(1/2,1/2,0), and M'(1/2,-1/2,0) are chosen in terms of
the unit vectors of the lattice in reciprocal space.

The results for the single crystal and bulk phases qualita-
tively reproduce the previous reports.'>2° Each of HOMO-1,
HOMO, lowest unoccupied molecular orbital (LUMO), and
LUMO+1 levels forms two bands due to the two inequiva-
lent pentacene molecules in the unit cell. The bandwidth of
the I'-Z direction is smaller due to the small overlap of the 7
orbitals along the molecular long axis. The largest energy
dispersions were observed in the I'-M and I'-M' directions.
The total widths of HOMO-derived bands are 487 and
365 meV, respectively, for the single-crystal and bulk
phases.

The band structure for the thin-film phase is significantly
different. The bandwidths are larger and isotropic in all the
directions calculated except for the I'-Z direction. The total
bandwidth for the HOMO-derived band is 603 meV. The
energy between the two subbands is the largest at the I’
point.

The band dispersion in pentacene was first experimentally
observed by Koch et al.” They applied angle- and energy-

thin film phase

N
1

N7

A T ]
Lo o

energy (eV)

v v

X T YT ZTr MT M
k

—

FIG. 2. (Color online) Energy bands of the pentacene thin-film
phase obtained from the GGA-PBE calculation (dots) and the tight-
binding fits (solid lines) for the HOMO-1, HOMO, LUMO, and
LUMO+1.
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FIG. 3. (Color online) Energy bands of the pentacene bulk phase
obtained from the GGA-PBE calculation (dots) and the tight-
binding fits (solid lines) for the HOMO-1, HOMO, LUMO, and
LUMO+1.

dependent UPS to a pentacene film deposited on highly ori-
ented pyrolytic graphite (HOPG) and observed the energy
dispersion along the surface normal direction. The measure-
ment seems to be carried out along the b axis judging from
the reported lattice spacing of about 0.74 nm (note a<<b),
though the structure of the film was not clear.

More precise band structures were reported on pentacene
monolayer fabricated on Bi(001) surface using angle-
resolved photoemission spectroscopy.® The film structure
was confirmed to be the bulk phase from reflection high-
energy electron diffraction (RHEED). The maximum disper-
sions of the HOMO-derived bands observed along I'-M or
I'-M’ (M and M’ were not distinguished experimentally)
were reported to be about 400 meV. The bandwidth qualita-
tively agrees with our calculation for the bulk phase. An

single crystal phase
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FIG. 4. (Color online) Energy bands of the pentacene single-
crystal phase obtained from the GGA-PBE calculation (dots) and
the tight-binding fit (solid lines) for the HOMO-1, HOMO,
LUMO, and LUMO+1.
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apparent difference may be the dispersion behavior as dis-
cussed in Ref. 8 The experimental bands show the smallest
splitting at the I" point where the calculation predicts a large
splitting. It may be that the film structure was different from
the bulk phase. Also, the influence of the electronic states of
the substrate cannot be excluded because a pentacene mono-
layer was used for the measurement.

Note that the one-dimensional tight-binding model has
been used to interpret the experimental energy dispersion in
these works,”:8 though the one-dimensional model cannot re-
produce the band dispersion of pentacene. As will be seen
below, two-dimensional tight-binding approximation with at
least three transfer integrals is required to appropriately de-
scribe the band structures of pentacene.

B. Comparison with the tight-binding model

Since the band structure of the pentacene crystal is well
accounted for the tight-binding approximation,'>'*!8 we will
compare the energy bands calculated above with those de-
rived from the tight-binding model to discuss intermolecular
interactions of each pair of constituent molecules. In this
model, the energy dispersions of the two bands, E, (k) and
E_(k), with respect to the energy E, are expressed as

2712
E.(k)=Ey+T, + {T§+<A7E> } , (2)
where k is the wave vector and AE accounts for the energy
difference between the two inequivalent cites. 7; and T,
stand for interactions of the molecules between the equiva-
lent and inequivalent cites, respectively, and are connected
with transfer integrals 7; and 7,

T,=2> t;cos(k-r,),

T,=2>, ticos(k-r)), (3)
J

where each sum is calculated over the molecules of transla-
tionally equivalent i and inequivalent j cites. In this work, 13
and 8 combinations of nearest neighbor molecules were cho-
sen for T, and T,, respectively. Using the least-squares
method, Egs. (2) and (3) are fitted to the band energy from
the present GGA-PBE calculations with the fitting param-
eters of t;, L, AE, and E,, which are summarized in Table II.
The tight-binding bands, shown by solid lines in Figs. 2—4,
are found to precisely reproduce the band structure calcu-
lated by the GGA-PBE method (shown by dots). The ob-
tained transfer integrals for HOMO and LUMO in the single-
crystal phase agree well with the previously reported
values,'>!3 though the sign of #,(, for HOMO is opposite to
that reported in Ref. 14.

