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Terahertz (or low-frequency) Raman spectroscopy has been shown to be a quite useful tool to infer important
information on some key properties of molecular materials, like polymorphism, phase purity and phase
transitions. Based on some of our recent studies, we present promising new directions and possible
development of the technique for the characterization of electron—-lattice phonon coupling, disorder and corre-
lation length in systems of low-dimensionality. The relative strength of electron—lattice phonon coupling can be
extracted from the intensities of the Raman bands in the pre-resonance Raman regime, as exemplified in the
charge-transfer (CT) crystal N,N-dimethylphenazine-tetracyanoquinodimethane (M,P-TCNQ). Disorder is instead
reflected in the Raman bandwidth, which we analyze with polarized light for systems of reduced dimensionality.
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1 Introduction

Organic molecular solids represent a widespread class of multi-
functional materials exhibiting a variety of physical and
chemical properties with many technological applications. In
particular, molecular crystals made up of conjugated molecules
have been intensively studied since the discovery of their
semiconducting and conducting properties, with the perspec-
tive of substituting silicon or metal-based materials. However,
thanks to the long term dedications of several outstanding
research groups, such as those lead by Conceptié Rovira and
Jaume Veciana, it has become rapidly clear that these materials
could also offer a number of new applications, ranging from
organic field effect transistors (OFETs)," light emitting diodes
(OLEDs),* solar cells,” external stimuli sensors,® and so on.

In molecular materials the molecules are held together by
forces which are much weaker than the chemical intra-
molecular bonds, yielding the advantage of easy processability
and tunability of material properties. On the other hand, the
variety of weak, sometimes competing inter-molecular interac-
tions such as n-n stacking interactions, non-directional van der
Waals forces, hydrogen and halogen bonding make it difficult
to control the molecular packing, with easy occurrence of
polymorphism.” The study of polymorphism is crucial for the
field of molecular materials as the crystal structure determines
the properties of a material and different packing can affect
dramatically the functional properties, and thus its technolo-
gical applications.®

The prediction and control of the crystal structures in
materials are then challenging issues, which have become the
realm of crystal engineering. A recent study reported several
strategies in an attempt to control polymorphism although
these methods are still imperfect.” Metastable and concomitant
phases are also crucial as they can affect the shelf stability or
act as physical impurity breaking the extended n-conjugation
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and hence have a detrimental effect for example on charge
transport for OFETs."’

The technique of choice for the study of polymorphism has
been mostly X-ray diffraction (XRD) which is certainly very apt for
determining the average crystal structure, whereas it has problems
in the case of subtle structural differences, phase mixing and the
characterization of thin films. In the last decade Raman spectro-
scopy in the low-frequency (5-150 cm™ ) region of lattice phonons,
or THz Raman spectroscopy (0.2-5 THz) for short,"""> has been
proposed as a complementary method in polymorph identification
and mapping in molecular materials."® For instance, THz Raman
spectroscopy has been successfully used to control phase purity in
organic semiconductors, notably pentacene,* or to identify four
different polymorphs of dibenzo-tetrathiafulvalene, even before the
full XRD determination.'>'® Furthermore, characterization of lat-
tice phonons, both from the experimental'”>° and computational
points of view,”’ has provided the necessary basis for the
modeling of the complex charge transport mechanism in organic
semiconductors.**

In this paper we will present new directions and challenges
for THz Raman spectroscopy in the characterization of organic
molecular materials. In fact, based on our recent results, we
believe that the method can also be used to gain insight into
what we call low-dimensional disorder, occurring in the
absence of strong interactions between adjacent chains or
layers inside the crystal.

Disorder is a complex issue, ubiquitous to a major or minor
extent in all materials, often playing an important role in
determining their properties. The simple classification and
nomenclature present problems, as disorder has been studied
in different materials and fields, so that as far back as four
decades ago J. M. Ziman stated that it was ““too late to capture
the physics of disordered systems within a single book”.>®

Low-dimensional disorder we shall limit to is typical of the
generally highly anisotropic organic molecular crystals. As in
XRD nomenclature,” we distinguish between thermal, or
dynamic, disorder, and displacement, or static, disorder. Ther-
mal disorder is ubiquitous, in XRD it is reflected in the Debye-
Waller factors, and in THz Raman in the band broadening. The
disorder is called thermal because, due to phonon anharmoni-
city, its effects are temperature dependent, and are stronger
when the phonon excited states are populated. In the next
section, we shall examine a case in which the anharmonicity is
particularly strong and anisotropic as a consequence of elec-
tron-phonon coupling, a quite important issue in the field of
organic semiconductors. In the remaining two sections we shall
instead focus on displacement disorder in low dimension,
where a set of molecules are displaced from their theoretical
position in a perfectly ordered crystal.>® At variance with the
above-mentioned thermal disorder, where the motion of the
molecules is completely uncorrelated, we consider displace-
ment disorder in which the entire domains of the crystals are
displaced with respect to the average lattice which is detected
by conventional XRD. The crystal does not have long range
order in one or two dimensions, bringing about the issue of the
correlation length in an intermediate order regime.”®

