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Abstract

We developed amb-initio multiscale method for simulation of carrier transport in large
disordered systems, based on direct calculation of electronic stateseatrdre phonon cou-
pling constants. It enabled us to obtain the never seen before rich nuprostetails of carrier
motion in conjugated polymers, which led us to question several assumptiphgmdmeno-
logical models, widely used in such systems. The macroscopic mobility of eisargholy(3-
hexylthiophene) (P3HT) polymer, extracted from our simulation, is in ageee with experi-

mental results from the literature.
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Semiconducting conjugated polymers have been used in mangranic applications from
field-effect transistors;? light-emitting diodes$ to solar cell$:® due to relative ease to synthe-
size and mold them into different shapes. However, one ohthr bottlenecks in conjugated
polymer applications is the low carrier mobilifyThere is therefore a great interest to understand
the microscopic factors that determine the mobility andehaveliable tool to predict its value.
In the last several decades, transport through disordegahiz systems, including conjugated
polymers, was traditionally analyzed using the phenongiohl model§~12 which do not con-
sider the nanoscale structure of the material and contamralefitting parameters. One would
certainly like to improve upon this simple picture and getreight into the microscopic processes
in the material. Consequently, in several recent wadrks! the transport in organic systems was
analyzed by combining small molecudb-initio calculations with classical molecular dynamics
(MD) and kinetic Monte Carlo.

In this letter, we present aab-initio multiscale approach for the simulation of transport in
disordered systems. The method is basedl®mitio calculations of the electronic structure and
electron-phonon (e-ph) interaction of the thousands atmtems and links the relevant quantities
at four length scales to obtain the mobility of the systemvds applied to simulate the mobility in
strongly disordered P3HT polymers. The results obtained for thetfirst provide direct insight
into the microscopic nature of carrier flow in these systentsyaeld the temperature dependence
of the mobility in accordance with experimental resultsrirthe literature.

In disordered organic systems, different mechanisms ofecanobility are possible. For sys-
tems where the e-ph interaction and consequently the polkffect are strong (such as small
molecules), Marcus theory provides a good description iarge transfer between polaron states
of different molecules® In systems with weaker e-ph coupling, including the onessictared
here, the transport can be described as phonon-assistpithfbp'® and the transition rates are
then usually modeled using the phenomenological expnessibthe Miller-Abrahams typé®-20
Recently, the importance of conformational dynamics in eef partially ordered organic sys-

tems was discussed.In the case oftrongly disordered polymers considered here, the conforma-
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tional motion of polymer chains is much slower than the etectlynamics?! Therefore we adopt
the approach where the electronic states are static, wheldatst nuclear vibrations (phonons)
around the conformation cause the transitions betweer thtases, in line with the traditional
view in disordered polymer&:12 Both intrachain and interchain hopping are therefore tceate
equal footing. The polaronic relaxation of carrier stateswot included since recent density
functional theory calculatiorfé:?3 have shown that polaron binding energy in long straight poly
thiophene chains is of the order of few meVs only, suggedtiag it is irrelevant for transport.
We have performed additional calculatidfisvhich implied that this conclusion can be largely
extended to carrier localized on a part of a long disordehedihc which is the case studied here.

Our recently developed?® charge patching method (CPM) was used to calculate the elec-
tronic states for systems with a few thousand atoms. The CR&sgigenenergies with only tens
of meV error compared with direeb-initio density functional theory (DFT) in local density ap-
proximation (LDA) results but with a speed up of thousandés. More importantly, using the
CPM we can efficiently calculafé the e-ph coupling constants between electronic stgtesd
|j) (which are the eigenstates of the single-particle Hamigtangiven by.#j o = (i|0H/dVq| j)
for all the phonon modes, wheredH /dv, is the change of the single-particle Hamiltonian due to
the displacement of atoms according to phonon mod&he CPM calculatedH /dvy is within
10% of the directly calculated DFT resuft$1f direct DFT calculations were used, thousands (for
each phonon mode) of such self-consistent calculationsddmineeded to calculate the e-ph cou-
pling constants, each with thousands of atoms, which wowdBersuch calculations impossible.
Since we are interested in the mobility of holes, the LDA bgag problem does not affect our
results. Our calculation is done using norm conserving gepotentials with plane wave kinetic
energy cutoff of 60 Ry.

