Electronics2014 3, 165-189; doi:10.3390/electronics3010165

electronics

ISSN 2079-9292
www.mdpi.com/journal/electronics

Review

The Effects of Different Electron-Phonon Couplings on the
Spectral and Transport Properties of Small Molecule
Single-Crystal Organic Semiconductors

Carmine Antonio Perroni *, Fernando Gargiulo 2, Alberto Nocera 3,
Vincenzo Marigliano Ramaglia! and Vittorio Cataudella !

! CNR-SPIN and Dipartimento di Fisica, Universita “FederipVia Cinthia, Napoli I-80126, Italy;
E-Mails: marigliano@na.infn.it (V.M.R.); cataudel@mdn.it (V.C.)

2 Institute of Theoretical Physics, Ecole Polytechniquedféle de Lausanne (EPFL),
Lausanne CH-1015, Switzerland; E-Mail: fernando.gag@eépfl.ch

3 Department of Physics, Northeastern University, BostoA,02115, USA;
E-Mail: albertonenoc84@libero.it

* Author to whom correspondence should be addressed; E-pationi@na.infn.it;
Tel.: +39-081-676855.

Received: 15 January 2014; in revised form: 3 March 2014 /epted: 12 March 2014 /
Published: 21 March 2014

Abstract: Spectral and transport properties of small molecule sioglstal organic
semiconductors have been theoretically analyzed focusm@ligoacenes, in particular
on the series from naphthalene to rubrene and pentacenengaiim show that the
inclusion of different electron-phonon couplings is of gr@ount importance to interpret
accurately the properties of prototype organic semicotmtsc While in the case
of rubrene, the coupling between charge carriers and lowuéecy inter-molecular
modes is sufficient for a satisfactory description of sgdcind transport properties, the
inclusion of electron coupling to both low-frequency inteolecular and high-frequency
intra-molecular vibrational modes is needed to accounttfertemperature dependence of
transport properties in smaller oligoacenes. For rubranegry accurate analysis in the
relevant experimental configuration has allowed for theifadation of the origin of the
temperature-dependent mobility observed in these orgamgconductors. With increasing
temperature, the chemical potential moves into the tathefdensity of states corresponding
to localized states, but this is not enough to drive the systeo an insulating state. The
mobility along different crystallographic directions hlasen calculated, including vertex
corrections that give rise to a transport lifetime one omiemagnitude smaller than the
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spectral lifetime of the states involved in the transporchamism. The mobility always
exhibits a power-law behavior as a function of temperatuwragreement with experiments
in rubrene. In systems gated with polarizable dielecttios,electron coupling to interface
vibrational modes of the gate has to be included in addibaihé intrinsic electron-phonon
interaction. While the intrinsic bulk electron-phonondrdction affects the behavior of
mobility in the coherent regime below room temperature cihgpling with interface modes
is dominant for the activated high temperature contributiblocalized polarons. Finally, the
effects of a weak disorder largely increase the activati@mrgies of mobility and induce the
small polaron formation at lower values of electron-phonounplings in the experimentally
relevant temperature window.

Keywords: organic semiconductors; electron-phonon couplings; spart properties;
spectral properties

1. Introduction

In recent years, the interest in plastic electronics haggmonsiderably. The realization of devices,
such as organic field-effect transistors (OFETS), reptesekey step in this field. Single-crystal OFETs
made of ultra-pure small molecule semiconductors are ctexriaed by mobilities up to one order of
magnitude larger then those typical of thin film transis{dis The most promising are those based on
oligoacenes, such as pentacene and rubrene, which exlsitodray anisotropy and the largest mobility
measured in organic semiconductdp [

In spite of many applications based on such devices, th@sntrtransport mechanism acting in high
mobility organic semiconductors is not fully understoodarisport measurements fraro0 K to room
temperature in single crystal semiconductors, such aengbrshow a behavior of the charge carrier
mobility x that can be defined as band-like &« 77, with the exponenty, close to two), similar to
that observed in crystalline inorganic semiconduct@fstHowever, the order of magnitude of mobility
Is much smaller than that of pure inorganic semiconductord,the mean free path for the carriers has
been theoretically estimated to be comparable with the cotde separation at room temperatudg [
Therefore, the loffe—Regel limit is reached with incregsiemperature. Moreover, in some systems,
starting from room temperature, a crossover from bandtiikactivated hopping behavior can take
place B—6]. The crossover has been interpreted as being due to thafiemof the polaron, that is
the quasi-particle formed by the electron (or hole) and threosinding phonon cloud/]. For example,
in naphthalene and anthracene, while the mobility along:thend b-axis shows only a slight change
with the temperature, that along thexis is characterized by a temperature activated behavitgher
temperature with an energy barrier of the orderldfmeV [8-10]. The experimental data in these
compounds suggest that the coherent band transport isajiadiestroyed and the transport due to
polaron hopping evolves as a parallel channel dominatisgféitiently high temperature (which can be
larger than room temperaturé-10].
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In systems with polarizable gates, the scaling laws of théilityp as a function of the dielectric
constant of solid 11,12] and liquid [13] gates have been discovered, pointing out that the nearby
dielectric has a strong influence. Actually, if the diffecerbetween the dielectric constant of the organic
semiconductor and of the gate is small, at temperatures dokigher thari00 K, the mobility, x, of
these systems exhibits the power-law band-like behaviorth@ other hand, if the dielectric constant
mismatch is high, an activated insulating behavior is fowitd much smaller values of mobility at room
temperature]2]. A possible explanation of this behavior is that the ingectharge carriers undergo a
polaronic localization, due to the interaction with modegha interface with the polarizable dielectric
gate [L2,14].

Extendedvs localized features of charge carriers appear also in gmmstpic observations.
Angle-resolved photoemission spectroscopy (ARPES) suppite extended character of states{17],
showing that the quasi-particle energy dispersion doebixdweak mass renormalization, even if the
width of the peaks of the spectral function increases sipnitly with temperature. For pentacene,
the bandwidth is reduced only by abolit%, going from75 K to 300 K, indicating moderate values
of electron-phonon coupling. On the other hand, some spsmipic probes, such as electron spin
resonance (ESRNB19], THz [20], and modulated spectroscop¥]] are in favor of states localized
within a few molecules. Actually, in rubrene and in pentageto ascribe the presence of localized
features to small polarons is not likely, since the elecpbonon coupling is not large enough to justify
the polaron formatiord]. Therefore, one of the main theoretical problems is to d@te band-like with
localized features of charge carrie?].

