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Raman spectroscopy as a probe of molecular
order, orientation, and stacking of fluorinated
copper-phthalocyanine (F;6CuPc) thin films

F. Cerdeira,®® M. Garriga,® M. I. Alonso,?* J. O. Ossé,° F. Schreiber,®
H. Dosch® and M. Cardona’

We report Raman scattering measurements on azimuthally ordered thin films of F,sCuPc, prepared by organic molecular beam
deposition on A-plane sapphire substrates. The observed peak frequencies have been compared both to the results of a model
calculation for the vibrational modes of the free molecule and to those reported by other authors in related materials. This analysis
provides a plausible identification of the modes responsible for the strongest spectral features. Detailed evaluation of the spectra
reveals that some observed modes, which correspond to vibrations of the macrocycle inner ring, largely retain the intramolecular
character and their polarisation properties can be used to study the orientation and stacking configuration of the molecules. We
provide structural parameters deduced either in molecular or crystal symmetry considering the simpler possibilities, i.e. a single
column molecular stacking and a herringbone-like structure. The results suggest that the thicker and most ordered film is
structurally close to the recently reported crystal organisation of bulk ribbon samples of this compound. The crystalline quality
of the ordered films is mainly reflected in some other Raman peaks which are related to the motion of peripheral atoms and
dominate the high wavenumber part of the spectra. These modes are affected by intermolecular interactions inducing Davydov
splittings that are unequivocally identified by the observed Raman selection rules. The performed analysis also provides quanti-
tative estimates of the degree of in-plane ordering. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

The growth of thin films and multi-layer structures of organic semi-
conducting materials has shown great progress recently, mainly
because of their interesting optoelectronic properties and the
possibility to be used in certain types of applications." In particu-
lar, high quality samples are now being produced by organic
molecular beam deposition (OMBD).I"*! Especially attractive are
metallophthalocyanines (X;sMPc), where the combined action of
end atoms (or groups of atoms), X, and the metal atom, M, deter-
mines the gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied one (LUMO), through hybridi-
sation of the metal d-orbitals with the m-orbitals of the organic
core.® This opens the possibility of changing the electronic proper-
ties with limited structural disturbances, thus making these materi-
als good candidates for the eventual fabrication of multi-layer
structures with a modulated energy gap and tailored conduction
properties."”® Specifically, F1sCuPc has attracted strong interest
as a candidate for air-stable n-conduction.!” Raman scattering
allows for an investigation of fundamental issues affecting the
optoelectronic and charge transport properties: On the one hand,
film nanostructure issues such as ordering and molecular packing,
and on the other, experimental vibrational properties which are im-
portant to refine theories where precise knowledge of vibration
frequencies and atomic displacements are needed to model charge
transport at molecular level.'%'2

The crystalline structures of these F;sCuPc films are not precisely
known. Like most metallophthalocyanines with not too big central

ion, the free F;sCuPc (C3,5F16NgCu) molecule depicted in Fig. 1(a)
is planar and has D, symmetry. This kind of molecules usually crys-
tallise in various polymorphic forms of similar structures that consist
of molecular columns with a herringbone-type arrangement
between the columns. For example, for the homologous molecule
H16C32NgCu (hydrogenated CuPc) up to 10 polymorphs have been
reported”! although the most stable bulk phase is the f-CuPc.'
This is a monoclinic crystal structure (space group C3,) with two
molecules per primitive cell (PC) which are equivalent with respect
to a reflection plane perpendicular to the b-axis. These molecules
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Figure 1. (a) Chemical structure of F;4CuPc, X and Y identify the axes set used for the Raman tensors and intensity calculations. (b) Type | and (c) Type II
stacking of molecules in a F;sCuPc thin film on a sapphire substrate. x'y’Z are the laboratory axes, X'Y'Z' define the substrate orientation and XYZ
describe either the molecular (b) or the monoclinic crystal (c) orientation. Also shown are the angles used in Eqn (6) and Table 2.

define a herringbone with an apical angle ¢ as displayed in Fig. 1(c),
and the monoclinic b-axis lies in the direction of the bisectrix of the
two molecular plane normals. Many of the polymorphs just differ in
the value of this angle which for the -CuPc is around 90°. Other
common phases are the y-CuPc where § ~ 120° and the metastable
phase o-CuPc which can be found in thin films!"*! is also monoclinic
and consists of stacked molecules with a tilt angle of about 25°
from the b-axis but not forming a herringbone. Such a case with
molecules stacked along the b-axis is represented in Fig. 1(b). Some
structural phases of fluorinated CuPc have been reported. In
ribbons of F;sCuPc, a structure with somewhat different lattice
parameters but similar to S-CuPc was proposed.™ Recently,
another bulk structure was refined and reported to be triclinic,['®
however with two crystallographically independent molecules per
PC forming a herringbone with 6=146°. In thin films with thick-
nesses beyond two monolayers, a monoclinic structure similar to
B-CuPct'”! was proposed and the herringbone angle estimated to
be § ~90°. Below two monolayers, the structure was more similar
to single molecular stacking like in the o-CuPc phase.'”’ Based on
the available X-ray and spectroscopic investigations, the structural
phases of the present ordered films!'®2?? are consistent with a
monoclinic structure with G, point group symmetry. Although
the question of solid-state packing in the ordered films cannot be
solved with one single technique, Raman scattering gives some

interesting insights into the problem. Another question is whether
there is more than one molecule per PC. In such case, the internal
vibrations of the symmetry equivalent molecules may couple
giving rise to a correlation field effect or Davydov splitting of the
modes. As will be explained below, this effect can be detected by
analysis of the Raman polarisation of the modes, which is easier
using oriented single crystal samples. In a few single crystals of
related materials, the presence of Davydov doublets of some inter-
nal modes was previously identified: In sexithiophene (6T) by
applying high hydrostatic pressure!®>?*! and in the perylene deriv-
ative PTCDA using the Raman polarisation dependence!? The
effect was also detected in not quite ordered films of pentacene®®
by depolarisation variations in the spectra.

