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ABSTRACT: We present a systematic study in investigating
the orientation characteristics of pentacene molecules grown
on graphene substrates using polarized Raman spectroscopy.
The substrate-induced orientation alignment of pentacene can
be well distinguished through the polarized Raman spectra.
Interestingly, we found that the nature of polycrystalline
graphene not only provides efficient route to control molecular
orientation, but also acts as an excellent template allowing
conjugated molecules to stack accordingly. The relative
orientation of the well-aligned pentacene molecules and the
nearby graphene domains exhibits several preferred angles due to atomic interactions. This unique feature is further examined
and verified by single domain graphene. Furthermore, polarized Raman spectroscopy contains abundant information allowing us
to analyze the ordering level of pentacene films with various thicknesses, which provides insightful perspectives of manipulating
molecular orientations with graphene and spatial organization between conjugated systems, in a more quantitative manner.

KEYWORDS: polarized Raman spectroscopy, graphene domain, molecular orientation, pentacene

Understanding and controlling molecular orientation has a
significant impact on various physical properties of the

molecules including their absorption coefficient, charge trans-
port properties, and their corresponding performance in
optoelectronic devices.1,2 Numerous approaches have been
conducted to have better control of the system.3−5 It is
therefore important to develop a practical method to gain
insights regarding the underlying mechanisms for orientation
control and providing a metrics for comparison. Several
techniques have been used for characterizing molecular
orientation such as X-ray diffraction (XRD) crystallography,
Raman spectroscopy, and scanning tunneling microscope
(STM).6 Raman spectroscopy stands out as the most popular
characterization tool for organic materials mainly because it is
easily accessible, nondestructive, time-efficient, and non-
vacuum-operated. Not only do we derive a collective behavior
of atomic and electronic structure from Raman spectra,7−9 but
crystallographic orientation or grain boundaries could also be
obtained10−12 using polarization analysis.13−15 Raman analysis
uses specific vibration frequency of a molecule when light
interacts with the corresponding phonon causing inelastic
scattering. If the vibration mode is directional, it is possible to
define its orientation in conjunction with polarized light, better
known as polarized Raman spectroscopy. As a result, polarized

Raman spectroscopic studies can provide detailed information
on the distribution of crystal orientation with noninvasive and
fast data acquisition.16

In this work, we report on the applications of polarized
Raman spectroscopy in probing the orientation of pentacene
molecules and their interaction with underlying graphene
domains. Due to the interfacial π−π interaction with
conjugated molecules, previous studies17,18 have shown that
graphene and HOPG can be used as template to control
molecular orientation. First, we study the effect of a polarized
incident light on the Raman features of pentacene and how the
changes in its molecular orientation change with its
corresponding Raman spectra. Then, we study the distribution
of pentacene molecules based on their preferred orientations
on graphene layer produced from chemical vapor deposition
(CVD) method. Interestingly, we found the orientation
distribution correlates highly to the crystal domains of CVD
graphene. In order to confirm our important findings, we have
successfully examined the dependence between the molecular
orientation of pentacene and the graphene domain using single
crystal graphene obtained by mechanical exfoliation. Moreover,
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key parameters in resolving the level of anisotropy and isotropy
in relation to the evolution of pentacene orientation with
thickness are also elucidated. Thus, the present study not only
demonstrates polarized Raman spectroscopy to be a facile
method for characterizing pentacene and graphene domains,
but also unravels the unique feature of molecular self-assembly
due to its interaction with graphene. The approach presented
here can be further applied to similar symmetrical systems.