This journal is © The Royal Society of Chemistry 2021
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2 Thermal disorder and electron—
lattice phonon coupling

In recent years, the mechanism of charge transport in organic
semiconductors (OSC) has been the object of intense debate.*”
Since OSC are narrow-band semiconductors, the importance of
electron-phonon coupling has been recognized from the outset.
However, the phonon structure of molecular crystals is fairly
complex, making modeling a hard task. A quite useful and
generally valid first approximation is to separate the phonons
into intra-molecular phonons, those related to the isolated mole-
cule, and inter-molecular or lattice phonons, corresponding to the
relative oscillations of the molecules as rigid bodies inside
the crystal. Accordingly, electron-phonon coupling can also be
separated into Holstein, or local, or electron-molecular vibration
(e-mv) coupling, and Peierls, or non-local, or electron-lattice
phonon (e-Iph) coupling. The corresponding coupling constants
are given by the modulation of intra- and inter-molecular energy

Eyv:21'22
I OE
=\ 2w, 50, (1)

where Q,, is the dimensional (spectroscopic) normal coordinate of
the m-th phonon of frequency w,,. When i =}, E;; = ¢; is assumed to
coincide with the HOMO or LUMO energy of the molecule, and g;
is the Holstein (e-mv) coupling constant. When i # j, E; = t;, the
nearest-neighbor hopping or charge transfer (CT) integral, and g;
is the Peierls (e-1ph) coupling constant.

The role of e-mv coupling in the OSC transport mechanism
is well established, giving rise to the Holstein polaron hopping
mechanism.?® However, the polaron hopping mechanism alone
is inadequate to explain the observed mobilities and their
temperature dependence, and more complete models also
taking into account the Peierls coupling have started to
emerge.® According to these models, charge transport is
limited by dynamic disorder, namely fluctuations of hopping
integrals ¢ induced by thermally populated lattice phonons
(<200 em ™" or <6 THz) coupled to the electronic system. This
dynamic, or thermal, disorder can be quite significant, so that
the standard deviation of ¢ is of the same order of the average t.
As a result, charge carrier delocalization is hindered, and
transient localization occurs.”>?%%?

Fundamental importance for testing the validity of a theory is
the assessment of the parameters involved, notably the hopping
integrals and band structure on one hand, and both e-mv and
e-Iph coupling on the other. All these quantities can be estimated
through semiempirical or DFT calculations.****"* However,
whereas angle resolved photoemission spectroscopy> and polar-
ized infrared (IR) spectroscopy’® have been successfully used
to experimentally validate the calculated band structure and
Holstein coupling strength, respectively, such testing is missing
in the case of Peierls coupling.

Terahertz (THz) Raman spectroscopy is the most obvious
method to think of to probe e-lph coupling, but analyzing
Raman intensities is difficult. Moreover, in the case of one

This journal is © The Royal Society of Chemistry 2021
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component OSC like pentacene, Raman intensities are con-
nected to the exciton-phonon rather than to the electron-
phonon coupling. As a matter of fact, only in the case of CT
co-crystals and salts one can actually investigate the electron—
phonon coupling through vibrational spectroscopy. The e-mv
coupling constants are molecular parameters, hence transfer-
able from CT co-crystals to one component OSC,*® but e-Iph
coupling constants are not, as lattice phonons strictly depend
on the crystal packing. On the other hand, investigating the
Peierls coupling in CT co-crystals is worthwhile as a first step to
a deeper understanding and extension to one-component OSC.
Moreover, CT co-crystals can act as semiconductors, and
although their room temperature mobility is two or three order
of magnitudes lower than those of the best one-component
systems, they can exhibit other, even more interesting, physical
properties.>’° Indeed it was during a recent investigation of a
polar CT co-crystal with relaxor ferroelectric properties*® that
pre-Resonance Raman spectroscopy put in evidence for the
importance of Peierls coupling in that system. Here we shall
extend the analysis, focusing on the theoretical basis of the
observed effects, and showing the advantages and limitations
of the approach.

N,N-Dimethylphenazine-tetracyanoquinodimethane (M,P-TCNQ)
is a mixed stack quasi one-dimensional (1D) CT crystal, with donor
and acceptor (D, A) molecules alternating along the crystallographic
¢ axis, as shown in Fig. 1. The structure is polar (space group Cm)
and the stack is dimerized, ie. with alternating long and short
distances along the chain, justifying the treatment in terms of a
collection of DA isolated pairs (dimer model).*

Fig. 2 reports the T evolution of the THz Raman spectra with
polarization (c,c), i.e., incident and scattered radiation polari-
zed parallel to the stack axis. At room T the spectra are
dominated by two broad bands around 125 and 170 cm™". By
increasing the temperature these bands soften and become
broader, whereas by lowering T they narrow considerably and
between 200 and 150 K each one become clearly separated into
two bands. This trend further proceeds down to 80 K. We then
have two groups of bands with anomalous temperature broad-
ening. Panel (b) of Fig. 2 shows that these bands also exhibit a
considerable frequency softening (15-20 cm™") by increasing T
in the explored temperature range, a fact pointing to a strong
degree of anharmonicity for the associated phonons. The
bandwidth of the other low-frequency phonons is normal,*®
and so is their softening (top and bottom right panels of the

/

b. a
Fig. 1 Crystal structure of M,P-TCNQ viewed from the b crystal axis.
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Fig. 2 (a) Low-frequency Raman spectra of M,P-TCNQ, (c,c) polarization,
as a function of T, exciting line: 752 nm. (b) Temperature evolution of the
frequencies of selected bands.

figure), which corresponds to what is generally expected due to
thermal expansion.