The vibrational spectra of phthalocyanines have been investi-
gated in many previous works, see for example Refs. 27-33.
Basova et al.®*¥ reported recently a complete experimental study
including data on a single crystal of -CuPc and assigned most
observed Raman and infrared modes based on the molecular
Dy symmetry. Unequivocal assignments of the Raman spectrum
of the material were facilitated by having oriented single crystals
and a reliable calculation of the vibrational spectrum. No
Davydov splittings due to influence of the crystalline environ-
ment were detected in their experiments. Incidentally, these
authors®* discussed contradictory assignments found in former
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literature of Raman spectra of metallophthalocyanines; therefore,
we refer to their work for discussion of earlier literature. In films of
the fluorinated compound F;¢CuPc, a recent paper'" reported
Raman spectra and discussed them likewise based on the molec-
ular Dy, symmetry. The authors looked for hints to Davydov
doublets by measuring the depolarisation ratio of the Raman
spectra, but contrary to the case of pentacene®®, they did not
detect any depolarisation variations in the spectra of
azimuthally unordered F;sCuPc.

In this work, we study F;¢CuPc films grown on A-plane (1120)
sapphire substrates under different growth conditions. We con-
centrate on films showing evidence of both in- and out-of-plane
order. In this orientation, the sapphire c-axis lies on the substrate
surface; preliminary optical experiments, namely Raman scattering
and spectroscopic ellipsometry,'®' together with non-contact
atomic force microscopy and X-ray diffraction experiments®”
revealed that in-plane order is induced by the regular step pattern
on the surface of the substrate.”>?" In what follows, we discuss in
detail the characterisation of several F;sCuPc films by Raman scat-
tering. With plausible assignments of the symmetry of some
features in the Raman spectra, aided by a model calculation of
the azimuthal dependence of the Raman intensity of molecular
vibrational modes, it is possible to obtain quantitative values for
parameters such as the angles between the plane of the molecule
and that of the film and between two symmetry-equivalent mole-
cules, as well as the orientation of the molecular and/or crystalline
symmetry axis relative to the optical c-axis of the substrate. We
analyse the spectra both using the molecular D, as well as the
crystalline Gy, symmetry and discuss detected Davydov splitted
components in some modes. In absence of data from single
crystalline material of the compound, the data on the best ordered
films provide an improved reference for the Raman spectrum of
F16CuPc crystals.

Experiments and methods

All investigated films were deposited under ultra high vacuum
conditions by OMBD. The F;sCuPc powder was purchased from
Aldrich Chemical Co. and purified twice by gradient sublimation
prior to evaporation from a custom-built Knudsen cell. A quartz
crystal device placed close to the substrate monitored film thick-
ness and deposition rates. Films of different thicknesses were
deposited at substrate temperatures (Ty,,) varying between
— 150 °C and 250 °C. Details of sample preparation and structural
studies are gathered in Ref. 22. As a consequence of a 0.57
degrees miscut, annealed sapphire A-plane substrates consist of
a stepped surface with terrace widths of approximately 130 nm
and 1.8 nm step heights with step edges being oriented almost
perpendicular to the sapphire c-axis. Ordered F;sCuPc films
studied here display an in-plane anisotropy which has been
related to the stepped substrate surface.?>2"" A list of samples
used in our Raman experiments is given in Table 1.

Raman measurements were made at room temperature using
a power density ~1.5x 10* W/cm? (~0.15 mW/um?) of the
5145nm line of an argon-ion laser as exciting radiation.
Scattered light was analysed with a Jobin Yvon T-4000 XY triple
spectrometer equipped with a multichannel charge-coupled
device detector. An optical microscope with a x50 objective
was used to focus the laser beam on the sample and collect the
scattered light. The laser light spot on the sample was between

1 and 2 pm in diameter. The spectral resolution was ~2 cm™ .

Table 1. Relevant structural parameters of the samples, grown on
annealed A-plane sapphire substrates, used in our experiment. The
last column lists the order parameter obtained via Eqn (9), using the
733 cm™ ! line of the Raman spectrum of each sample

Designation Substrate temperature  Thickness Order parameter
°Q) (nm) v

S1 49 20 0.90 £ 0.04

S2 230 5 03+0.2

S3 230 12 0.93+0.03

S4 230 20 0.96 +0.02

S5 230 50 1.00 £0.01

All measurements were performed in the backscattering configu-
ration and in the 150 to 1600 cm™ ' wavenumber interval. Spec-
tra with parallel (P) and crossed (C) polarisations were recorded.
These are designated, respectively, by: Z (x',x )z and Z (x,y')Z,
where 7 is the laboratory axis perpendicular to the film surface
(the x'y'-plane). The scattered intensity depends on the orienta-
tion of these laboratory axes to the principal symmetry axes of ei-
ther the molecule or the crystal, which are designated by X, Y, and
Z, with Z parallel to the C, symmetry axis of the F;4CuPc molecule
or to the G, axis of the corresponding monoclinic crystal. Our
choice of X and Y axes in the plane of the molecule, among the
two possibilities for a tetragonal molecule, is indicated in Fig. 1
(a). Similarly, the relative orientation of the sapphire substrate will
be given by the coordinate system axes X', Y, and Z/, where the
crystallographic sapphire c-axis coincides with Y and Z' is perpen-
dicular to the substrate surface. This gives the X'-axis parallel to
film surface. In all experiments, the incident polarisation was kept
constant along the x" axis. For measurements of the angular de-
pendence of the intensity of the Raman peaks, the sample was
mounted on a goniometer, which was manually rotated in differ-
ent angular increments (mostly of 5° or 10°), around the Z axis.
Care was taken in centring the sample so that upon rotation, the
beam remained within a narrow region around the initial spot.
We estimate that all our angular measurements were performed
within a circle with a diameter not larger than ten times the size
of the laser spot (i.e. about 15 pm). For these experiments, the ro-
tation angle, f, is defined as that between the laboratory x'-axis
and the X'-axis of the sapphire A-plane substrates. The value of
B is determined by monitoring the intensity of the A, peak of sap-
phire, located at 644 cm™ ", in both parallel and crossed polarisa-
tions. Because this is an A, vibration with only Z’Z' component (a,
0),2 its intensity depends on f§ through:

