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ABSTRACT: Cylindrical vector beams, such as radially or azimuthally polarized doughnut
beams, are combined with topography studies of pentacene thin films, allowing us to
correlate Raman spectroscopy with intermolecular interactions depending on the particular
pentacene polymorph. Polarization-dependent Raman spectra of the C−H bending
vibrations are resolved layer by layer within a thin film of ∼20 nm thickness. The variation
of the Raman peak positions indicates changes in the molecular orientation and in the local
environment at different heights of the pentacene film. With the assistance of a theoretical
model based on harmonic oscillator and perturbation theory, our method reveals the local
structural order and the polymorph at different locations within the same pentacene thin
film, depending mainly on its thickness. In good agreement with the crystallographic
structures reported in the literature, our observations demonstrate that the first few
monolayers grown in a structure are closer to the thin-film phase, but for larger film
thicknesses, the morphology evolves toward the crystal-bulk phase with a larger tilting angle
of the pentacene molecules against the substrate normal.

SECTION: Spectroscopy, Photochemistry, and Excited States

Polarized micro-Raman spectroscopy has been intensively
applied to investigate the growth and structural evolution

of organic semiconductor thin films, such as pentacene, which
is one of the promising materials for organic thin-film
transistors.1−6 Its optoelectronic properties depend sensitively
on the morphology and crystallinity of the organic films.
Polarized micro-Raman spectroscopy has been used to
differentiate the thin-film phase and bulk phase of pentacene
films.7−9 These two polymorphs show pronounced differences
between their external phonon modes,10,11 and specific C−H
bending modes have been used extensively to identify
contributions of different crystal phases to polarized Raman
spectra.10,12 However, when a linearly polarized laser beam is
tightly focused as in a micro-Raman experiment, the electric
field in the focus distributes not anymore purely parallel to the
substrate (xy plane), but it has a significant perpendicular
component (z direction, optical axis of the optical microscope).
The depolarization is due to the curvature of the spherical
wavefront of the focused field and is predicted to be stronger at
high apertures.13,14 Such a depolarization effect should be
carefully considered in terms of retrieving accurate and
quantitative molecular information using polarized micro-
Raman spectroscopy.
Our research work is aimed at using polarized Raman

spectroscopy to distinguish the differences in the local structure
even between two adjacent molecular layers within the same

pentacene thin films. To accurately quantify such molecular
information, we combined cylindrical vector beams, such as a
radially or azimuthally polarized doughnut laser beam (RPDB
or APDB)15 with a high numerical aperture (0.998 in air)
parabolic mirror to generate in the laser focus either a pure in-
plane electric field or a dominant longitudinal electric field
component. A sharp gold tip is centered in the mirror focus and
kept within a nanometer distance from the surface to probe the
topography using shear-force distance control to correlate the
polarization-dependent Raman spectra with the local morphol-
ogy.16−18 On the basis of the correlated topographic imaging
and polarized Raman spectroscopy, we present a highly
sensitive polarized Raman spectroscopic method that is able
to evaluate the local structural order as well as intermolecular
interactions in a pentacene thin film with an average thickness
of ∼20 nm.
Figure 1a,b sketches the simulated electric-field distribution

(xy plane) when a radially (a) or azimuthally (b) polarized laser
beam is focused by a parabolic mirror. The arrows represent the
directions of the total electric field in the simulated focus plane.
Because of the high numerical aperture of the parabolic mirror,
the calculated focus of RPDB has a strong longitudinal
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component (perpendicular to the substrate surface, E⊥) that is
14.3 times stronger than the transverse mode (E∥).