First-principle calculations have pointed out that chacgeriers are affected by the coupling to
inter-molecular modes with low frequency in comparisortvyipical electron hopping23]. A model
that is to some extent close to the Su-Schrieffer—Heegad)$&4] Hamiltonian has been recently
introduced to take into account this interacti@2][ It is a minimal one-dimensional (1D) system, valid
for the most conductive crystal axis of high mobility systemhere the effect of the electron-phonon
coupling is reduced to a modulation of the transfer inte8l. A dynamic approach where vibrational
modes are treated as classical variables has been used indlLih @ recent generalization to two
dimensions (2D)26]. Within this method, the temperature dependence of thepcbad mobility is
in agreement with experimental results. However, the roltn@ dimensionality of the system is not
clear: in fact, in the 1D case, one hasx 72, while, in the 2D case, the decrease of the mobility with
temperature is intermediate betweenc 72 andy o< 71, In any case, the computed mobility is larger
than that measured (at least by a factor of two). Moreoverdimamics of only one charge particle is
studied, neglecting completely the role of the chemicaéptéal. Finally, the effects on charge carrier
dynamics due to the coupling with vibrational modes areudet! in an approximate wag7], and the
corresponding coupled dynamics do not recover the righithkequilibrium on long times.

Recently, the transport properties of the 1D SSH model haen kanalyzed within a different
adiabatic approach2B], mapping the problem onto that of a single quantum particl@ random
potential (the generalized Anderson proble2f]]. Very recently, some of us have made a systematic
study of this 1D model, including the vertex correction®itite calculation of the mobility3d0]. While
finite frequency quantities are properly calculated in ftilsmodel, the inclusion of vertex corrections
leads to a vanishing mobility, unless ad-hocbroadening of the energy eigenvalues is assumed.
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It is clear that 1D adiabatic models suffer from severe ktnoins, of which the main one is that
electronic states are always localiz&®|[ Moreover, features, such as band anisotropy and small but
finite carrier density, are necessary for a correct desonf the systems. Therefore, in this review,
we first analyze a generic three-dimensional (3D) modeh sis¢he anisotropic Holstein mod&], in
order to discuss the relevant issue of the band anisotrofiyitat carrier density. This model is studied
within the adiabatic approach focusing on the weak to inégfiate el-ph coupling regime, which is
relevant for high-mobility organic semiconducto82]. Next, we analyze a realistic model for rubrene,
which represents an extension of the 1D SSH model to the Qiasiase, since this is the relevant
geometry for OFETs33).

Spectral and transport properties calculated within thegemodels are discussed in this review.
The spectral functions show peaks, which are weakly renlmethin comparison with those of the
bare bands. However, with increasing temperature, thehvatithe spectral functions gets larger and
larger, making the quasi-particles less defined. The mankéth of the spectral functions gives rise to
densities of state with a low energy exponential tail insneg with temperature. At low temperatures,
this tail corresponds to localized states and gives roudjlca@tions for the energy position of the mobility
edge. With increasing temperature, in the regime of lowieadoping appropriate to most OFETS, the
chemical potential always enters the energy region of tiheTthe features of the spectral function and
the behavior of the chemical potential allow one to recanttie band-like description (ARPES data)
with the finding that charge carriers appear more localizelsigh temperature (ESR and modulated
spectroscopy data). The study of spectral properties dsidies that the states that mainly contribute
to the conduction process have low momentum and are not athiébraical potential. The mobility,
i, 1s studied as a function of the electron-phonon couplihg,temperature and particle density. Not
only the order of magnitude and the anisotropy ratio betwferent directions are in agreement with
experimental observations, but also the temperature diepee of. is correctly reproduced in the model
for rubrene, since it scales as a power [BW', with ~ close or larger than two. The inclusion of vertex
corrections in the calculation of the mobility is relevaimt,particular, to get a transport lifetime one
order smaller than the spectral lifetime of the states wealin the transport mechanism. Moreover,
with increasing temperature, the loffe—Regel limit is teadt, since the contribution of itinerant states to
the conduction becomes less and less relevant.

Ab initio calculations have clarified that charge carriers in orgaimiconductors are not only
coupled to low frequency inter-molecular modes, but aldatt@-molecular modes with high frequency
in comparison with typical electron hopping 34,35] (see Figurel for a sketch in a naphthalene crystal).
An important point is that the reorganization energy (edato the polaron binding energy) decreases
with increasing the number of benzene rings in oligoacefaesekample, going from naphthalene to
pentacene). In order to fully explore the effects of theed#ht modes on prototype single crystal
organic semiconductors, such as oligoacenes, a model mghmediate coupling to both intra- and
inter-molecular modes is analyzed in this revi&g][ We will show that the interplay between local and
non-local electron-phonon interactions is able to pro@adery accurate description of the mobility and
to shed light on the intricate mechanism of band narrowirt@ wicreasing temperaturéT).
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Figure 1. Sketch of the interplay between low-frequency inter-molac and
high-frequency intra-molecular vibrational modes in astay of naphthalene. The charge
carrier deforms the benzene ring when it is on the moleculereldver, the charge carrier
displaces two neighbor molecules when it jumps.
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When the organic semiconductor is grown on a polarizable, gias important to analyze the effects
of electron coupling to the surface vibrational modes ofgaee at the interface with the semiconductor
mediated by a long-range electron-phonon interact®n3B]. In this review, we analyze a model
that combines the effects of interface and intrinsic bulkcbn-phonon couplings on the transport
properties at finite temperature. We show that the coupbnifpeé organic semiconductor bulk phonon
modes affects the behavior of mobility below room tempegtenhancing the coherent contribution,
but it is ineffective on the incoherent small polaron cdnition dominated by the interface coupling at
high temperatures.

In order to improve the modeling of organic semiconductibres effect of a weak disorder, due to bulk
and interface traps, is include@7]. In particular, the interplay between long-range eleciponon
interactions and disorder effects is investigated withinael. The disorder effects are able to enhance
the hopping barriers of the activated mobility and to drive small polaron formation to lower values
of electron-phonon interactions. We point out that disoridea key factor to get agreement with
experimental data in rubrene OFETSs grown on polarizabledjatectrics, such as ofidu, O oxide [12].

