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Abstract 

We have developed a first-principles method to calculate the electron-phonon coupling for specific 

modes and 𝒒-points in the Brillouin Zone for crystalline organic semiconductors. Using the obtained 

coupling strengths, we propose an approach to compute the temperature-dependent mobilities of 

electrons and holes.  

To validate our treatment of the electronic structures and vibrational properties, we calculate the 

Raman spectra in the lattice-phonon region and compare them with experimental data. We then 

compare the computed mobilities with available data for single crystals of naphthalene, anthracene 

and tetracene (bulk polymorph), finding good agreement within the experimental range, especially 

when accounting for possible charged impurities. Finally, we discuss the observed differences 

between tetracene polymorphs. 

 

 

I. Introduction 

Organic Semiconductors (OSCs) with proper functionalization have emerged as attractive candidates 

as active layers in several new electronic technologies. These encompass various applications from 

displays (OLED) to unconventional flexible, stretchable and/or wearable devices, phototransistors, 

easy processable large area electronics, organic photovoltaics (OPV), energy storage (redox flow 

batteries, organic electrodes, pseudo-/super-capacitors, gas storage and separation), photocatalytic 

systems, sensing applications, and others. [1–4] Moreover, OSCs are based on abundant, eco-

friendly, and cheap elements, nominally C, O, N, S, with negligible content of critical raw materials. 

This hallmark is crucial in the development of the next generation of sustainable functional materials. 
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However, the widespread application of OSCs in electronics-related applications is hampered by the 

lack of predictive understanding of the inter-relationship between solid-state packing and 

performance of the device (whatever type of device). This challenge also arises from the existence of 

multiple crystal structures, known as polymorphism, for a given molecular compound. Each 

polymorph exhibits a distinct vibrational pattern, leading to variations in electron-phonon coupling 

(EPC), thereby influencing the transport characteristics of OSCs. [4–6] Indeed, low-frequency 

vibrational modes, such as translations and rotations of the entire molecule, play a pivotal role in 

introducing dynamic disorder. This dynamic disorder, in turn, affects on-site energies and electronic 

transfer integrals, ultimately shaping the macroscale electronic properties of the semiconductor. 

Therefore, understanding polymorphism is crucial for defining the electronic properties in OSCs at 

the macroscopic scale. 

On the predictive modelling ground, charge transport models are worth a mention. Although 

sophisticated and computationally intensive approaches exist (such as mean field models, open 

quantum systems, quantum Monte Carlo, transient localization theory), in most cases approximations 

leading to analytical expressions are used. [1] These fall into the two categories of hopping and band-

like transport via Boltzmann transport equation (BTE). The BTE approach, particularly suitable for 

orderly packed OSCs, is acknowledged for its precision when accounting for electronic structure 

details. However, to simplify equations, the effective mass approximation is commonly employed. [7] 

 

In this study, we introduce a methodology for calculating and parameterizing the electron-phonon 

coupling (EPC) in organic semiconductors, and for using it to assess the OSC mobility. We validate 

the former by comparing it with experimental vibrational spectra, and the latter with experimental 

mobility values obtained from single crystals. Our investigation focuses on tetracene, a compound 

known for its various polymorphs. We observe differences between bulk polymorph 1 and thin-film 

polymorph, highlighting the need for comprehensive transport measurements on the latter. However, 

we recognize that the potential coexistence of these two phases, a phenomenon often detected in 

acenes, may pose a challenge in this task. [8,9] 

 

 

 

 

 

 



 

II. Computational method 

 

a. Electronic and Vibrational properties 

On this ground, we follow the most effective state-of-the-art approach,  [10–12] employing PBE 

pseudopotentials and the D3-BJ Grimme with Becke-Johnson damping functions for a posteriori 

VdW correction, [13] at any stage of a DFT calculation with VASP.  [14,15] We start on the 

experimental unit cell parameters, optimize the k-points grid using a cutoff energy of 400 eV. After 

having detected a converging k-grid of 5×3×2 and 7×5×3 for P1 and PF polymorphs, respectively,  

we optimize the energy cutoff for the wavefunctions. Finally, we relax the atomic positions keeping 

constant the unit cell parameters at the experimental values. Following relaxation, Phonopy 

packages  [16,17] are used to compute and diagonalize the dynamical matrix using a 2×2×2 super-

cell – a setup validated to ensure convergence in phonon frequency and 3D density of states (DOS) 

without any negative frequency, except for the acoustic branches in , for which negative frequency 

around 10-2 - 10-3 THz may be obtained and are considered acceptable. Finally, the Raman spectrum 

is simulated by using the vasp_raman.py code. [18] When comparing with experimental Raman 

spectra, the computed intensities have been adjusted by considering excitation wavelength and 

temperature dependence. [19] We consider this step mandatory to ascertain the suitability of the 

overall DFT scheme for the system under investigation. To compute the electronic dispersions, after 

the calculation of the frequencies, which ensures the structure has reached the energy minimum, we 

repeated the self-consistent calculation on a 7×5×3 k-space grid, for each polymorph, then we 

performed the required not-self-consistent calculations for computing the bands along certain 

paths, [20] by using 20 steps between each pair of high-symmetry points, for both polymorphs. 

 

b. Electron-phonon coupling (EPC) 

Following the previous procedure, we employ Phonopy to modulate the unit cell along the selected 

eigenmodes for  point and all the relevant high-symmetry 𝒒-points within the BZ, as given in the 

Bilbao crystallographic data center.  [21,22] Thus, for each considered q point and  phonon branch, 

a unit cell distorted along the eigenmode vibrational coordinate is generated. Phonopy code 

automatically weights for the atomic mass in this process. In the tight-binding approximation the 

dispersion energy can be approximated along a 1D direction to ~ 2 𝑡𝑊 𝑐𝑜𝑠(𝒌 · 𝒂), and that leads to 

a bandwidth BW related to the transfer integral tW by the relation 𝐵𝑊  =  4𝑡𝑊.  [23] As a result, the 

comprehensive bandwidth across the full 3D Brillouin Zone, and hence the corresponding transfer 

integral, can be obtained from a first principle DFT electronic structure calculation.  