19 In
contrast, the focus of APDB has only a transverse field (parallel
to the substrate surface, E∥).

20,21 On the basis of the distinctive
E⊥ and E∥ in the focus of RPDB and APDB, the information
such as shape, geometry, and orientation of single molecules or
nanostructures was deduced from their scattering or photo-
luminescence (PL) images.22 In the following discussion, E⊥
will be used to represent the dominant electric-field component
in the focus of a RPDB; while E∥ will be used to describe the
field distribution of a focused APDB.
Pentacene films (20 nm averaged thickness) were grown by

organic molecular beam deposition on Si (100) wafers covered
with a native oxide layer under ultrahigh vacuum conditions
and at a substrate temperature of 300 K.23 Figure 1c shows the
molecular structure of pentacene and the sketched herringbone
structure on the substrate.
Figure 2a,b shows confocal optical images of the 30 μm × 30

μm scan area excited by E⊥ and E∥, respectively. In the
topography image (Figure 2c), randomly distributed pentacene
terraces and islands are resolved. These features are about one
micrometer wide and several micrometers long. The step
between two adjacent terraces is ∼1.6 nm, which is close to the
d(001) spacing of thin pentacene films.24 The branch-like
patterns in the optical images originate from these pentacene
islands considering their similar shapes and sizes, while the
optical contrast is due to the different island heights (“ridges” vs
“valleys”).
Because the excitation laser line lies in the electronic

absorption region of pentacene, both PL and resonant Raman
vibrational modes can be well resolved. To compare the optical
signal observed from bright and dark areas of the film, four
spectra obtained with either E⊥ or E∥ are shown in Figure 2d.
The locations where the spectra were collected are marked in
Figure 2a,b as squares for bright areas and as circles for dark
areas. Corresponding to the optical images, the spectra
obtained from the bright area show higher PL intensities and
stronger superimposed Raman peaks for both laser polar-
izations. Furthermore, the PL emission maximum is located at
∼1.81 eV (inset, Figure 2d), which is attributed to the
fundamental singlet Frenkel exciton of the thin films.25,26

The free pentacene molecule has D2h symmetry. Because of
the resonant excitation condition, symmetric Ag vibrations are
active, which dominate the Raman features appearing in Figure
2d.8,10,27 The Raman features in the spectral range of 1140−
1190 and 1300−1600 cm−1 are assigned to C−H bending and
C−C stretching modes, respectively. The Raman features of the
C−H bending modes at 1158 and 1178 cm−1 are related to the
motions of H atoms, which are located at both ends and along
the sides of the pentacene molecule, respectively. Their
intensities and positions are often used to reveal the molecular
orientation and structural properties (crystallinity) in the
films.12,28,29

Figure 3 shows the correlated topography (a) and optical
images excited either by E⊥ (b) or E∥ (c) that are taken from
the same area (5 μm × 5 μm) of the pentacene thin film. One
clearly sees the direct correlation of the branch-like patterns in
the optical images and the topographically resolved pentacene
islands. Numbers marked in Figure 3a represent the positions at
which Raman spectra were measured: P1 for the highest
position and P15 for the lowest position. The relative heights of
all 15 positions are listed in Figure 3f. The error bars indicate
the slight height variations of the film within the focal volume
of confocal microscopy.15 Figure 3d,e shows 15 Raman spectra
collected from positions P1 to P15, which are normalized to the
intensity of the 1178 cm−1 peak. The most dramatic spectral
differences appear at about 1155 (denoted as ν1) and 1158
cm−1 (denoted as ν2), where their relative intensity ratios
gradually change with the height when excited by E⊥. However,
there is less change in the ratio of the intensities of ν1 and ν2
when the film is excited by E∥. Furthermore, the separation
between ν1 and ν2 is slightly (∼0.5 cm−1) smaller at
topographically lower locations (P12 to P15) than those of
higher locations.
The appearances of the two Raman peaks ν1 and ν2 are due

to the splitting of the vibronic levels, which is caused by the
interaction of two inequivalent pentacene molecules in a unit

Figure 1. (a,b) Sketches of electric field (E2) distribution (xy plane) of
a radially and an azimuthally polarized laser (632.8 nm) beam focused
by a parabolic mirror, respectively. The arrows illustrate the main
directions of the electric field in the diffraction limited focal volume.
The image sizes are 1 μm × 1 μm. (c) Schematic of polymorphs of
pentacene on a Si (100) wafer covered with native oxide layer. θ and θ′
represent the different tilting angles of pentacene molecules in
different polymorphs with respect to the z axis (normal to the
substrate). Figure 2. (a,b) Confocal optical images of a pentacene film excited by

