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Organic semiconductors (OSC) are key components in applications such as organic photovoltaics, organic sensors, transistors and organic light emitting diodes (OLED). OSC devices, especially OLEDs, often consist of multiple layers comprising one or more species of organic molecules. The unique properties of each molecular species and their interaction determine charge transport in OSCs—a key factor for device performance. The small charge carrier mobility of OSCs compared to inorganic semiconductors remains a major limitation of OSC device performance. Virtual design can support experimental R&D towards accelerated R&D of OSC compounds with improved charge transport. Here we benchmark a de novo multiscale workflow to compute the charge carrier mobility solely on the basis of the molecular structure: We generate virtual models of OSC thin films with atomistic resolution, compute the electronic structure of molecules in the thin films using a quantum embedding procedure and simulate charge transport with kinetic Monte-Carlo protocol. We show that for 15 common amorphous OSC the computed zero-field and field-dependent mobility are in good agreement with experimental data, proving this approach to be an effective virtual design tool for OSC materials and devices.
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INTRODUCTION
The discovery of electroluminescence in organic semiconductors (OSC) by Tang and VanSlyke (1987) triggered an intense research in OSC, leading to their use in a wide range of very thin and potentially printable applications, such as organic solar cells (OPV) (Baran et al., 2018) and organic field-effect transistors (OFET) (Wang et al., 2018) and their common use in organic light emitting diodes (OLEDs) (Fröbel et al., 2018). Over the past 3 decades, OLEDs have evolved significantly from the crude two-layer material used by Tang and VanSlyke into intricate multilayer thin-film devices and are commonly used in displays (Fröbel et al., 2018) and lighting applications (Tsujimura, 2017). Each of these layers consist of one or multiple species of molecules, forming thin amorphous films. One limiting property of these amorphous OSCs is the charge carrier mobility, which is several orders of magnitude below values for inorganic semiconductors (Friederich et al., 2016). The fundamental reason for this shortcoming is the localization of electrons on individual molecules in the amorphous films due to disorder of molecular electronic states. In the past 3 decades, intense research into developing materials with improved properties, including increased mobility. This research, however, was mainly lead by chemical intuition and experimental synthesis and device fabrication, limiting the progress in the exploration of the vast molecular space. On the other hand, improvements in theoretical and computational methods in OSCs have lead to these methods becoming an indispensable tool in material development and characterisation. A further increase of the accuracy could boost virtual design, enabling researchers to focus experimental efforts in the material development process to promising candidates identified in computer simulations (Friederich et al., 2017).
Seminal work by Bässler (1993) quantitatively showed the crucial dependence of charge carrier mobility on the inter-molecular disorder of electronic states. Assuming a Gaussian distribution of electronic states with width σ, he found a strong dependence of the charge carrier mobility on σ of
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Consequently, any de novo mobility model requires information about the distribution of the polaron energy levels in the unique molecular environment in the amorphous film. While these quantities can only be accurately calculated in very small systems, the percolative nature of charge transport in OSCs demands a description on the [image: image] scale (Massé et al., 2014).
This problem of scales can be solved using a multiscale simulation approach, where molecular properties computed using quantum chemistry methods are mapped to the device scale in multiple simulation steps (Kordt et al., 2015; Symalla et al., 2016; Symalla et al., 2018; Symalla et al., 2019; Symalla et al., 2020a; Symalla et al., 2020b). In these workflows, digital twins of OSC amorphous films are constructed and material specific properties determining charge carrier mobility, such as energy disorder, are computed.
In prior work we used a closed analytic expression to calculate the charge carrier mobility (Friederich et al., 2016). This expression is derived by averaging over all intermolecular hops, assuming homogeneous charge transport and thus neglecting percolative effects (Rodin et al., 2015). We used this approach to calculate the hole mobility for a set of materials commonly used in OSCs (Friederich et al., 2016) and reached about an order of magnitude agreement with experimental data. However, this approach is limited to pristine systems with a Gaussian distribution of states and does not take into account charge carrier interaction. Other work used a coarse grained approach (Baumeier et al., 2012; Kordt et al., 2015; Massé et al., 2016), mesoscale representations of organic thin films to model charge transport. Solving the Pauli Master-equation for charge carriers in the system allows the calculation of the mobility, takes electron-electron interaction into account on a mean-field level and allows for arbitrary distributions of states. This method has been effectively applied to study behavior of charge carrier mobility in realistic OSC materials (Massé et al., 2016; Kotadiya et al., 2018). This approach does not take into account many-particle effects beyond the mean-field, limiting its accuracy (van der Holst et al., 2011; Liu et al., 2017). Here we apply an approach, where the charge transport at the mesoscopic scale is computed using a kinetic Monte-Carlo approach (van der Holst et al., 2011; Kordt et al., 2015; Yavuz et al., 2015; Symalla et al., 2016; Liu et al., 2017), based entirely on ab initio input. This method is numerically demanding, but can be extended to simulate mixed films, interfaces or devices with ohmic injection at small applied voltages or medium to large charge carrier concentrations (van der Holst et al., 2011; Symalla et al., 2016; Liu et al., 2017).
Apart from the choice of the model to solve the transport problem, the prediction quality of the computed mobility strongly depends on the accuracy of the computed material properties, like disorder, which are highly sensitive to both details of the protocol to compute electronic structure of molecules in thin films and the underlying morphology. In contrast to our previous approach we use here a protocol mimicking physical vapour deposition to generate morphologies with atomistic resolution (Neumann et al., 2013) which is then the basis of calculations (Friederich et al., 2014) using a quantum embedding scheme. As the systems which are generated in this way are too small to be used in the kMC transport model (Massé et al., 2014) we use a stochastic extension scheme (Baumeier et al., 2012; Symalla et al., 2016). This scheme has been used to investigate charge and energy transport in emissive layers (Symalla et al., 2020a; Symalla et al., 2020b), doped injection layers (Symalla et al., 2020a), single-carrier devices (Kaiser et al., 2021) and OLEDs (Symalla et al., 2018; Symalla et al., 2019) de novo.