From Table II, only #g0, f1/2 12 0> and 1, 773 o have sig-
nificant values while the other transfer integrals are negli-
gible (less than 10 meV in absolute value). Actually, the two-
dimensional band structures along the a*b* plane are
reproduced by only the three transfer integrals #,q9, 1,2 1,2 0»
and 1, 773 ¢ in addition to E; and AE. Although a similar

235205-4



ENERGY BANDS OF PENTACENE

PHYSICAL REVIEW B 77, 235205 (2008)

TABLE II. The parameters obtained by fitting the tight-binding approximation [Eqs. (2) and (3)] to the energy bands calculated by the

GGA-PBE method.

HOMO-1 HOMO LUMO LUMO+1
Thin Single  Thin Single  Thin Single  Thin Single
film Bulk  crystal film  Bulk crystal film Bulk crystal film Bulk crystal
Ej (meV) -1303 -1276 -1289 -218 -189 204 961 975 977 2187 2208 2200
AE (meV) 6 34 47 8 24 38 7 21 34 8 26 33
thi (meV) h k €
1 0 0 =57 -18 3 =53 1 24 44 -13 =33 53 -3 -23
0 1 0 8 -2 -2 4 -3 -1 5 -4 -6 =5 -1 0
2 0 0 0 -1 -1 -1 -1 0 0 -3 1 0
0 2 0 0 0 0 0 0 0 0 0 0 -1 0 -1
1 1 0 -3 -3 2 0 0 2 -1 -1 -2 -3 -1
1 -1 0 -3 3 -3 -1 3 0 -1 -2 -1 -3 -1 0
0 0 1 -2 1 0 2 -1 2 5 1 -2 —4 -1 0
0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
0 1 -1 0 -2 4 0 2 -4 0 0 1 1 0 2
1 0 1 0 0 0 -1 0 0 0 0 0 1 0 1
1 0 -1 0 2 -1 0 -1 2 0 0 -2 1 0 4
1 1 -1 0 0 0 0 0 0 0 0 0 1 0 0
1 1 -1 0 0 1 0 0 -2 0 0 -6 0 0 13
172 1/2 0 68 66 =7 68 -63 —43 73 -69 =82 39 —42 —-65
/2 -1/2 0 72 6 80 73 24 79 80 70 83 46 61 51
/2 172 -1 -1 -8 1 0 =7 -1 -1 9 -2 -6
/2 =172 1 0 -2 -1 0 -2 -1 0 -4 -1 2 6 -2
3/2 372 0 0 0 0 0 0 -1 0 0 0 -2 0 0
3/2 =3/2 0 0 0 0 0 0 1 0 0 0 -2 0 -1
3/2 172 0 1 2 -1 0 -1 0 -2 -1 -1 -2 -1 -3
3/2 -1/2 0 1 -1 1 -1 0 1 -1 2 2 -2 0 2

discussion was presented previously for band dispersion of
the HOMO-derived bands, only the crystal structure of the
single-crystal phase is correct among the four polymorphs
examined.!®

In the bulk and single-crystal phases, absolute values of
Hp1po and typ 13 are about 40—80 meV. The signs of
ty 120 and ty, 773 o are opposite causing destructive inter-
ference of 1, 15 cos(k-(a+b)/2) and t, 175 cos(k-(a
—b)/2) along the a* and b* in Eq. (3). This explains the large
anisotropy of the energy dispersion: Small energy disper-
sions occur along I'-X and I'-Y, while the dispersions are
large along I'-M and I'-M'."3 In the thin-film phase, #,/, /2 ¢
and 11, 773 o are about 70 meV, slightly larger than those in
the bulk and single-crystal phases. The signs of #,, 12 o and
12173 o are always the same in the thin-film phase, which
leads to isotropic energy dispersions within the a*b* plane
(along I'-X, I'-Y, I'-M, and I'-M" in Fig. 2) due to the con-
structive interference of 7,5, gcos(k-(a+b)/2) and
ti2 173 0 cos(k-(a—b)/2).