l(x’,x’) = blsinp, l(x’,y’) = bZ?sinZZ[)’, (1

where b; is an amplitude parameter, obtained in arbitrary units
by fitting the Raman intensity of this peak versus § with Eqn (1).
This expression was tested by measuring the Raman spectrum
of a bare substrate and found to describe the observed angular
dependence of intensities to within a 1% accuracy. These spectra
were also used to identify and subtract from the spectra of the
samples those peaks originated at the substrate. The orientation
of the molecules (or crystallites where applicable) on the
substrate is defined by two angles: o, the angle between the Z
and Z axes, and f,, the angle between the X and X axes
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(assumed to be on the xy’-plane). In Fig. 1, we represent the
chemical structure of the material under study and illustrate the
definition of angles o and f,. The latter accounts for small align-
ment differences of the X and X’ axes which were also observed
by ellipsometry.' The angles « and f are actually Eulerian
angles which describe the relationship between laboratory axes
and symmetry axes in each case. We use active rotations and
the notation f, «, and 7 for the first, second, and third rotations,
respectively.

Assignment of the observed modes was done by comparison
to the closest references of CuPc single crystal®* and F;¢CuPc
films on SiO,!"" and also taking into account the results of a
model calculation for the normal modes of the free molecule.
We used the B3LYP/6-31G approximation in Gaussian98.5¢
Approximate atom coordinates were obtained from existing crys-
tal structure data”"**”! and optimised within Gaussian98 before
calculating the normal modes. This calculation serves as an auxil-
iary tool to assign the modes paying special attention to the
normal mode atomic displacements and the mode symmetries,
and less to the exact frequencies. The correspondence between
calculated and experimental Raman frequencies is detailed
below. No scaling factor was applied to the calculations. A linear
best fit of the corresponding frequencies gives a zero intercept
and an almost unity scaling factor: g =(0.998 % 0.003)wypr-
This average agreement results from both positive and negative
deviations mcqic — Wexprr the largest being found at the highest
frequencies, above 1400 cm™ .

Symmetry considerations

The free F,¢CuPc (C3,F;6NgCu) molecule is planar and contains 57
atoms.?”??! The central Cu atom site has the full molecular D,
symmetry, whereas the other atomic site symmetries are
subgroups of it as follows: 57 = 1Cu(Dyp) +4N41(Cy,) +4N,(Cy,) + 4
x 8C(C,) + 2 x 8F(Cy). The isolated molecule has 3 x 57 —6=165
normal modes of vibration (intramolecular vibrations) which are
distributed among the representations of the Dy, point group

according to:1?73?

F(vib) = 14 Aig+ 13 Ay + 14 Big+ 14 Byy +13 E5 (2)
+6 Ay +8 Ay +7 By +7 By +28 Ey

of which only the in-plane Ay, By4, By and out-of-plane E,
modes are Raman active. Note that E representations are bidi-
mensional, i.e. give rise to doubly degenerated vibration modes.
The relationship between site symmetries and vibration modes
of Eqn (2) is detailed as Supporting Information in Table S1. The

Raman tensors of the active modes have the form:?

a 0 O 6w 0 O 0 d, O
A1g.’ 0 a O 7B1g.' 0 —¢ O 7829-' do 0 0
0 0 b, 0 0 O 0 0 O
0 0 O 0 0 e
Eg: {0 O e |, and 0 0 O
0 e O e, 0 O

3)

These tensors are referred to the principal molecular axes X, Y,
and Z already defined.

Since we are concerned with crystalline films, it is necessary to
correlate the molecular point group to the site group and factor

group to obtain the selection rules in the crystalline molecular
structures.*® The two common forms of molecular stacking
which are possible in the ordered films are represented in Fig. 1.
In one of them, (similar to «-CuPc or type | stacking), molecules
are stacked parallel to one another [Fig. 1(b)]. The alternative
(type Il stacking) is the formation of crystallites with a herringbone
molecular stacking involving two molecules per PC [Fig. 1(c)].
Regardless of the exact stacking, the factor group of the crystal is
expected to be monoclinic and centrosymmetric, that is, C5p,. The
number of internal modes will be a multiple of 165. Compared to
the intramolecular modes, these internal modes can be affected
by two types of changes. First, the frequency of a given mode
may be shifted from the free molecule value while the reduced
symmetry of the crystalline arrangement may give rise to splittings
in degenerate molecular modes (E,). The corresponding Raman
selection rules become those given by the Raman tensors of
the point group of the crystal (Cy), rather than those of the
free molecule (D). The second effect is the Davydov splitting of
non-degenerate molecular modes into multiplets if there is
more than one molecule per PC. In the present case of two
molecules per PC, the number of internal modes is 330. In addition,
there are nine external modes originating in rigid vibrations
or rotations of the molecules within a PC. The modes are
distributed among the irreducible representations of the factor
group according to:283"

I(external) = 3A; + 3B, + 2A, + B,

I(internal) = 81A, + 81B, + 84A, + 848, @)

The mode distributions are obtained considering the molecular
site symmetry which is C. For the internal modes, the result of
the correlation method®® is given as Supporting Information in Ta-
ble S2. The symmetries of the external modes considering two
molecules at C; sites are detailed in Table S3. The Raman active
Ag and B, modes have Raman tensors of the general form:

a d 0 0 0 e
Ag:|d b 0], Bg:{ 0 0 f|. (5)
0 0 ¢ e f O

In the above expressions, a set of axes (X, Y, and 2) is chosen such
that the crystallographic one (G, or b-axis) is along the Z direction
and the XY-plane is perpendicular to it.