Clearly the complex interplay of these methods calls for a thorough benchmark of the method. This benchmark is all the more important, because bottom-up device calculations based on ab initio input cannot be performed with continuum models, but are—ideally—conducted by kMC calculations. Such calculations would fail if the electronic structure of the individual materials are not correctly represented. To ensure the quality of our single materials model, we apply this workflow to compute both zero-field and field-dependent mobility without the need for experimental input for a wide range of materials commonly applied in electron or hole transport layers or as host materials in emission layers. With only the molecular structure as input, the computed zero-field and field-dependent mobilities show a significantly improved agreement between simulation and experiment.
METHODS
The multiscale workflow mentioned in the introduction consists of five basic steps, which are detailed below: First, density-functional theory (DFT) (Kohn and Sham, 1965) is used to optimize the geometry and compute partial charges via an electrostatic potential (ESP) fit (Singh and Kollman, 1984) for single molecules in vacuum. Subsequently, the optimized molecular structures as input, morphologies with atomistic resolution are generated using a Monte-Carlo based protocol mimicking physical vapor deposition (Neumann et al., 2013). Using the QuantumPatch method (Friederich et al., 2014), we calculate the energy disorder, electronic couplings and reorganization energies in these thin film representations by self-consistently equilibrating the charge densities of a subset of molecules in their respective unique environment for a limited system size of [image: image] molecules. To bridge the scales of atomistic resolution and device-level, we use the distance distribution in the morphology to stochastically generate thin film morphologies of several 10 000 to 100 000 sites and draw electronic couplings, site and reorganization energies from the individual distributions analyzed with the QuantumPatch method energies (Baumeier et al., 2012; Symalla et al., 2016). Based on these expanded morphologies we simulate charge transport in OSC thin films using the kMC protocol lightforge (LF) (Symalla et al., 2016). In LF, charge carriers are modeled as single entities that hop on neighbouring sites with rates derived from Marcus theory (Marcus, 1956). These charge transport simulations allow the computation of field-dependent and zero-field mobility, taking into account percolation and many-body effects (van der Holst et al., 2011; Liu et al., 2017). All DFT calculations are performed using the Turbomole (Ahlrichs et al., 1989) DFT package.
Morphology Generation
To obtain amorphous thin-film morphologies for each molecule, the DEPOSIT (Neumann et al., 2013) protocol is used to simulate physical vapour deposition. Molecules are added to the simulation box one at a time, scanning the morphology surface using a MC based basin hopping with simulated annealing (SA). Intermolecular interactions during the deposition process are modeled using Lennard-Jones potentials (parameters listed in Supplementary Table S1) and Coulomb potentials based on the ESP charges derived as described above. To model different molecular configurations, rotations of dihedrals around single bonds are performed, bond distances and angles are kept fixed during deposition. The energy of the various configurations is computed using molecule-specific intramolecular force-fields derived by step-wise rotation of dihedral angles of single molecules in vacuum and computing DFT energies of each configuration using the B3LYP (Stephens et al., 1994) functional and def2-SVP (Weigend and Ahlrichs, 2005) basis set. To improve the sampling, multiple SA cycles are run in parallel, with one molecule selected based on the Metropolis-criterion (Hastings, 1970). After deposition, each molecule is kept fixed to achieve linear scaling of computing time. To obtain representative atomistic models of the amorphous thin-film for each material, 2000 molecules are deposited into a simulation box of 90Å x 90Å x 360Å with 32 parallel SA cycles starting at an artificially high temperature (4000K) and cooling to room temperature (300K) in 130 000 MC steps, providing sufficient sampling for the molecules studied here (Friederich et al., 2018).
Electronic Structure Calculation
Orbital energy differences ΔEij, electronic couplings Jij and reorganization energies λ are calculated for a subset of molecules in their converged unique electrostatic environments in the thin-film morphologies using the QuantumPatch method (Friederich et al., 2014), which self-consistently equilibrates the charge densities of the molecules in the film.
Using the equilibrated orbital energies of the innermost 200 molecules, the energy disorder [image: image] is calculated from the standard deviation of energy differences ΔEij of all pairs of neighbouring molecules i and j. Energy evaluations are performed using the B3LYP functional and def2-SVP basis set.
In the converged system, the electronic couplings Jij of a molecule i to its respective neighbour j are calculated using the Löwdin orthogonalization procedure (Löwdin, 1950) for the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Electronic couplings are calculated for pairs of the innermost 150 molecules with an atom-atom distance of less than 7Å. Dimer DFT calculations are performed using the BP86 (Perdew, 1986; Becke, 1988) functional and def2-SVP basis set.
Reorganization energies λi are calculated based on Nelsen’s four point procedure (Nelsen et al., 1987) for eleven core molecules in their unique environment. The geometry of the charged and uncharged molecules are optimized within constraints imposed by their environments. Constraints are implemented by placing effective core potentials (ECP) at the position of atoms of neighbouring molecules. DFT calculations are performed using the B3LYP functional and def2-SVP basis set.
Structure Expansion
Accurate modelling of charge transport in these amorphous OSCs requires system sizes of several 10 nm in each direction (Massé et al., 2014). The deposited thin films are therefore expanded into an amorphous structure of arbitrary size using an extension of the dominance competition model of Baumeier et al. (2012), which we presented in prior work (Symalla et al., 2016).
