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Polarons play a crucial role in the charge transport mechanism when it comes to organic molecular
crystals. The features of their underlying properties — mostly the ones that directly impact the yield of
the net charge mobility — are still not completely understood. Here, a two-dimensional Holstein—Peierls
model is employed to numerically describe the stationary polaron properties in organic semiconductors
at a molecular scale. Our computational protocol yields model parameters that accurately characterize
the formation and stability of polarons in ordered and disordered oligoacene-like crystals. The results
show that the interplay between the intramolecular (Holstein) and intermolecular (Peierls) electron—lattice
interactions critically impacts the polaron stability. Such an interplay can produce four distinct quasi-
particle solutions: free-like electrons, metastable polarons, and small and large polarons. The latter
governs the charge transport in organic crystalline semiconductors. Regarding disordered lattices, the
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DOI: 10.1039/c8cp06915h model takes into account two modes of static disorder. Interestingly, the results show that intramolecular

disorder is always unfavorable to the formation of polarons whereas intermolecular disorder may favor the
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1 Introduction

Organic semiconductors are one of the most promising materials
for developing a new class of green energy solutions with good
cost-efficiency compromise.’ Their applications can range from
active layers in commercial devices, such as the mature OLED
technology,” to biocompatible electronics.> Behind the working
principle of these applications, the formation and stability of
charge carriers are fundamental steps to be considered towards
the improvement of the devices’ operation.**

It is well known that organic crystalline semiconductors
exhibit two distinct types of electron-lattice interactions: local
intramolecular (Holstein-type) and non-local intermolecular
(Peierls-type).® The former denotes the carbon-carbon covalent
bonds and the latter considers the weak van der Waals
interactions.” For accurately describe such a class of material,
the Holstein and Peierls approaches should merge at just one
methodology named, henceforth, the Holstein-Peierls model.®
This combined approach leads to the polaron concept in
molecular crystals.” Polarons are formed by injecting (removing)
an electron to (from) an unsaturated organic system inducing,
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polaron generation in regimes below a threshold for the electronic transfer integral strength.

consequently, deformations in the lattice. The interaction
between the electron and lattice distortions leads to a configu-
ration in which the carrier is spatially localized and coupled
to a cloud of phonons. It is necessary to preserve such a
mutual interplay to fulfill the presence of stable polarons,
which govern the charge transport mechanism in organic
molecular crystals.

Recently, the Holstein-Peierls model has been successfully
used to study, mostly, the dynamical properties of polarons in
organic molecular crystals.’® " Nevertheless, the role played by
crystal’s properties such as anisotropy, disorder degrees, and
electron-phonon interactions on the polaron formation and,
consequently, its stability remains poorly investigated. Further-
more, several relevant studies have focused only on under-
standing the impact of the molecular parameters on the
charge mobility properties.’®>!

In this work, by using a semi-classical Holstein-Peierls
model, the formation and stability of polarons at organic
semiconductors are investigated at a molecular scale. In the
context of a two-dimensional tight-binding approach, a
systematic numerical study is performed to understand the
interdependence between the intra and intermolecular para-
meters of a model Hamiltonian, and its impact on the underlying
properties of polarons in isotropic and anisotropic oligoacene-
like crystals, such as pentacene®® and rubrene.”* Our computa-
tional protocol also considers the influence of disordered lattices
on the polaron formation mechanism.
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2 Methodology

The model Hamiltonian adopted here considers both intra-
molecular (Holstein-type)***> and intermolecular (Peierls-type)*®
electron-lattice (e-1) interactions for a two-dimensional array of
molecules in the presence of periodic boundary conditions. In
this model, a (i, ) site denotes a molecule that possesses three
degrees of freedom: one internal (intramolecular) vibrational
mode u; ; and two external (intermolecular) vibrational modes
v7 and vY, which describe the motion of a molecule in the
x- and y-directions, respectively. It is worthwhile to mention
that most organic crystalline semiconductors present strong
in-plane electronic interactions and substantially weaker out-
plane ones, which leads, consequently, to an in-plane localiza-
tion of the charge carriers. Hence, a two-dimensional lattice of
molecules is used to describe the essential physics behind the
polaron properties in these materials.