Under this conceptual framework, and taking into account the traditional approach to EPC  [24,25] 

and the conventional definition of Deformation Potentials,  [26,27] the EPC constant for each q-point 

and phonon branch  can be defined as : 

𝐷𝒒,𝑣
𝑛,𝑛 =

𝜕𝑡𝑊
𝑛

𝜕𝒓𝒒,𝑣
       (1) 

𝐷𝒒,𝑣
𝑛,𝑚 =

𝜕Δ𝑠
𝑛,𝑚

𝜕𝒓𝒒,𝑣
       (2) 

In Eq. s (1)-(2), 𝑛 and 𝑚 are the band indexes, 𝑡𝑊
𝑛  is the bandwidth of the band of index 𝑛, Δ𝑠

𝑛,𝑚
 is 

the Davydov splitting between the bands n and m, computed as the energy difference between the 

energy barycenters of the bands, 𝒓𝒒,𝑣is the average displacements of all the atoms in the structure 

distorted along the eigenmode (𝒒, 𝑣). Thus, Eq. (1) is related to intra-band processes, i.e. will be used 

when the carrier scattering involves initial and final states in the same band, while Eq. (2) is related 

to inter-band processes.  

Operatively, after a self-consistent DFT calculation for each (q,) modulated/eigen-distorted 

structure, we perform a non-self-consistent calculation and save the obtained electronic structure in 

.bxsf format  [28] with the c2x code.  [29] Ad hoc routines were developed to extract the EPC 

parameters as in Eq. s (1) and (2). Finally, since we will be considering states, and transitions, in the 

whole 3D electronic structure, a DOS-weighted average of the computed EPC, across the q-points for 

each branch v, was performed to extract band-index specific EPC parameters to be used throughout 

the whole BZ:  

 

 𝐷𝑛,𝑚,𝜈 =
∑ 𝐷𝒒,𝑣

𝑛,𝑚𝟐
𝐷𝑂𝑆𝒒,𝜈𝒒

∑ 𝐷𝑂𝑆𝒒,𝜈𝑞
                                   (3). 

 

The selection of the vibrational modes to be considered in this protocol relies on the phonon DOS 

specifications and is made considering the modes which are bundled in the DOS. For tetracene, this 

encompasses the 16 modes of lowest frequency, with the additional eventual inclusion also of modes 

17-20. This approach is exemplified in section III. The comprehensive EPC parametrized in Eq. (3) 

are regarded as the proper deformation potentials for inelastic processes involving non-polar phonons 

in the mobility calculation, as detailed in the next sub-section. 

The deformation potential computed as in Eq. s (1) and (2) compares with the commonly employed 

electron-phonon interaction matrix element |𝑔𝑚,𝑛,𝒒,𝜈| definitions as follows: [30,31]  

|𝑔𝑚,𝑛,𝒒,𝜈|
2
=

ℏ

2𝑀𝜔𝒒,𝜈
𝐷𝒒,𝑣

𝑛,𝑚𝟐
      (4), 



where n and m are the band indexes, q and  are the phonon wave-vector and branch index, M is the 

mass of the unit cell and 𝐷𝒒,𝑣
𝑛,𝑚

 the EPC strength defined in Eq. s (1) and (2). We use the equation 

above also to extract the deformation potential for the ElecTra code from the Electron-Phonon 

Average (EPA) approximation calculation, performed with the epa.x program inside the Quantum 

Espresso suite. [32] The phonon energy was chosen to be the corresponding energy difference 

between initial and final states in the epa.x output. The e-ph matrix values corresponding to the same 

phonon energy were average with the wight and multiplicity reported in the epa.x output.  

 

Moreover, we evaluated a deformation potential for the elastic scattering with acoustic phonons near 

, Acoustic Deformation Potential scattering mechanism (ADP), by computing the variation of the 

bandwidth (intra-band process) or Davydov split (inter-band process), with the same philosophy of 

Eq. s (1) and (2), in respect of the relative cell volume variation. [26,27,33]  

𝐷ADP
𝑛,𝑛

=<
𝜕𝑡𝑊

𝑛

1

3
(
∆𝑉𝑐
𝑉𝑐

)
>       (5) 

𝐷ADP
𝑛,𝑚

=<
𝜕Δ𝑠

𝑛,𝑚

1

3
(
∆𝑉𝑐
𝑉𝑐

)
>       (6). 

We reduced and expanded the cell volume 𝑉𝑐 by increasing/decreasing the cell axes by a 1/1000 factor, 

and then averaged between compression and dilation. The sound speed, required to evaluate the ADP 

scattering rate, was taken from  [34]. 

 

c. Mobility 

Crystalline OSCs exhibit a well-defined crystal structure, which manifests in a distinctive vibrational 

fingerprint. Adopting a description based on the electronic dispersions in the BZ of the reciprocal 

lattice  [35] the mobility  is evaluated from the conductivity  as: 

𝜇𝑖𝑗(𝐸𝐹,𝑇) =
𝜎𝑖𝑗(𝐸𝐹,𝑇)

𝓃∙𝑞0
                               (7) 

where i and j are the Cartesian components x, y, and z, of the mobility and conductivity tensors, EF is 

the Fermi level, T the temperature, 𝓃 the carrier density and q0 the electronic charge. The conductivity 

is computed in the context of the linearized BTE as: 

 𝜎𝑖𝑗(𝐸𝐹,𝑇) = 𝑞0
2 ∫ 𝛯𝑖𝑗(𝐸) (−

𝜕𝑓0

𝜕𝐸
)

𝐸
𝑑𝐸                            (8) 

The integrand of Eq. (8) contains the Transport Distribution Function (TDF) 𝛯𝑖𝑗 and the energy 

derivative of the equilibrium Fermi-Dirac distribution 𝑓0. The TDF is defined as: 

𝛯𝑖𝑗(𝐸) =
2

(2𝜋)
3 ∑ ∑ 𝑣𝑖,𝒌𝑛,𝐸

𝑣𝑗,𝒌𝑛,𝐸
𝜏𝑖,𝒌𝑛,𝐸

𝑔𝒌𝑛,𝐸𝒌𝑛,𝐸𝑛                         (9) 



In Eq. (9) 𝑣 is the band velocity, 𝜏 the relaxation time, and 𝑔 the electronic DOS. All these quantities 

are specific of each individual transport state 𝒌𝑛,𝐸, where 𝒌 is the wave-vector, 𝑛 indicates the band 

index and E its energy. So, the sum runs over all the transport states identified by their momentum, 

belonging to all the bands, having a certain energy. The DOS 𝑔𝒌𝑛,𝐸
is defined as 

𝑑𝐴𝒌𝑛,𝐸

|𝑣⃗ 𝒌𝑛,𝐸
|
, where 

𝑑𝐴𝒌𝑛,𝐸 represents the area of the surface element of the constant energy surface to which the 𝒌𝑛,𝐸 state 

belongs, associated to each specific 𝒌𝑛,𝐸 state. Therefore, the sum in Eq. 6 is performed for each 

constant energy surface to compute the energy dependent TDF which will be then integrated as in Eq. 