In this expanded amorphous structure, on-site energies are drawn following the Gaussian distributions of ΔEij obtained from the electronic structure calculations. Electronic coupling elements Jij for site i and one of its neighbours j are drawn from the microscopic distribution [image: image] within the small interval dr around the distance rij between both sites. Reorganization energies are taken to follow a Gaussian distribution.
Charge Transport Simulation
Field-dependent charge transport in the OSC is simulated with the lightforge (LF) package (Symalla et al., 2016). Charge transport is modelled as hopping transport from site i to any of it’s neighbours f with a rate
[image: image]
based on Marcus-theory (Marcus, 1956), where λ is the reorganization energy, T the temperature, Jif the transfer integral and ΔEif the energy difference between this charge occupying site i and site f due to the energy disorder of the amorphous system, the applied field and the dynamic electrostatic potential of all other charges in the system. Jif contains both the direct electronic coupling of sites i and f and the superexchange coupling via any of the N neighbouring sites j using first-order perturbation theory
[image: image]
where Jif,0 is the direct electronic coupling of sites i and f, Evirt is the energy of the system in its virtual state with the charge occupying site j and ET the transition state energy (Symalla et al., 2016). Coulomb interactions with the nearest periodic copy of all other charges are treated explicitly, resulting in an effective cutoff of half the system size.
To model mobility measurements in the bulk of an OSC, charge transport is simulated with a charge carrier density of 1 × 10–3 per site in an amorphous system of 40 nm × 40 nm × 40 nm with periodic boundary conditions in x-, y- and z-direction. To account for stochastics in morphology expansion and site-energy distribution, we sample 10 different configurations per applied field. Connectivity of a given pair of sites with distance d is determined by the probability of a pair of molecules with a center of mass distance d having a nearest atom distance of less than 7Å. Hopping transport is possible between all connected pairs with both direct and superexchange coupling taken into account. Convergence is reached if the current density is constant over two thirds of the simulation.
RESULTS
We apply the presented workflow to calculate the mobilities of the materials shown in Figure 1, namely the hole-transport materials N, N′-di (biphenyl-3-yl)-N, N′-diphenyl-[1,1’-biphenyl]-4,4’-diamine (m-BPD), N, N′-di (biphenyl-2-yl)-N, N′-diphenyl-[1,1’-bi phenyl]-4,4’-diamine (o-BPD), N, N′-di (biphenyl-4-yl)-N, N′-diphenyl-[1,1’-biphenyl]-4,4’-diamine (p-BPD), 1,1-bis-(4,4’-diethyl amino phenyl)-4,4-di phenyl-1,3-buta diene (DEPB), N, N′-bis(1-naphthalen yl)-N, N′-di phenyl-4,4’-phenyl di amine (NNP), N, N′-di (1-naph thyl)-N, N′-di phenyl-(1,1’-biphenyl)-4,4’-diamine (NPB), 2,2’,7,7’-tetra kis (N, N-diphenyl amine)-9,9’-spiro bifluorene (spiroTAD), di-[4-(N, N-ditolyl-amino)phenyl]cyclo hexane (TAPC), 4,4’,4″-tris(N-carbazolyl)tri phenyl amine (TCTA), N, N′-diphenyl-N,N’-bis-(3-methyl phenylene)-1,1’-diphenyl-4, 4’-diamine (TPD), and 5,10,15-triphenyl-5H-diindolo [3,2-a:3’,2’-c]carbazole (TPDI), electron-transport materials 2,9-di methyl-4,7-diphenyl-1,10-phenanthrolin (BCP), 2-(4-biphenylyl)-5-(4-tert-butyl phenyl)-1,3,4-oxa di azole (BPBD), 2,2’,2”-(1,3,5-benzine tri yl)-tris(1-phenyl-1-H-benzimid azole) (TPBi) and 1,3,5-tri (p-pyrid-3-yl-phenyl)benzene (TpPyPB) and both hole- and electron transport material tris(8-hydroxy quinoline)aluminum (Alq3) at low fields. From these field-dependent mobilities we extrapolate the zero-field mobilities.
[image: Figure 1]FIGURE 1 | Structures of the molecules characterized in this work.
To compare the field dependence of computed and measured mobilities, experimental works featuring field-dependent mobilities were considered as references. For materials with more than one reference, mobilities measured using the time-of-flight (ToF) technique (Kepler, 1960; Kepler et al., 1995) are preferred over mobilities fitted to the current in the space-charge limited regime (SCLC) (Mott and Gurney, 1957; Murgatroyd, 1970) due to issues in fabrication, measurement and analysis reported by Blakesley et al. (2014). If multiple ToF measurements are available, we used the ones featuring the highest mobility, as we expect these to be the most well-prepared films with least impurities. Following this selection process, measured field-dependent mobilities reported by Naka et al. (1999) (Alq3p), Liu et al. (2010) (Alq3n and BCP), Hung et al. (2006) (TPBi), Kawabe and Abe (2002) (BPBD), Mori et al. (1993) (DEPB and TPD), Okumoto et al. (2000) (m-, o- and p-BPD), Borsenberger and Shi (1995) (NNP), Bach et al. (2000) (spiroTAD), Noh et al. (2009) (TCTA), Naka et al. (2000) (NPB), Su et al. (2008) (TpPyPB), Huh et al. (2013) (TPDI) and Borsenberger et al. (1991) (TAPC) are taken as reference for simulated mobilities. The mobility of BPBD was fitted to the emission response from a bilayer TPD–BPBD stack, the mobility of TPDI was fitted to the SCLC. All other mobilities were measured in pure devices using the ToF technique. Mobilities predicted by theoretical multiscale models reported by Friederich et al. (2016) (Alq3p, DEPB, m-BPD, NNP, NPB, TPD), Kordt et al. (2015) (BCP and NPB, Massé et al. (2016) (TCTA and NPB), Kotadiya et al. (2018) (spiroTAD, TCTA and NPB), Evans et al. (2016) (m-, o- and p-BPD, TCTA, NPB and TPD), Fuchs et al. (2012) (Alq3p and Alq3n; field-dependent) and Aydin and Yavuz (2021) (NPB, TPD and TAPC; field-dependent) are used to assess the presented workflow. Where required, zero-field mobilities are extrapolated from field-dependent mobilities.
The disorder width σ, ⟨J2r2⟩ and λ are measures for the disorder, electronic couplings and the reorganization energy, respectively, which mainly determine the transport properties. Table 1 lists these values for each molecule calculated with our multiscale workflow along with zero-field mobilities extrapolated from field-dependent mobilities simulated with our kMC model and reported from experiment and theory. The distribution of energy differences ΔEij, depicted in the left panel of Figure 2 along with the fitted Gaussian distribution of width σ for two molecules, namely m-BPD and TPD, strongly influences the mobility. With comparable ⟨J2r2⟩ and λ, but a 38% higher σ, the simulated zero-field mobility of m-BPD lies a factor of 65 below that of TPD. The distribution of electronic couplings for two molecules, namely m-BPD and Alq3, are shown in the right panel of Figure 2 for comparison. Alq3, without any dihedral angles, is rigid in our deposition scheme, resulting in densely packed structures and a narrow distribution of Jij which decays fast with the neighbour distance, while more extended and flexible molecules, e. g., m-BPD, show a broader distribution of Jijs which decay slower with the neighbour distance. These differences are reflected in the values of ⟨J2r2⟩ which for these molecules differ by almost one order of magnitude between both molecules. With the electronic couplings Jij only entering as a prefactor in the Marcus-rate (Eq. 2) and σ in the exponent, differences in σ have a far larger impact on the mobility than differences in electronic couplings Jij, as is evident e. g., by comparing Alq3 and TPBi electron mobilities or both p-BPD and TAPC mobilities ranking among the highest three despite their average electronic couplings ranking among the lowest. The environment inhibits the full structure relaxation of a molecule after charge transfer, leading to λ well between in-vacuo calculations with calculations in the solid phase with constrained dihedral angles to inhibit large-scale conformational changes (frozen dihedral approximation) (Friederich et al., 2016).