Starting from such electronic structure calculations, weetbped a multiscale simulation of
hole transport in strongly disordered (amorphous) P3HVmel. The simulation was performed
in a manner that bridges four length scales, see Figure 1t ithel Ascale where the relevant

guantity is the contribution of a given atom to the electcocharge density of the system (so
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called charge-density motif); the, ~1 nm scale with the wave functions; the ~10 nm scale
with carrier states considered as points in space connbgteahductors and tHey; ~100 nm scale
where the system is considered as the continuum with slyatelying conductivity.

At the length scald.,, the atomic structure of amorphous P3HT material in theoregif
space in the shape of a cubic box of the3 nm size containing 2510 atoms (this size of the
box corresponds to the experimental density of P3BiTis constructed by performing a classical
MD simulation using a simulated annealing procedtff&he link between the quantities at length
scalesL; (charge density motifs) and, (wave functions and energies) is obtaid®dsing the
CPM.?>-2716 top valence band states, that cover-fe8eV spectral region relevant for hopping
transport, have been calculated. Seven top of these statgsesented in Figure 1c. The wave
functions are localized to a region of space typically comitg 3-6 rings of the polymer chain,
which is significantly smaller than the box size. Therefa@ach of the states exhibits a typical
environment as in an infinite material, in terms both of thespnce of other states located close to
it and in terms of the phonon modes available for couplind.ti#é phonon modes in a givdp
system were calculated using classical force féldhich describes well the vibrational behavior
of such organic systems. The e-ph coupling consta#ts, for all the relevant electronic states
and phonon modes were calculated using the CPM and were suidrglgused to calculate the
transition rate$\{; between hole states ds

2
W = "Z % [(Ng +1)0 (& — & — hog ) +Na 8 (& — & + oy ) ] (1)
a
whereNy is the phonon occupation number at a temperaiyrew, the phonon energy of mode
a andg; the single particle energy of state

To gain sufficient information to make a bridge frdm to L3, the above calculations per-
formed atL, were repeatedy = 10 times with different atomic structures arising from erént
initial conditions in MD simulations. Furthermore, to getriore accurate description of energy

fluctuations of the valence band maximum (VBM) level, additiom, = 100 calculations were
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performed for VBM energy (without calculating the e-ph conglconstants or other electronic
states). A Gaussian distribution of the VBM level with a stamddeviation of 108 meV was
obtained.

At the length scaléd_3, a box,k; = 10 times larger thahy, is constructed fronk; x k; x kg
equal small boxes (Figure 1d). Each of these boxes is fill¢ld arandomly chosen and randomly
oriented one of they structures obtained &b. All the eigenenergies of the states within a small
box are further shifted by the same random number such teatBMs of small boxes satisfy the
calculated 108 meV width Gaussian distribution. Hoppimms$port is, at low electric fields and
low carrier density, fully equivalef® to the transport through the conductor network where the
conductance between the siteand j is Gjj = %niv\/”‘ = %njv\/ji, wheren; is the equilibrium
occupation of staté given by the Boltzmann distributiore the elementary charge, amkg the
Boltzmann constant. The transition rates between states tihe same small box are available
from the calculation orlL,, as discussed above. On the other hand, to calculate thstiman
rates between the states from neighboring boxes, the eplieg elements are approximated in
a manner which retains their statistical averagfeshe equivalent conductance, and consequently
the mobility, in each of the three directions is then caltada The scattered results presented in
Figure 2a formg = 16 different random realizations of the system indicate that at this length
scale the fluctuations are still large.