E⊥ and E∥, respectively. (c) Topography image of the pentacene film.
(d) PL spectra with superimposed Raman peaks taken from the bright
(marked as square) and dark (marked as circle) regions in panels a and
b. The inset represents the Gaussian fitting of the PL emission profile.
The superimposed sharp lines are the Raman peaks.
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cell. In molecular crystals, the phenomenon of electronic or
vibrational band splitting due to the presence of more than one
molecule in the unit cell is called Davydov splitting.30 By
Raman and infrared spectroscopy, the vibrational Davydov
splitting of other organic molecular films has been studied.31−35

By absorption spectroscopy, the electronic Davydov splitting of
crystalline oligoacenes has been discussed and interpreted by
quantum-chemical calculations.36−39 It should be noted that the
Davydov splitting is still a matter of research and may occur in
different ways, for example, Frenkel exciton coupling39 and
admixture of charge-transfer excitations into the lowest singlet
excited states.40 In Figure 3d the peak position of ν1 stays
constant, while the peak position of ν2 is slightly blue-shifted
for thicker films, giving rise to the increasing frequency
splitting. The frequency splitting Δν between ν1 and ν2 is ∼3.0
cm−1 at P1, while it is ∼2.5 cm−1 at P15. It is known that
different polymorphs exist in pentacene films. During evolution
from monolayer to thicker film, the structure changes from the
orthorhombic phase to the thin-film phase and the triclinic bulk

phase.5,24,41−43 The frequency splitting Δν of the two Raman
peaks is relevant to the polymorph. For instance, Cheng et al.
have reported an increased Raman frequency splitting from
about 2.51 to 3.60 cm−1 when the averaged film thickness
increases from 5 to 300 nm.8 Herein, by sensitive visualization
of Raman frequency splitting and intensity variation, we
demonstrate different polymorphs in subsequent molecular
layers within one molecular island.
Besides the peak (ν1 and ν2) separation, the changes of the

peak intensities at different positions and for the two different
polarization states of the probing field are also important to
probe the structure of the films. We show in Figure 4a the

Raman spectra and their Lorentzian fitting curves of positions
P1 and P15. The blue curves show the overall fitting profiles.
The original spectrum data points are indicated as open circles.
The black and red curves represent the Raman peaks of ν1 and
ν2; while the green curve (marked by asterisk) indicates the
peak at ∼1162 cm−1, which is another C−H bending mode. In
all 15 positions, the peak at 1162 cm−1 shows less change than
ν1 and ν2.
Figure 4b plots the intensity of ν1 and ν2 at different heights

and polarization conditions, respectively. As shown in the lower
panel of Figure 4b, excited by E∥, ν1 is stronger than ν2 at all
heights. In contrast, excited by E⊥, the intensity of ν1 (Iν1) is

only stronger than that of ν2 (Iν1) at very thin-film positions

(P15−P12). If the film is thicker (P11 to P1), Iν1 decreases

while Iν2 increases (upper panel, Figure 4b). At the highest

position P1, Iν2 is ∼40% higher than Iν1. Obviously the
vibrational motions of ν1 and ν2 have different polarization
characteristics depending on the film thickness. Figure 4c
illustrates such a trend more clearly by comparing the intensity
ratios (IE⊥/IE∥) of ν1 and ν2. At topographically low positions

Figure 3. (a−c) Correlated topography and optical images of a
pentacene film. Optical images (b) and (c) were obtained by E⊥ and
E∥, respectively. Image size: 5 μm × 5 μm. Numbers 1−15 marked in
panel a indicate the positions where the spectra were collected. (d,e)
Normalized Raman spectra of all positions obtained under E⊥ and E∥
excitation, respectively. The dashed lines are guides to the eye. (f)
Relative heights for all 15 positions. The height values are derived from
the topography shown in panel a. The lowest position P15 is defined
as the reference zero height, and heights of other positions are offset to
it.