The paper is organized in the following way. In Section 2, ¢fffects of electron coupling to low
frequency vibrational modes on the spectral and transpopegsties are discussed in high-dimensional
Holstein-like and SSH-like models. In Section 3, the efexftelectron coupling to both low frequency
inter-molecular and high frequency intra-molecular modeghe spectral and transport properties are
investigated. In Section 4, the influence of gates made afjzalble dielectrics and the interplay between
electron-phonon couplings and disorder strength on tmsp@rt properties are emphasized. In Section
5, conclusions and final discussions are given.
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2. Effects of Low-Frequency Vibrational Modes

The anisotropy of the electronic properties is a key ingrediin the description of organic
semiconductors3l]. Therefore, in Subsectian1, we will introduce a simple anisotropic tight-binding
model, including a Holstein-like electron coupling, to ldk@quency modes in order to focus on the
effects of the electronic structure. However, the results ve discussed later in Subsecti@ in
comparison with those obtained by a more detailed modeldoaseinter-molecular low frequency
modes, which will be introduced in Subsectag.

2.1. Band Anisotropy

We assume the following model Hamiltonian:

2 2

D kax*.

_ T R; R;
H=—) tschcs s+ o+ > 5+ Hepn 1)
Ri 0 R; R;

wheret; is the bare electron hopping toward the nearest neigkﬁ:)@%s andcy are the charge carrier

creation and annihilation operators, respectively, neddb the site &; (of a cubic lattice with parameter
a for the Holstein model and of an orthorhombic lattice witimstants:, b, ¢ for the rubrene model of the
next section)zz andpy are the oscillator displacement and momentum, respegtivethe oscillator
mass and the elastic constant. In Equatiob)( H.,_,, represents the electron-phonon coupling term.

A simple model able to capture the anisotropy of the eleatrproperties of these materials is the
anisotropic Holstein Hamiltonian, which is generic for ignobility organic semiconductors, such as
oligoacenes3?2. This model assumes a cubic lattice with the following atnspic hopping integrals in
Equation (): ¢, ~ 100 meVt, ~ 50 meV,t, ~ 20 meV. Moreover, typical values of phonon frequency
Wy = \/% are of the order ofOmeV/, leading to a very low adiabatic ratio= w,/t, = 0.1 (adiabatic
regime) B1]. Finally, we assume a very general electron-phonon iotena inspired by the Holstein
model 31,39,40]. Therefore, in Equationl)), the electron-phonon Hamiltonian is:

Ho_pp = o Z xéicticéi (2)
R;

where « is the coupling constant controlling the link between thealoelectron density and lattice
displacement. The following dimensionless quantity,,:

a2

4kt,

correctly describes the strength of the electron-phonaoiploag.

3)

AHol -

2.2. Inter-Molecular Vibrational Modes

In this section, we analyze the influence of the electron togmf low-frequency inter-molecular
modes on the properties of small molecule organic semicndsl

We consider a realistic quasi-2D model, which simulatesptioperties of rubrene3f]. Therefore,
it not only includes the anisotropy of rubrene crystals {gtavith many other small molecule organic
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semiconductors), but also a more appropriate electromgiaoupling. First, we derive the effective
low-energy electronic model, then the lattice parametedsiae appropriate electron-phonon interaction.

Figure 2. (a) Molecular structure of rubrene. b)Y Crystal structure along the (a,b)
crystallographic plane. The red lines denote the long axiseomolecule.
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Since we are mostly interested dla conductivity and low-frequency spectral properties, wece
to determine an effective Hamiltonian for the electron eéegrof freedom valid for low energy and
particle density. We start from the orthorhombic latticedirene with two molecules per unit cell (see
Figure2) anda, b, ¢ lattice parameter lengths along the three crystallogaydators of the conventional
cell [4]. We follow the ARPES experiments by Dirgg al. [15] in order to extract the transfer integrals
of the highest occupied molecular orbital (HOMO) bands. dispersion law of the lowest HOMO is
accurately fitted with nearest neighbor tight binding pagters for small values of momentum providing
the following estimatest, = 118.6 meV andt, = 68.6 meV [33]. For t., there is no experimental
measure, but theoretical estimates seem to agree thattib ln@ssmall compared with other directions,
owing to the large interplanar separation of rubrene. InfdHewing, we assumeé. much smaller than
t, andt, (in the following, we assumg& = 0.18 t,). The total volume i3” = L, x L, * L. and L; size
along the axis = a, b, c. We consider two crystalline layers along c, because in Gi-Hie effective
channel of conduction covers only a few plané$ |

In Equation (), the whole lattice dynamics is ascribed to an effectivergmic mode, whose
frequencyw, = \/W is assumed of the order of 5—6 me¥9. This assumption provides the
low adiabatic ratiohwy /t, ~ 0.05 (adiabatic regime).

The electron-phonon interactoH,;_,, in Equation {) is:

_ i S_aie
Hepn = Z 5 (xf%}- — xﬁiJrg) Ch 5CR 0=a,b,c 4)
R;§

whereay is the electron-phonon parameter controlling the effetitefon displacements in the direction,

—

d, on the transfer integral. Once fixed,, we imposey,/«a, = t,/t, and, in the same waw./a, =

t./t.. The dimensionless quantity;

062

A= —= 5
4kt,, ®)

is the relevant parameter to quantify the electron-phoreupling strength. By comparingb initio
calculations and the average properties of a simple 1D mddeisi et al. provided an estimate of
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A ~ 0.087 [25,42,43]. However, in our 3D model, the 1D estimate is not correctleld, the hopping,
t,, is about halft,, and the average kinetic energy is, then, larger with ragpethe one-dimensional
case. In order to reproduce the same effective one-dimesisly we have chosen the larger value
A=0.12.

In the following part of the section, we use units, such thatlattice parameter = 1, the Planck
constant, = 1, the Boltzmann constaiiz; = 1 and the electron charge= 1.

2.3. Calculation Method

For the organic semiconductors studied in this paper, tiebatlc ratio is very low, implying that
the adiabatic limit is appropriate for studying low-freqog intermolecular modes. Consequently, it
is possible to adopt a semiclassical approach: the eledyoamics is fully quantum, while the ion
dynamics is assumed classical. This assumption will litrettemperature range where the results can
be considered valid; indeed, all the results are valid fongeratured” > w, ~ 100 K. Finally, we will
focus on the weak to intermediate electron-phonon regimiesttems to be appropriate for high mobility
organic semiconductord].