According to the representation of Fig. 1, our model Hamiltonian
assumes the form H = H, + H,, where H; and H, denote the
intra and intermolecular contributions as in the following:

Hy =" (e +oaui)el jé @)
¥
and

H, = Z (Ji'il,j,f‘jéj,j@i+l>j + h~C->

i
| @
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In eqn (1), oy represents the intramolecular e-1 coupling
strength and ¢; ; the site eigenenergies. In a completely ordered

J-1 J

Fig. 1 Schematic representation of our model two-dimensional pentacene
crystal. The index i (x-direction) denotes the “rows” whereas j (y-direction)
labels the “columns”. uj; is the internal (intramolecular) vibrational mode and
vi and v¥ are the two external (intermolecular) vibrational modes, which
denote the motion of a molecule in the x- and y-directions, respectively.
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system, all eigenenergies are identical. The intermolecular e-1
interactions, in turn, are included in our model by means of the
intermolecular transfer integrals, J7,, j;; and J7 ;11 , in the
x- and y-directions, respectively, which are written in the form

Ji,ji =J0 — 0V, — Vi) (3)
and
Ji i =J0 — 03V — Vi) (4)

In the equations above, o3” denotes the intermolecular e-1
coupling strength and J§” is the strength of the transfer integral
in a system where the molecules are equally spaced. The
operator ¢ ;(¢; ;) creates (annihilates) an electron at the (i, )-
th site of the lattice.

Disorder inevitably exists in the molecular crystals. It can
appear in terms of intermolecular vibrational modes that, to
first order, affect the intermolecular interactions, that is, J* and
J?, and in terms of static defects such as crystal imperfections
and the presence of impurities, that is introduced in our study
by means of ¢; ;. We have introduced perturbations in the
electronic degree of freedom by using two different parameters
that can play the role of changing the intra and intermolecular
energy quantities in a distinct fashion. Both energetic para-
meters could indirectly impact the physical disorder in the
crystals structure (see eqn (3) and (4)) since our model includes
both the intra and intermolecular electron-lattice coupling
parameters.

The potential energy V of the system (lattice contribution)
considers distinct harmonic oscillators, the intra and intermo-
lecular vibrational modes:

1 2
V= EK] ; (u,-"j)

1 X X 2 4 4 2
+ §K2 Z {(Vm,_,‘ - Vi,j) +<"?,/+1 - ﬁ/) }
2¥)

In this equation, K; and K, refer to the intra and intermolecular
force constants, respectively.

The total energy of the system includes both the electronic
and lattice degrees of freedom and has the form

Eeor = Wﬁelec'y v,

(6)

where the electronic wavefunction ¥ comes from the solution
of the time-independent Schrodinger equation:

Helec VY = EetecP.

)

The ground state geometries for a given set of parameters derive
from energy optimized structures by employing the Resilient
backPROPogation algorithm (RPROP).>” This algorithm is used
to solve self-consistently the equations presented above. In order
to do so, we begin by constructing H.jec based in a arbitrary set of
positions for {u}, {1V}, and {v’}. By solving the eqn (7), a new set of
positions — that will serve as input for Heje. in a new iteration - is
obtained. The derivatives of the total energy with respect to u; ;,
Vi, and vY; follow directly from the expressions given above.
Iterative repetitions of this procedure yield a self-consistent initial
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state when the set of positions is close enough between succes-
sive iterations.