■ RESULTS AND DISCUSSION
Polarized Raman Spectroscopy of Pentacene. The

experimental geometry of polarized micro-Raman measurement
is shown in Figure 1a. Pentacene19,20 is a Raman active
molecule with specific vibration modes (Figure 1b). There are
four main vibration peaks in the range of 1100−1700 cm−1,
which can be attributed to C−H in-plane bending and the C−
C aromatic stretching modes, as shown in the spectra (Figure
1c). The 1158 and 1178 cm−1 are associated with the
displacement of H atoms located at the ends and sides of the
pentacene molecule marked in dotted black boxes. For the C−
C stretching modes, the peaks can be assigned as C−C short
axis (1374 cm−1) and C−C long axis (1598 cm−1) modes. All
of the main vibrational modes are consistent with previous
reports.21,22 It is worth noting that the relative peak intensity of
C−C vibration mode is associated with molecular orientation
with respect to the substrate, which has been used to probe the
in-plane orientation of 6,13-bis(triisopropylsilylethynyl) penta-
cene (TIPS-pentacene) due to pentacene backbones lying on
the substrate.23 A closer examination of 1598 cm−1 for long axis
vibration mode of pentacene molecules on graphene/Cu and
bare Cu substrates is shown in Figure 1c. We can clearly see
that, due to different molecular geometries on different
substrates, the Raman intensity also changes. Because of
stronger π−π interaction24,25 between pentacene and graphene,
the molecules stack in a lying-down configuration26−30 and the
fused rings face the substrate.3,31 Therefore, the peak intensity
of C−C long axis is stronger on graphene/Cu substrate. On the
other hand, the weak peak intensity of C−C long axis of
pentacene on bare Cu substrate indicates that the molecules
arrange in a standing-up configuration. Other reports have
shown that graphene can act as a template for surface-enhanced

Raman scattering of various molecules, however, as mentioned
by Huang et al., pentacene is a molecule with small Raman
cross sections with negligible Raman scattering efficiency on
graphene.32 Thus, the changes we observed in our Raman
intensity comes from the intrinsic scattering of the pentacene
molecule without any substrate enhancement.

Theoretical Background. To have a better understanding
of the above result, let us examine the relation between
polarization and Raman modes. The peak intensity of a Raman
mode (I) is dominated by the crystal orientation (Raman
tensor) and polarization geometry, which can be expressed as33

∝ | · · |I e ei s
2

(1)

where ei and es are the unit polarization vectors of the incident
and scattered light, respectively and defines the Raman
tensor of a specific vibration mode. The variation of Raman
intensity with respect to the in-plane rotation angle θ can be
deduced by using eq 1, where both short axis (Ag) and long axis
(B3g) modes34,35 follow cos2(θ) and sin2(θ), respectively (see
Supporting Information, S1). The relations suggest the Ag
mode reaches its maximum, while B3g mode is in its minimum
at 0°, and the two modes are in 90° out of phase. The C−C
stretching modes of pentacene, therefore, provide a direct
evidence for the molecular orientation and hence, will be the
vibration mode of interest of our analysis.
Based on the discussion above, we can visualize molecular

configurations and polarization dependence shown in Figure 2.
As the light beam propagates vertically to the substrate, the
electric field is polarized in x−y plane at a certain direction. As
shown in Figure 2a, pentacene molecules stand up with their
backbones on the substrate and cover randomly over the
surface. Under this condition, it is expected that both Raman
intensities of C−C short axis and C−C long axis are insensitive
to the in-plane polarization. Notice that the C−C long axis
mode is inactive because of the standing-up orientation. On the
other hand, if pentacene molecules lie down on the substrate
(Figure 2b) and align well in a particular direction, it will
induce the polarization dependence of C−C short axis and C−
C long axis with 90° out of phase as expected from the
geometry. Moreover, the intensities of C−C short and C−C
long axes will vary as cos2(θ) and sin2(θ), respectively. This

Figure 1. Schematic diagram of (a) the experimental setup following a backscattering geometry. The red and green arrows indicate the incident and
scattered light polarizations, respectively. (b) Chemical structure of pentacene molecule. The dashed arrows and boxes illustrate the atoms involved
and the vibrational directions of the molecule. (c) Typical Raman spectra of pentacene film of 50 nm on bare Cu and graphene/Cu. The main peaks
are assigned by the indicated label. The inset in (c) reveals the magnification near the C−C long axis peak.
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result demonstrates that we are able to take advantage of the
angle-dependent spectra to resolve the molecular configuration
of pentacene molecules.
Polarized Raman Spectra of Pentacene on Graphene/