From all the vibration modes, the external ones are clearly
characteristic of the crystalline lattice and can be used as a finger-
print of the crystal structure.***"! Because the intermolecular
forces are usually much weaker than the covalent intramolecular
ones and the involved masses are larger, these lattice modes
normally appear at the low wavenumber region of 10-150 cm™ ' *")
With our experimental conditions, we were limited to the range
above 150 cm™ ', and hence we discuss spectral features which will
correspond to internal molecular vibrations. Also, due to the
relatively weak intermolecular interaction, in molecular crystals,
internal vibrations differ little from the intramolecular modes,
and their selection rules can be considered to obey Eqn (3) if
we take into account the ‘fixed’ orientation of the molecules in
the crystal in a similar way as the oriented gas model.**4? |n this
way, the internal modes give information about the orientation
of the molecules in relation to the laboratory axes. If we analyse
the selection rules using Eqn (5), the angular dependence of the
Raman intensities will be determined by the orientation of
the crystal axes with respect to the laboratory ones. In both
cases, we can relate the angular variation of the Raman
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intensities to structural parameters. Specifically, for an ordered
film, the angular variation of the Raman intensities depend on
the angle () between the Z and Z-axes and that between the
X and x’ ones, assuming that the X-axis is contained in the plane
of the film. The latter can be easily measured in relation to the
direction of the c-axis of the sapphire substrate. Hence, for a
given orientation of the sample, measured through the previ-
ously defined angle f, the Raman intensities depend on the
angles o and fo. Here, fiy is the angle between the X-axis of the
molecule or crystallite and that of the substrate or, equivalently,
between the projection of the symmetry axis of the molecule or
crystallite on the plane of the film and the c-axis of the sapphire
substrate. The equations describing the way in which the inten-
sity of modes of different symmetry (molecular or crystalline) de-
pend on these angles are collected in Table 2.

Results and discussion

Raman spectroscopy as a tool can be efficiently used to explore
the structure of not perfectly ordered crystalline materials. Qual-
itative differences in the Raman spectra of different films of the
same compound can be related to structural diversity. In general,
crystalline order (or the lack of it) is evidenced by the variations
observed when the sample is rotated around the Z-axis. This
feature is illustrated in Fig. 2, where spectra for two films of differ-
ent thickness grown at the same substrate temperature (230 °C)
are compared for both C and P configurations for three different
values of the azimuthal angle /5. For a given sample orientation,
there are large differences between spectra taken with C and P
configurations, that is, the depolarisation ratio is not the same
for all modes. However, for a given polarisation, only the thicker
film shows dramatic changes in the intensities of the Raman
peaks as the azimuthal angle f varies. This is because strong

in-plane order is only present in the thicker of the two films.
We shall pursue this question quantitatively later.

Films deposited at lower substrate temperature also show evi-
dence of order. However, we notice that some qualitative
changes in the Raman spectra are observed among samples
grown at different temperatures. This is shown as Supporting In-
formation in Fig. S1, where the upper part (a) displays spectra of
films of roughly equal thicknesses, but grown at different sub-
strate temperature: 230 °C (bottom curve) and 49 °C (top curve),
respectively. The bottom part [Fig. S1(b)] compares the spectra
of samples of different thickness grown at the same substrate
temperature (230 °C). All samples in Fig. S1 were oriented so that
their azimuthal angle, f3, is approximately zero. Important qualita-
tive differences are found only between the spectra of samples
grown at different substrate temperatures, while those of sam-
ples grown at the same temperature are very similar. Sample
S1, grown at the lower temperature (49°C), shows additional
peaks in the low wavenumber range (w <1250 cm™ ') as well as
broader peaks in the high wavenumber range. Table S4 (Support-
ing Information) lists peak positions and intensities in all spectra
of representative samples, normalised taking as reference a
strong peak which appears at ~ 733 cm™ ' in all spectra. The
specific differences involved in the crystal structures of samples
grown at different temperatures, as inferred from the Raman
spectra, shall be discussed in the context of the angular depen-
dence of Raman intensities. Generally, both structural and optical
studies seem to indicate that the deposition temperature affects
the internal crystal structure of the crystallites composing the
film, whereas film thickness mainly, but not exclusively, affects
the in-plane ordering of these crystallites. For a quantitative
discussion of these aspects, we must consider the expected
polarisation dependence of the Raman spectra as well as the
assignments of the observed peaks. In the following, we describe
these two parts of the problem.

Table 2. Angular dependence of Raman intensities. Here x'y’Z are laboratory axes (Flg 1), with Z normal to the plane of the film and X’ parallel to
the polarisation of the incoming laser light. P- and C-configurations are, respectively z (x X )z and z (x y )z Axes XYZ are the axes of the molecule
(crystal) defined in Fig. 1 with Z along the C, (C,) symmetry axis. Angles o and ¢ = — f3, are, respectively, those between Z and Z and x’ and X. We
assume that X is contained in the plane of the film (x'y’)
(@) Monoclinic crystal
Mode 1X'x') Ix'y")
2 - 2 2
Ag (Acos“¢ + B — Dsin2¢) <%‘sin2(/) i DcosZ</>>
B, 4E%sin’¢psin’ F*sin’a
A=a-B
B=bcos’u + csin®u
D =dcosa
E=ecos¢ — fcosasing
F=ecos2¢ — fcosasin2¢p
(b) Molecular modes
Mode I(X'x) Ix'y')
Avg (Acos®¢ + B)? %sin22¢>
Big (Ccos?p — cocos?)? %2 sin22¢
Bag d2cos?asin?2¢ d2cos?acos?2¢
E, 4elsin®asin®g (sinocos?¢ + cos’a) edsina (sin*0cos?2¢ + cos®a)
A=(ag — bo)sin’o.
B =a,cos°o + bosina
C=co (1+cos%a)
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Figure 2. Comparison between the spectra of two samples of different
thickness grown at 230 °C. This comparison is made for three different
in-plane angular orientations (f~ 0, 45, and 90deg, respectively) and
both in P and C polarisations. Both samples contain modes with different
depolarisation ratios, but only the spectra of the thicker film show varia-
tions depending on the azimuthal rotation around the surface normal.
The latter are indicative of in-plane order. The peaks labeled S are due
to the substrate.