3 Results

In order to determine the regimes where stable polarons are
formed and, consequently, to derive its underlying stationary
properties, the ground state configurations for different para-
meter sets are obtained. The calculations are performed on a
system of 20 x 20 sites, i.e., 400 molecules. Our numerical
protocol is based in determining the formation and stability of
polarons in ordered and disordered oligoacene-like crystals,
with particular interest on pentacene layers. In this way, the
model parameters are settled as J5¥ = 50 meV, K; = 14 eV A~>
and K, = 0.9 eV A2 for the realizations where the impact of the
interplay between the intra and intermolecular e-] interactions
is taken into account. For these calculations, o, and «, range in
the interval 0-2.5 eV A™". In the cases where disordered lattices
are studied, o; and o, are defined as 1.8 eV A ' and 0.4 eV A,
respectively. Here, we have considered two different types of
disorder: the intra and intermolecular ones, which are based in
a randomly generated set of ¢;; and Ji’7, respectively. Impor-
tantly, the parameters used in the present work were derived
from results of electronic structure calculations reported in
the literature.>®* These calculations, in turn, were based in
properties such as the lattice crystallographic arrangement and
Raman spectroscopy data.

As mentioned in our recent work, a useful tool for charac-
terizing the polaron stability is the inverse participation ratio
(IPR) with respect to the charge density.>*® This quantity is a
measure of how many sites share the charge. IPR values close to
zero denotes systems in which the polaron is not stable and the
quasi-particle solution, in this case, is a free-like electron. If the
IPR lies in the range of 0.2-0.4, a metastable polaron solution is
obtained. In this case, the molecular charge is equally dis-
tributed over a square of four molecules in isotropic systems
(two-dimensional nature) or in two molecules of the same line in
the molecular array for anisotropic lattices (one-dimensional
nature). For IPR values between 0.4 and 0.8, the charge is usually
shared by five molecules, considering both isotropic and aniso-
tropic systems, and the resulting quasi-particle is named large
polaron, following the Holstein terminology.>* Large polarons
are typical solutions in Holstein-Peierls systems, i.e., when the
interplay between local and non-local electron-lattice inter-
actions are taken into account.® Moreover, this particular kind
of charge carrier is the most useful for describing the charge
transport mechanism in organic molecular crystals due to the
nature of its charge localization. Finally, IPR values greater than
0.8 point to solutions in which the molecular charge is essen-
tially localized in one molecule. This kind of structure is termed
small polaron.®

With the details about our computational approach in mind,
we can now turn to the discussions of the results. We first begin
by analyzing the impact of the parameter space in forming
the quasi-particles, obtained after optimizing the ground state
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Fig. 2 The phase diagram for the formation of quasi-particles. The regions
R1, R2, R3, and R4 within the panels depict the parameter space where
ground state geometry calculations yield free-like electrons, metastable,
large, and, small polarons, respectively. Here, panel (a) shows the nature of
the charge carriers formed in isotropic systems regarding the transfer
integral, i.e., J§ = J% = 50 meV, panel (b) considers a lattice with moderated
degree of anisotropy (J§ = 50 meV and J4 = 25 meV), and panel (c) shows a
highly anisotropic case (J§ = 50 meV and J4 = 0).

geometries. Based on the discussions above about the IPR
usefulness, Fig. 2 presents the impact of the interplay between
the Holstein (intramolecular) and Peierls (intermolecular) para-
meters on the stability of polarons. It is worth to stress that in
this case we are considering the case for ordered crystals (g; ;= 0).
In Fig. 2, panel (a) shows the nature of the charge carriers
formed in isotropic systems with respect to the transfer integrals,
ie.,Js=J3 =50 meV. Panel (b) considers a lattice with moderate
degree of anisotropy (/5 = 50 meV and J{ = 25 meV). And panel
(c) shows a highly anisotropic case (J5 = 50 meV and J3 = 0).
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These panels present a phase diagram divided into four distinct
regions, each one denoting the range of values for the intra (o)
and intermolecular (o,) electron-lattice coupling strengths that
yield a particular species of charge carrier. In all the panels, R1,
R2, R3, and R4 denote the regions where ground state geometry
calculations yield free-like electrons, metastable, large, and,
small polarons, respectively. It is worthwhile to mention that
our previous research®® presents the ground state configuration
regarding the lattice deformations and the molecular charge
localization for a stable polaron. Moreover, we have showed that
polarons in organic crystalline semiconductors are dynamically
stable for electric field strengths smaller than 2.5 mv A™* or
thermal baths smaller than 200 K.** For values of electric field
and temperature above these critical regimes, the charge decouples
from the local lattice deformations and the polaron dissociates
spreading its charge through out the lattice.