The left panels of Fig. 3 show that by shifting the Raman
exciting line towards longer wavelengths, namely, by going closer
to the CT transition (located at about 5000 cm ™), the intensity of
the 125 and 170 em ™" group of bands in the (c,c) polarization is
strongly enhanced with respect to that of the other ones, also in
the different polarization. Both the anomalous anharmonicity
and the selective resonance intensity enhancement are connected
to strong e-lph coupling, as explained below.

The foundations for Raman intensity go back to the early years
of quantum mechanics, the basic equations bearing the names of
Kramers, Heisenberg and Dirac, but reducing it to a manageable
form progressed slowly, mainly because, also after several approx-
imations, the intensity is proportional to the square of a summa-
tion over all the excited states. The expression simplifies
considerably when the exciting line is in resonance or pre-
resonance with one electronic transition (in our case, the CT
transition) so that all the terms in the summation can be
disregarded with respect to the resonant one. Both the expansion
method of Tang and Albrecht** and the time dependent formula-
tion of Lee and Heller*? yield a particularly simple and illuminat-
ing description of the Resonant Raman cross section, as it turns
out to be proportional, through the electronic susceptibility, to the
square of displacement A of the minima of the harmonic
potential curves of the ground and excited CT state, as pictorially
illustrated in the (a) panel of Fig. 4.

In other words, the modes which undergo the larger geo-
metry change upon electronic CT excitation are the ones
exhibiting the larger relative Raman intensity. Absolute Raman
intensities are very hard to evaluate, in particular for solids, but
the relative intensities of the two bands are simply related by:**

I (w14))?

L (w4,)? @)

The shift of the harmonic potential minima 4 is another way
to express the electron-phonon coupling constant. Always with
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Fig. 3 Left panels: M,P-TCNQ polarized THz Raman spectra as a function
of excitation line, T = 300 K. Red line: incident and scattered radiation
polarized parallel to the stack axis; blue dashed line, incident and scattered
radiation polarized perpendicular to the stack. The blue arrow indicates the
band in the (L,1) polarization taken as a reference for the intensity
enhancement of the bands in the (||,||) polarization (adapted from
ref. 40). Right panels: analogous data for TMB-TCNQF, (adapted from
ref. 41).

reference to the schematics of the (a) panel of Fig. 4, the
coupling constant is the tangent to the harmonic potential
curve (indexes are omitted for simplicity):

h (OESS h (OECT
=Vl a0 ),” V2l oo ©)
4 Qo
Now the equilibrium positions of the two parabolas are:

o EGS
(5

CT GS GS
(aE—) = Q)ZQ + (aE ) =0— qu — 7%(8E—>
00 ), 90 /o, o>\ 90 /o,

Therefore

) :wzQ:()—)QSlS:O
Qo

A0S _ger _ L(OEN 2 )
€ 4@\ 90 J,, haw3®’
hence eqn (2) becomes:
L _ong’ 5)
L wg?

In addition, panel (b) of Fig. 4 pictorially shows that when
the electron-phonon interaction is switched on, the two

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Diabatic picture of displaced harmonic potential curves for the
basis functions of a DA CT dimer. The figure refers to both e-mv (i = j) and
e-lph (i # j) coupling. (b) Adiabatic picture for the ground and excited CT
state of a DA dimer, showing the deformation of the harmonic potential
curves by electron—phonon coupling.

parabolas are deformed following perturbation theory, hence
the anharmonicity of the phonon in the ground state. Thus the
above simple picture explains the intensity enhancements of
some M,P-TCNQ lattice modes in approaching the CT transi-
tion, and the corresponding anharmonicity (Fig. 2 and 3).

As an exercise, we can apply eqn (5) to estimate the relative
values of the Peierls coupling constants of M,P-TCNQ. We use
the 80 K spectrum of Fig. 2, taking the coupling constant of the
lowest intensity band as 1.0 meV. The results are given in
Table 1.