Figure 4. (a) Raman spectra and their fitting curves of the pentacene
film at P1 and P15 with E⊥ and E∥, respectively. (b) Peak intensities of
Raman modes ν1 and ν2 at different heights and polarizations. (c)
Relation between the relative heights of the positions and the intensity
ratios (IE⊥/IE∥

) for Raman bands ν1 and ν2.
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(P12−P15), the intensities of ν1 and ν2 differ much less when
the excitation changes from E⊥ to E∥. However, at topo-
graphically higher positions (especially P1−P4), dramatic
changes in the peak intensity are observed.
The intensities of Raman peaks are influenced by the

orientation of the transition dipole moment between the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) transition of the
pentacene molecule relative to the exciting electric field. The
HOMO−LUMO transition dipole of pentacene is oriented
along the short molecular axis (SMA).23 On the basis of the
crystallographic information taken from refs 44 and 45, the
crystal structures of the thin film and bulk phase as well as the
corresponding tilting of the SMAs are shown in Figure 5. The

two pentacene molecules in a unit cell are differentiated as the
type A and B molecules, which correspond to their center of
mass at the unit cell coordinates (0, 0, 0) and (1/2, 1/2, 0),
respectively. On the basis of the coordinates of all the atoms,
the tilting angle of the molecule axis can be evaluated. For the
thin-film phase (d001 = 15.4 Å; a = 5.958 Å, b = 7.596 Å, c =
15.6096 Å; α = 81.25°, β = 86.56°, γ = 89.80°) shown in Figure
5a, the tilting angles (with respect to the ab plane) of the SMAs
of type A and B molecules are 4.4 and 5.7°, respectively. For
the bulk phase (d001 = 14.1 Å; a = 6.266 Å, b = 7.775 Å, c =
14.530 Å; α = 76.475°, β = 87.682°, γ = 84.684°) shown in
Figure 5b, the tilting angles of the SMAs of type A and B
molecules are 24.2 and 8.7°, respectively. Figure 5c,d illustrates
the tilting of SMA of type A and B pentacene molecules in the
two polymorphs. Although there are at least four different
polymorphs reported for pentacene, which probably coexist in
pentacene films of different thickness, we consider for simplicity
the crystal structures shown in Figure 5a,b as the structure of
the topographic low and high locations in the film, respectively.
To understand the frequency splitting and the polarization

dependency of ν1 and ν2, we performed the following analysis.
In the thin-film phase of pentacene,45 both basis (A and B)
molecules in the unit cell interact only weakly so that the

rectangular geometry of a free pentacene molecule is essentially
conserved. Only one set of four equivalent C−C bonds shows a
significant distortion from the full rectangular symmetry D2h so
that two of these bonds are compressed by more than 2%.
Including some smaller distortions, the overall deformation
patterns of both basis molecules from a rectangular shape are
nearly identical.
Therefore, the vibrational modes of both basis molecules

should remain similar, and their interaction via small mode-
specific intermolecular matrix elements should result in a
symmetric splitting. In terms of the interaction between
classical harmonic oscillators, this can be described by an
unperturbed starting Hamiltonian H0 = ((pA

2/2m) + (m/
2)Ω0

2xA
2) + ((pB

2/2m) + (m/2)Ω0
2xB

2), where the frequencies of
the oscillators in both basis molecules A and B coincide, ΩA,B =
Ω0. The coupling between degenerate mode pairs occurs via a
perturbation H1 = (m/2)Δ2(xA − xB)

2, where breathing modes
of the two basis molecules interact only via rather weak
quadrupole−quadrupole interactions producing small values of
Δ2. From straightforward analysis of the classical equations of
motion, it can be shown that the squared eigenfrequencies are

obtained from a diagonalization of the matrix Ω + Δ Δ
Δ Ω + Δ

⎛
⎝⎜

⎞
⎠⎟

0
2 2 2

2
0
2 2

with the solutions

ω ω= Ω = Ω + Δ; 21
2

0
2

2
2

0
2 2

(1)