Cu and Bare Cu Substrates. To confirm the above
prediction, we have performed the polarization dependence
of Raman spectra. Figure 3a is a series of Raman spectra of

pentacene film (with a thickness of 50 nm) deposited on
graphene/Cu substrate. Each spectrum was measured under
different polarization angle as labeled in the figure. The main
peaks clearly show high polarization anisotropy. Note that both
C−C short axis and C−C long axis modes (indicated in green
arrows) vary in a periodic way; as expected, they are 90° out of
phase (it is shown to be nearly 90° out of phase, see Supporting
Information, S2). To further understand the actual behavior of
the C−C stretching modes, we extract intensities of the
vibrational modes from the spectra and plot into a polar
pattern. The fitted lines of short axis and long-axis are basically
in accordance with sin2(θ) and cos2(θ), respectively. Our

results suggest that there is a preferred orientation of pentacene
molecules on graphene/Cu substrate. In order to verify
whether the bare Cu substrate or the honeycomb structure of
graphene plays the role as a template for pentacene molecules,
we have also deposited pentacene film on bare Cu substrate
under the same condition as shown in Figure 3b. The main
peaks in the spectra do not display any orientation dependence
as we used different polarization angles. Plotting the data into a
polar pattern reveals a semicircle shape for the C−C short axis
mode and dots around the origin for the C−C long axis mode.
These results not only indicate that the molecules do stand up
in the vertical orientation, but also confirm that the preferred
orientation of pentacene molecules observed in Figure 3a most
likely is a direct consequence of the underlying presence of
graphene on the copper substrate.

Formation of Pentacene Domains. Due to random
nucleation, graphene grown on bare Cu foil by CVD method
are intrinsically polycrystalline.36−39 According to Figure 4,
graphene act as a template layer for the alignment of pentacene
molecules. To have a better understanding of the characteristics
between the underlying polycrystalline graphene and penta-
cene, further investigation in different regions of the sample was
performed. As shown in Figure 4a, after depositing pentacene
film of 50 nm thick on graphene/Cu, three separate regions
(highlighted by the white dashed line) were observed. Polar
patterns of each region are shown in Figure 4b−d. These
patterns arise from the C−C short axis mode of the Raman
spectra of pentacene. We chose the C−C short axis mode to
define the molecular orientation because of its (overall) higher
anisotropy and intensity (the overall difference of short axis
with polarization is more significant as can be shown from
Figure 3). The corresponding orientation of C−C short axis
mode is 162 ± 2°, 149 ± 2°, and 97 ± 0° for regions I, II, and
III, respectively. This suggests that orientations of pentacene
molecules do not have a random distribution, but rather, they
form domains in accordance to the preferred orientation of a
polycrystalline material.

Polarized Raman Spectra of Pentacene on Single
Crystal Graphene.We believe that these domains are strongly
correlated to the nature of the underlying graphene crystal
structure. To demonstrate the idea, we used a single-crystal
graphene as our template material. Exfoliated graphene
provides a single domain graphene with large enough size as
shown in Figure 4e for the purpose of our comparative
measurement. Our hypothesis is that, on single domain
graphene, the deposited pentacene orients similarly at various
points on the single domain graphene. In the white dotted loop,
a monolayer graphene (labeled in 1, 2, and 3) can be identified
with a darker area (labeled in 4) which was incidentally folded
from the other side. After depositing pentacene film under the
same conditions, we have performed similar Raman measure-
ments at regions 1−4 shown in Figure 4f−i. The resulting
orientations of C−C short axis modes are 89 ± 2°, 90 ± 2°, 89
± 2°, and 0 ± 2°, respectively. The configurations of these first
three points share astonishingly similar characteristic features in
their polar patterns. Not only the pentacene molecules show
almost the same orientation, but also similar degree of
anisotropy as well. For comparison, the orientation of
pentacene on region 4 is perpendicular to those on the
monolayer graphene. This result provides evidence that the
nature of the graphene substrate (crystallinity or layer number)
determines the molecular orientation of the pentacene
molecules. Although, the overall preferred orientation of

Figure 2. Schematic sketch of different molecular orientations of (a)
standing-up and (b) lying-down pentacene molecules and their
dependence with the polarization of incident beam, where k and E
vectors indicate the propagation and polarization of electric field
directions. Bottom panels illustrate the corresponding polar patterns,
where the angle is defined in the x−y plane and blue and red curves
represent C−C short and C−C long axes, respectively.