Within the adiabatic regime, the calculation is equivaterthe classical problem of quantum particles
in the presence of an external disordered potential givethdjon displacement$z ; }, and controlled
by electron-phonon coupling. Each configuration of ion @ispments is generated according to the
probability function of theP ({xﬁi}), which has to be self-consistently calculated as a funatibn
electron-phonon coupling, temperature and particle demnsi= N,/V, with N, number of particles.
The adiabatic approach has been also used for the study etuaiaf junctions and carbon nanotubes at
thermodynamical equilibrium and in non-equilibrium camnahs [44-48§].

In most OFETSs, the induced doping is not high; therefore hia following, we will focus on the
regime of low doping (up tax = 0.01). For this regime of parameters, the probability functidbrnhe
lattice displacements; ({I’R‘i }) , shows very tiny deviations from the distribution of freeiiators [30],
which is therefore used in the following subsection. Quass] like spectral function, density of states
and conductivity, are calculated through exact diagoatibn of the resulting electronic problem at fixed
displacement§z ; } and through the Monte-Carlo approach for the integratioer ¢lie distribution,

P ({xﬁi}). In the case of conductivity, for each configuration of thiéda displacements, we calculate
the exact Kubo formulad9):
1 —e 5“

Reloy, () ({ur,})] = Zpr L= ps) [{r [ J| )" 8 (B, = E, +w)
r#£s

wherep = a,b, ¢, f = 1/T andp, is the Fermi distribution:
1
1 +exp (B (B, — pp))

corresponding to the exact eigenvalég, at any chemical potentigl,. Finally, (r |.J,| s) is the matrix
element of the current operatof,, along the directior,, defined as:

Jy —zZt (5 ep> C;CR—HS (7)

Pr = (6)
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with:

We notice that, in contrast with spectral properties, thmperature enters the calculation not
only through the displacement distribution, but also dlyefor each configuration through the Fermi
distributions,p,. We point out that the current-current correlator is notesied at the lowest order as
the convolution of two single-particle Green functionst the linear response conductivity is exactly
calculated within the Kubo formulation presented in Equat{(7) [49]. Therefore, the numerical
calculation of the conductivity is able to include the verterrections (the terms in the correlator beyond
the convolution of two Green functions) discarded by prasiapproachegip).

Finally, the mobility, x4, is calculated as the ratio between zero-frequency comiyciand
carrier density:

(9)

Summarizing, the numerical method provides approximatiiea results in the adiabatic regime. The
only limitation is due to the computational time being cofied by matrix diagonalization.

2.4. Results about Spectral and Transport Properties

Spectral and transport properties, studied within the twalets based on Equatiod)( will be
discussed in this subsection. The study of spectral prieggdad important to individuate the states that
mainly contribute to the conduction process. The spect@bgrties within the anisotropic Holstein
model bear strong resemblance with the rubrene model, savehaill discuss only this last model.

In Figure3, we report the spectral function at momentkrs: 0 for the model parameters of rubrene.
We point out that states closelko= 0 are weakly damped. Moreover, with increasing temperathee,
peak position of the spectral function is only poorly renalimed in comparison with the bare one, in
agreement with results of the 1D SSH mod4|[ Therefore, these states keep the itinerant character of
the bare ones, and they will be involved in the diffusive agstabn process (see the discussion in the next
paragraph). We notice that the spectral functiok at 0 is extremely small at the chemical potential,
1, for all the temperatures. For example,7at= 275 K, the spectral weight is concentrated in an
energy region higher than that in which the chemical po&¢rgilocated [, = —3.74¢,, for n = 0.002).
Actually, the spectral weight is mainly in the region betwee + 27" andy, + 37'.

We have checked that the spectral functions with low monmardwe more peaked, while, with
increasingk, they tend to broaden. The density of states (DOS) can belatéd as the sum of the
spectral functionsAy, over all the momentg. The tail in the DOS is due to the marked width of the
high momentum spectral functions. In Figukeghe DOS is shown for different temperatures at 0.12
andn = 0.002. As shown in logarithmic scale, the DOS has a tail with a lowergy exponential
behavior. This region corresponds to localized stai€k [We have, indeed, checked, analyzing the
wave functions extracted from exact diagonalization,,taetually, states with energies deep in the tail
are strongly localized (one or two lattice parameters alihegdifferent directions as the localization
length). On the other hand, close to the shoulder{ —3.4¢,; see Figured), the itinerant nature of
states is clearly obtained. This analysis allows one to givestimation for the mobility edge energy
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(the energy that divides localized and itinerant statebj¢clvcan be located very close to the band edge,
E., for free electrons (in our cas&, = —3.52t,).

Figure 3. The spectral function (in units df/¢,) for the rubrene model at momentdm= 0
as a function of the frequency (in units §f/h) at A = 0.12 andn = 0.002 for different
temperatures, T. We assume the hopping paramete0.18¢,, with ¢, = 118.6 meV.

20

—— T=137K
----T=220K
6] | —--T=275K
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Figure 4. The density of states (DOS) (in units bft,) for the rubrene model as a function
of the frequency (in units of, /i) at A = 0.12 andn = 0.002 for different temperatures, T.
The squares indicate the chemical potenfigl(in units oft,) at fixed temperatureZ, (dot
line, in units oft,) is the free electron band edge close to the mobility edgea¥¥ame the
hopping parametet. = 0.18¢,, with ¢, = 118.6 meV.

—— T=165K
---- T=248K
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The number of localized states available in the tail incgeasith temperature. It is important to
analyze the role played by the chemical potenjig),with varying the temperature. Actually, enters
the energy tail and will penetrate into it with increasingnpeerature. At fixed particle density= 0.002,
for ' = 165 K, one hasu, = —3.49¢,, while, for 7" = 330 K, u, = —3.88t, (see the squares of
Figure4 for the values of the chemical potential). One importantpa that the quantityF,., and the
close mobility edge are significantly larger than Therefore, in the regime of low density relevant for
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OFETs, the itinerant states are nogt but at higher energies. We point out that those are thesstate
relevant for the conduction process. Therefore, the arsadyshe properties of a high-dimensional model
points out that both localized and itinerant states aregmtas the system. This is a clear advantage of
our work over previous studies in low dimensionali®2[26,28] in which all states are localized: more
localized at very low energy and less localized close to tee &lectron edge. Summarizing, in our
system, with increasing temperature, all the states yp, tbecome localized, and the itinerant states
become statistically less effective, due to the behavidhefchemical potential. Eventually, the effect
of the penetration of:, in the tail, due to the Fermi statistics, will overcome thieets of available
itinerant states around.. We have checked that the penetration of the chemical patéotvards the
energy region of the tail is enhanced with increasing theteda-phonon coupling.