TABLE 1 | Electronic properties, namely energetic disorder, mean electronic coupling and reorganization energy, computed with the QuantumPatch method and zero-field mobilities simulated with our kMC model. Experimental zero-fields mobilities reported in literature are listed for comparison.
[image: Table 1][image: Figure 2]FIGURE 2 | Electronic properties computed with the QuantumPatch method. Top panel: Distribution of HOMO energy differences in m-BPD and TPD along with the fitted Gaussian distribution yielding the energetic disorder σ. Bottom panel: Distribution of electronic couplings of m-BPD and Alq3.
Figure 3 shows the zero-field mobility obtained with the kMC model compared to data from experiment and prior work (Friederich et al., 2016). As can be seen, the kMC zero-field mobilities are in very good agreement with the experimental data. With the exception of Alq3, all mobilities lie within 50% of the experimental data and fully reproduce the experimental trends. Going beyond the Gaussian disorder model to a more accurate description of the local distribution of energy levels, as described below, not only recovers the order of mobility for BCP and NNP, but also reproduces experimental mobility within a few percent for both materials. The systematic overestimation of Alq3 hole and electron mobility can be attributed to our approximation that the Al-complex stays rigid during deposition, which leads to an underestimation of the disorder. The zero-field mobilities obtained in prior work, lie within two orders of magnitude above and one order of magnitude below the experimental zero-field mobilities with a slight trend of overestimating the experimental data.
[image: Figure 3]FIGURE 3 | Zero-field mobilities of both hole- and electron transport materials calculated with the presented kMC model compared to experimental data (see text) and prior work (Friederich et al., 2016) where available. Inset: Comparison of zero-field mobilities computed in this work (blue circle), prior work (Friederich et al., 2016) (green cross) and reported in literature (see text) (grey triangle) with experimental values reported in literature (see text). Linear relationship between simulation and experiment is shown by the black dashed line.
While zero-field mobility is a readily accessible descriptor when optimizing or searching for new candidate molecules (Friederich et al., 2017), the performance of the material in a device is determined by the charge carrier mobility at fields relevant for the specific application. Figure 4 shows field-dependent mobilities computed with our kMC model for a subset of materials (see Figure 6; Supplementary Figure S3 for the other materials) and experimental mobilities reported in literature (Borsenberger et al., 1991; Naka et al., 1999; Naka et al., 2000; Okumoto et al., 2000; Hung et al., 2006; Su et al., 2008; Noh et al., 2009; Liu et al., 2010) for comparison. As can be seen, the field-dependence predicted by the kMC model matches the experimental data over a wide range of fields. Considering only charge carrier mobility at zero field BCP is a far better electron conductor than TPBi, while the mobilities get closer at relevant fields due to the strong field-dependence of TPBi, with the mobility of TPBi eventually surpassing that of BCP at large fields. Alq3, as a hole-transport material, shows an equally strong field-dependence, stronger than that of e. g., TAPC, TPD or TCTA, the five orders of magnitude difference in their zero-field mobilities still lead to Alq3 being the inferior hole-transport material at relevant fields. It is interesting to note that our model successfully captures differences in charge carrier mobility due to small molecular modifications as with the three isomers m-, o- and p-BPD (Figure 4, top panel). While the simulation slightly underestimates the field-dependence of m-BPD and overestimates the difference between o- and p-BPD in this field range, it captures both the general trends and individual ordering of the three isomers.
[image: Figure 4]FIGURE 4 | Computed field-dependent mobilities for a subset of materials compared to experimental data reported in literature. Both the magnitude and field-dependence of the simulated mobilities agree well with experimental data. Top panel: Hole mobilities (orange) of TAPC (Borsenberger et al., 1991), TPD (Mori et al., 1993), TCTA (Noh et al., 2009) and Alq3 (Naka et al., 1999) and electron mobilities (blue) of TpPyPB (Su et al., 2008), BCP (Liu et al., 2010) and TPBi (Hung et al., 2006). Bottom panel: The presented workflow captures the difference in mobility due to the small modifications in the m-, o- and p-BPD isomers (Okumoto et al., 2000; inset shows their respective structures). Dashed lines are fitted to Poole-Frenkel behaviour [image: image], simulation errors are of the order of symbol size.
Figure 5 shows a comparison of field-dependent mobilities computed with ab initio multiscale workflows reported here and in literature (Fuchs et al., 2012; Aydin and Yavuz, 2021) along with experimental data (Borsenberger et al., 1991; Naka et al., 1999; Naka et al., 2000). Field-dependent mobilities of TAPC, TPD and NPB simulated with our kMC model show a better agreement with experiment (Borsenberger et al., 1991; Mori et al., 1993; Naka et al., 2000) than the model by Aydin and Yavuz (2021) despite both works using a kMC model for charge-transport simulations with comparable values for energetic disorder (Supplementary Table S2). The Master-equation model by Fuchs et al. (2012) underestimates the Alq3 mobility by approximately the same factor our kMC model overestimates it.
[image: Figure 5]FIGURE 5 | Comparison of field-dependent mobilities computed with ab initio multiscale models reported in this work (symbol) and literature (Fuchs et al., 2012; Aydin and Yavuz, 2021) (dashed line) with experiment (Borsenberger et al., 1991; Naka et al., 1999; Naka et al., 2000) (solid line). Dotted lines are fitted to Poole-Frenkel behaviour, simulation errors are of the order of symbol size.