The crystal bulk phase of pentacene behaves completely
differently. One of the basis molecules shows a geometry
resembling the thin-film phase; that is, the main deviation from
a rectangular shape concerns a compression of two out of the
four equivalent longest bonds in the carbon network, again by
∼2%. However, the embedding into the more densely packed
crystal phase of pentacene induces a significant compression of
C−C bonds parallel to the short axis, with an average of 1.2%.
This corresponds to the B basis molecule.
In stark contrast with this behavior remaining rather close to

a free molecule, the second basis molecule A is significantly
deformed with respect to free pentacene: Within several sets of
four equivalent internal C−C bonds, the embedding crystal
induces significant distortions so that the deviation from a
rectangular shape is about six times larger than that for the basis
molecule B.
Hence, even assuming vanishing intermolecular interactions

for a specific vibrational mode, the significant internal distortion
of the basis molecule A and the compression of the basis
molecule B along the short axis are expected to produce slightly
modified vibrational frequencies. Therefore, the starting
Hamiltonian H0 for the crystal phase of pentacene already
contains different molecular frequencies ΩA and ΩB, H0 = ((pA

2/
2m) + (m/2)ΩA

2xA
2) + ((pB

2/2m) + (m/2)ΩB
2xB

2), where it is
reasonable to assume that the more distorted basis molecule A
has a higher frequency, ΩA > ΩB. The Davydov splitting occurs
again via the intermolecular interaction, parametrized as H1 =
(m/2)Δ′2(xA − xB)

2, where the interaction parameter Δ′ in the
crystal-bulk phase is expected to remain in the same range as
the value Δ in the thin-film phase. The squared eigenfrequen-
cies in the crystal phase can be obtained from a diagonalization

of the matrix Ω + Δ′ Δ′
Δ′ Ω + Δ′

⎛
⎝⎜

⎞
⎠⎟

A

B

2 2 2

2 2 2 with the solutions

Figure 5. (a,b) Views of two types of pentacene molecules in one unit
cell of thin-film phase (d001 = 15.4 Å) and bulk phase (d001 = 14.1 Å).
The blue dotted line indicates the short molecular axis. (c,d)
Illustrations of the tilting angles of the SMAs of types A and B of
pentacene molecules in the thin film phase and bulk phase. The z axis
is perpendicular to the ab plane (substrate plane).
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ω =
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The measured Raman signals for the thinnest film (P15 in
Figure 3) allow us to determine the parameters for the thin-film
phase according to equation (eq 1). Assigning mode positions
in terms of wavenumbers, Ω0 corresponds to 1155 cm−1 and Δ
to 54 cm−1. For the measurement obtained in the thickest
region (P1 in Figure 3), we assume that the interaction
parameter Δ′ still coincides with the value Δ for the thin-film
phase. On this basis, substituting the measured positions of
1155 cm−1 for the lower mode (ω1) and 1158 cm−1 for the
higher mode (ω2) into eq 2 yields a value of 1154.4 cm

−1 to ΩB
and 1156.1 cm−1 to ΩA, corresponding to a splitting of 1.7 cm

−1

arising from the different geometries of the two basis molecules.
The mode splitting is still dominated by the contribution Δ′4
corresponding to 70% of the argument of the square root in eq
2. Both in the thin-film phase and in the crystal-bulk phase, the
polarization dependence of optical spectra in resonance with
the HOMO−LUMO transition depends on the orientation of
the short axes of the basis molecules with respect to the ab
plane aligned parallel to the substrate surface.
As previously discussed, in the thin-film phase, both basis