We devote the last part of the subsection to analyze theposihproperties in both the anisotropic
Holstein model and the rubrene model. As shown in the uppeelpaf Figure5, we first discuss
the mobility of the anisotropic Holstein model along théirection as a function of temperature with
changing of the particle density. Within this model, therigarrdensity strongly affects the behavior of
mobility, showing a cross-over from metallic to insulatipghavior at low temperatures. For densities
around one percent, the chemical potential at a low temyerat above the mobility edge and, then, the
mobility is metallic-like. On the other hand, the situatisrdifferent for densities below one percent. At
those densities, the chemical potential is below the niglelige, so that mobility shows an insulating
character. Translated in a polaronic framework, this waondghn that the single particle sees a potential
well, due to electron-phonon coupling; hence, at very lowsilées, a polaron-like activated mechanism
could setin. Actually, the mobility results are consistith those obtained within the picture of polaron
formation [31].

The strong charge density dependence on the mobility issads lost at higher temperatures, where
the chemical potential is always in the tail regions for h# tharge densities studied, but more states
at higher energies (of itinerant nature) get involved, mhmg the main contribution to mobility. As a
consequence of the different behavior with charge dessitieow and high temperatures, the mobility
changes its character at intermediate temperatures fechange carrier densities.

At high temperatures, the mobilities look very similar fdr the densities considered in the upper
panel of Figures. At room temperature, the mobility is abo2 cn?/(V - s), a value that recovers
the right order of magnitude of experimental data in oligees £]. However, the mobility decreases
with the temperature as/7’, not in agreement with measurements in oligoacenes, suchbasne.
Moreover, in this model, polaronic localization seems tetalace in the low-temperature range for
enough low-charge densities, even if experimental dataotieeem to support this scenario. Therefore,
a more accurate model for the electron-phonon couplingesl@@. As already discussed in Subsection
2.2, the SSH-like coupling with intermolecular vibrational des is what we need. In the following part
of this subsection, we will analyze the transport propsrtiethat model.

In the lower panel of Figur®, the mobility along the: direction is reported as a function of the
temperature at fixed coupling= 0.12 and different concentrations, The plot shows that the absolute
magnitude of the mobility substantially agrees, with thpaximental estimates beipg~ 10 cn?/(V - s)
at room temperature. Furthermore, the mobility exhibitaadslike power-lawl"~” behavior for all the
concentrations. The exponent, is evaluated from the fits of the mobility, providing valuesthe
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range 2—-2.4, where the highest value is related to the logggstentration. This trend is in agreement
with experimental measures, that for rubrene establish 2 for temperature§” > 170 — 180 K [2].
One feature, in contrast with the Holstein model, is that ii@bility increases with decreasing the
concentration of carriers. This trend, already found in1BeSSH model 30], points out that there is
no room for a polaronic (bond) localizatioBJ] within the regime of rubrene parameters explored in
this review.

Figure 5. (Top) Mobility along the z direction within the anisotropic Holstein model
as a function of temperature T for different particle daasitat\y,, = 0.8. (Bottom)
Mobility along thea direction within the rubrene model as a function of tempe®afl for
different particle densities at = 0.12. We assume the hopping paramefter= 0.18t,,

t, = 118.6 meV.
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Another important property is the anisotropy of the tramspooperties along different in-plane
directions p3]. In our model for rubrene, the anisotropy of the mobilitgrad different crystallographic
directions is essentially the same as the anisotropy offtaet&re mass. From the estimates of in-plane
hopping.t, andt;, the anisotropy of the mobility is evaluated to be of the oafét, /t,)*> = 0.335. From
experiments], the anisotropy ratio is aboQt375 at room temperature; therefore, in agreement with our
estimate. However, the experimental data shows that ttisinereases with decreasing temperature. In
a recent papersf], where the electron-phonon coupling is slightly more cterghan the SSH-like
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interaction considered in our model, the anisotropy of thabitity is less marked than that of the
mass. Within this paper, the anisotropy ratio between treitaplane mobilities is calculated to be
of the order of 0.44 at room temperature (higher than theraxjeatal value) and 0.5 af = 150 K;
therefore, it increases with decreasing temperature mesmgent with the experimental trend. Even if the
electron-phonon models are slightly different, the cosicns of our work and these recent calculations
are qualitatively consistent.

Starting from the mobility, we can determine the scattetinge, 7;,., from the relatior = er,./m.
Since the mass is weakly renormalized from the electromphanteraction, one can assumeas the
bare mass ak = 0. We point out thatr, is on the scale of fs, so that it is one order of magnitude
lower than the damping time of the states important for treespl properties (on the scale of tens of fs).
Therefore, the transport processes amplify the effectseétectron-phonon interaction, and the vertex
corrections introduced within our approach are fundameatake into account this effect.

From the scattering time, one can deduce the mean free path-as,, 7., wherev,, is the average
velocity of the charge carriers. The quantity, is always on the scale of a few lattice parameters. The
most important feature is its temperature behavior. As aegaence of the electron-phonon effects,
close to room temperature, it becomes of the order of haité&parameter. This means that the
loffe—Regel limit is reached5P]. The decrease of the mobility in the loffe—Regel limit ist mlwe to
a mass renormalization (dynamic and/or static), but it is thua reduction of the available itinerant
states (the only ones able to transport current) with theésature. We remark that this result is due
to the fundamental role played by vertex corrections (ohiked in the previous subsection about the
computational methods) in the calculation of the mobility.

3. Effects of Combined Low Frequency Inter-Molecular and Hgh Frequency Intra-Molecular
Vibrational Modes

For rubrene and pentacene, the carrier mobility is doméhbgeinter-molecular phonons, since the
interaction with intra-molecular modes is almost negligif25], and then, the model discussed in the
previous section is considered adequate. On the other haather oligoacenes with a smaller number
of benzene rings, the coupling with local modes cannot béenezd HA].