Mode assignment and Davydov splittings

In order to derive structural parameters from the measured
angular dependence of Raman intensities, a crucial question is
whether the spectral feature being studied retains its intramolec-
ular character or not. Different vibration modes can differ in their
degree of localisation and probe several length scales in the
crystal. Rather unperturbed modes are more likely to give rise
to isolated peaks in the Raman spectrum, exhibiting either weak
or no internal structure (for example, they are not part of a
Davydov doublet). Hence, the presence or absence of Davydov
splittings should be a good test to distinguish between modes
that are affected by the intermolecular interactions and modes
that remain essentially unaffected.

In Table S4 (Supporting Information), we list the experimental
wavenumbers in ;-CuPc and their symmetry assignments from
Basova et al.>¥ and the same information for F,sCuPc both from
Wu et all™ and from our experiments. For comparison, we
provide calculated frequencies of molecular modes and brief
descriptions of the main atomic displacements involved in A;q
modes, which are characteristic of the different spectral ranges.
We also provide relative intensities of the Raman peaks observed

for our samples. The correspondences established in Table S4 try
to match both similar frequencies and mode symmetries among
the different works. There is good agreement between the
F,6CuPc frequencies except for a few cases and also fair parallel-
ism with the p-CuPc case, although in general peaks appear
shifted versus the nonfluorinated parent compound, in some
cases by as much as ~ 50 cm™ ', as is the case for the A4 peak
at 733 cm™ ! which is one of the strongest features. All calculated
A;4 molecular modes can be related to observed features in the
Raman spectra, although often two experimental peaks must be
assigned to the same molecular vibration. This is another differ-
ence with respect to the cited literature, namely, the observation
of a wealth of additional peaks. We interpret this fact as a sign of
Davydov doublets and the corresponding structures are high-
lighted by shading in Table S4. The clearest examples of these
splittings are found in the phonon wavenumber regions between
900 cm ™ 'and 980 cm™ " and between 1300 cm™ ' and 1340 cm ™,
displayed in Fig. 3. An experimental observation is that the spectral
region above 900 cm ™' shows closely spaced structures which are
good candidates for assignment to Davydov doublets, whereas the
region below 900 cm™ ' is composed mainly of narrow, isolated
structures that appear at the same wavenumber in all samples,
regardless of growth conditions. The calculated normal mode
amplitudes corresponding to different strong spectral features are
shown in Fig. S2 (Supporting Information), together with our
assignment to singlets and doublets. Comparing both types of
structures, it is apparent that the former involve distortions of the
internal macrocycle whereas the latter predominantly contain
motions of the more peripheral atoms.

6 T T T T
(a) (II|) Davydov multiplets

S5

Raman Intensity / Arbitrary Units

1310 1320 1330

0
1300 1340

Wavenumber / cm’™
Figure 3. Groups of peaks in spectral regions where samples grown at

different temperatures display not coincident spectra. Possible Davydov
doublets are indicated in this example for samples S1 and S5.

wileyonlinelibrary.com/journal/jrs

Copyright © 2013 John Wiley & Sons, Ltd.

J. Raman Spectrosc. 2013, 44, 597-607



Raman spectroscopy on F;¢CuPc thin films

Journal of

RAMAN
SPECTROSCOPY

The above discussion assigns most strong spectral features to
molecular vibrations of A;; symmetry. We also see some other
in-plane modes such as B4 and B4 and no out-of-plane £ modes,
which are expected to be very weak since E modes mainly
involve bond bendings. As in CuPc®¥, it is also possible that
some peaks are due to A, silent modes whose Raman intensity
may be activated by distortion of the molecule from the planar
configuration. The predominant observation of totally symmetric
A;g modes is common in the literature, especially if the Raman
experiment is resonantly excited. As an example, see the works
on PTCDA™ and DIP,*#* where all the spectral features are
derived from A; molecular modes. This is attributed to the prox-
imity between the laser lines used and the HOMO-LUMO optical
transitions which produce symmetric charge displacements and
only couple to fully symmetric vibrations. Basova et al.** used
mainly non resonant excitations with laser lines at 488 nm
(2.54€eV) and 532nm (2.33eV). In our measurements with the
514nm line (2.41eV), we are in similar conditions. In contrast,
Wu et all'" used resonant excitation with the 633nm laser
(1.96 eV) to enhance their signals which using 532 nm excitation
were rather weak. In fact, some A4 lines were shown to have
the largest resonant enhancements, but in general, the same
lines could be observed irrespective of the excitation wavelength.

Figure 3 shows the most likely candidates for assignment to
Davydov doublets in the Raman spectra of samples S1 and S5.
In the wavenumber region around 930 cm™ ', both spectra show
distinct, strong structures centered at frequencies of 931 cm™!
(S1) and 966 cm ™' (S5), respectively. The 966 cm™ ' band in the
lower curve is clearly split into a doublet, with Aw~4.5 cm™ ',
whereas the 931 cm™ ' band of the upper spectrum is asymmet-
ric towards higher energy, pointing to a barely resolved doublet.
However, the angular behaviour of the intensities of these doub-
lets cannot be measured accurately in order to establish their A,
— By character unequivocally. Hence, it is difficult to assert that
this is really an example of Davydov doublets. Another possible
splitting is found at higher frequencies in the spectrum of sample
S5 (Fig. 3). Here, the angular dependence of the intensities of two
members of this multiplet (arrows) can be measured and is
consistent with the A; — By symmetry of a Davydov doublet. This
shall be discussed in more detail in the following section.