The lattice distortion energy for each phonon, e}, = g,,,* /0., is
given in the rightmost column of Table 1. The reported values
are only relative values, of course. However, the Peierls coupling
constants in the table compare very well with those calculated
for pentacene or rubrene, and the same is true for the total
lattice distortion energy, ET =Y ¢F which is the parameter

m

generally involved in the theories of transport: we have about
15 meV vs. 15-20 meV for pentacene and rubrene.***?
Although the results in the case of M,P-TCNQ are encoura-
ging, we have to stress the limitation of the approach, and a
perspective for further work. Although it may seem strange, a
reliable comparison with calculations cannot be done, since for
DA systems the calculation of the hopping (or CT) integrals
strongly depends on the chosen basis set.’” In our experience
even a comparison between the ts of different DA pairs calcu-
lated with the same basis cannot be trusted. A recent study
trying to circumvent the problem of direct calculation has been
only partially successful, as it works well for quasi-neutral CT
crystals®® - not for M,P-TCNQ, for example. In view of the

This journal is © The Royal Society of Chemistry 2021
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Table 1 Peierls c.c. g° and lattice distortion energy ¢” of MoP-TCNQ

Frequency (cm ')  Intensity (arb. units) g, (meV) &5, (meV)
42 673.6 1.0 0.19
48 611.4 1.0 0.17
71 1598.3 2.0 0.45
134 16924.7 8.8 4.66
141 15380.0 8.6 4.23
173 3999.0 4.9 1.12
179 11029.6 8.2 3.03
220 1731.7 3.6 0.48

growing interest towards CT co-crystals, this is a direction
certainly worth pursuing.

Another limitation of the approach through pre-Resonance
THz Raman is that, at least for quasi 1D chains, the Raman
active lattice phonons are coupled to the CT transition only in
the case of dimerized mixed stack CT crystals,*® which are a
minority. The success of this method, which came out as an
unforeseen side-product of a differently oriented investigation,
suggests extending the method also to one-component OSC. As
we have stated above, in general one does not know where the
CT transition is located in one-component OSC. It might be
close to the lowest energy HOMO-LUMO type of transition, and
is likely obscured by this one. And it is not guaranteed that
the exciton-phonon coupling constants deriving from pre-
resonance THz Raman have something to do with the elec-
tron-phonon coupling, since for the HOMO-LUMO type of
transition the excited electron remains on the same molecule.
However, as in the present case, the relative values of the
exciton-phonon coupling constants might be related to the
electron-phonon of interest. So, an extensive investigation of
the THz Raman spectra as a function of the exciting line of well-
known OSC like tetracene, pentacene or rubrene represents an
urgently required and promising direction of investigation.

3 Static (displacement) disorder in
low-dimension

We shall now address the question of static disorder, also
called displacement disorder, as opposed to the dynamic,
uncorrelated disorder discussed in the previous section. The
kind of disorder we consider here is indeed distributed over the
crystal (i.e. not localized at the grain boundaries) but retains
some kind of order at the nanoscale, with a correlation length
intermediate between that of long-range and short-range
order.”® In other words, displacements of the molecules with
respect to their equilibrium position produce a loss of correla-
tion among different regions of the structure. When the
absence of strong interactions is between adjacent layers or
chains, the derived situation can be called low-dimensional
disorder. Here the extent of static disorder is at its most
extreme, in that an effective loss of periodicity is constrained
to either one or two dimensions.*’

Such a kind of disorder often plays an important role in
determining the physical properties of materials, like for

J. Mater. Chem. C, 2021, 9,10677-10688 | 10681
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instance transport.’> Displacement disorder is difficult to
ascertain by standard XRD, which determines accurately the
average structure of the crystals, so they appear more ordered
then they are in reality.>® We shall see how THz polarized
Raman spectroscopy can offer useful hints of the presence of
static low-dimensional disorder.

3.1 One-dimensional systems

We now consider another quasi-1D mixed stack CT crystal,
tetramethylbenzidine-tetrafluoroTCNQ (TMB-TCNQF,), whose
THz Raman spectra signal the presence of disorder, like those
of M,P-TCNQ above, but whose origin turns out to be different.

According to the initially reported XRD crystal structure,*® at
room temperature TMB-TCNQF, crystallizes in the monoclinic
system C2/m (C,,*), with two DA pairs per unit cell. In this
structure, all the molecules reside on inversion centers, so that
the stack appears to be regular, ie., equal distances between
the D and A molecules along the stack. On the other hand,
Castagnetti et al.*® noted that the room temperature IR spectra
polarized parallel to the stack are characterized by the presence
of strong absorptions induced by the e-mv coupling at the same
frequencies as the main Raman bands. This is an unquestion-
able indication of the loss of inversion center, i.e., that the stack
appears to be dimerized, in contrast with the reported crystal
structure.

There are several other cases of contrast between the indica-
tions of XRD and of vibrational spectroscopy, since the former
probes the long-range order and the latter the local (DA pair)
structure. All these discrepancies have been explained in terms
of some kind of disorder, either static or dynamic,**~>> but the
origin of the discrepancy between XRD and IR spectroscopy was
not definitely assessed.