Indeed, the decrease of the number of benzene rings affextedrganization energy, which can be
related to the binding energy of the polaron, that is the igp@agicle formed by the electron (or hole)
and the surrounding phonon cloud. Actually, going from peahe to naphthalene, the reorganization
energy increases nearly twice, suggesting a much stroongeting with local modes4]. Therefore, for
systems with a reduced number of benzene rings, like najgimiaave expect a larger interplay between
intra- and inter-molecular modes (see Figlirevithin the intermediate electron-phonon coupling regime
for both modes. The next step of the review is to combine tfeetsf of high frequency local vibrational
(antiadiabatic) modes with non-local low frequency (adi&t) ones 86]. For computational ease, we
will restrict our analysis to the 1D case, assuming the imtelecular phonons classical, but considering
the intra-molecular modes as fully quantum.
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3.1. Model Hamiltonian

We consider a one-dimensional model with coupling to intnad inter-molecular mode$86,55]
similar to the one recently introduced, where the treatnaly concerns the study of spectral
properties $6]. The coupling to intra-molecular modes is Holstein-likémat to inter-molecular
modes is SSH-like (see Figufefor a sketch of the two couplings). It can be summarized in the
following Hamiltonian:

H = He(?) + HI(Sz)tra + H§2L)ter + Hel—lntra + Hel—lnter (10)
In Equation (0), the free electronic par el , IS:
H(O tz (c Civ1 + cz+1cl> (11)

wheret is the bare electron hopping between the nearest neighbdtsecchain and! andc; are the
charge carrier creation and annihilation operators, &s@dy, relative to the sitej, of a chain with
lattice parameten. For the transfer hopping, the initio estimate is:t ~ 50 — 100 meV [4]. We
consider a single-band one-dimensional electronic siractsince it represents the simplest effective
model in anisotropic organic semiconductors to analyzeldlaeenergy features responsible for the
mobility properties.

In Equation (0), HY, with o = Intra, Inter, is the Hamiltonian of the free optical

molecular modes:
p
H(o) _ a,l
: Z o

where p,; and z,; are the oscillator momentum and position of the mode,respectively,m,,
the oscillator mass andé, the elastic constant of the mode, The inter-molecular modes are
characterized by small frequencieBw(,.., =~ 5 — 10 meV) in comparison with the transfer
hopping B,22]. On the contrary, the most coupled intra-molecular modageharge frequencies
(hwrntra =~ 130 — 180 meV) [4].

In Equation @0), H.;_;.:re IS the Holstein-like Hamiltonian describing the electrapupling to
intra-molecular modes:

(12)

Helflntra = UJntra Z €T (13)
with a;,.:, the coupling constant to local modes and = c;rci the local density operator. The
dimensionless constant:

9Intra = alntra/\/2hmlntraw?ntra (14)

is used to describe this electron-phonon couplB.[In single crystal organic semiconductogs, ;.
is in the weak to intermediate regime (of the order of unity) [

Finally, in Equation 10), H. ;... represents the SSH-like term with electron coupling to
inter-molecular modes:

Hel—lnter = Ufnter Z(yi-i—l - yz) <C;‘rci+1 + C;‘r+1ci> (15)

7
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with a;,.¢. the coupling constant to non-local modes. In the adiabaginme for non-local modes
(hwrnter < t), the dimensionless quantity:

)\Inter - a%nter/llklntert (16)

fully provides the strength of the electron coupling to iat@lecular modes. The typical values)oare
in the intermediate (of the order 6f1) coupling regime 33].

In the following part of this section, we will use units, subhat the lattice parameter= 1, the Planck
constant: = 1, the Boltzmann constatz = 1 and the electron charge= 1. We will analyze systems
in the thermodynamic limit, and we will measure energiesniauoft ~ 80 meV. We fixw;,iro = 2.0t
as the model parameter with the highest eneddy [

3.2. Calculation Method

Since a very low carrier density is injected into the orgaséeniconductor, we will study the
case of non-interacting particles. The temperature ranberavintrinsic effects are relevant is
Winter < T < t < wrnira. Therefore, the dynamics of intermolecular modes can banasg to be
classical. On the other hand, it is important to retain thanqum nature of high frequency local
vibrational modes.

Actually, the electron motion is strongly influenced by thatistical “off-diagonal” disorder that,
in the limit of low carrier density, is described by the prbbity function, P ({y,}), of free classical
harmonic oscillators. At a fixed configuration of non-locasplacements{y;}, Equation {0) is
equivalent to a Holstein model with displacemefiis}, where the electron hopping depends on the
specific nearest neighbor sites throughout the assigpgd The resulting inhomogeneous Holstein
model can be accurately studied within the modified vamatid_ang—Firsov approach via a unitary
transformation,U ({y,}), depending on the non-local displacemenfg;}, and appropriate in the
anti-adiabatic regimedJ,.... > t) [57,58]. The electron mass is renormalized by the coupling witlaloc
modes (polaronic effect), and the Holstein-coupled catitls{z; } are displaced from their equilibrium
position to a distance proportional to the electron-phdntaraction. For each fixed configuratidy, },
one has to calculate quantities, such as spectral funaemsity of states and mobility (calculated as
the ratio between conductivity and carrier density), witthe Lang—Firsov approach. Then, the effect
of non-local adiabatic inter-molecular modes can be takém account, making the integral over the
distribution, P ({y;}), by means of a Monte-Carlo procedure.

The method exposed above is very accurate in the regime. < t andwy,.., > t, appropriate
for high-mobility organic semiconductors. It properly égkinto account the quantum effects of high
frequency local vibrational modes. Moreover, the approsealle to include spatial correlations relevant
in quasi one-dimensional systems, in particular vertexsmbions in the calculation of mobility.

3.3. Results on Spectral and Transport Properties

In Figure 6, we report the density of states (DOS) fgf,;., = 1.3 and \;,..., = 0.09 at different
temperatures. For all the temperatures, there is a strorogmalization of the bare band, whose width
becomes twice smaller (frodt to roughly2t) and moves to lower energies (fron2t to roughly —4t).
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Furthermore high energy satellite bands appear at mutgdlthe vibrational frequenay;,..,.. = 2t [49],
providing a DOS extending from4t to 4¢. These effects can be easily ascribed to the local mode® sin
they survive also af’ = 0, where the effect of non-local modes is weak. The intrinsguction of the
bare band due to local modes provides a simple and direcieapbn of the difference in the bandwidth
evidenced in the series of oligoacenes from naphthaleneffective band of the order a0 meV) to
pentacene (an effective band of the ordeB@imeV). Indeed, it can be ascribed to the decrease of the
reorganization energy with increasing the benzene ringiseo$ingle molecules that, in turn, reduces the
renormalization effects4]. Within the polaron theory49], the narrowing of the main band is related
to the spectral weight, Z, of the quasi-particle, which igneated to be aboui.5 from the calculations.
Therefore, our estimate of Z compares favorably with reaednhitio results for which Z relative to the
electron channel is of the order of 059.