In contrast, the magnitude and the sign of ¢,y vary de-
pending on the polymorphs and molecular orbitals. For ex-
ample, t;go of HOMO is —50 meV in the thin-film phase,
while #;50=+29 meV in the single-crystal phase is large but

opposite in sign. In the bulk phase, /o, is negligibly small
(=1 mV). This behavior can be explained by the overlap be-
tween the molecular orbitals of the molecules located at
(000) and (100). As shown in Fig. 5, the thin-film phase
shows efficient overlap of the HOMO. In the bulk phase, the
molecule is displaced along the long molecular axis; this
displacement is about half of the distance between the nodal
planes, resulting in a destructive overlap of the molecular
orbitals and small 7). The displacement along the long mo-
lecular axis in the single crystal is larger than that in the bulk
phase. This makes for efficient overlap of the molecular or-
bitals again, although the sign of 7,y is opposite to that of the
thin-film phase.

In examining the sign of ¢,y among the different molecu-
lar orbitals, those shapes should also be consider. A nodal
plane parallel to the molecular long axis and also normal to
the molecular short axis exists in HOMO-1 and HOMO but
not in LUMO and LUMO+1 as shown in Fig. 6. This nodal
plane affects the sign of fg5; the sign changes between
HOMO and LUMO when viewed from HOMO-1 to
LUMO+1 in each of the thin-film and single-crystal phases
(in the bulk phase, the change is not clear as 7, is small).

Due to this nodal plane, the HOMO- and LUMO-derived
bands look like mirror images with respect to the Fermi level
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FIG. 5. (Color online) HOMO orbital overlap between two pentacene molecules at the (000) position with those at (1 0 0), (1/21/20),
and (1/2 —1/20) for the three polymorphs.

(assumed at the middle of the band gap) in the thin-film and
single-crystal phases. As seen from Egs. (2) and (3), 7,99
governs the overall dispersion of the two subbands (i.e., av-
erage of the upper and lower bands), while #,,, 1, and
1, 773 o determine the energy difference between the upper
and lower bands. This symmetric band structure is imposed
by the sign of t,4y, which is opposite between the HOMO-
and LUMO-derived bands.

C. Band structures and polymorphs

We examine the three transfer integrals responsible for the
band dispersions ty, 12 120, and t;,, 773 ¢ to interpret the
relation between the band structures and the crystallographic
structures. Figure 5 shows the HOMO interactions between a
central molecule and the nearest neighbor molecules located
at (100), 1/21/20, and 1/2 1/2 0. These molecular over-
laps are relevant to the sign and magnitude of the transfer
integrals.

The pentacene molecules crystallize into the herringbone
structure where the molecular long axes are almost parallel
to each other and the angle between the molecular planes of
the inequivalent molecules always falls in the range between
50° and 53°. Mattheus et al.?® noted that the structure pro-
jected along the long molecular axis is preserved over the
different polymorphs of pentacene. Hence, the structures of
pentacene shown in Fig. 1 are characterized only by the
angle between the molecular long axis and the ¢* axis. This
orientation angle of the molecules imposes the displacement
along the molecular long axes \;; as shown in Fig. 7. In this
figure, the \j;; values are also shown where the molecular
long axis is defined by the sum of the two vectors that sig-
nify molecular long axes of two independent pentacene mol-
ecules. Due to the inversion symmetry of the pentacene crys-
tals, relations of \y/5 112 0=(Njgo+No10)/2 and so on should
hold. A, for any (hk€) is close to zero in the thin-film phase
as a result of small angle between the molecular long axis
and the c¢* axis. In the bulk and single-crystal phases,
N 12 0 and N\ is large while N\, 775  is always small.