(8). In this work, the tetrahedron method has been employed to construct the constant energy surfaces 

and extract the related quantities.  [36,37] 

The relaxation time of the state 𝒌𝑛,𝐸 for the transport along the direction 𝑖, related to scattering with 

a phonon belonging to the branch , is evaluated from the inelastic scattering with non-polar phonons 

as (we omit the index  for clarity):  [26,27,37–39]  

1

𝜏𝑖,𝒌𝑛,𝐸

=
1

(2𝜋)3
∑

𝜋𝐷
𝑛,𝑛′
2

𝜌𝜔0
(𝑁𝜔0

+
1

2
∓

1

2
)𝑔𝒌′

𝑛′,𝐸′
(1 −

𝑣𝑖,𝒌′
𝑛′,𝐸′

𝑣𝑖,𝒌𝑛,𝐸

)𝒌′                    (10) 

where 𝐷𝑛,𝑛′ is the deformation potential related to the electron-phonon scattering between the initial 

band 𝑛 and the final band 𝑛′, which includes intra- and inter-band processes, evaluated from Eq. (1) 

or (2), respectively. 𝜌  is the mass density, 𝜔0,𝜈 =
∑ 𝜔𝜈⋅𝐷𝑂𝑆(𝜔𝜈)𝜔𝜈

∑ 𝐷𝑂𝑆𝜔𝜈 (𝜔𝜈)
 is the effective frequency for the 

branch  evaluated from a DOS-weighted average over the selected portion of the phonon 

spectrum, 𝑁𝜔0
 represents the phonon Bose-Einstein statistical distribution, 𝑔𝒌′

𝑛′,𝐸′  is the DOS of the 

final state, belonging to the band 𝑛′and at energy 𝐸′, which is either increased or decreased by ℏ𝜔 

for absorption or emission processes, respectively, denoted by “– “ and “ + ” signs. The 

term (1 −
𝑣𝑖,𝒌′

𝑛′,𝐸′

𝑣𝑖,𝒌𝑛,𝐸

) approximates the momentum relaxation time,  [38–40] which is the relevant type 

of relaxation time for computing transport coefficients.  [27] Note that this definition of relaxation 

time bears similarity to what appears in other works on OSCs.  [41] The calculation of the mobility 

is performed using the ElecTra simulator.  [35,42] 

 

To perform the charge transport calculations, an additional non-self-consistent calculation on a finer 

mesh is needed. In this study, we adopted a 30 × 20 × 15 mesh with cutoff energy of 900 eV for the 

Polymorph 1 (P1) and 28 × 20 × 12 mesh with cutoff energy of 1000 eV for the thin film polymorph 

(PF), reaching the limit of the available node memory of the computing cluster. However, tests were 

run from a 7 × 5 × 3 grid onward and we found that a 25 × 15 × 10 grid provides convergence. Most 



important, the energy resolution used to construct the constant energy surfaces is set at 1 meV, 

meaning that each surface is calculated every 1 meV for each band, from the band edge up to ~ 0.4 

eV. Such fine resolution proves to be essential for the treatment of the flatter bands of the OSC 

compared to inorganic compounds.  [37,43–45] Due to the large bandgap of tetracene, we perform 

unipolar calculations separately for electron mobility in the conduction band (CB) and hole mobility 

in the valence band (VB).  

 

In addition to the main quantities described above, this work includes other quantities, computed 

when other processes needed to be accounted for. In the investigation of the role of punctual charged 

impurities, such as acceptors in the p-type case, the scattering with carriers was modeled as Ionized 

Impurity Scattering (IIS) within the Brooks-Herring framework: 

 

1

𝜏𝑖,𝒌𝑛,𝐸
𝐼𝐼𝑆 =

1

(2𝜋)3
∑

2𝜋

ℏ

𝑍2𝑒4

𝑘𝑠
2𝜀0

2

𝑁𝑖𝑚𝑝

(|𝒌−𝒌′|2+
1

𝐿𝐷
2 )

2 𝑔𝒌′
𝑛′,𝐸′

(1 −
𝑣𝑖,𝒌′

𝑛′,𝐸′

𝑣𝑖,𝒌𝑛,𝐸

)𝒌′          (11) 

where 𝑍 is the impurity charge, 𝑘𝑆 the relative static permittivity, and LD the screening length 

computed as 

𝐿D = √𝑘𝑠𝜀0

𝑞0
(

𝜕𝓃

𝜕𝐸F
)
−1

                               (12). 

We also discuss a diffusion mobility, defined from the Einstein relation as 

 𝜇𝑖𝑗(𝐸𝐹,𝑇)
𝐷 =

𝑞0𝐷𝑖𝑗(𝐸𝐹,𝑇)

𝑘𝐵𝑇
                               (13) 

where the diffusion coefficient 𝐷𝑖,𝑗(𝐸𝐹,𝑇) is computed starting from a DOS-weighted average of the 

transport state 𝑣𝑖,𝒌𝑛,𝐸
𝑣𝑗,𝒌𝑛,𝐸

𝜏𝑖,𝒌𝑛,𝐸
, for each band, summing over all the bands: 

 𝐷𝑖𝑗(𝐸) = ∑
∑ 𝑣𝑖,𝒌𝑛,𝐸

𝑣𝑗,𝒌𝑛,𝐸
𝑔𝒌𝑛,𝐸𝒌𝑛,𝐸

∑ 𝑔𝒌𝑛,𝐸𝒌𝑛,𝐸
𝑛                             (14) 

An average over the carrier energy, also weighted by 
𝜕𝑓0

𝜕𝐸
, which approximates to 𝑓0(1 − 𝑓0), is 

performed to account for the states involved in transport: 

𝐷𝑖𝑗(𝐸𝐹,𝑇) =
∫𝐷𝑖𝑗(𝐸,𝐸𝐹,𝑇)𝑔(𝐸)

𝜕𝑓0
𝜕𝐸

𝑑𝐸

∫𝑔(𝐸)
𝜕𝑓0
𝜕𝐸

𝑑𝐸
                              (15). 