The coarse graining approach we applied to generate mesoscale systems draws random site energies from a Gaussian density of states. This approach neglects local effects of the electronic structure, i. e., the shift of energy levels induced by the relative position and orientation of neighbouring molecules. To estimate the impact of this approximation, we compute specific energy level shifts of all molecules in the atomistic morphology based on partial charges of their neighbouring molecules derived from DFT. Expanded morphologies were then generated by periodic expansion of the deposited morphologies in x- and y-direction, resulting in cubic structures with approx. 20 000 sites. Charge carrier density was kept constant at approx. 1 × 10–3 per site for comparability.
Field-dependent mobilities obtained with both the Gaussian disorder and this energy landscape derived explicitly from local electrostatics compared with experiment are displayed in Figure 6 for NPB, NNP and BCP, for which simulations using the Gaussian disorder model lead to an underestimation of charge carrier mobility. These results indicate that taking into account the local electrostatic effects within the atomistic morphology can have a strong impact on charge carrier mobility. In the case of NPB, NNP and BCP, it lead to an improved fit to experiment. Notably, a similar improvement was not observed for all materials. The advanced approach to include local effects in the electronic structure limits the system size to the size of the atomistic morphologies. This statistical limitation may lead to a large fluctuation of mobility between deposited samples due to percolation, and is therefore no general substitute to the Gaussian disorder on expanded morphologies. The mobilities displayed in Figure 6, however, indicate that including local electrostatic effects in the energy landscape may improve prediction quality of charge carrier simulations.
[image: Figure 6]FIGURE 6 | Mobilities calculated with regular Gaussian disorder (✚) or the energy landscape derived explicitly from local electrostatics (✖). Taking into account the local electrostatics improves the fit to experiment for NPB (Borsenberger and Shi, 1995), NNP (Naka et al., 2000) and BCP (Liu et al., 2010) and properly resolves the difference in NNP and BCP mobility observed in experiment. Dashed lines are fitted to Poole-Frenkel behaviour, simulation errors are of the order of symbol size.
DISCUSSION
Low charge carrier mobility in OSC materials limits the potential of OSC devices including OLEDs. Computational methods can speed up characterization of new material candidates, helping explore the vast molecular space and boost virtual design. A computational method for mobility prediction requires an accurate representation of the thin-film morphology and material properties, e. g., the disorder of polaron energies. Computation of these material properties in turn requires precise quantum-chemistry methods that take into account the unique environment of each molecule in the amorphous morphology.
We present here an ab initio multiscale workflow to compute material properties and simulate charge transport and benchmark computed mobilities in 15 organic thin films. To this end, we generate atomistic models of amorphous thin films with molecular mechanics calculations using customized force-fields derived from quantum-mechanics (Neumann et al., 2013). We then calculate the electronic structure of molecules in these thin film morphologies using a quantum embedding method (Friederich et al., 2014) and transfer material properties, specifically molecular energy levels, electronic couplings and site distributions, via an extension scheme to kinetic Monte-Carlo simulations to compute the charge transport properties. With this parameter free approach we achieve good agreement to experimental data for computed zero-field and field-dependent mobilities of a wide range of molecules frequently used in OLED stacks.
This multiscale model to predict charge carrier mobility can aid experimental R&D towards the design of efficient OLED materials and devices in three ways: First, without the need to parametrize this model, e. g., with experiment, computation of charge carrier mobility enables full virtual screening of materials, thereby allowing to focus experimental efforts to most promising candidates. Second, by bridging the gap between fundamental chemistry and mesoscopic material properties, the presented workflow can aid in gaining systematic understanding on the structure-function-relationship of molecular properties and device performance, as well as derivation of design rules for new materials. Third, this de novo workflow can be linked seamlessly to the continuum scale, i. e., drift-diffusion, models which are widely used in OLED development. This link between the micro- and the macroscale opens the prospect of a higher level of automation in OLED design.
In the pristine systems studied here charge transport is primarily determined by the width of the Gaussian DOS. An accurate description of a mixed system additionally requires knowledge about the position of the mean values of the Gaussian DOS, i. e., mean ionization energies and electron affinities, for the different molecular species. This additional quantum chemical challenge is addressed by recent developments for accurate predictions of ionization energies and electron affinities by Armleder et al. (2021), which could be integrated in this workflow to facilitate accurate de novo mobility predictions in mixed systems.
Going towards more ordered systems than the amorphous molecules studied here, the transport regime crosses over from hopping transport to band-like transport. In this crosssover regime, other methods, such as Ehrenfest or surface hopping approaches, can be employed to describe charge transport (Wang et al., 2016; Oberhofer et al., 2017; Carof et al., 2019; Wang et al., 2020).
Ultimately, approaches to include simulation of exciton dynamics in similar multiscale workflows (Symalla et al., 2018; Symalla et al., 2019) and predict device efficiency based on first principles depend on an accurate description of charge carrier balance in multilayer OLEDs, and therefore a reliable model for simulating charge transport through each layer. This work is thus a fundamental step towards full virtual design in OLED technology.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article and Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
SK, AF, PF, and WW conceived the idea and planned the theoretical calculations; SK, TN, and FS wrote and improved simulation software for this work; SK, TN, TS, and PF carried out the single-molecule calculations; SK carried out the deposition, electronic structure calculations and charge transport simulations and SK prepared the manuscript with the inputs from all the co-authors and substantial revision from TN and FS.
FUNDING
SK received funding by the High-Performance Computing 2 program of the Baden-Württemberg Stiftung (Project MSMEE). Part of this work was performed on the supercomputers ForHLR funded by the Ministry of Science, Research and the Arts Baden-Württemberg and by the Federal Ministry of Education and Research as well as JUSTUS 2 funded by the state of Baden-Württemberg through bwHPC and the German Research Foundation (DFG) through grant no INST 40/575-1 FUGG.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