Figure 3. Polarized Raman spectra of pentacene films on (a)
graphene/Cu and (b) bare Cu substrates. Each plot corresponds to
different polarization states of the incident electric field rotated from 0
to 180° in steps of 20°. The polar patterns in lower panels depict the
peak intensity of C−C short and C−C long axes in relation to each
polarization state (indicated in green and black arrows, respectively)
from the upper panels accordingly.
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pentacene in x−y plane is obvious for both poly- and single-
crystal graphene substrate.
Visualization of Pentacene Domains on Graphene

Surface. To have a closer inspection of the interaction
between pentacene and graphene, we map out the orientation
distribution of pentacene by obtaining spectra at different parts
of the sample as shown in Figure 5a. The resulting polar pattern
in each region gives a well-defined angle of preferred
orientation. To investigate the angle-correlation of the
ensemble, we measure the difference of angles between the
neighboring areas, defined as the misorientation. For example,
there is a preferred orientation of 30 degree marked as (i) and
another of 90 deg labeled as (ii) in Figure 5b, the
misorientation between these two areas is 60° and so on.
The overall result is compiled in Figure 5c. It shows two peaks
around 15° and 30°. Coincidentally, the generalized grain
boundaries of graphene reported in literature have also been
shown to exhibit misorientation of 16° and 29°, which is in
good agreement with our observation.40,41 An et al. discovered
the predominant misorientation angles using transmission

electron microscopic studies. Although, the origins of such
misorientation angles were not yet clarified, they have pointed
out that it may have conformed to the “coincident site lattices”
(CSL) typically found in grain boundaries of polycrystalline
materials. CSL values are used to indicate the stability of the
grain boundary and related to the growth process of a crystal.
Theoretically and experimentally, CSL values of graphite had
been previously reported. Specifically, two CSL values at 19 and
13, have been confirmed to be present in the study of
graphite.42,43 The predominant misorientation angles of 15°
and 30° observed in our samples can be correlated to the CSL.
Interestingly, by simply probing the pentacene molecules
present on top of our CVD graphene using polarized Raman
spectroscopy, we have obtained crystallographic information on
the latter material with similar information obtained from
techniques such as TEM44,45 and STM.39,41 Therefore, it is
clear that the polycrystalline graphene is a dominant factor in
resulting discrete misorientation of pentacene domains.

Evolution of Pentacene Thin Films on Graphene/Cu.
To understand the structural evolution of pentacene films

Figure 4. (a) Optical image of a pentacene film deposited on graphene/Cu substrate. The scale bar is 100 μm. There are three regions marked in I,
II, and III bounded with white dashed line. The corresponding polar patterns of regions I, II, and III are shown in (b), (c), and (d). (e) Optical
micrograph of an exfoliated graphene on SiO2 shown in the white dotted loop. The scale bar is 20 μm. Raman polar plots obtained in regions
numbered as 1, 2, 3, and 4 in (e) after depositing pentacene films are shown in (f), (g), (h), and (i), respectively. The solid blue curves are obtained
from fitting the data of the C−C short axis mode.

Figure 5. (a) Photographic image of a pentacene thin film deposited on graphene/Cu. The yellow rectangle encloses the area of Raman study, which
is further divided by white lines into an overall of 24 mapping areas. Raman polar plots are obtained from each individual mapping area and
compared between neighboring areas. (b) Definition of angles between two preferred orientations. The green curve is oriented about 30° (indicated
with dashed red line in (i)) and the blue is 90° (shown in (ii)). The difference between angle (i) and (ii) is highlighted with a solid red curve. (c)
Statistics of misorientaion between the neighboring areas in (a).
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grown on graphene/Cu, a comprehensive study of polarized

Raman spectra has been conducted for various thicknesses of

pentacene. The overall behavior of polarized Raman spectra of

pentacene follows a sinusoidal function as mentioned above. As

shown in Figure 6a, all Raman spectra can be fitted by the
following empirical expression,

θ +A y( sin )2
0 (2)

With larger A, the variation between maxima and minima
becomes larger as shown in red and green curves, whereas y0
serves as an upshift background signal arising from the random
distribution of pentacene molecules. The corresponding polar
patterns of the Raman spectra were plotted in Figure 6b. The
significance of the parameters A and y0 becomes more apparent
in the polar patterns. Larger A appears to intensify the 8-shape
structure, while larger y0 opens the neck on the 8-shape and
becomes eclipse-like. The distinct features of the shapes in
Figure 6b happen to coincide with our measurements for
different thicknesses. As observed from type I in Figure 6c and
type II in Figure 6d, the distribution of each pattern has its own
characteristic. In type I, A−y0 relation increases with film
thickness. In contrast, the A−y0 relation in type II does not
follow the same trend. Instead, they localize at similar level of A
and y0.
Based on these observations, we propose the structural