P s
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We extend this model to analyze the magnitude and sign
of t;,;. For this purpose, we must first discuss the overlaps of
the molecular orbitals and A;;. The displacement \,,;; should
be compared with a unit length that characterizes the shape
of the molecular orbital along the molecular long axis; as the
unit length, we use an average length d between the nodal
planes of the molecular orbitals along the molecular long
axis as schematically illustrated in Fig. 6 where we assume
d=1.6 nm/(n+1) from the pentacene molecular length,
1.6 nm. The number of nodal planes along the long molecu-
lar axis n is 3, 4, 6, and 7 for HOMO-1, HOMO, LUMO,
and LUMO+ 1, respectively, as seen from Fig. 6.

The overlap of the molecular orbitals and ¢, are classi-
fied by \,/d as follows: (i) When \,,/d=0,*2,..., the

LUMO+1

FIG. 6. (Color online) Molecular frontier orbitals of pentacene.
The dotted lines show nodal planes.
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(a) thin film (b) bulk (c) single crystal

-0.021 -0.057 -0.232 -0.382 -0.230 -0.427

FIG. 7. Projections along the long molecular axes of the penta-
cene crystallographic structures for the (a) thin-film, (b) bulk, and
(c) single-crystal phases. Definition of the displacement of the mol-
ecules along the molecular long axes N is given in panel (d). The
numbers of molecules at (4,k,€) in panels (a), (b), and (c) desig-
nate \j; in nm with respect to the (0,0,0) molecules.

overlap of the molecular orbitals is efficient and ¢, is large.
(ii) When N\/d==*=0.5, 1.5, £2.5,..., the overlap of the
molecular orbitals is canceled out and #;;; is almost zero. (iii)
When \;,/d==*1,=%3,..., the overlap of the molecular or-
bitals is again efficient, and #,,, is large but the sign is oppo-
site to case (i). In this way, the magnitude and sign of the
transfer integrals can be predicted from the magnitude of
N/ d. Figure 8 shows f;,, as a function of the ratio N,/d
for the HOMO-1, HOMO, LUMO, and LUMO+1 in the
three polymorphs. The transfer integral #;,, has the same
magnitude with #,,,, but the sign is opposite in #, 15 ¢s

100

50

50

transfer integral ¢,  (meV)
o

100

gl d

FIG. 8. Correlation between transfer integrals #;;, and N,/ d for
the pentacene thin-film (<©), bulk (O), and single-crystal (@)
phases. \j;/d is a measure of the orbital overlap of the nearest
neighbor molecules with hkl=(001),(1/21/20),(1/2 =1/20).
Definitions of \;;; and d are given in Figs. 6 and 7, respectively. A
linear regression of the data is indicated by the solid line.
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t12 173 o for all the orbitals and ¢,y for LUMO and LUMO
+1 to take into the above consideration the sign of #;;; and
the nodal plane of the molecular orbital. The correlation is
fairly good.

According to this discussion, we can understand the cor-
relation between the energy dispersion and the polymorphs.
As mentioned above, anisotropy of the band structure in the
a*b* plane is governed by the signs of ;5 1,5 ¢ and #;, 773 o-
In the bulk and single-crystal phases, the pentacene mol-
ecules are tilted by about 20° from the ¢* axis and the dis-
placement M\, 7750 is large. These large angles cause
MNpipo/d=0and N\, 173 ¢/d=-1. As a result, t;, 1,5 o and
112 773 0 have the opposite signs, leading to the anisotropic
band structures. On the other hand, the molecules are almost
parallel to the ¢* axis and Ny 12 0/d=0 and N, 1730/d
~( in the thin-film phase. This explains the isotropic band
structure.

D. Effective masses of the charge carriers

The transport properties of charge carriers in semiconduc-
tors are in the framework of band theory characterized by the
effective mass near the band edge. The effective masses m*
and the components of the reciprocal effective mass tensors
(1/m*),, are calculated from the relation