Figure 6. The DOS (in units ofl /t) as a function of the frequency (in units ofr) for
different temperatures, T, at,;., = 0.09 and g;,.;» = 1.30. We considetv;,,;,, = 2t (in
units of¢, with t = 80 meV).
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At finite temperature, the shape of the spectra is changedialthe non-local coupling. Actually,
any band shows a new small maximum, due to the coupling tom&ecular modes. It is well known
that, in the polaron theory, the band narrowing increasesgly with temperature. In order to be more
quantitative, we notice that, fov;,.., = 0, the principal band af’ = 325 K is reduced by about2% of
the band afl” = 0. On the other hand, fox;,.;.. = 0.09, the principal band df’ = 325 K is reduced by
only 7% of the band af” = 0. Unexpectedly, in our model, the band narrowing is stromgtiuced due
to the non-local coupling. The narrowing of the principahtaesults from a subtle equilibrium between
the two opposite tendencies. Actually, the coupling to fomal modes has the main effect of inducing
scattering into the single bands of the density of statevgmting the narrowing induced by the coupling
to local modes. The interplay between local and non-localesas able to produce a modest narrowing
as function of the temperature, even if the coupling to lasatles is not weak. Our prediction is that
this effect should be present not only in pentacer®@ jout also in naphthalene and anthracene.

Next, we analyze the mobility in the intermediate regimeldoth intra- and inter-molecular modes
(see Figurd&). The mobility can be divided into two contributions: théneoent one, where the scattering
of the renormalized electron (the only effect due to locat#bn-phonon coupling here is the reduction
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of the bandwidth) with non-local modes is included, and theoherent one, where, in addition to
non-local modes, scattering with multiple real local phasits considered.

The coherent term of mobility, relevant at low temperatutesars a strong resemblance with the
mobility of the system at;,.... = 0, even if, as expected, it is smaller. The local coupling i& @b
affect, but not to destroy, the low-temperature behavionidated by the non-local coupling. Actually,
for grnira = 0, the mobility scales a$/7'%, while, with increasingy;,..-., the power-law becomes
slightly less pronounced. In the cagg... = 1.3, the mobility goes as /7%, still compatible with
experiments in naphthalene, and it has the correct ordeaghitude $§-10].

Figure 7. Mobility and its different contributions as a function ofetttemperature, T, at
Anter = 0.09 andgr,i-o = 1.3. We considetv,;., = 2 (in units oft, with ¢ = 80 meV).
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The incoherent term of mobility starts at a temperature audly” = 230 K and becomes
predominant only at temperatures much higher than roomeeatyre. The role of the local coupling
here is to promote an activated behavior in the incoheragime which is effective only at high
temperature. Consequently, the local coupling providegd@igible contribution to the mobility up
to room temperature. Actually, the combined effect betwiaga- and inter-molecular modes is able to
provide an activation energgy, of only about20 meV; therefore, less than one half of that fgf,;.,. = 0
and close to that extracted by experimental data in napdnkajabout5 meV for mobility along the
c-axis) [B-10]. We stress that the small activation energy is found evehefreorganization energy
related to intra-molecular modes derived frah initio calculations 4] is not small. Actually, the
polaronic binding energy is given by?,,,.wrntre, Which is of the order ofl.7 x 2 x ¢ ~ 270 meV.
Therefore, the non-local SSH interaction is able to strpglench the tendency towards localization of
the local Holstein coupling. As a result, the activationrggef the transport properties is estimated to be
much smaller than the value of the polaronic local energyhiépelectron-phonon non-local interactions
are playing a relevant role.

Summarizing, the proposed model is able to capture manyriesabf the mobility in oligoacenes.

4. Effects of Gates Made of Polarizable Dielectrics and Disder

In the last part of this review, we investigate the effect pbéarizable gate on the transport properties
of organic semiconductor87,38] (see FigureB for a sketch about the coupling between charge carrier
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and polarization in the dielectric). This analysis is intpat to interpret experimental data in rubrene
OFETSs grown on polarizable dielectric gates, sucli'ag); oxide [12)].

Figure 8. Sketch of the effects induced by the charge carrier in theectiing channel on the
gate close to the interface. The electron in the organicag@mluctor induces a polarization
within the dielectric that, in turn, affects the electromdynics.

4.1. Model Hamiltonian

We study a one-dimensional Hamiltonian model with coupliagoulk and interface vibrational
modes B7]. This model is similar to that of the previous section. Adadty, the free electronic
Hamiltonian is the same, and the bulk modes of this modekspond to the inter-molecular modes.

The model is described by the following Hamiltonian:

H=H,+ Hg)ilk + Hep— uk + H,(ﬂ’t + Hep o (17)

In Equation {7), the electronic partt,,, is given by Equationl(1) of the previous section, withbare
electron hopping (estimated to be ama&tigneV and120 meV) between the nearest neighbors sites.

In Equation {7), Hglk corresponds to Equatiori?) for free intermolecular modes with elastic
constant, massn andhwpg,, ~ 5 — 10 meV, much smaller than transfer hopping,22].

In Equation 47), H.,_ g, represents the term similar to the SSH[interaction for the coupling to
intermolecular modes given in Equatialbf. As in the previous section, one can defing,,, whose
typical values are in the intermediate coupling regime [iis section, we take the valug;;. = 0.1,
suitable for rubrene)3q].

In Equation (7), HI(SL)t is the Hamiltonian of free interface phonons:

HY), = hwpe Y abag (18)
q

wherewy,; is the frequency of optical modes ang anda, are creation and annihilation operators,
respectively, relative to phonons with momentgm
In Equation (7), H._ ;. is the Hamiltonian describing the electron coupling to rfstee
vibrational modes:
I — Z M n;e' 1t (aq + aT_q> (19)

1,9
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wheren; is the density operatof/, is the interaction electron-phonon term:

ghwlnt wn, RS
2 T (20)

with ¢ the dimensionless coupling constahtthe number of lattice sites$3; position of the sitej, and
R, the cut-off length of the order of the lattice spacing, This electron-phonon coupling describes
the long-range interaction induced on the electron at ttexfacce with the dielectric gate. In order to
quantify this coupling, we use the dimensionless quantity:

M2
At = 1 21
Int ; Qhwlntt ( )

In this work, we takeR, = 0.5a andhwy,; = 0.5t [60].