evolution of the pentacene films in accordance with the polar

patterns of Figure 6c,d. First, for a few layers of pentacene
around 10−25 nm, the quantity of pentacene molecules is not
high such that the orientation of most pentacene molecules is
locked by the underlying substrate. Therefore, the Raman
spectra show a strong anisotropic behavior and 8-shaped-like
signals are observed. As the film grows to around 50 nm, the
pentacene quantity is getting larger and the neck of the 8-
shaped becomes obvious so as the signals of A and y0. However,
both A and y0 cannot grow infinitely, instead they decrease and
become saturated. Change of orientation (e.g., standing-up
orientation) and the finite absorption depth may contribute to
the saturation of the signals. The evolution of the thin film
growth is illustrated in the lower panel of Figure 6c and d. In
the first stage, a small amount of few molecules is well aligned,
and then more molecules line up in the same fashion, while
some molecules at different directions also stack together. The
appearance of the other directions in x−y plane strengthens y0
and weakens A. Therefore, the role of A can serve as an
indicator of the level of anisotropy and y0 can be attributed to
the degree of isotropy. The A−y0 plot thus provides a clear view
of the degree of anisotropy and also builds up a way to
distinguish the evolution of different stacking modes at
molecular level.

■ CONCLUSIONS

In summary, we have demonstrated that polarized Raman
spectroscopy can be an effective way to determine the local
orientation of pentacene film. This technique allows us to
probe the relationship between the orientation of pentacene
molecules and the substrate. It is found that, pentacene
molecules are arranged in lying-down and standing-up
configurations when deposited on CVD graphene on Cu and
bare Cu foil, respectively. Moreover, the orientations of the
lying-down pentacene molecules on CVD graphene form
domains similar to the underlying polycrystalline graphene
structure; in contrast, single-orientation pentacene film is
observed on single crystal graphene. Also, the misorientation of
graphene and pentacene domains shows obvious consistency.
Our observation suggests that the orientation alignment of
pentacene molecules is induced by the crystalline structure of
graphene. It is found that the orientation of the domains of
CVD graphene does not distribute randomly. Instead, the
relative orientation of the nearby domain does exhibit preferred
angles due to atomic interactions. Furthermore, we develop an
A−y0 plot, which can be use as an index in determining the
degree of anisotropy for molecular packing. These results not
only provide excellent route in terms of characterizing the
domains of CVD graphene, which remains as a great challenge
to overcome using existing techniques, but also a quantitative
method that can be applicable to many other similar systems. In
addition, the self-assembled behavior influenced by the
underlying graphene could possibly enhance long-range
aromatic molecular ordering, paving the way for novel device
design.

■ METHODS

Materials and Fabrication. CVD was used for the growth
of graphene. A polycrystalline Cu foil (purchased from Nilaco
Inc.) was placed in a furnace and heated to 950 °C. H2 was then
passed into the quartz tube for 30 min prior to the introduction
of CH4. After the growth, CH4 was switched off and the system

Figure 6. (a) Angle dependence of fitted curves with various
combinations of A and y0 values for pentacene films with different
thicknesses. (b) Corresponding polar patterns of (i), (ii), (iii), and (iv)
in (a). (c, d) Distribution of A and y0 after fitting the experimental data
of pentacene thin films at various thickness. The schematic below
illustrates the main transition of polar pattern of each type and relative
orientation of molecules viewed from the z-axis.
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was cooled in H2 or Ar flow. The entire processes were
operated at ∼500 mTorr during the growth stage.
Single domain graphene was fabricated by mechanical

exfoliation of graphene flakes onto the oxidized silicon wafer.
All pentacene (Aldrich, purity > 99%) films were deposited

around 5 × 10−6 Torr from a glass crucible of a resistively
heated cell at typical deposition rate of 0.2−0.4 Å/s, as
determined by a quartz crystal balance.
Raman Measurements. Micro-Raman spectra were

obtained using Horiba Jobin Yvon UV800 Raman spectrometer
(resolution ∼ 1 cm−1) under the excitation of a laser with
wavelength of 633 nm. The incident power was kept below 0.5
mW to avoid laser-induced heating. The laser spot is around 1
μm2. The polarization of the incident beam is controlled by a
half-wave plate taken at 20° rotation intervals. (Figures 5 and 6
were measured to 180°. To make the graph clearer, we use
symmetrical characteristics for extension to 360°.) The
polarization direction of the analyzer for the scattered light is
fixed such that the angle-dependent effect on grating could be
minimized.
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