In Fig. 2(a), the isotropic case, one can see that the dominant
region is R2, where metastable polarons are dominating. Such a
kind of charge carrier is termed metastable due to its two-
dimensional nature for the charge localization and the lattice
distortions, which resemble a large polaron, but it is not
dynamically stable. Moreover, metastable polarons are dominant
in isotropic systems, leading to a sharing configuration for the
molecular charge in both directions depending on the interplay
between «; and o,. The second most common species of charge
carrier found in our calculations, when it comes to isotropic
systems, is the large polaron (region R3). Large polarons arise
when the strength of intermolecular interactions, around the site
with the additional charge, overcome the intramolecular e-l
interactions of that particular lattice unit. As a consequence,
the charge delocalizes over the neighboring sites at both direc-
tions. Even so, part of the molecular charge stays in a central
unit and the rest is shared between four neighbors, as reported
in ref. 34. In the R4 region, the reason for the strong charge
localization is the difference between the «; and «, strengths.
According to our calculations, small polarons arise when a; is
almost five times higher than o,. Such a kind of charge carrier is
of less interest in the context of organic molecular crystals,
mostly due to its two-dimensional nature presented in the
field-induced charge transport mechanism.® The other species
of quasi-particle obtained from our calculations is the free-like
electron (region R1). Due to the weak intramolecular and inter-
molecular e-] interactions, the lattice do not trap the additional
charge to form polarons. Since polarons play a dominant role in
the charge transport mechanism below the mobility threshold,
the parameter space that yields free-electrons is out of context.

The same type of phase diagram displayed in Fig. 2(a) is also
obtained here for anisotropic systems, as depicted in Fig. 2(b and c).
In Fig. 2(b), the strength of the transfer integral in the x-direction is
50 meV whereas in the y-direction it is settled as 25 meV. In this
anisotropic system, the phase diagram shows a clear reduction for
the domain of metastable polarons, R2 region, when compared to
the isotropic case (see Fig. 2(a)). Moreover, the parameter spaces to
generate free-electrons (region R1) and small polarons (region R4)
have not suffered substantial changes. Conversely, the domain
region denoting large polarons notably increases. It is important
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to mention that, in this case, the polaronic charge essentially lies in
a line of the molecular array, ie., the formed charge carrier is still a
large polaron. However, it assumes a quasi-one-dimensional nature.
For the sake of completeness, we have also investigated the polaron
stability in the limit of anisotropy, ie., J% = 0, as depicted in Fig. 2(c).
Since the electronic overlap between adjacent lines of the molecular
array is turned off, the polaronic charge lies solely in one line, ie.,
the line that contains the extra electron. Moreover, we can also
realize that the regions R1 and R2 almost disappear in this case.
Due to the confinement of the charge in a particular line of
molecules, even small strengths of o, can act to promote the charge
localization by forming stable large polarons (see region R3 in
Fig. 2(c)). We also note a small increase in the domain region
(R4) of small polarons. It is possible to realize from Fig. 2 that
anisotropy can favor the formation of small polarons, once the
carrier tends to localize in one molecular line for smaller J2,.