 

Finally, in the mean free path  evaluation, a DOS-weighted average of the energy dependent mean 

free path is computed as: 

𝜆𝑖(𝐸F,𝑇) =
∑ 𝜆𝑖(𝐸,𝐸F,𝑇)𝑔(𝐸)𝐸

∑ 𝑔(𝐸)𝐸
                              (16) 



where 𝑖 is the Cartesian coordinate, 𝑔(𝐸) the total electronic DOS, and each 𝜆𝑖(𝐸,𝐸F,𝑇) term has the 

expression: 

𝜆𝑖(𝐸,𝐸F,𝑇) =
∑ |𝑣𝑖(𝒌,𝑛,𝐸)𝜏𝑖(𝒌,𝑛,𝐸,𝐸F,𝑇)|𝑔𝒌𝑛,𝐸𝑛,𝒌𝑛,𝐸

∑ 𝑔𝒌𝑛,𝐸𝑛,𝒌𝑛,𝐸

                        (17). 

 

 

III. Results and Discussion 

a. Electronic Structure 

The electronic dispersions of the two investigated tetracene polymorphs are reported in Figure 1, 

where in red and blue are depicted the valence and conduction bands, respectively. The paths have 

been chosen according to  [46]. We highlight with a green circle the valence band maxima (VBM) 

and the conduction band minima (CBM). For P1, the CBM appears to be at the R point while the 

VBM is located at the V point. For PF, the CBM happens at X whereas the VBM is along the –

U line.  

 

Figure 1: electronic band dispersions along paths between high symmetry points in the reciprocal 

unit cell for P1 (a) and PF (b). Red and blue colors indicate valence and conduction bands, 

respectively, while the green circles highlight the bands extrema. 



 

The electron 3D DOS and band velocity, computed in the reciprocal unit cell on the mesh used 

for the subsequent transport calculations and over the adopted energy range, are depicted in Figure 

2. The two VBs and two CBs lie quite separated in P1, when the DOS drops and then rises again. 

In contrast, these bands are more bundled in PF, leading to higher total band velocity in this 

polymorph. 

 

 

Figure 2: (a) density-of-states (DOS) and (b) band velocity, in S.I. units, for the two tetracene polymorphs 

investigated. Two CB bands and two VB bands can be distinguished in the P1 where the DOS falls down 

and rises again, so that bands have little energy overlap; in the PF the overlaps are more significant. The 

computed bandgaps are narrower than the experimental ones, as common in DFT calculations,  [47–49] 

however this does not affect the computed unipolar mobility. 

 

 

b. Vibrational properties 

The vibrational properties were computed for P1 [50] and PF  [51,52] phases. The low temperature 

Polymorph II  [53,54] was not considered as the atomic coordinates of this structure are, to the best 



of our knowledge, unknown. The phonon dispersions and the corresponding DOS are reported in 

Figure 3. It is important to note that the first 16 modes are bundled together throughout the BZ. This 

feature is highlighted in Figure 3a, where the DOS for the two investigated polymorphs are reported. 

The dispersions along directions connecting high symmetry 𝒒-points are shown in Figure 3b and 3c 

for P1 and PF, respectively. It is possible to observe how the 16 modes below 4.5 THz cross and 

intersect each other in the BZ. Additionally, in the thin film case, two upper modes slightly overlap 

with the lower 16; however, this minor overlap will be neglected in the following analysis. Since the 

lower 16 modes are bundled, we consider them as 16 scattering channels, following the common 

approach in semiconductors, [27] and due to the dispersion through the BZ, we assign to each of them 

an effective phonon frequency 𝜔0,𝜈, computed as a DOS-weighted average of the phonon frequencies 

of that mode, as described in section IIc. Because of their boundles character, we consider all of them 

and cut our region of interest at the first drop to zero of the phonon DOS: 

 

 

Figure 3: phonons DOS (a) and dispersions (b-c) for the P1 (orange) and the PF (green) polymorphs, 

respectively.  

 

We further investigated the character of these modes by analyzing their Participation Ratio (PR) 

defined as: [55,56] 

𝑃𝑅𝒒,𝜈 =
1

𝑁𝑎

(∑
|𝒆𝑎,𝒒,𝜈|

2

𝑚𝑎
𝑎 )

2

∑ (
|𝒆𝑎,𝒒,𝜈|

2

𝑚𝑎
)

2

𝑎

                                   (18) 

Where 𝒆𝑎,𝒒,𝜈 is the phonon eigenvector for mode  in point 𝒒 and atom a, ma is the mass of atom a, 

Na is the total number of atoms in the unit cell and the sums run over all the atoms in cell.  

This parameter provides a normalized estimation of the fraction of atoms involved in the 𝜈-th 

vibrational mode. The spatial extension of such a group is linked to the localized or extended nature 

of that mode: for extended modes PR ~ 1, while localized modes have a smaller ratio, down to the 

limit PR = 1/𝑁𝑎 when the mode involves only a single atom. 



The PR values for the first 16 modes are shown in Figure 4, for P1 and PF in (a) and (b), respectively. 

We can notice that at the zone boundaries, many modes display also a significant localized character. 

The extended character of the modes is more distributed over the BZ for the PF, with high PR values 

also at the zone boundaries, for some modes and 𝒒-points. When averaging the PR over this range, 

the thin-film phase shows a value nearly 3 % higher, 0.55 vs 0.53. Focusing on the nominal inter-

molecular modes, specifically the lowest 12 modes, the thin-film phase has a PR ~ 5 % higher, 0.61 

vs 0.58. A detailed description of the nature of rigid molecule modes at  can be obtained by 

projecting the eigenvectors along the rotational and translational coordinates in the molecular inertia 

axes system. In Figures 4c and 4d, the analysis of such decomposition of the lowest 16 modes in  is 

reported.  