WW acknowledges funding by the Deutsche Forschungsgemeinschaft (DFG) in the Research and Training Program “Tailored Scale Bridging Approaches to Computational Nanoscience” and under Germany’s Excellence Strategy—2082/1—390761711 (3DMM2O).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.801589/full#supplementary-material.
REFERENCES
 Ahlrichs, R., Bär, M., Häser, M., Horn, H., and Kölmel, C. (1989). Electronic Structure Calculations on Workstation Computers: The Program System Turbomole. Chem. Phys. Lett. 162, 165–169. doi:10.1016/0009-2614(89)85118-8
 Armleder, J., Strunk, T., Symalla, F., Friederich, P., Enrique Olivares Peña, J., Neumann, T., et al. (2021). Computing Charging and Polarization Energies of Small Organic Molecules Embedded into Amorphous Materials with Quantum Accuracy. J. Chem. Theor. Comput. 17, 3727–3738. doi:10.1021/acs.jctc.1c00036
 Aydin, G., and Yavuz, I. (2021). Intrinsic Static/Dynamic Energetic Disorders of Amorphous Organic Semiconductors: Microscopic Simulations and Device Study. J. Phys. Chem. C 125, 6862–6869. doi:10.1021/acs.jpcc.0c11219
 Bach, U., De Cloedt, K., Spreitzer, H., and Grätzel, M. (2000). Characterization of Hole Transport in a New Class of Spiro-Linked Oligotriphenylamine Compounds. Adv. Mater. 12, 1060–1063. doi:10.1002/1521-4095(200007)12:14<1060:AID-ADMA1060>3.0.CO;2-R
 Baran, D., Gasparini, N., Wadsworth, A., Tan, C. H., Wehbe, N., Song, X., et al. (2018). Robust Nonfullerene Solar Cells Approaching unity External Quantum Efficiency Enabled by Suppression of Geminate Recombination. Nat. Commun. 9, 2059. doi:10.1038/s41467-018-04502-3
 Bässler, H. (1993). Charge Transport in Disordered Organic Photoconductors a Monte Carlo Simulation Study. Phys. Stat. Sol. (B) 175, 15–56. doi:10.1002/pssb.2221750102
 Baumeier, B., Stenzel, O., Poelking, C., Andrienko, D., and Schmidt, V. (2012). Stochastic Modeling of Molecular Charge Transport Networks. Phys. Rev. B 86, 184202. doi:10.1103/PhysRevB.86.184202
 Becke, A. D. (1988). Density-functional Exchange-Energy Approximation with Correct Asymptotic Behavior. Phys. Rev. A. 38, 3098–3100. doi:10.1103/PhysRevA.38.3098
 Blakesley, J. C., Castro, F. A., Kylberg, W., Dibb, G. F. A., Arantes, C., Valaski, R., et al. (2014). Towards Reliable Charge-Mobility Benchmark Measurements for Organic Semiconductors. Org. Elect. 15, 1263–1272. doi:10.1016/j.orgel.2014.02.008
 Borsenberger, P. M., Pautmeier, L., Richert, R., and Bässler, H. (1991). Hole Transport in 1,1‐bis(di‐4‐tolylaminophenyl)cyclohexane. J. Chem. Phys. 94, 8276–8281. doi:10.1063/1.460112
 Borsenberger, P. M., and Shi, J. (1995). Hole Transport in a Vapor Deposited Phenylenediamine Molecular Glass. Phys. Stat. Sol. (B) 191, 461–469. doi:10.1002/pssb.2221910219
 Carof, A., Giannini, S., and Blumberger, J. (2019). How to Calculate Charge Mobility in Molecular Materials from Surface Hopping Non-adiabatic Molecular Dynamics - beyond the Hopping/band Paradigm. Phys. Chem. Chem. Phys. 21, 26368–26386. doi:10.1039/C9CP04770K
 Evans, D. R., Kwak, H. S., Giesen, D. J., Goldberg, A., Halls, M. D., and Oh-e, M. (2016). Estimation of Charge Carrier Mobility in Amorphous Organic Materials Using Percolation Corrected Random-Walk Model. Org. Elect. 29, 50–56. doi:10.1016/j.orgel.2015.11.021
 Friederich, P., Gómez, V., Sprau, C., Meded, V., Strunk, T., Jenne, M., et al. (2017). Rational In Silico Design of an Organic Semiconductor with Improved Electron Mobility. Adv. Mater. 29, 1703505. doi:10.1002/adma.201703505
 Friederich, P., Meded, V., Poschlad, A., Neumann, T., Rodin, V., Stehr, V., et al. (2016). Molecular Origin of the Charge Carrier Mobility in Small Molecule Organic Semiconductors. Adv. Funct. Mater. 26, 5757–5763. doi:10.1002/adfm.201601807
 Friederich, P., Rodin, V., von Wrochem, F., and Wenzel, W. (2018). Built-In Potentials Induced by Molecular Order in Amorphous Organic Thin Films. ACS Appl. Mater. Inter. 10, 1881–1887. doi:10.1021/acsami.7b11762
 Friederich, P., Symalla, F., Meded, V., Neumann, T., and Wenzel, W. (2014). Ab Initio Treatment of Disorder Effects in Amorphous Organic Materials: Toward Parameter Free Materials Simulation. J. Chem. Theor. Comput. 10, 3720–3725. doi:10.1021/ct500418f
 Fröbel, M., Fries, F., Schwab, T., Lenk, S., Leo, K., Gather, M. C., et al. (2018). Three-terminal RGB Full-Color OLED Pixels for Ultrahigh Density Displays. Sci. Rep. 8, 9684. doi:10.1038/s41598-018-27976-z
 Fuchs, A., Steinbrecher, T., Mommer, M. S. M., Nagata, Y., Elstner, M., and Lennartz, C. (2012). Molecular Origin of Differences in Hole and Electron Mobility in Amorphous Alq3-A Multiscale Simulation Study. Phys. Chem. Chem. Phys. 14, 4259–4270. doi:10.1039/C2CP23489K
 Hastings, W. K. (1970). Monte Carlo Sampling Methods Using Markov Chains and Their Applications. Biometrika 57, 97–109. doi:10.1093/biomet/57.1.97
 Huh, D. H., Kim, G. W., Kim, G. H., Kulshreshtha, C., and Kwon, J. H. (2013). High Hole Mobility Hole Transport Material for Organic Light-Emitting Devices. Synth. Met. 180, 79–84. doi:10.1016/j.synthmet.2013.07.021
 Hung, W.-Y., Ke, T.-H., Lin, Y.-T., Wu, C.-C., Hung, T.-H., Chao, T.-C., et al. (2006). Employing Ambipolar Oligofluorene as the Charge-Generation Layer in Time-Of-Flight Mobility Measurements of Organic Thin Films. Appl. Phys. Lett. 88, 064102. doi:10.1063/1.2172708
 Kaiser, S., Kotadiya, N. B., Rohloff, R., Fediai, A., Symalla, F., Neumann, T., et al. (2021). De Novo Simulation of Charge Transport through Organic Single-Carrier Devices. J. Chem. Theor. Comput. 17, 6416–6422. doi:10.1021/acs.jctc.1c00584
 Kawabe, Y., and Abe, J. (2002). Electron Mobility Measurement Using Exciplex-type Organic Light-Emitting Diodes. Appl. Phys. Lett. 81, 493–495. doi:10.1063/1.1494105
 Kepler, R. G., Beeson, P. M., Jacobs, S. J., Anderson, R. A., Sinclair, M. B., Valencia, V. S., et al. (1995). Electron and Hole Mobility in tris(8‐hydroxyquinolinolato‐N1,O8) Aluminum. Appl. Phys. Lett. 66, 3618–3620. doi:10.1063/1.113806
 Kepler, R. G. (1960). Charge Carrier Production and Mobility in Anthracene Crystals. Phys. Rev. 119, 1226–1229. doi:10.1103/PhysRev.119.1226
 Kohn, W., and Sham, L. J. (1965). Self-Consistent Equations Including Exchange and Correlation Effects. Phys. Rev. 140, A1133–A1138. doi:10.1103/PhysRev.140.A1133
 Kordt, P., van der Holst, J. J. M., Al Helwi, M., Kowalsky, W., May, F., Badinski, A., et al. (2015). Modeling of Organic Light Emitting Diodes: From Molecular to Device Properties. Adv. Funct. Mater. 25, 1955–1971. doi:10.1002/adfm.201403004
 Kotadiya, N. B., Mondal, A., Xiong, S., Blom, P. W. M., Andrienko, D., and Wetzelaer, G. J. A. H. (2018). Rigorous Characterization and Predictive Modeling of Hole Transport in Amorphous Organic Semiconductors. Adv. Electron. Mater. 4, 1800366. doi:10.1002/aelm.201800366
 Liu, F., van Eersel, H., Xu, B., Wilbers, J. G. E., de Jong, M. P., van der Wiel, W. G., et al. (2017). Effect of Coulomb Correlation on Charge Transport in Disordered Organic Semiconductors. Phys. Rev. B 96, 205203. doi:10.1103/PhysRevB.96.205203