A new structural determination at low temperature (100,
150 and 200 K) with synchrotron radiation has been
performed*! to detect the diffuse scattering signaling disorder
and/or the insurgence of a Peierls-like transition.’*>* Evidence
of diffuse scattering was not found, but the experiment pro-
vided evidence of weak spots which violated the systematic
absences predicted by the C2/m space group. A much-improved
convergence has been obtained with the lower symmetry space
group P2,/m. The unit cell contains two dimerized stacks with
antiferroelectric arrangement, as shown in Fig. 5. Moreover,
there is a network of hydrogen bonds between the methyl and
the cyanide groups, the hydrogens being positioned so that
they point to both the upper and lower TCNQF, molecules. The
new structure is perfectly consistent with the presence of e-mv
induced bands in IR,*® since the center of inversion is between
the stacks. On the other hand, the collection of polarized THz
Raman spectra indicates that the disorder is present above
200 K.*'

The temperature dependence of the TMB-TCNQF, polarized
THz Raman spectra is shown in Fig. 6. The number of bands is
consistent with what is expected on the basis of the newly
determined P2,/m space group (they would be too many for
C2/m). In addition, and similarly to the M,P-TCNQ case (Fig. 2),
at room temperature the spectrum recorded with incident and
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Fig. 5 Crystal structure of TMB-TCNQF, at 100 K. The network of
hydrogen bonds and the intermolecular distances (in A) along the stack
are also shown.

scattered light polarized along the stack, labeled (|,|), show two
rather broad bands around 100 and 180 cm ™, that by lowering
T narrow and separate into more components, as detailed in
panel (b) of the figure. Notice also that the bandwidths
observed in the other polarization are normal. At variance with
M,P-TCNQ, the frequency hardening by lowering 7' is normal
for all the phonons - ¢f. Fig. 2 panel (b) with Fig. 6 panel (c).
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Fig. 6 THz Raman spectra of TMB-TCNQF, as a function of temperature.
(a) Representative spectra at 300, 210 and 80 K. The | and L symbols
within parenthesis indicate the polarization of incident and scattered light
with respect to the stack axis. (b) Full T evolution of an enlarged portion of
the (||,|]) spectra. Black dots represent the experimental spectra, magenta
lines the fitting with a set of Lorentzian functions. The single Lorentians are
reported as orange lines for the (a) panel spectra. (c) T evolution of the
peak frequencies (dots) and of the corresponding FWHM (full width at half
maximum, here represented as error bars) of the bands of panel (b).
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Both panels have been obtained by performing a deconvolution
in terms of Lorentzians, as exemplified for three temperatures
by the orange lines in panel Fig. 6(b).

Finally, the spectra recorded by moving the exciting line
toward the CT transition display an intensity enhancement
much less pronounced than in the case of M,P-TCNQ, as can
be visually appreciated by comparing the right with the left
panels of Fig. 3. A measure of the relative intensities of the
bands with reference to one band in the (L,1) polarization
(marked by an arrow in the figure) shows that with excitation in
the red (~ 1.6 eV) the enhancement for M,P-TCNQ is about five
times as large as that of TMB-TCNQF,, although the excitation
line is closer to the CT transition energy of the latter.*' There-
fore in the case of TMB-TCNQF, the phonon anharmonicity
induced by electron-phonon coupling has only a marginal role
in the remarkable band broadening and line merging observed
by increasing temperature.

The structure remains the same up to room temperature.
The room T XRD data have been collected with a conventional,
not synchrotron, source, so the quality is not the same as at low
T. Analysis of diffuse scattering has not been performed, and
some clue about disorder along the stack may come only from
the scrutiny of the anisotropic displacement parameters.”> On
the other hand, disorder along the stack is suggested not only
by the THz Raman spectra, but also by the relaxor ferrolectric
behavior observed above x150 K, which incidentally contra-
dicts the anti-ferrolectric dimerization of the P2,/m structure.*

All the TMB-TCNQF, available data can be consistently
accounted for by the presence, above 150-200 K, of 1D nano-
domains of opposite dimerization within each stack. These
nanodomains are mobile under an oscillating electric field, as
the inversion of dimerization is actuated by the movement of a
spin soliton.*' However, such nanodomains move at a fre-
quency of a few KHz, i.e., are practically static with respect to
the phonons. It is well known that such mobile nanodomains
survive only in 1D systems.*®*” By lowering 7, their length
increases, and they start to feel the presence of nearby nano-
domains, until they become locked and establish a long-range
3D order.

To summarize, whereas the band broadening observed in
M,P-TCNQ is mostly due to phonon anharmonicity, and is
therefore ascribable to dynamic disorder, in the present case
THz Raman suggests that the broadening is mainly due to
disorder in the lattice structure along the stack axis, namely, to
static, or displacement disorder.?® In fact, static disorder at the
nanoscale implies at least partial breaking of the k ~ 0
selection rule,”® hence the band broadening. We remark that
the presence of the e-mv induced bands*® only signal symmetry
breaking/disorder at the very local scale, i.e., a pair of mole-
cules. On the other hand, lattice phonons, which strongly
depend on the crystal packing, appear to also sense the loss
of correlation between different regions in the one-dimensional
direction. The questions which spontaneously arise at this
point are: What is the correlation length sensed by THz
Raman? Does anything analogous to the coherence length exist
that can be estimated by the peak broadening in XRD?>° These
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questions require a parallel temperature dependent analysis of
the disorder by diffuse scattering and/or neutron diffraction in
view of the above evidenced importance of hydrogen bonding.>®
Further work along the same line is highly desirable also on
different systems,*®>> including the challenge posed by the
development of a suitable computational approach. The latter,
as we have already mentioned, presents problems also for
perfectly ordered CT crystals, putting aside the disordered ones.
For instance, attempts to calculate the electronic and vibra-
tional structure of TMB-TCMQF, failed, since standard DFT
methods do not reproduce the observed charge separation of
p ~ 0.9.