DFT calculations can be validated by comparison with spectroscopic experiments, which probe 

frequencies at the Γ point. To accomplish this task, the off-resonant Raman activities were computed 

with the vasp_Raman.py program. [18] This program uses VASP as back-end to compute the 

polarizability with the approach of the finite displacements, and returns the Raman activity of the 

selected modes. The results of the calculations in the low frequency range for P1 are compared with 

the experimental spectrum  [53] in Figure 5a, with a zoom in the range of the experimental data in 

Figure 5b. The spectra are drawn as Lorenzian bands with a fwhm of 1/3 of the mean distance between 

the frequencies, chosen to conform to the experimental features of P1. The positions of the peaks 

agree within a very few cm-1, less than 5, reported also in the Supplemental Material, [57] thus 

confirming the validity of our description in terms of pseudopotentials and electronic 

structure.  [11,12,58,59] The experimental relative intensities map satisfactorily on the simulated ones 

once the laser excitation frequency and the measurement temperature of the experiments are 

accounted for. [19] This is performed by using the formula 𝐼 = 𝐼0
𝜈

(𝜈−𝜈0)
4 (1 − exp (

−ℎ𝜈

𝑘𝑇0
)), where 𝐼0 , 𝜈0, 

𝑇0 , and  𝜈 are the measured Intensity, excitation frequency, temperature and vibration frequency, respectively, 

ℎ is the Planck constant and 𝑘 the Boltzmann constant. 𝐼 is the adjusted experimental intensity. 

The fact that the experimental and computed peak positions agrees generally better than intensity 

ratios is not surprising, as it may stem on the unknown crystal orientation of the measured anisotropic 

specimen,  [10,59] which determines which components of the polarizability matrix, and thus the 

band intensities, were actually probed in the experiment. Additionally, figures 5c and 5d present the 

Raman spectrum of the polymorph, not yet reported experimentally, highlighting clear differences 

that can guide future experimental spectroscopic studies.  [12,58,59]  

 

 

 



 

 

Figure 4: PR values at different BZ high symmetry 𝒒-points, for the lower 16 modes, (a) P1, (b) PF. We observe 

a slightly higher extended character in the PF modes, especially in the lower modes and far off , whereas in 

the P1 the high extended character is mostly limited to BZ center. (c) Mode decomposition at  along 

translational (T) and rotational (R) eigenvectors, averaged for all the modes. (d) The mode average L, M, and 

N components of T and R have been summed, it appears that the PF modes have an average larger extended 

character, and a larger R character in comparison to the T one.  

 

 



 

 

Figure 5: (a) and (b), validation of the DFT protocol that compute the electronic and vibrational structure via 

comparison between computed and experimental Raman spectra of the P1, the experimental data, in magenta 

line, have been obtained from ref.  [53]. The experimental intensities have been transformed into Raman 

activities by accounting for measurement temperature and laser frequency. (c) and (d), the Raman spectra of 

the PF are shown, on the same frequency ranges. 

 

c. EPC parameters 

In this section, we present the EPCs evaluation according to Eq. s (1)-(3). They have been computed 

with Phonopy for unit cells with atoms displaced along each eigenmode, employing an input 

amplitude tag of 0.1, which results in an average displacement of the order of 10-4Å. The test on the 

convergence of such values with respect to the displacement is detailed in the Supplemental 

Material.  [57] Figures 6 and 7 show the EPCs computed for P1 and PF, respectively, from the 

different bands and the Davydov splitting. The terms CB and VB refer to conduction band and valence 

band, respectively, with 1st and 2nd indicating the order from the edge, with the former having the 

lower minimum. In Figures 6 and 7 the horizontal axes span the high symmetry BZ points and the 

mode number, while the z-axes represent the magnitude of the EPC. Note that the colors are just for 



representative purpose, there is no color scale as the EPC strength is represented by the value on the 

vertical axis. 

 

 

 

Figure 6: EPC values in eV/ Å for tetracene bulk, comprising the lowest 16 modes at 8 high symmetry 𝒒-points 

in the BZ, as indicated. (a) and (b), EPC computed with Eq. (1) for the two CBs, (c) EPC computed from the 

Davydov splitting as in Eq. (2). (d)-(f), same as (a)-(c) for the VBs. 

 

 

Figure 7: EPC values in eV/ Å for tetracene PF, comprising the lowest 16 modes at 8 high symmetry 𝒒-points 

in the BZ, as indicated. (a) and (b), EPC computed with Eq. (1) for the two CBs, (c) EPC computed from the 

Davydov splitting as in Eq. (2). (d)-(f), same as (a)-(c) for the VBs. 

 



From Figures 6 and 7 we can deduce that certain modes, at specific 𝒒-points of the BZ, i.e. with a 

given momentum, lead to very strong EPC, whereas at other 𝒒-points the EPC strength is much lower. 

Importantly, the stronger EPC values are found not to be at the  point. Since our task is to describe 

the scattering across the entire BZ, in every direction, we must average them.  [44] This holds not 

only for each individual mode, but also for all of them together, given their strong bundled feature. 

Thus, the values in Figures 3 and 4 must be weighed for the DOS and averaged as from Eq. (3). Mode 

and 𝒒-points specific EPC values are listed in the Supplemental Material, part B. [57] 

The EPC values obtained through this procedure are reported in the Supplemental Material, [57] 

whereas in Table I we provide the sum of the EPC of each mode as a one-number rough indication of 

the EPC strength, labelled EPC*, in units of eV/Å. The same Table also lists the band widths (BWs), 

which are related to the transfer integrals between translationally equivalent molecules (α or β) in 

different unit cells. [60] Thus, a larger BW indicates a stronger interaction between translationally 

equivalent molecules in different unit cells of the crystal. This might lead to higher insensitivity to 

the modulation carried by the vibrational modes. 

 

 VB1 VB2 inter-band CB1 CB2 inter-band 

P1 – EPC* 1.27 1.69 2.80 1.54 2.35 3.39 

P1 - BW 0.191 0.189 0.013 0.268 0.351 0.060 

PF – EPC* 0.32 1.36 1.88 0.41 1.0 2.17 

PF - BW 0.525 0.342 0.252 0.30 0.467 0.198 

Table I: EPC, in eV/Å, and bandwidth BW, in eV, for the CB and VB of the two polymorphs. The 

column “inter-band” contains, for the EPC, the inter-band scattering term, for the BW, the amount of 

the overlap between the two bands. It is possible to observe that the PF has much broader bandwidths.  