Angular dependence of the Raman intensities

In samples showing a high degree of order, the intensities of all
strong spectral lines in the parallel polarisation configuration
follow a periodicity of 180 degrees as a function of f5. Peak inten-
sities are highest when the incoming light is polarised perpendic-
ular to the sapphire c-axis (f~0 deg) and lowest when it is
parallel (f = 90°) [Fig. 2(b)]. For crossed polarisations, a distinction
must be made between the relatively isolated structures at
frequencies below 900 cm™' and the doublets above this
wavenumber. For the former, the periodicity is 90°, with maxi-
mum intensities for f approximately equal to 45 degrees in
well-ordered samples [see Fig. 2(d)]. Some of the components
of the higher wavenumber clusters, however, do not follow
this angular dependence, as can be seen also in Fig. 2(d). Thus,
the two parts of the spectrum are expected to give different
information and must be discussed separately according to the
diverse observations.

We start with the angular dependence of the intensities of
most peaks, in particular those at the lower wavenumber part
of the spectrum. This dependence is well described by:

I(x/,x’) = (ACOSZ(,B —Po) + B)Z (6)
I(x,y') = A'sin?2(B — B,),

where A, A, B, and f, are treated as adjustable parameters. This
dependence is characteristic of fully symmetric modes of either
molecular (Aqg) or crystalline (Ag) origin. In the latter case, the
crystallographic b-axis must be contained in the plane of the
film because, in this case, the parameter D is zero for A; modes
(see Table 2). Thus, the angular dependence is the same in both
cases, but the physical interpretation given to the ratio between
the fit parameters A and B is different. If a vibration mode is rela-
tively independent of intermolecular interaction and thus it is
localised at intramolecular length scale, the ratio A/B can be
related to molecular structural parameters. Assuming that the
angle between the molecular and film planes (o) is the same for
all molecules (most simply considering the type | stacking), the
relationship is given through (Table 2):
5 A/B

tan®(a) = T e(A/B)’ 7)
where ¢=bp/ay, is the ratio between the out-of-plane and
in-plane components of the molecular Raman tensor for an Aqg
mode. Since the molecule is planar, this ratio (g) will be small,
and in fact some authors®? take it as equal to zero for practical
purposes. If this ratio were small for a significant number of
modes giving rise to strong, isolated, lines in the Raman spec-
trum, then, for these modes, the ratio A/B would depend only
on the angle «. Considering a type Il stacking, a relation can also
be found between the angle § between the molecules forming
the herringbone and the ratio A/B, assuming weak intermolecular
interactions. Here, the angular dependence of the intensities of
the A4 crystal modes are still given by Eqn (6) if the monoclinic
b-axis lies in the plane of the film. For weakly interacting mole-
cules, the Raman tensors of some crystal modes of A, (By)
symmetry can be derived from those of A;; molecular modes
by making symmetric (antisymmetric) linear combinations of
the molecular tensors rotated in relation to one another by an
angle of + §/2 about the molecular Y-axis, similar to what is done
in the oriented gas model.*?! This produces the required herring-
bone structure with its backbone (crystalline b-axis) contained in
the plane of the film and leads to the relationship between the
ratio A/B and the herringbone angle:

&

sin2(6/2) = (A/B +2)" [1 - (1 )(A/B)]. @®)
Again, for modes with ¢~0, the ratio A/B depends only on the
structural parameter § and should be the same for all Raman lines
corresponding to such modes. Equation (8) is formally the same
for 6 and 180 — ¢; therefore, there are two possible solutions.

In both cases of Eqns (7) and (8), all such peaks in the spectra
of samples with the same orientation and packing of molecules
would yield similar values for A/B. However, if the intramolecular
identity of the considered vibration is modified through strong
intermolecular interactions, the value obtained for A/B for differ-
ent peaks in a given spectrum need not bear a close relation with
one another. Hence, the regularity of certain parameters
obtained from fitting the angular dependence of the intensities
of different peaks contains information about stacking and the
strength of intermolecular interactions. The results of fitting the
most intense peaks in the spectra with the expressions of
Eqn (6) for different samples are listed in Table 3, and examples

— &
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Table 3. Ratio between the parameters A and B obtained by fitting
with Eqn (6) the angular dependence of the intensities of selected
Raman peaks in the P-polarisation. Lightly shaded areas designate
suspected doublets while more heavy shading indicates confirmed
ones (i.e. peaks to which the independent molecule approximations
should not apply). ne. indicates nonexistent peaks

sample S1 S3 S4 Sh
w (em™1h) A/B
583 — 3.92 5.60 15.50
733 2.17 4.79 4.87 7.83
836 1.90 ne. ne. ne.
930 1.89 ne. ne. ne.
966 ne. — 9.25 —
1194 3.83 7.90 8.31 18.71
1316 7.02 23.81
1462 13.32
1487 5.24
1523 7.24

of the best fits obtained for parallel polarisations are shown in
Fig. 4. Spectra in the P-configuration are about four times stron-
ger than those of the C-configuration (see Table 2). Thus, the fit-
tings obtained for the latter configurations (not shown) display a
larger scatter in the experimental points. Hence, results for the C-
configuration were mainly used to confirm the selection rules
and to provide a comparison for the values of f, obtained in
the fittings of the P-spectra. In all cases, good agreement was
found between the fittings of both configurations, confirming
that in these samples, in-plane ordering implies alignment
(within two or three degrees) between the symmetry axis of the
molecule or crystallite (or, rather, its projection on the plane of
the film) and the c-axis of the sapphire substrate.