Albeit organic molecular crystals can present a high degree
of order, they present local defects in the lattice structure
(disordered regions) after the layer fabrication.>®> Moreover, a
detailed knowledge about the impact of the disorder degree on
the stationary properties of polarons is not available and also
difficult to control experimentally. Therefore, this study may
enlighten the understanding of the underlying polaron proper-
ties in molecular crystals when the disorder is a dominant effect.
It is well known that there are different static and dynamical
ways in which the disorder can appear in these materials.”® Here,
we focus on two different modes for the static disorder: the
on-site (intramolecular) and hopping (intermolecular) disorders.
The random variables are ¢; ;, /g and J%, taken from a rectan-
gular distribution of width W on the interval [0,1]. For the inter-
molecular disorder case, the random transfer integrals can
reach values of J§” = J5¥ = W. To obtain a good insight about
how the disorder can affect the stationary polaron properties,
we have performed 20000 realizations for five different
strengths of W in each case. In this way, Fig. 3 and 4 show
the impact of the lattice disorder degree on the polaron
formation energy (Ep) and the lattice reorganization energy
(4), respectively. In Fig. 3(a) and 4(a), the transfer integral
values are randomly generated and the center of the distribu-
tion is 50 meV. In these cases, we impose random configura-
tions that can form nonlocal lattice distortions with or without
the presence of an additional charge. Therefore, the lattice is
said disordered. On the other hand, Fig. 3(b) and 4(b) present
the cases where the disorder is imposed by randomly changing
the on-site energies, keeping the transfer integral values for both
directions fixed at 50 meV. This arrangement for the on-site
energies also leads to the formation of nonlocal lattice distor-
tions for both neutral and charged lattices. The polaron for-
mation energy is the difference between the neutral ground
state and relaxed conformation energies in the presence of an
additional charge.® The total reorganization energy, in turn,
accounts for the energy cost in displacing the lattice sites, from
their equilibrium position, in the presence of an extra charge
and can be calculated as 4 = 1o/IPR, where /, is the reorganiza-
tion energy for the removal of a carrier from a single site.?” In our
calculations, 4, is 59 meV, according to ref. 23.
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Fig. 3 Polaron formation energies Ep as a function of the number of
counts (n-counts) for which the Ep is calculated after obtaining the ground
state geometries for a given set of ¢; or J which are randomly
generated. Wy and W, are the reach of the rectangular distribution, on
the interval [0,1], for the strength of the on-site energies (panel (a)) and
transfer integrals (panel (b)), respectively.
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Fig. 4 Lattice reorganization energies . as a function of the number of
counts (n-counts) for which the 1 is calculated after obtaining the ground
state geometries for a given set of g; or J§”, which are randomly
generated. Wy and W, are the reach of the rectangular distribution, on
the interval [0,1], for the strength of the on-site energies (panel (a)) and
transfer integrals (panel (b)), respectively.
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Fig. 3 depicts the resulting polaron formation energies. In
this figure, panels Fig 3(a) and (b) display the impact of the
disorder degree on the polaron formation for the intra (W;) and
intermolecular channels (W,), respectively. In this case, the
transfer integrals in x- and y-directions are 50 meV. Note that
all values obtained in the calculation of Ep lie in a realistic
regime, since, in the context of semiconducting molecular
crystals, Ep is in the order of 100 meV or less.*® In Fig. 3(a) -
where W; spans from 25 meV up to 100 meV - it can be seen
that Ep follows an inverse relation with the strength of the
on-site energies. It means that disorder is an unfavorable effect
to form stable polarons. In the results presented in Fig. 3(a), Ep
values in the interval [20,35] meV yield stable polarons. In this
way, one can note from this figure that only the ground state
calculations for W; = 25 meV yielded stable polarons in all
realizations. The Ep average value in this case is approximately
30 meV. For W; values greater than this critical limit, the on-site
energies on average are close to the strengths of the transfer
integrals J5”. This trend breaks the suitable balance between
charge localization and lattice deformations, which is necessary
to form stable polarons. Again, an overview about the inter-
dependence of ground state lattice geometries and molecular
charge localization to yield stable polarons is in ref. 34. For the
intra-chain disorder threshold simulated here, W; = 100 meV,
one can realize that the average value of Ep is zero, as depicted
in Fig. 3(a). This value for the on-site disorder is two times
higher than the values adopted for the transfer integrals
in x- and y-directions. Based on this result, we suggest
&;,; =2 x Jo'¥ as a critical limit to form stable polarons.