3.2 Two-dimensional systems

There are several ways of defining the dimensionality of a
system.®® In the case of 1D CT crystals we have dealt with in
the previous sections, the definition is dictated by the large
difference between the CT interaction energy along the stack
and the van der Waals and other minor interactions perpendi-
cular to the stack. Although CT crystals also present examples
of quasi-two dimensional (2D) solids,*" here we shall address
another type of molecular material, i.e., pentacene films grown
to build OFETs, which in a sense are closer to truly 2D system
like graphene.

In particular, we shall consider the situation where penta-
cene molecules are deposited as one, or very few, monolayers
(MLs) over a suitable substrate. Here, the difference between
the intra- and inter-layer interaction energies is not so marked
as in the case of CT crystals, and in fact, as we shall see below,
different deposition procedures lead to different dimensional-
ity. It is then better to define dimensionality in terms of the size
dependence of a relevant physical property, for instance trans-
port. The pentacene film is then considered to be 2D when the
interlayer mean free path of the charge carrier is determined by
the layer boundary scattering induced by disorder, and not by
some other intrinsic mechanism.®® We are then led to consider
the interlayer organization and correlation length. When the
latter is short perpendicularly to the layer, collective excitations
are strongly confined in 2D, determining the electronic and
optical properties of the material.** Shrinking the active layer
thickness in organic devices to one or a few MLs is indeed an
attractive strategy to improve charge transport in OFET’s.®® The
issue is important because systems with reduced dimension-
ality involve the thin film technology, where it has been proved
that charge transport in the organic active semiconducting
materials is dominated by the very first few layers next to the
dielectric interface, irrespective of the total thickness of the
molecular coverage.®*®> From this, the great importance of a
description of both the structure and the dynamics of organic
2D systems.

It is not too difficult to describe the structure of the
pentacene ML or multi-ML. It is less obvious how to describe
the phonon dynamics of such a system. One way to proceed
could be to classify the intermolecular vibrational modes of a
molecular crystal (optical lattice phonons) according to their
symmetry, starting from one of the five 2D Bravais lattices and
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keeping its component molecules as rigid bodies. The only
lattice constraints will be the relative lengths of the cell axes
(@ and b) and the angle between them. However, the drawback
is that it is hard to classify an ultra-thin film on a substrate,
down to one ML or to a sub-ML, as a system completely lacking
out-of-plane interactions.

An alternative way to tackle the problem is to gather infor-
mation from the dispersion relation of the optical phonons of
the system. Lattice phonons are indeed collective translational
and librational motions of the molecules inside the unit cell,
whose dynamics very much depends upon the periodicity of the
lattice dictated by the crystal symmetry. The structure of the
phonon branches can be calculated, or experimentally mea-
sured, by their dispersion relation w(k).°*°” In the case of a 2D
system, such as an ultra-thin multilayer on a substrate, the
dispersion of the frequencies (w) of the optical modes with the
wavevector (k) encodes information on the directionality and
the dimensionality of the correlation length: the dispersion in
the direction perpendicular to the substrate probes the correla-
tion between layers (inter-layer), whereas the correlation within
the layers (intra-layer) are probed in the two main directions
parallel to the substrate.

3.2.1 The case of pentacene. Two bulk structures, low-
temperature (LT) and high-temperature (HT)*®*”* and a number
of thin film (TF) structures on amorphous SiO, substrates of
pentacene have been reported in the past.”®”>”’® The transfor-
mation of one bulk form into the other may be reached by
temperature’’ or pressure.”’ The first experimental evidence
showing the scaling of the lattice phonons from 3D to 2D was
given some years ago in a Raman, structural and morphological
investigation on pentacene in the thickness range from 1 ML to
the bulk crystal.®® The results are summarized in Fig. 7, where
the phonon spectrum of the bulk (3D) crystal (a) and of the thin
films (2D) system from 1 ML up to 100 MLs (b) are compared
with the calculated dispersion relation w(k) in the direction
(00k), perpendicular to the substrate.

The Fig. 7, panel (a) indicates the correspondence between
the experimental optical lattice phonons of the pentacene LT
phase and those calculated, revealing that not all six Raman-
active phonons show the same dispersion with the wavevector k
parallel to ¢, with a general trend that the high wavenumber
modes are virtually dispersionless, whereas the lower modes
show a certain degree of dispersion. By looking at the spectra of
the deposited films (TF phase), in panel (b) of the figure, we
observe that only the high wavenumber dispersionless modes
are those which survive, starting from one single ML and
getting stronger upon increasing coverage. At the same time,
no detection of a low wavenumber in more dispersed modes is
observed at any coverage.