 Liu, S.-W., Lee, C.-C., Lin, C.-F., Huang, J.-C., Chen, C.-T., and Lee, J.-H. (2010). 4-Hydroxy-8-methyl-1,5-naphthyridine Aluminium Chelate: A Morphologically Stable and Efficient Exciton-Blocking Material for Organic Photovoltaics with Prolonged Lifetime. J. Mater. Chem. 20, 7800–7806. doi:10.1039/C0JM01049A
 Löwdin, P. O. (1950). On the Non‐Orthogonality Problem Connected with the Use of Atomic Wave Functions in the Theory of Molecules and Crystals. J. Chem. Phys. 18, 365–375. doi:10.1063/1.1747632
 Marcus, R. A. (1956). On the Theory of Oxidation‐Reduction Reactions Involving Electron Transfer. I. J. Chem. Phys. 24, 966–978. doi:10.1063/1.1742723
 Massé, A., Coehoorn, R., and Bobbert, P. A. (2014). Universal Size-dependent Conductance Fluctuations in Disordered Organic Semiconductors. Phys. Rev. Lett. 113, 116604. doi:10.1103/PhysRevLett.113.116604
 Massé, A., Friederich, P., Symalla, F., Liu, F., Nitsche, R., Coehoorn, R., et al. (2016). Ab Initiocharge-Carrier Mobility Model for Amorphous Molecular Semiconductors. Phys. Rev. B 93, 195209. doi:10.1103/PhysRevB.93.195209
 Mori, T., Sugimura, E., and Mizutani, T. (1993). Estimate of Hole Mobilities of Some Organic Photoconducting Materials Using the Time-Of-Flight Method. J. Phys. D: Appl. Phys. 26, 452–455. doi:10.1088/0022-3727/26/3/017
 Mott, N. F., and Gurney, R. W. (1957). “Electronic Processes in Ionic Crystals,” in The International Series of Monographs on Physics . 2. edn (Oxford: Clarendon Pr.). 
 Murgatroyd, P. N. (1970). Theory of Space-Charge-Limited Current Enhanced by Frenkel Effect. J. Phys. D: Appl. Phys. 3, 151–156. doi:10.1088/0022-3727/3/2/308
 Naka, S., Okada, H., Onnagawa, H., Kido, J., and Tsutsui, T. (1999). Time-of-Flight Measurement of Hole Mobility in Aluminum (III) Complexes. Jpn. J. Appl. Phys. 38, L1252–L1254. doi:10.1143/JJAP.38.L1252
 Naka, S., Okada, H., Onnagawa, H., Yamaguchi, Y., and Tsutsui, T. (2000). Carrier Transport Properties of Organic Materials for EL Device Operation. Synth. Met. 111-112, 331–333. doi:10.1016/S0379-6779(99)00358-6
 Nelsen, S. F., Blackstock, S. C., and Kim, Y. (1987). Estimation of Inner Shell Marcus Terms for Amino Nitrogen Compounds by Molecular Orbital Calculations. J. Am. Chem. Soc. 109, 677–682. doi:10.1021/ja00237a007
 Neumann, T., Danilov, D., Lennartz, C., and Wenzel, W. (2013). Modeling Disordered Morphologies in Organic Semiconductors. J. Comput. Chem. 34, 2716–2725. doi:10.1002/jcc.23445
 Noh, S., Suman, C. K., Hong, Y., and Lee, C. (2009). Carrier Conduction Mechanism for Phosphorescent Material Doped Organic Semiconductor. J. Appl. Phys. 105, 033709. doi:10.1063/1.3072693
 Oberhofer, H., Reuter, K., and Blumberger, J. (2017). Charge Transport in Molecular Materials: An Assessment of Computational Methods. Chem. Rev. 117, 10319–10357. doi:10.1021/acs.chemrev.7b00086
 Okumoto, K., Wayaku, K., Noda, T., Kageyama, H., and Shirota, Y. (2000). Amorphous Molecular Materials: Charge Transport in the Glassy State of N,N′-di(biphenylyl)-N,N′-diphenyl-[1,1′-biphenyl]-4,4′-diamines. Synth. Met. 111-112, 473–476. doi:10.1016/S0379-6779(99)00421-X
 Perdew, J. P. (1986). Density-functional Approximation for the Correlation Energy of the Inhomogeneous Electron Gas. Phys. Rev. B 33, 8822–8824. doi:10.1103/PhysRevB.33.8822
 Rodin, V., Symalla, F., Meded, V., Friederich, P., Danilov, D., Poschlad, A., et al. (2015). Generalized Effective-Medium Model for the Carrier Mobility in Amorphous Organic Semiconductors. Phys. Rev. B 91, 155203. doi:10.1103/PhysRevB.91.155203
 Singh, U. C., and Kollman, P. A. (1984). An Approach to Computing Electrostatic Charges for Molecules. J. Comput. Chem. 5, 129–145. doi:10.1002/jcc.540050204
 Stephens, P. J., Devlin, F. J., Chabalowski, C. F., and Frisch, M. J. (1994). Ab Initio Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 98, 11623–11627. doi:10.1021/j100096a001
 Su, S.-J., Chiba, T., Takeda, T., and Kido, J. (2008). Pyridine-Containing Triphenylbenzene Derivatives with High Electron Mobility for Highly Efficient Phosphorescent OLEDs. Adv. Mater. 20, 2125–2130. doi:10.1002/adma.200701730
 Symalla, F., Fediai, A., Armleder, J., Kaiser, S., Strunk, T., Neumann, T., et al. (2020a). 43‐3: Ab‐initio Simulation of Doped Injection Layers. SID Symp. Dig. Tech. Pap. 51, 630–633. doi:10.1002/sdtp.13946
 Symalla, F., Friederich, P., Kaiser, S., Strunk, T., Neumann, T., and Wenzel, W. (2018). 26-4: Computer-Aided Optimization of Multilayer OLED Devices. SID Symp. Dig. Tech. Pap. 49, 340–342. doi:10.1002/sdtp.12556
 Symalla, F., Friederich, P., Massé, A., Meded, V., Coehoorn, R., Bobbert, P., et al. (2016). Charge Transport by Superexchange in Molecular Host-Guest Systems. Phys. Rev. Lett. 117, 276803. doi:10.1103/PhysRevLett.117.276803
 Symalla, F., Heidrich, S., Friederich, P., Strunk, T., Neumann, T., Minami, D., et al. (2020b). Multiscale Simulation of Photoluminescence Quenching in Phosphorescent OLED Materials. Adv. Theor. Simul. 3, 1900222. doi:10.1002/adts.201900222
 Symalla, F., Heidrich, S., Kubillus, M., Strunk, T., Neumann, T., and Wenzel, W. (2019). 19‐4: Boosting OLED Performance with Ab‐initio Modeling of Roll‐off and Quenching Processes. SID Symp. Dig. Tech. Pap. 50, 259–262. doi:10.1002/sdtp.12905
 Tang, C. W., and VanSlyke, S. A. (1987). Organic Electroluminescent Diodes. Appl. Phys. Lett. 51, 913–915. doi:10.1063/1.98799
 Tsujimura, T. (2017). “OLED Display Fundamentals and Applications,” in Wiley Series in Display Technology . second edition edn (Hoboken, NJ: Wiley). doi:10.1002/9781119187493
 van der Holst, J. J. M., van Oost, F. W. A., Coehoorn, R., and Bobbert, P. A. (2011). Monte Carlo Study of Charge Transport in Organic sandwich-type Single-Carrier Devices: Effects of Coulomb Interactions. Phys. Rev. B 83, 085206. doi:10.1103/PhysRevB.83.085206
 Wang, C., Ren, X., Xu, C., Fu, B., Wang, R., Zhang, X., et al. (2018). N-type 2D Organic Single Crystals for High-Performance Organic Field-Effect Transistors and Near-Infrared Phototransistors. Adv. Mater. 30, 1706260. doi:10.1002/adma.201706260
 Wang, L., Akimov, A., and Prezhdo, O. V. (2016). Recent Progress in Surface Hopping: 2011-2015. J. Phys. Chem. Lett. 7, 2100–2112. doi:10.1021/acs.jpclett.6b00710
 Wang, L., Qiu, J., Bai, X., and Xu, J. (2020). Surface Hopping Methods for Nonadiabatic Dynamics in Extended Systems. Wires Comput. Mol. Sci. 10, e1435. doi:10.1002/wcms.1435
 Weigend, F., and Ahlrichs, R. (2005). Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn: Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 7, 3297–3305. doi:10.1039/B508541A
 Yavuz, I., Martin, B. N., Park, J., and Houk, K. N. (2015). Theoretical Study of the Molecular Ordering, Paracrystallinity, and Charge Mobilities of Oligomers in Different Crystalline Phases. J. Am. Chem. Soc. 137, 2856–2866. doi:10.1021/ja5076376
Conflict of Interest: Authors TN and FS are employed by Nanomatch GmbH.The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Kaiser, Neumann, Symalla, Schlöder, Fediai, Friederich and Wenzel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_1.gif
2
pocens(-(2:%) )