 

 

d. Mobility 

In this section, the mobility is computed using the approach provided in section II.c. The mobility 

tensor derived using equations (7)-(10) is in Cartesian coordinates. 

First, we project the electric field ℰ𝑖
⃗⃗  ⃗ along the crystallographic axes. This is achieved by inverting the 

lattice vector matrix, expressed in the POSCAR VASP file: 

ℰ𝑖
⃗⃗  ⃗ = 𝒍 ∗ inv(𝐴)      (19) 

where l is the intended direction in the internal coordinates and A is the lattice vector matrix. This 

allows us to express the electric fields along the internal cell axes, ℰ𝑎
⃗⃗ ⃗⃗ , ℰ𝑏

⃗⃗⃗⃗ , and ℰ𝑐
⃗⃗⃗⃗  in Cartesian 

coordinates. Next, from the conductivity tensor 𝜎, given by Eq. (8), we compute a current density as: 

𝐽𝑙⃗⃗ = 𝜎ℰ𝑙
⃗⃗  ⃗                                 (20). 



Thus, we obtain a component of the conductivity tensor in internal coordinates: 

 𝜎𝑙 =
|𝐽𝑙⃗⃗  ⃗|

|ℰ𝑙
⃗⃗  ⃗|

⁄                                   (21) 

and the related mobility: 

 𝜇𝑙 =
𝜎𝑙

𝓃 ∙ 𝑞0
⁄                          (22). 

 

Using this approach, we can link the computed mobility tensor in Cartesian coordinates to the 

mobility measurable along specific crystal directions.  

We first aim at validating our approach by comparing computed and experimental data. Considering 

that the reported experimental values vary widely, mostly due to extrinsic phenomena, mobilities 

measured in single crystals should be regarded as the relevant reference.  [61,62]  

For the sake of genericity, we apply the proposed method not only to the model polymorphic tetracene 

system,  [62,63] but also to other oligoacenes for which time-of-flight (ToF) measurements [64] of 

mobility on high quality single-crystal are available, namely naphthalene, [65] anthracene. [66]  

These comparisons are reported in Figure 8a, 8c, and 8d, for tetracene, naphthalene, and anthracene, 

respectively. The experimental mobilities are plotted in black, and the computed mobilities are given 

with different colors as in the legends, given by assuming the Fermi level placed at around ¼ of the 

bandgap.  For naphthalene and anthracene, we report the mobilities 𝜇𝑎and 𝜇𝑏 along the a and b axes, 

respectively, as well as 𝜇⊥𝑎𝑏
 along the direction perpendicular to the ab plane, also called c* or 

c’. [65,66] For tetracene, we report both the experimental minimum mobility, measured in tetracene 

single-crystal OFETs, [62] and the ToF mobility at 300 K. [63] For the cases of naphthalene and 

tetracene, we report also the mobility computed considering the elastic scattering with acoustic 

phonons near  (ADP), in gray, demonstrating that its contribution is negligible. We specify that the 

ADP deformation potentials computed with Eq. s (5) and (6), given in part D of the Supplemental 

Material, [57] are lower than the ones previously reported in literature with the method of the relative 

displacements of the band edges. [67] For naphthalene, Figure 8c, we also report in red the mobility 

along the b axis computed with the EPA method,  [32] which is based on Density Functional 

Perturbation Theory (DFPT) technique. The severe underestimation of the mobility computed within 

the EPA approximation is likely due to the coarse grid we used, see table II. However, we chose the 

computational settings to fit in with the 24 hours wall-time limit of the HPC infrastructure we used.  

 

We observe that the computed mobilities are of the correct order of magnitude, though somewhat 

larger, which is expected considering that we are assuming ideal crystals. The fact that in the case of 

anthracene, the computed 𝜇𝑏 is lower than the experimental values, is not expected. However, as we 



show in part E of the Supplemental Material, [57] the mobility of anthracene is dominated by the 

inter-band scattering. It is possible that our proposed Eq. (2) for the inter-band scattering, based on 

the Davydov splitting, requires further corrections; for example, a decrease of around 25% of the 

considered split brings the computed values above the experimental ones. 

The mean free path  estimated with Eq. (16) at T = 300 K for the investigated systems, considering 

the Fermi level at around ¼ of the bandgap, are reported in Table II, in units of Å. We observe that 

they reflect the anisotropy of the mobility. For naphthalene, they are very close to the values extracted 

from experiments, [60] and, except for the tetracene PF phase, they are generally in the order of the 

inter-molecular spacing, as expected. [63] 

 

 a b c 

tetracene P1 2.04 2.61 0.91 

tetracene PF 28.3 35.63 5.78 

naphthalene 1.58 2.80 2.0 

anthracene 1.64 2.36 1.77 

Table II: mean free path  along the three crystal axes for the tetracene polymorphs and the other two 

model systems, values in Å. 

 

We highlight that the experimental single crystal mobility appears to be limited by the traps at the 

metal/OSC contact interface and that shallow traps in this region are likely to strongly decrease the 

mobility by more than 70 %.  [62] Based on this, we included punctual defects in the model. These 

defects act as electron acceptors and behave like p-dopants. We also assume that the carrier density 

is completely due to these impurities, which consistently downshift the Fermi level towards the band 

edge. From the perspective of carrier scattering, the defects are treated in the framework of the IIS 

described in section II.c. Their charge was set either equal to one or ½, at densities comparable to 

those estimated for OSC crystals.  [68,69] The choice of a ½ charge should simulate a situation where 

the charge of the ionized acceptor is effectively spread over more molecules, resembling an extended 

charged defect. The results for two densities of ionized defects are plotted in magenta in Figure 8a. 

We can see that the calculated mobility values fall within the experimental range, although with a 

reduced slope in the T dependence. This demonstrates that mobilities can be brought within the 

interval of the experimental values by considering defects, although, undoubtedly, a better description 

of these would be necessary. This is even more true for the case of FET mobility, where the 

determinant role of scattering at the boundaries between differently oriented regions has been 

observed by in-operando kelvin-force measurements. [70] This scattering is likely responsible of a 

measured tetracene mobility [71,72] which is lower than the one estimated for bulk single 

crystals. [62] 



 

Additional insights are gained from the analysis of the power law exponent in  ~ T n. By fitting all 

the experimental data together, black line in Figure 8b, an exponent of -2.56 is computed. When 

splitting the analysis to distinguish between high and low temperature regimes, the low temperature 

one (red dotted line) gives an exponent of -4.50, while the low temperature (green dotted line) gives 

an exponent of -1.77. The computed BTE mobility (orange stars and orange dash-dot lines) returns 

an exponent of -1.69, which is very close to the experimental value at low T, whereas for the diffusion 

mobility 𝜇𝐷, Eq. s (13)-(15), this exponent is much lower, -0.66. This convinced us that the 

description based on the DFT electronic structure, which accurately reproduces the experimental 

Raman spectra, can be regarded as a solid basis also for transport simulations in crystalline OSCs. 