This makes sense because, as previously indicated, larger
dispersion corresponds with larger interaction. Intra-layer
molecular interactions are more important than the inter-
layer ones, implying that modes weakly affected by interactions
between layers will exhibit negligible dispersion and will show
largely a 2D character. The opposite is true for low wave
number modes which, showing larger dispersion, are sensitive
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Fig. 7 (a) Experimental lattice phonon spectrum of pentacene and its
calculated dispersion relation perpendicular to the ab plane; (b) evolution
of the phonon profile on increasing thickness from 1 to 100 ML. The
spectra of the bulk phases of LT and HT polymorphs are reported below as
a reference.

to inter-layer interactions and will, consequently, have mostly a
3D character.

More information can be drawn by considering the structure
of the layer-by-layer growth of the films of pentacene. In fact,
the accurate method of deposition from vapor® and the more
sophisticated growth by SuMBD (Supersonic Molecular Beam
Deposition)®! both show a high degree of lateral order, up to a
coverage of several tens of ML. However, the inter-layer correla-
tion is low, as shown by the lack of intensity of the three lowest
frequency phonons. We believe that the experiments follow the
expectations of the effect of the optical lattice phonons, and
their dispersion, in producing the transition from a 3D to a 2D
regime of pentacene: the loss of correlation among planes
perpendicular to the substrate produces, as a consequence,
the washing away of the highly dispersed modes. In other
words, in a 2D model system the quasi-dispersionless modes
will be the only ones surviving in the lattice phonon spectra.
This is the experimental evidence of the close relationship
between the dispersion of modes and lowering of the dimen-
sionality. The equivalent for the electronic excitation (excitons)
of a molecular crystal is the early example of a quasi-1D crystal
of an anthracene derivative (9-cyano-anthracene), where a
strong negative dispersion in the direction of the stack axis
was calculated, contrary to the two perpendicular k vectors.®>

From the point of view of the selection rules of the optical
excitations in a 3D molecular crystal, the matching of photon
and phonon (or exciton) momentum implies k ~ 0.°® This
obviously corresponds to all crystal cells moving in phase in all
directions. When the dimensionality lowers from 3D to 2D, the
phase matching is lost in one direction, as though, along that
particular k, the selection rule of k=0 is released. The unit cells
do not move any longer in phase along that direction and
this corresponds to what previously has been indicated as
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dimensional disorder. Spectroscopically this implies that all
phonons in the branch become optically active, with the
intensity smeared over the range of frequencies. The extreme
band broadening yields to the ‘“disappearance” of phonons in
Fig. 7(b) when passing from the bulk crystal to the thin or
ultrathin films, down to a single ML. The evidence of some
phonons disappearing in 2D films becomes therefore a sort of
rule of thumb to hint at the lowering of the dimensionality in
the system.

3.2.2 Effective thickness of a 2D film. The continuous
improvements of the methods of growth in thin films upon
deposition on varying substrates permits the engineering of
specific multilayers by modulating the deposition parameters
during the film growth. The purpose is to optimize the trans-
port properties finalized to enhance the performance of the
operating device. This strategy leads to a controlled number of
MLs on the substrate being obtained, reducing the deposited
coverage from a 3D to a 2D regime. This result is of paramount
importance when a more efficient charge transport is required for
improving the device performance of the semiconducting layer.

Fig. 8 shows the lattice phonon spectra of two films of
pentacene deposited on a SiO, substrate at two different
deposition rates: 2 nm min~" (high rate) and 0.13 nm min "
(low rate), respectively. The reference spectrum of the HT
phase, the first bulk form to appear during the growing
process,””””8%% s reported at the bottom, for comparison.
Full details of the experiment can be found in the literature.®
Remarkably, whereas the low rate spectrum shows the com-
plete phonon spectrum, in the high rate specimen the low
wavenumber structure is completely lost. By comparing film
and single crystal phonon profiles and following the interpreta-
tion previously given, we ascertain that the low rate of growth
leads to a 3D regime, opposite to the 2D regime revealed by the
high rate film. Thus, the experimental growth conditions of the
multilayer architecture not only strongly influence the geome-
try of the sample but, more importantly, determine the struc-
ture and the dynamical and transport properties of the film.

Indeed, a very recent paper that appeared in the literature
has thoroughly studied the effect of film crystallinity and
morphology on the charge carrier mobility in thin film transis-
tors of pentacene.®® A good hole mobility is indeed obtained
once the film is deposited at a high rate, an observation that
fully agrees with our view of the actual formation of a 2D film
with a corresponding low inter-layer correlation close to the
dielectric interface, where charge transport is more
efficient.®® It is quite sensible that the disorder introduced
in the layer-by-layer growth at the higher rate produces a slight
loss of correlation among the various MLs, sufficient to disrupt
the phase matching in the direction perpendicular to the
substrate. On the contrary, at a low rate the film has the time
to organize with a perfect periodicity in all dimensions, increas-
ing its crystallinity and moving to a 3D scenario, with an
ordered structure with stronger inter-layer interactions
perpendicular to the substrate.