The intermolecular disorder oppositely tends to increase the
Ep energies, as shown in Fig. 3(b). For the results presented in
this figure, ¢; ;= 0. As previousily mentioned, Ep is the potential
energy difference between the neutral ground state and the
relaxed state in the presence of an extra charge (E.). For
stable polarons, Ep > 20 meV and can be calculated as Ep =
2(J§ +J%) — E..° From this equation, one can note that Ejp is
directly proportional to the strengths of the molecular transfer
integral in both directions. Moreover, since an increase in the
transfer integral rises the charge delocalization, the formation
of stable polarons is favored in this particular disorder channel.
However, we have obtained that there is a critical value for W,,
i.e., 100 meV, where above it no polaron is formed due to the
high degree of charge delocalization. In this regime of W,, the
molecular charge is not locally trapped, which substantially
lowers the IPR value is a such a way that the system resembles a
lattice containing a free-like electron.

It is important to stress that the reorganization energy
obtained in our calculations for a lattice containing a stable
polaron is about 90 meV, for isotropic and ordered systems.
This value is in good agreement with the results in the relevant
theoretical work.>® As showed above, / is derived from the IPR
calculation that, in its turn, gives a measure of the charge
localization in the lattice. The trends presented in Fig. 4(a and b)
are qualitatively similar. However, there are basic differences
between these two disorder types. Once the predominant effect
of the intrachain disorder is of localizing the charge, the IPR
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values for this case are, on average, higher and it ends by
lowering the value of the lattice reorganization energy. The
n-counts for the intrachain disorder (W;) present, essentially,
values for A smaller than 90 meV, as shown in Fig. 4(a). Con-
sistently, this fact suggests that systems that do no allow the
formation of stable polarons, present small reorganization
energy. The limit for this case is the energy required for the
removal of a carrier from a single site, i.e., 2;. On the other hand,
in the presence of an intermolecular disorder, we obtained that
there is a trend of balance between n-counts of 4 values below
and above 100 meV, as can be inferred from Fig. 4(b). Since an
increase in the strength of the intermolecular integrals leads,
necessarily, to an increase in the molecular charge delocalization
(taking into account the W, threshold mentioned above), the IPR
values, in this case, tend to be low, which ends by lifting 1. Such
an equilibrium in the A distribution for high W, values does not
take place in the case of intramolecular disorder. Moreover, it is
worth to stress that, if the charge remains coupled to the lattice,
the charge delocalization process increase the degree of lattice
distortion due to the surrounding media polarization by the
presence of charge. In this situation, more lattice sites are
displaced from their equilibrium position. This process increases
the lattice total energy, as can be seen from Fig. 4(b).

4 Conclusions

In summary, the stationary properties of polarons at organic
semiconducting crystals are numerically investigated here by
employing a two-dimensional Hamiltonian that considers two
distinct degrees of freedom for the electron-lattice interactions:
one local (Holstein-type) and one non-local (Peierls-type). The
produced outcomes, after ground state calculations for different
parameter sets, point to the formation of quasi-particles of distinct
nature. Depending on the interplay between the intra and inter-
molecular electron-lattice interactions, free-like electrons, and
metastable, small, and large polarons may be formed. The most
common species of charge carrier yielded in our calculations,
when it comes to both isotropic and anisotropic crystals, is the
large polaron. The two-dimensional nature of the molecular
charge delocalization combined with formation energy obtained
for this charge carrier, around 30-90 meV, lies in realistic regimes.
Furthermore, since large polarons play a dominant role in the
charge transport mechanism below the mobility threshold, the
parameter spaces to form free-electrons, metastable, or small
polarons though determined are not of interest. The formation
of stable polarons is also investigated in lattices containing
disorder. Here, we consider two different types of a static
disorder: an intramolecular (disorder for on-site energies) and
an intermolecular (disorder for transfer integrals). In the
former, the disorder inhibits the formation of polarons by
promoting the increase in the localization of the charge in a
single molecule whereas in the latter it can be a favorable effect
by enhancing the charge localization in a region up to a certain
critical limit where, above it, the charge delocalizes and the
resulting structure resembles a free-like electron.
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