Thus, our findings suggest that the common BTE mobility is more suitable than the diffusion mobility 

to describe the OSCs. We note that when considering punctual ionized impurities in the BTE, magenta 

lines in Figure 8a, n falls between -0.90 and -1.07, calling for improved models for defects in OSCs.  

Finally, we performed a mobility calculation that included, at the same foot of the lowest 16 modes, 

the next 4 modes between 4.5 and 5.5 THz, which form a bundled group in the DOS right above 4.5 

THz. However, no significant differences were detected in the mobility values despite this additional 

scattering process involving a larger ensemble of modes. This suggests that our approach, that 

considers the lower bundled modes up to the first drop in the DOS, together with the method to 

compute and parametrize EPC, is suitable to describe the mobility of the OSC under investigation. 

 



 

Figure 8: validation of the proposed approach with respect to the experimental hole mobility values for 

tetracene, in (a) and (b), naphthalene in (c), and anthracene in (b),  along different crystal direction as 

denoted.  [62,63,65,66] For the case of tetracene, the mobilities computed with the addition of punctual ionized 

defects, considered as electron acceptors, at two different concentrations and ionized charges, are reported in 

(b). The fractional charge aims at mimicking extended charged defects. By including these, the match between 

the experimental and computed mobilities improves, but at the cost of a change in the T dependence. However, 

this suggests that the overestimation of the computed mobility is likely due to the neglect of extrinsic charged 

defects. The diffusion mobility computed from Eq. s (13)-(15) is shown in (b), indicated as 𝜇⊥𝑎𝑏

𝐷 . The 

corresponding fits are displayed, as explained in the main text. In (c), for naphthalene, we add the mobility 

computed with the EPA method.  

 

Eq. (19) allows us to express the electric field in the internal coordinates, enabling the analysis of the 

mobility anisotropy within the crystal planes. This is demonstrated for the hole and the electron 

transport in P1 in Figure 9a and 9b, respectively. For each plane, the lines are plotted by using over 

106 random directions on the plane. A uniaxial anisotropy appears, that means that a direction of 

higher mobility is present, which is nearly parallel to the b axis. This direction lies in the ab plane, 

which is generally the contact plane for OFETs, and is consistent with what observed in other OSCs 

like pentacene or rubrene. [73,74] Moreover, we obtain an anisotropy ratio of the mobility in the ab 

plane  of 3, in good agreement with the experimental findings, which is around 2.  [75,76] 



Additionally, the approach outlined in Eq. s (19)-(22) can be used to obtain random 3D orientations 

and compute an average mobility over more than 106 random orientations. We plot this mobility r 

in Figure 9c. Such a random mobility can be regarded as a reference mobility in a specimen with 

crystallites in several orientations, even though the carrier scattering at the boundaries between the 

crystallites is anyway neglected. The same analysis for the PF is shown in Figure 10. 

 

 

Figure 9: (a) anisotropic hole mobility in the crystal planes, as indicated;  is the angle, in deg, in respect of a 

cell axis. (b) anisotropic electron mobility in the crystal planes, as indicated. The average in-plane mobility is 

ab ~ 6.1 (8.5) cm2/Vs, ac ~ 3.1 (4.3) cm2/Vs, bc ~ 5.7 (8.5) cm2/Vs for holes (electrons). The in-plane 

anisotropy ratios are 3.0 (3.5), 2.9 (1.9), 6.5 (9.1), for the ab, ac, and bc planes, respectively, for holes 

(electrons). (c) average mobility computed for 2·106 random orientations of the electric field.  

 

 

 

Figure 10: (a) anisotropic hole mobility in the crystal planes, as indicated;  is the angle, in degrees, with 

respect to the cell axis. (b) anisotropic electron mobility in the crystal planes, as indicated. The average in-

plane mobility is ab ~ 157.9 (94.3) cm2/Vs, ac ~ 91.2 (68.9) cm2/Vs, bc ~ 130.7 (104.4) cm2/Vs for holes 

(electrons). The in-plane anisotropy ratios are 1.7 (2.1), 2.0 (1.5), 7.3 (1.7), for the ab, ac, and bc planes, 

respectively, for holes (electrons). (c) average mobility computed for 2·106 random orientations of the electric 

field.  

 

We observe that the PF presents a much higher mobility. The idea that some polymorphs of acenes 

exhibit higher mobility is not new, to the extent that it has been suggested that the wide variability in 



mobility observed in pentacene OFETs can be attributed to the presence of different crystal 

forms, [77] and coexistence of structures has been detected. [9,78] So, the disorder is increased by 

the coexistence of polymorphs, with detrimental impact on the mobility. Thin films phases, also 

known as surface induced structures, [79] are particularly important in applications such as OFETs, 

as the OSC conducting channel lie at the interface with the dielectric layer. [80] In fact, pentacene 

thin-film structure has been reported to exhibit a higher mobility than the bulk. [81] The TF mobility 

here calculated is for a single crystal, i.e. for a 3D, highly pure system which, in fact, is actually 

experimentally unattainable, as this phase exists only within a few nm thickness before coexist with, 

or being replaced by, the bulk polymorph. [8] However, this result suggests that the thin-film phase 

exhibits improved charge transport characteristics.  