In view of these observations, we should reconsider the
concept of “thickness” of a film, independently of the actual
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Fig. 8 Lattice phonon spectra of a thin film (75 MLs) of pentacene grown
at two different rates on a SiO, substrate. The high and low rates are
2 nm min~! and 0.13 nm min~?, respectively. The single crystal spectrum
(HT phase) is shown for comparison at the bottom.

coverage on the substrate. There is no doubt that, from a
geometrical point of view, it is expressed by the amount of
coverage in the vertical direction (nominal thickness). However,
it is also necessary to explain why the same thickness of two
pentacene films (Fig. 8) yields two different profiles of the
optical scattering of phonons. We reckon that when we perform
a spectroscopic experiment we need to consider the film thick-
ness not simply as a morphological parameter related to its
coverage, but rather as ‘“the length of correlation” among
layers, suitable to keep a periodic propagation of the excitation
(phase matching) among the different MLs. When this correla-
tion is partially lost, due to peculiar preparation conditions, the
effective thickness is correspondingly lowered. A related exam-
ple is that of a-sexythiophene (T6) which shows that the
molecular structure of the individual layers is not homoge-
neous in the first few layers close to the substrate. The
molecules, initially oriented perpendicularly to the substrate,
slightly bend by increasing coverage, up to reaching the single
crystal structure after further coverage.®® Strictly speaking, the
periodic correlation among layers cannot correspond to the
nominal thickness of the film.

To summarize, in this section we have shown how THz
Raman spectroscopy can be fruitfully used to test the dimen-
sionality of the pentacene films grown by vapor sublimation
under different conditions. And since it has been shown that
2D films have a better performance than 3D ones,®” it will be
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interesting to test the method on other OSCs like thiophenes.
We have to add that the dispersion curves in Fig. 7 have been
calculated through atom-atom semiempirical methods, which
are know to work well for hydrocarbons, less well when the
molecules contain S or F atoms. On the other hand, a first
principle DFT protocol has been recently devised able to
reproduce the k = 0 frequencies and Raman intensities of the
lattice modes of several molecular crystals.®**” It will be then
worthwhile, although computationally demanding, to calculate
the dispersion curves for other structures of interest in the
present context, starting from pentacene.

4 Conclusions

The sensitivity of THz Raman scattering to the packing motif of
organic molecular materials has already provided extensive
information on their structure and dynamics. The analysis, in
many aspects complementary to XRD, has been so far mainly
based on band frequency and intensity. In this paper we have
presented examples of possible developments of the technique
through the use of polarized light and a careful analysis of the
bandshapes, and of the temperature and exciting light
dependence.

The combination of temperature and exciting light depen-
dence that has been used to investigate two quasi-1D CT
crystals, M,P-TCNQ*® and TMB-TCNQF,,*" has put in evidence
the different weight of the dynamical and static disorder in the
two cases. In both the crystals a remarkable temperature
dependent band broadening along the 1D stack has been
observed. However, in M,P-TCNQ the band broadening is
mostly dynamic, or thermal, since it is associated with the
strong anharmonicity due to electron-lattice phonon coupling,
as evidenced by the remarkable frequency softening by increas-
ing T (panel (b) of Fig. 2) and intensity enhancement in
approaching the CT transition (left panel of Fig. 3). Thus, the
relative intensities of the involved bands yield an estimate of
the relative values of e-lph coupling constants. For TMB-
TCNQF, the effects of e-Iph coupling are not remarkable, so
the band broadening has been interpreted as due to static or
displacement disorder along the stack, as suggested by the
other physical measurements performed on the crystal.*" As a
matter of fact disorder is a complex issue, ubiquitous to all the
materials, though to a different extent. Displacement disorder
may strongly affect the physical properties of the system,
whereas thermal disorder is always present. Further experi-
ments, also on different systems, coupled to other structural
and theoretical analysis, are needed to investigate if THz
Raman can offer more quantitative clues about the relative
contributions of the two types of disorder, as has been
proposed for XRD.>®

It is well known that disordered, or amorphous, solids
lacking long-range order do not exhibit a definite lattice
phonon pattern. This fact has been used to investigate disorder
to order phase transitions, and can provide particularly detailed
information in the peculiar cases where only part of the long
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range order is lost, as in globular crystals like adamantanes.®®
Here we have instead focused on 2D layered materials which, at
variance with conventional bulk 3D materials, exhibit extraor-
dinary physical properties owing to the reduced dimen-
sionality.®” This is important in organic electronics, where
charge transport occurs in a semiconductor thin film deposited
on a substrate. Film growth on a substrate is subjected to a
number of parameters which can strongly reduce its effective
correlation thickness. The example of pentacene demonstrates
that the same film thickness, but a different deposition rate,
may yield to non-identical layer organizations, leading to siz-
able effects not only in the structure but also in the dynamics of
the film.®#! For the latter case the outcome is to produce
distinct patterns in the optical lattice phonon spectra, which
experimentally show up in a THz Raman experiment. The
disappearance in the spectra of the bands related to a strongly
dispersed mode may indeed reveal to be a simple way to spot
the 2D behaviour of a multilayer structure.
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