Comparing the values of A/B along a given row in Table 3
(same spectral feature for different samples), we observe marked
differences. The values of this parameter for sample S1 (S5) are
systematically lower (higher) than those for samples S3 or S4,
which are very similar to one another. This points to a variation
in the crystalline arrangements in the three kinds of samples.
These results are consistent with weak intermolecular interac-
tions (strong correlations between the values of A/B in a given
sample) and different structural parameters (i.e. different values
of o« and 9) for samples grown at different conditions. Considering
the two Raman peaks of frequencies 588 and 733 cm™ ' in Figs. 2
(a) and 2(b) as examples of modes with ¢~ 0, the average values
of o obtained from these lines are: o~ (56 £ 2)°, (65 4+ 2)°, and
(73 +4)° for samples S1, S3/54, and S5, respectively. According
to this, the molecules would be less inclined (more upright) in
sample S5. This is in qualitative agreement with the different
values of d, measured by X-ray diffraction.??!

70

O =722

d=20nm, Ty, =230 °C
oy =90 fixed |
0 75\

60

0y=61.5
ot = 90 fixed

Raman Intensity / Arbitrary Units

15 | g
10 b g
5 .
(b)
0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

B

Figure 4. Angular dependence of the intensity of the peak a 733 cm ™'

in the P-polarisation spectra of two samples of the same thickness grown
on previously annealed A-plane sapphire at different substrate tempera-
tures: (@) Toups = 230 °C (S4) and (b) Tups = 49 °C (S1). The inset shows
the same dependence for a sample with little in-plane order (S2). The
angles o, are values of o in degrees, see Eqn (7), obtained for this partic-
ular mode. The sensitivity of the azimuthal scans to the value oy is indi-
cated by the lines. These data were partially shown in Fig. 7 of Ref. 22.

Evaluating the herringbone angle as 180 — ¢ from Eqn (8) for
the same Raman modes (as A; modes originated from the A,
modes), we obtain the values: 6~(121+5)°,(135+6)°, and
(143 +6)° for samples S1, S3/54, and S5, respectively. According
to these results, the film deposited at lower temperature could
be made up of crystallites of a phase isomorphic to y-CuPc!"
whereas the structures of films deposited at higher temperature
would present a herringbone packing tending to that obtained
in a bulk F1¢CuPc ribbon."® In this bulk structure, the molecules
are shown with a slipped stacking which would be compatible
with optical measurements."® The reported slipping distance is
approximately 3.4 A, and if we consider the measured interplanar
distance®” of dj = 32 A, the molecular dipole dimers would form
and angle of ~43° which is sufficient to produce the
observed!" red shifted component® in the Q-band of these
high-temperature films. Finally, regardless of the stacking type
considered, we find the same result for the angle between the
projection of the symmetry axis of the molecule (crystallite) and
the c-axis of the sapphire substrate, ff,. Here 3,=2.3 £0.7° for
all peaks of all samples in all frequency ranges.

The angular dependence of peak intensities can also be used
to quantify the degree of order present in each sample. Totally
disordered samples show no variations in peak intensity with

wileyonlinelibrary.com/journal/jrs
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azimuthal angle. This can be appreciated by comparing the fit of
the angular dependences of the intensity of the strongest peak in
the spectrum of sample S5 [Fig. 4(a)] and that of sample S2 (inset
of this figure). A quantitative idea of order can be obtained by
adding a constant background, C, to the expressions of Eqn (6),
as an additional fit parameter. An order parameter can be
defined phenomenologically by comparing the value of this
constant to that of the amplitude of modulation (A) in the
following manner:

A2

V= XiC 9)
The parameter v is thus very sensitive to any deviation of the
mode angular dependence from a perfectly crystalline Raman
tensor behaviour. The values of the order parameter thus
obtained are listed in the last column of Table 1, which shows
a steady decrease in order as the film thickness decreases
(for samples deposited at the same temperature). This ranges
from total order for the thickest sample (S5) to almost total disor-
der for the thinnest one (S2).

Now, we return to the discussion of the angular dependence of
some of the components of the doublets at higher frequencies.
We had pointed out before that, while the angular dependence
of their intensities for the spectra with P-polarisation was
qualitatively similar to those of the lower wavenumber peaks,
the dependence for C-polarisation was qualitatively different
[Fig. 2(d)], with maxima and minima located at different angular
values. This behaviour is consistent with the existence of Davydov
doublets in which the A; members have intensities described by
Egn (6), while the B, members would have intensities depending
on rotation angle according to (Table 2):

I(x’,x’) = e%sin?2(f — Bo)+C, (10)
/(x’,y’) = e?cos?2(f — f,) + C

Here, we have already assumed that the symmetry axis of the
crystal lies in the plane of the film and a constant background
(C,C') has been added to the expressions of Table 2. The peaks
in the high wavenumber parts of the Raman spectrum of sample
S1 are wider and too close together to resolve the components of
a given multiplet. Since sample S5 has the strongest signal and
shows the highest degree of order, we concentrate on this
sample. Note that the observation of these doublets is a qualita-
tive signature of good crystalline quality. Figure 5 shows the
relevant part of the Raman spectra of this sample, for both P
and C polarisations. Parts (a) and (c) of this figure show structures
that do not obey the description of Eqn (6), but are in qualitative
agreement with that of Eqn (10). This suggests that these struc-
tures behave according to the By symmetry of the crystal. A quan-
titative comparison between the predictions of these equations
and experimental data can at best be performed on the doublet
indicated by vertical lines in Fig. 5(a) at 1316 and 1324 cm ™',
assigned to A, and B, symmetry, respectively. The measured
splitting of 8 cm ™~ is comparable to those observed in other mo-
lecular semiconductors.23-2¢