In the following part of this section, we will use units, sutttata = 1, 2~ = 1, e = 1, and the
Boltzmann constaritz = 1. We will analyze systems in the thermodynamic limit measygnergies in
units oft ~ 100 meV. The calculation method is similar to that in the pregigaction, since the role of
intra-molecular modes here is played by interface modes.

4.2. Results about Transport Properties

In Figure9, we report the mobility as a function of the temperature ffecent values of\;,,; at bulk
couplingAg.r = 0.1 (appropriate to rubrene). The quantity,shows a coherent band-like behavior at
low temperatures, but, with increasiiiyit goes towards the activated behavior, where the bulk loogip
is not effective. Actually, the mobility interpolates betan the behaviors with only bulk and interface
phonons. At low temperature, the diffusive contributiorageribed to the modulation of the electron
kinetic energy, due to the bulk modes with SSH interactioRsis coherent contribution is weakened
with increasing);,,;, but it does not disappear. This element is in contrast wilegmental data, which
show a more or less marked insulating behavior frigith K to 300 K [12]. Therefore, the theoretical
prediction of mobility is not accurate, even if bulk and miéee electron-phonon couplings are active.

Figure 9. Mobility 1 as a function of the temperature, T,)af,;. = 0.1 for different values
of AInt-
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4.3. Interplay between Electron-Phonon Coupling and DigoiStrength

In order to explain the experimental data, it is necessanpdlude also disorder effects. Indeed,
there is evidence of traps in the bulk and at the interfack gdtes 2]. Therefore, it is of paramount
importance to investigate the role of disorder on the trartgmroperties.

The model bears a strong resemblance with that of the presabsections. Actually, the only
modification is related to the electronic Hamiltonian, whincludes, here, a disorder term. Therefore,
in Equation (7), there is a new term given by:

Hgis = Z €in; (22)
wheree; is a local energy, whose fluctuations in the rafgéV, W] simulates disorder effects in the
bulk and at the interface with gate; = cZTcZ- being the density operator and Witf‘landcl- the electron
creation and annihilation operators, respectively, idab the site R;. Due to the presence of shallow
traps P], disorder is not overwhelming, and it is distributed acting to a flat probability function. The
calculation method is analogous to that of the previous@ect

In Figure 10, we show the mobility as a function of the temperature wittreéasing the strength
of disorder for\;,,; = 1.3 and Az, = 0.1. There are two main results. The first one is related
to the suppression of the coherent metallic behavior wittreasingl¥’. The second one is the
strong enhancement of the activation eneryy,up to67 meV, even for the small amount of disorder
W =70 meV. Furthermore, the decrease of the magnitude of the ityoisinot so marked. Therefore,
weak disorder effects are able to provide a very accurateriggsn of the mobility, resulting in key
guantities for the interpretation of experimental datanally, another important effect of disorder is to
drive the small polaron formation at lower electron-phoronplings.

Figure 10. Mobility ;4 as a function of the temperature for different disorderrgjtias, |V,
at Az, = 0.1 and\;,,; = 1.3. The quantityA, is the polaron activation energy.
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5. Conclusions

In this review, we have theoretically analyzed the effedtdifferent electron-phonon couplings on
the spectral and transport properties of small moleculgsiarystal organic semiconductors. Focus has
been on oligoacenes, in particular on the series from nag#ik to rubrene and pentacene.

First, we have discussed the effects of the electron cogigiinlow-frequency inter-molecular
vibrational modes on the spectral and transport properfiéee resulting adiabatic models have been
studied through numerical approaches with varying eleefioonon coupling and temperature. For
rubrene, the model has considered the role of the electnongn coupling leading to a modulation of
the particle hopping integral. With increasing tempemtihe density of states is characterized by a
larger exponential tail corresponding to localized stat€snsequently, the chemical potential moves
into the tail of the density of states, but this is not enoumldrive the system into an insulating state.
Not only the order of magnitude and the anisotropy ratio leetwdifferent directions are accurate, but
also the temperature dependence of the mobility is coyreefiroduced in the model for rubrene. With
increasing temperature, the loffe—Regel limit is reacls@t;e the contribution of itinerant states to the
conduction becomes less and less relevant.

Then, we have analyzed the effects of electron coupling tb lmov-frequency inter-molecular and
high-frequency intra-molecular modes on the spectral eantsport properties. The interplay between
local and non-local electron-phonon interactions has lzdx@ to provide a very accurate description
of the mobility of oligoacenes and to shed light on the irdt&cmechanism of band narrowing with
increasing temperature. The band narrowing is a comptigaitenomenon, which could also be affected
by the thermal expansion of the crystal struct@&d [an effect that has not been analyzed in this review).

In the last part of the review, we have considered the infla@figates made of polarizable dielectrics
on the transport properties. This effect has been studied model that has combined bulk and
long-range interface electron-phonon couplings. We haweted out that the bulk coupling affects the
behavior of mobility below room temperature, enhancingdbleerent contribution, but it is ineffective
on the incoherent small polaron contribution dominatedhayihterface coupling at high temperatures.

Finally, we have emphasized the interplay between elegitmmon couplings and disorder strength
on the transport properties. The presence of disorder irtapt to improve the modeling of the
materials studied in this review. In particular, for syssegated with polarizable dielectrics, we have
shown that disorder effects are able to enhance the hop@ingets of the activated mobility and to
drive the small polaron formation at lower values of electphonon interactions. Therefore, disorder
represents a key factor to get agreement with experimeatal d

Some issues have not been covered in this review. Indeettatigport properties could be affected
by the non-local electron coupling, not only to optical, blgo acoustic vibration®[]. The coupling
to acoustic vibrations should be effective at low tempeesuwhere it would be interesting also to
investigate the role of quantum lattice fluctuations. Thgsantum effects are small in the adiabatic
limit; however, they could be important in the regime whdre presence of traps also influences the
transport properties. Finally, we believe that the conreeptd methods discussed in this review can be a
starting point for the study of related (such as durene aly$?2]) and more complex system&3).
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