molecules have essentially equivalent geometries, involving
similar small deviations from a rectangular shape. The
HOMO−LUMO transition dipole moments oriented along
the short axes of the two basis molecules are tilted by similar
angles of 4.4 and 5.7°, with respect to the ab lattice plane,
coinciding with the substrate orientation. The analysis of the
Davydov splitting between the crystal modes in the thin-film
phase has started from degenerate molecular vibrations, so that
the crystal eigenvectors project as (1/√2, 1/√2) and (−1/
√2, 1/√2) onto the vibrations of the basis molecules. Both of
these eigenvectors produce contributions of 50% on each basis
molecule. Together with the similar orientation of both basis
molecules in the crystal unit cell, a pronounced polarization
dependence of the crystal modes ω1 and ω2 cannot be
expected, in agreement with the vanishing polarization
dependence of the spectra taken at P15 in Figure 3.
In the crystal-bulk phase of pentacene, the short axis of the

basis molecule B is tilted by 8.7° against the ab lattice plane,
whereas the A molecule has a much larger tilting angle of 24.2°.
The two long axes of the basis molecules are nearly parallel, so
that both are tilted against the substrate normal by ∼25°.The
vibrational eigenvectors obtained from the diagonalization give
two crystal modes with different weights on the two basis
molecules. The lower mode at 1155 cm−1 carries a weight of
78% on B and of 22% on A, whereas the higher mode at 1158
cm−1 shows the complementary contributions of 22% on B and
78% on A.
The larger starting frequency ΩA together with the stronger

tilting of the HOMO−LUMO transition dipole of this basis
molecule and the predominant A character of the higher crystal
mode ω2 should result in a better visibility in the Raman spectra
obtained for an excitation field E⊥ along the substrate normal.
This corresponds precisely to our experimental results (Figures
3d and 4b (upper panel)): With radially polarized light giving
an electric field E⊥ along the substrate normal in the focus, the
relative Raman intensity of ν2 becomes most prominent.
For polarization E∥ parallel to the substrate, no significant

polarization dependence of the crystal modes has to be

expected because both basis molecules have similar projections
of their transition dipoles into the substrate plane, correspond-
ing to cos 8.7° = 0.99 for basis molecule B and cos 24.2° = 0.91
for basis molecule A. This difference seems to be too small to
be resolved with our experimental setup (Figures 3e and 4b
(lower panel)): with polarization E∥, the observed ratio of the
Raman intensities of the crystal modes ν1 and ν2 does not
depend significantly on film thickness.
The previous reasoning was based on the simplifying

assumption that the interaction parameter Δ′ in the crystal-
bulk phase was in the same range as the value Δ in the thin-film
phase. Even if this premise would be released, there is clear
evidence that a parametrization of the crystal-bulk phase would
still require blue-shifted starting frequencies ΩA and ΩB

resulting from the more strongly strained starting geometries.
Hence, accounting for the different shapes of the two basis
molecules, it is completely natural to assume different shifts for
the respective vibrational modes. Even a small discrepancy is
sufficient for arriving at vibrational eigenvectors of the bulk
crystal with different weights on the two basis molecules, so
that the eigenvector dominated by the more strained and more
tilted basis molecule A can produce a pronounced polarization
dependence of the Raman intensity, as observed.
In summary, we observed layer-by-layer changes in the

Raman shift and intensity of the C−H bending vibrations (ν1
and ν2) of pentacene molecules in a 20 nm thick polycrystalline
film. We showed that polarization-dependent and diffraction-
limited confocal Raman microscopy correlated with nanometer-
resolved topography can reveal fine details on the polymorphs
and molecular orientation in the pentacene films. During the
film evolution, the packing of the pentacene molecules changes
from thin-film phase to bulk phase. Because of the more
significant inequivalence of basis molecules, we observed a
larger frequency splitting of ν1 and ν2 at locations with a higher
film thickness. Compared with the relatively small tilting angles
(4.4 and 5.7° with respect to the ab plane) of the SMAs of basis
molecules in thin-film phase, one of the basis molecules in the
bulk phase shows a significantly large tilting angle (24.2°).
Under E⊥ excitation, we observed the increased intensity of
peak ν2 from topographically lower to higher locations due to
the increased tilting angles of SMAs. Using such topography
combined polarized Raman spectroscopy method, one can
sensitively identify the polymorphs, the molecule orientations,
and the intermolecular interactions even in one thin pentacene
film.
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