Next, we determine their intensities for different values of the
angle f. This is not always easy, especially for the B, member of
the doublet, since the lines are very close together and have very
different intensities, so noisy data and poor fits are expected. The
results of this procedure are displayed as Supporting Information

T T T T
d =50 nm, T, =230°C d =50 nm, T, =230°C
(=8 (L
4+ 4 F -4 4
Jle-o
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B=45
2
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> \y\/s/\w\,\\
g ’ p B
= =90 =90
g L @ G
= 1300 1350 1300 1350
-‘é T T T T T T
o d =50 nm, Tg,, =230 °C d =50 nm, Tg,, =230 °C
< | av (D
Z 4t o :
©
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Figure 5. Detail of Davydov doublets in selected parts of the Raman
spectrum of sample S5. The angular dependence of the intensities of dif-
ferent peaks is highlighted in order to display the A, or B, character.

in Fig. S3(a) for P-polarisation and S3(b) for C-polarisation, respec-
tively. In these figures, circles (triangles) denote experimental
intensities for the A, (B;) member of the doublet while full and
dotted lines represent fits with Eqns (6) and (10), respectively.
In the upper part of the figure, the intensity of the B; member
of the doublet has been multiplied by a scaling factor of 10 in
order to be able to represent both members of the doublet in
the same figure. Since this peak is very weak and it rides on the
much more intense A4 partner, this data is affected by very large
uncertainties. In view of this, it is not surprising that the agree-
ment between the data and the predictions of Eqn (10) for this
peak is only qualitative. In spite of these difficulties, the angular
dependence of the intensities of both peaks is well described
by the equations corresponding to either A, or B, crystal symme-
try. Quantitative agreement is best for the parallel polarisation
line of the A; member of the doublet (Fig. S3(a), circles and solid
line). From the fit, parameters A and B are obtained. The A/B ratios
obtained for this, and other high wavenumber A, peaks of the
samples S5 and S3, are also listed in Table 3.

The weakness of the B; component of the doublets discussed
above is probably a reflex of the weakness of the van der Waals
intermolecular interactions within the film compared to intramo-
lecular covalent bonding. However, the appearance of Davydov
doublets with a B; component is a direct consequence of the
intermolecular interaction. As is clear from Table S2, each A;+ 8,
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doublet derives from an intramolecular A;; mode (4, in site
symmetry) as a result of the crystalline environment. For a weak
interaction ratio practically the total Raman intensity will appear
at the A; component, as is the case here. The selection rules of
the doublets are consistent with a film of monoclinic symmetry
composed of herringbone molecular pairs. Strictly speaking, this
result does not preclude a stacking of the first type, provided that
molecules are not stacked in exact parallelism to one another. In
either type | or Il stacking, the b-axis of the resulting monoclinic
structure would still be in the plane of the film. Other molecular
arrangements might be possible, but it is difficult to imagine
that they would produce the simple angular dependence
of Raman intensities discussed here. Finally, the obtained
Raman results are compatible and complementary to results from
other techniques.

Conclusions

We have performed a systematic study of the Raman spectra of
thin films of F;sCuPc deposited by OMBD on various substrates
and under different growth conditions. Our analysis leads to
interesting insights into the investigation of molecular stacking
and in-plane order in these films. Of all the samples examined,
only those deposited on previously annealed A-plane sapphire
substrates show a high degree of in-plane order and have been
presented in this report. This appears to be related to the
presence of steps in the slightly miscut substrate surfaces that
serve as templates for molecular orientation. However, in-plane
order increases as the thickness of the deposited film increases,
suggesting that the influence of the substrate on the growth
is of comparable strength but smaller than the own crystal
lattice energy.

Intermolecular interactions are thus relevant and are evident
from the splittings of some vibration modes, particularly those
involving motion of the more peripheral atoms. Davydov doub-
lets are unequivocally identified in some high wavenumber vibra-
tions by the Raman selection rules. In one particular cluster of
peaks, a doublet is sufficiently well resolved to allow quantitative
intensity versus f# analysis of its A; — By components. However,
the By/A, intensity ratio is quite small suggesting that the inter-
molecular interactions are small compared to the intramolecular
ones. The existence of doublets of these symmetries is consistent
with the considered monoclinic crystal structure with two mole-
cules per PC.

Uncoupled modes where the vibrating atoms are mainly those
of the macrocycle inner ring largely retain the intramolecular
character. We have related the Raman intensity angular variation
of such modes to the orientation of molecules in the films.
Although several molecular stackings could be compatible with
the Raman data, two particular forms present the simplest picture
which describes the observations. In one of them (type I), we
consider single stacks of molecules arranged nearly parallel
to one another. This allows a determination of the tilt angle
between the planes of the molecule and the film surface,
performed by fitting the observed dependence of the Raman
intensities of selected spectral peaks, which yields angles of
approximately 65° and 56° for films of comparable thickness
deposited at 230 °C and 49 °C respectively. This indicates that
at higher temperature the molecules attain on average a more
upright configuration than at lower temperature. In the second,
type Il stacking, we consider that crystallites are formed having

a herringbone structure with its axis parallel to the plane of the
substrate. The analysis of the same uncoupled modes as crystal-
line modes which are obtained as linear combinations of the
intramolecular vibrations allows to find a relationship leading to
the apical angle ¢ of the herringbone. In this case, the derived
angle between molecules is smaller for samples deposited at
lower substrate temperature (resembling the y polymorph of
bulk CuPc crystals) and larger for those deposited at higher
substrate temperature (more similar to the molecular packing
described for bulk F;sCuPc ribbons). The performed analysis also
provides quantitative estimates of the degree of in-plane order.
In fact, some films are very well ordered, and therefore these
spectra provide an improved reference for the Raman spectrum
of F;6CuPc crystals.
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