 

Our goal now is to address the reasons behind the higher mobility of the PF. This can be due to the 

higher carrier band velocity, Figure 2, but mostly to the lower EPC strength, up to ~ 4× lower in the 

topmost VB and lowest CB – we recall that the scattering rate has a quadratic dependence on the 

EPC. We further challenge this task by addressing the average random mobility, the bandwidth, an 

average electronic structure quantity, the EPC, the interaction between the electronic structure and 

the vibrational modes. The bandwidth of the two CBs and the two VBs for each polymorph is reported 

in Figure 11a, where the x-axis is the average energy of the band. It is obvious that the PF has wider, 

more disperse, bands, which correspond to the larger velocity in Figure 2. The positive relationship 

between more disperse bands and mobility is demonstrated in Figure 11b, where the random mobility 

computed after Eq. s (19)-(22) is plotted in respect of the CB and VB bandwidth of the two 

polymorphs, here we considered the topmost VB and the lowest CB, denoted with ‘0’ subscript, as 

they are the most involved in the charge transport. To gain additional insight into this qualitative 

consideration, we investigate the relationship between the random mobility at 300 K and the ratio 

between the bandwidth, which favors the mobility, and the effective EPC, for the band at the edge. 

We define an effective EPC strength with Eq. (23): 

EPCB0

𝑒𝑓𝑓
= √∑

𝐷𝑛0,𝑛0,𝜈
2

ℏ𝜔𝜈
𝜈       (23) 

where 𝐷𝑛,𝑛,𝜈 is the intra-band EPC for the band defined from Eq. (3) for the band 𝑛0, which is the 

band at the edge (topmost VB or lowest CB), and the mode 𝜈, ℏ𝜔𝜈 is the mode energy. This definition 

is based on the equation for the evaluation of the scattering rates, Eq. (11), and the effective EPC 

estimated with Eq. (23) has units of √eV
Å

⁄ . 

 



By plotting the random mobility at 300 K and the ratio between the bandwidth and such effective 

EPC, Figure 11c, a straightforward linear trend appears, represented by the fitting black dash-dot line 

with R-square = 0.9994. If we neglect the phonon frequency and sum only the EPC values, obtain a 

slightly worse trend with an R-square of 0.9938. Thus, the two key ingredients to have high mobility 

OSC: large bandwidth and weak effective EPC. 

Thus, the core task becomes how to achieve weak EPC, and, in our case, what gives such lower EPC 

in PF. We believe that wider electronic bands, signatures of more stable interactions, can be a relevant 

hint. Also, the question of whether a larger BW signals a greater insensitivity of the transfer integral 

to the phonon modes, is worth deeper investigation. 

 

 

Figure 11: (a) total band width versus band energy, evaluated as the mean of the band eigenvalues, for the two 

valence bands (VB), bright red, and two conductions bands (CB), bright blue, of P1, and, with dark red and 

light blue, the same for PF. (b) dependence of the random mobility at 300 K, Eq. s (19)-(22), versus the average 

bandwidth of the two VBs or CBs for the two polymorphs. A clear monotonic dependence appears. (c) 

dependence on the random mobility at 300 K with respect to the ratio between the band width and the effective 

EPC, for the bands at the edge, i.e. the topmost VB and the lowest CB, which are the bands more involved in 

the transport. The effective EPC is defined as in Eq. (23). The dash-dot black line is the fitting line. A clear 

linear dependence appears, signaling the relevant parameters for mobility in OSC. 

 

 

 

d. Comparison with other methods 

Finally, in order to benchmark the computational burden of our proposed method, for naphthalene we 

performed calculations using state-of-the-art DFPT methods. We  followed the procedure described 

in the PERTURBO code, [31] which was already adopted in the literature to perform DFPT 

calculation of the mobility of naphthalene in literature, [82,83] labelled ph-wannier in Table III. We 

also used the EPA approximations, which has been never used for OSCs before. [32] The mobility 

computed with the ph-wannier method is already reported in literature,  [82] and we don’t replicate 

those data here. However, we highlight that in that case the mobility was overestimated by a factor of 



about 3, in line with our findings. The EPA method data are plotted in Figure 8c, red line. The 

computational settings used, as well as the core-hours employed, are reported in Table III. We observe 

the significantly reduced cost enabled by the proposed method, which means that it is possible to 

afford larger systems or to increase the HPC throughput. 

 

Method k-grid q-grid ‘tr2_ph’ VdW core hours 

this work 3×5×3 2×3×2 - yes 2,000 

EPA 4×4×4 2×2×2 10-10 no 33,000 

ph-wannier 4×4×4 2×4×2 10-12 no 19,500 

Table III: comparison of the computational burden of the three methods discussed in the text. About the ph-

wannier method, we followed the instructions in the PERTURBO manual up to the e-ph calculation and we 

used the grid as in ref. [83]. We didn’t compute the mobility because the related mobility values are already 

reported in literature. The cutoff energy (‘ecutwfc’ parameter) is 70 Ry in Quantum Espresso (‘ecutrho’ 

parameter set to ten times the ‘ecutwfc’ parameter) and 900 eV in VASP. The ‘tr2_ph’ tag is the threshold for 

the self-consistent DFPT calculation, the threshold at the electronic structure level is always 10-8. In our 

proposed method, the q-grid must be regarded as the supercell size. The Van der Waals (VdW) interaction is 

always used at the electronic structure stage, not always at the phonon stage. 

 

 

IV. Conclusions 

 

A method has been developed that combines DFT-level calculations and semiclassical transport 

simulations to compute the electron-phonon coupling in organic semiconductors. The model has been 

validated through a comparison of computed and experimental Raman spectra and single-crystal hole 

mobility for tetracene. The coupling has been estimated across the Brillouin zone for different phonon 

modes, and from these calculations, the charge mobility has been evaluated. The validity of the 

electronic structure and phonon calculations has been demonstrated by computing the low frequency 

Raman spectrum and comparing it with experimental results. Based on the achievement on tetracene, 

the suitability of the overall method has been confirmed through a comparison of computed and 

experimental single-crystal hole mobility of naphthalene and anthracene. A slightly overestimated 

mobility is obtained; however, including point ionized defects adjusts the mobility to fall within the 

experimental range, but at the cost of a worse agreement in its overall temperature dependence. This 

suggests that the development of a proper treatment for likely extended ionized defects is necessary 

to achieve accurate modeling of real specimens. Furthermore, the ratio between the bandwidth and 

the effective EPC is identified as a key parameter for ranking the mobility of OSCs. 



We demonstrate that our approach is suitable for first-principles calculations of mobility in crystalline 

OSCs, at a significant lower computational burden in respect to DFPT approaches. Our work 

establishes a solid foundation for understanding how polymorphism impacts electronic properties and 

devises a simulation approach to link solid-state packing and charge transport. 
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