1
()
where E(k) is given by Eq. (2). w and v are Cartesian coor-
dinates given in Sec. II. The results are summarized in Table
III. Negative values of m* signify the effective mass of the
hole. m* and (1/m*),,, are in good agreement with the values
previously calculated for the bulk and single-crystal
phases. 131719
Although pentacene shows hole conductivity in many
cases, the ambipolar field-effect mobility was recently re-
ported in the pentacene field-effect transistor.*’ We therefore
discuss the effective masses of both the holes located at the
top of the HOMO-derived (valence) bands and the electrons
at the bottom of the LUMO-derived (conduction) bands.
The effective mass of the hole in the thin-film phase is
almost isotropic and ranges from —2m,, to —3m, along the ab
plane. The effective mass of the single-crystal phase is
largely anisotropic and its magnitude is only small along the
b direction as reported previously.!> The effective mass of
the bulk phase is similar to that of the single crystal phase
but less anisotropic in the ab plane. The effective masses and
their reciprocal tensors of the LUMO-derived bands are simi-
lar to those of the HOMO-derived bands for each polymorph
except that the signs are opposite. The minimum of the ef-
fective mass falls in the range from 2m, to 3m,. As a whole,
the properties of the electrons and the holes predicted from
the constant energy surfaces and the effective masses appear
to be significantly similar. These results suggest that the
holes and the electrons behave in a same way in each of the
three polymorphs of pentacene as far as the band transport is
concerned. The same discussion can be done from the isoen-
ergy surfaces near the band edges of HOMO and LUMO.>

1 dE(k)

= , 4
h? dudv @

My
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TABLE III. The effective masses m* for holes and electrons calculated, respectively, from the HOMO-
and LUMO-derived bands of the three polymorphs of pentacene. The reciprocal effective mass tensors
(1/m*) wv and the averages of three principal components m™* are shown. The x, y, and z axes are as defined

in the text.
HOMO LUMO
Thin Single Thin Single
film Bulk crystal film Bulk crystal
mo(1/m*),, XX -0.33 -0.20 -0.05 0.17 0.21 0.04
Yy -0.42 —0.44 -0.53 0.44 0.54 0.51
bé4 -0.16 -0.22 -0.12 0.34 0.22 0.18
Xy 0.02 —-0.08 0.08 —-0.02 -0.02 -0.05
vz 0.00 -0.02 0.01 —-0.06 —-0.02 0.08
X 0.02 0.08 —-0.04 -0.02 0.11 -0.01
m*/my Average -3.31 -3.48 -4.33 3.16 3.09 4.13

Note that the charge carrier properties discussed here do
not directly correspond to the bandwidths which are fre-
quently used as a measure of the carrier mobility. This is
because the effective mass is characterized only by the local
structure of the band near the band edge. For example, the
effective mass is heavier (i.e., less mobile as a charge carrier)
in the thin-film phase than in the other phases, though the
bandwidth is larger. The bandwidth and the effective mass
predict opposite results in preferable direction of the carrier
mobility; the lightest effective mass is obtained near the b*
direction in the single-crystal phase, although as shown in
Fig. 4, only a small energy dispersion is found in this direc-
tion.

E. Calculated density of states and photoemission spectra

In this section, the calculated DOS is compared with the
UPS spectra. The DOS is calculated by numerically integrat-
ing the tight-binding bands E-.(k) [given by Eq. (2)] over k.
The obtained DOSs were subsequently convoluted with a
Gaussian function having a full width at half maximum
(FWHM) of 0.2 eV to facilitate the comparison with the ex-
perimental spectra. Figure 9 shows DOS for the energy re-
gion corresponding to the HOMO for the three polymorphs.
The thin-film phase shows an asymmetric DOS which exhib-
its a peak at —0.13 eV and tailing to —0.5 eV because of the
large and isotropic band dispersion. The bulk phase shows a
single symmetric feature due to the small energy dispersion.
In the single-crystal phase, the energy dispersion is large
along the I'-M and I"-M' directions. However, the small dis-
persion along the I'-X, I'-Y, and I'-Z directions produces a
dense DOS in the range from —0.1 to —0.2 eV. The resultant
feature will be a single symmetric peak.

The experimental spectra of the HOMO region are shown
in Fig. 10. The spectral features are in good agreement with
the calculated DOS in Fig. 9. The line shape is asymmetric in
the thin-film phase, while in the bulk phase, a symmetric
Gaussian shape is observed. The peak width is larger in the
thin-film phase than that of the bulk phase. Although UPS of

the single crystal phase has not been reported yet, a symmet-
ric Gaussian shape is expected.