OPS/xhtml/nav.xhtml
Contents

		Cover

		De Novo Calculation of the Charge Carrier Mobility in Amorphous Small Molecule Organic Semiconductors		Introduction

		Methods		Morphology Generation

		Electronic Structure Calculation

		Structure Expansion

		Charge Transport Simulation





		Results

		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/inline_6.gif
In(W) cyvE





OPS/images/math_3.gif
Ji o/, D
= duns 3 g
Z





OPS/images/math_2.gif
o1 (A+AEy)"
T e (T,r @





OPS/images/inline_4.gif





OPS/images/inline_3.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-09-801589-g005.gif
ot 1m v





OPS/images/fchem-09-801589-g006.gif





OPS/images/fchem-09-801589-g003.gif





OPS/images/fchem-09-801589-g004.gif
1 s By T

ol o vy

s e TR — bomant. 4t
o
[CF By
P ey Nola o
B

P o
]

Fld n Vi

S
] 7 oha — Onmon

Field in Vi





OPS/images/inline_2.gif





OPS/images/fchem-09-801589-t001.jpg
Molecule o/meV

A3,
Alg3,
TPBi,
BPBD,
DEPB,
m-BPD,,
BOP,
NNP,
SpIroTAD,
TCTA,
NPB,,
0-BPD,
ToPyPB,
PD,
p-BPD,
TPDI,
TAPC,

199
182
157
182
133
132
136
124
105
107
104
96

123
93

94

82

74

"Naka e al. (1999).
“Liu et al. (2010).

“Hung et al. (2006).
“Kawabe and Abe (2002).
“Mori et al. (1993).

‘Okumoto et al. (2000).

W@ryleviAt

1.0x 10
86x 10
25x 10
52%10°%
24 x10%
16x 10
32x10%
16x 10
17 x 10
1710 ®
14x10%
18x 10
6.4 x10°%®
17l S,
13x 10
48x10%
1410

“Borsenberger and Shi (1995).
"Bach et al. (2000).
Noh et al. (2009).
INaka et al. (2000).
“Su et al. (2008).
Huh et al. (2013).
mBorsenberger et al. (1991).

A/meV

195
215
317
291
316
210
314
281
139
206
205
213
200
208
173
145
89

Ho/em?V's™!
kMC Experiment
26x10%°  57x107®
17x 107 7.4x10°°%®
43x 10 47 x 10
36x10%°  13x10°%
60x 10  12x 109
88x10%°  15x10%
14109 31 x10%°
12x10% 39 x 10°%8
87x10%  15x 109"
13x10%  1.8x 10
18x10%  29x10°%4
32x10%  44x10%
30x10%  65x10%%
79x10% 67 x 1070
70x 10 72x10°
10x 10 23x10°%%
46x 10 56x 10797





OPS/images/inline_1.gif





OPS/images/cover.jpg
* frontiers
in Chemistry

De Novo Calculation of the
Charge Carrier Mobility in
Amorphous Small Molecule
Organic Semiconductors





OPS/images/fchem-09-801589-g001.gif





OPS/images/fchem-09-801589-g002.gif
ccurences in ar. u.

bagndnd

seinmey.

mew
e rsresyen L
oy

)= 101602

S