The spectral line shape of the thin-film phase is similar to
those reported of pentacene films on SiO, (Refs. 7 and 39)
and on a copper phthalocyanine layer.’® The authors of Refs.
7 and 39 suggest the asymmetric line shape of HOMO-
derived feature is caused by band dispersion of the pentacene

@ (a) thin film
T
W
k]
2
@
C
()
40 05 00 05
energy (eV)
@ (b) bulk
s |
W
k]
2
@
c |
L]
° M N .
10 05 00 05
energy (eV)
o | (c)single crystal
2 |
®
k]
2
@
C
()
© .
40 05 00 05
energy (eV)

FIG. 9. (Color online) Calculated density of states (DOS) for the
pentacene (a) thin-film, (b) bulk, and (c) single-crystal (c) phases.
The calculated points (dotted lines) are convoluted with a Gaussian
function of 0.2 eV FWHM (solid lines).
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FIG. 10. (Color online) Angle-integrated photoemission spectra
of the HOMO region in the pentacene (a) thin-film and (b) bulk
phases.

crystal. This line shape is not found in the pentacene films
prepared on HOPG. They mentioned that the energy disper-
sions arise from the “standing” orientation of the pentacene
molecules, as this is required in the wave vector conservation
in the photoemission process. Our results confirm that the
origin of the asymmetric line shape is band dispersion. How-
ever, the molecular orientation is not an only requirement as
the polymorph is also an important factor.

V. CONCLUSION

In this work, the energy bands of pentacene in the thin-
film, bulk, and single-crystal phases have been calculated
using the GGA-PBE method with the plane wave basis func-
tions. For the structure of the thin-film phase, we used the
recent crystallographic data derived from our x-ray recipro-
cal space map which is likely the most reliable at the mo-
ment.

The calculated energy band structures are essentially two
dimensional, that is, little dispersion is noticed along the c*
direction. The energy dispersions of the bulk and single-
crystal phases are largely anisotropic while the bandwidth is
larger in the single-crystal phase. In contrast, the band struc-
ture of the thin-film phase is remarkably isotropic and shows
larger bandwidth than the other phases.

The band dispersions were compared with those based on
the tight-binding approximation to evaluate transfer inte-

PHYSICAL REVIEW B 77, 235205 (2008)

grals. The dispersions of the bands derived from HOMO-1,
HOMO, LUMO, and LUMO+1 are well described by the
three-dimensional tight-binding bands. Only a few transfer
integrals of nearest neighbor interactions play an important
role, in particular, three transfer integrals 7o, 71,2 1/2 ¢, and
t1» 773 o accounting for the intermolecular interactions of the
molecules along the a, (a+b)/2, and (a—b)/2 directions.
The anisotropic energy dispersion of the bulk and single-
crystal phases is explained by the opposite signs of 71/, 1,2 ¢
and 11, 773 9, While the source of the large and isotropic band
dispersion of the thin-film phase is of the same sign as
t2 12 0 and 15 773 o- The signs of 7y, between HOMO- and
LUMO-derived bands are opposite in both the thin-film and
single-crystal phases. In the bulk phase, on the other hand,
the magnitude of 71y, is small. As a result, the band structure
is symmetric with respect to the Fermi level between the
HOMO- and LUMO-derived bands.

The magnitudes and signs of the transfer integrals 7y,
112 112 0» and 15 773 o are understood in terms of the displace-
ment of molecules along the molecular long axes A, and
the shape of the molecular orbitals. A parameter \,/d was
introduced to describe variations in overlaps of the molecular
orbitals. Since A\, originates from the angles between the
molecular long axes and the ¢* axis, the similar energy dis-
persions observed for the bulk and single-crystal phases are
likely a result of the large angles, while the band dispersion
of the thin-film phase is characterized by the small angle.

As the properties of the charge carriers near the band
edges are relevant to the transport properties, the effective
masses for HOMO- and LUMO-derived bands are discussed.
The effective mass for the thin-film phase is isotropic in the
ab plane, while anisotropic in the single-crystal phase and
moderately anisotropic in the bulk phase. The minimum of
the absolute value of the effective mass is about 2mqy—3my,
for all phases. The effective masses for the hole and electron
are quite similar. These similarities suggest that the electron
and the hole behave in a similar way in pentacene if the band
transport is established.

Finally, we calculated the density of states to interpret the
spectral line shapes of the HOMO region measured by angle-
integrated photoemission spectroscopy of the thin-film and
bulk phases. The calculated DOS and the experimental spec-
tra are in good agreement. The HOMO-derived band of the
thin-film phase is asymmetric, which results from the large
and isotropic energy dispersion. On the other hand, the bulk
phase shows a symmetric Gaussian line shape due to the
small energy dispersion of this phase.
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