As a final step that bridgelss and L4, a new system is constructed containkgx ko x ko
boxes (wheré&, = 10 was chosen). Each of the boxes of the new system correspmode of the
randomly chosen and randomly orienteg realizations on the length scdlg. The conductance
of the whole system dt, is then calculated by treating these boxes as continuuncisffe The
mobility in the directiord (d = x, y or 2) is then given agly = G4/ (neL ), whereGy is the equivalent
conductance in thd direction, n the concentration of carriers amhdthe size of the box at this
length scale£ 300 nm). The fluctuations among different realizations efd$listem and among
mobilities in different directions are small and the mdjils therefore a well defined quantity at

this length scale. The obtained mobilityis presented in Figure 2b. The degree of fluctuations
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defined as the standard deviation of @@, calculated for different system sizes, is presented in the
inset in Figure 2b and indicates thal.00 nm can be identified as the length scale where mobility
is well defined.

A comparison with experimental resuits®® for the mobility of amorphous P3HT is made in
Figure 2b. The fit to the experimental resdftin the formu = Lo exp(—m> gives an activation
energy ofEp = 350meV and the mobility at room temperature(gpy = 2.8 x 10—9@—2. The
simulation give€Ea = 347meV anduzo = 0.71x 1&99—2. An excellent agreement is therefore
obtained for the activation energy and a correct order ofmtade for the mobility. We note
that our results correspond to a fully disordered polymene @ertainly expects that ordering,
which might be present in some degree even in experimertesdrdered P3HT polymers, would
increase the mobilit$* and decrease the activation energies?

To build a microscopic picture of carrier flow through the eratl, we return to the simulations
atL3. The current distribution at room temperature for one ofrémdizations of the system is
visualized in Figure 1d, where the most relevant (accortbrte criterion specified in the caption
of Figure 1) current paths are indicated. The distributioitsopping distances and transition rates
on these paths shown in Figure 3a and b indicate that hopprgaarange of distances is relevant,
which supports the picture of the variable range hoppingets®

The distribution of current in terms of the energies of theted that carry the current is pre-
sented in Figure 4b. The states closest to the top of the aaleand, although mostly populated,
only weakly contribute to current, due to the low densitytatess at that energy range for the car-
riers to jump to nearby states. As a results, most of the stuiseconducted by carriers0.3 eV
below the VBM, which leads to the 347 meV activation endegybtained above. The density of
states in the region of relevant energies (Figure 4a) doe®hov a phenomenological Gaussian
distribution, which is usually assumed in the model calooles. (However, the VBM energy of
theL, boxes does follow a Gaussian distribution, as discussextdagfThe justification for using
the Gaussian distribution for density of states usually eé®inom considerations that the states

in the polymer originate from VBM states of several polymeitaiand the fluctuation is due to
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the variations in the segment length and the local enviranm@®ne should note, however, that
the VBM-1 state of longer oligomers can have energies in th@neof VBM states of the shorter

ones (Fig. 4c therein). Therefore, a more complicated distidsuthan the simple Gaussian is
formed. We note that the density of states distribution w&émyilar to ours was obtained in a very
recent work on ordered P3HT polymer at room temperatfire.

In several recent work®>36 the importance of high frequency phonons for the chargestran
port in small molecule based organic semiconductohsis been discussed. The contributions of
different phonon modes to the current in our system aretifitesd in Figure 4d. All phonon modes
except the high frequency C—H modes-&80 meV are involved in the transport, in stark contrast
to the usual assumption, inherent from Miller-Abrahamsrért?:2%of hopping rates, that only
low frequency acoustic modes are involved. The histographohon mode contribution largely
follows the phonon spectrum (Figure 4c), with a differerttat it becomes progressively damped
as the energy increases.

One simple approach to estimate the mobility of a disordeystem is based on percolation
theory. A critical conductancé&. is defined for the system from the following criterion: the
connections between the sites with the conduct&icéarger thanG, form a percolation network
which spans the system. The percolation network can be fbrihtlee number of connections per
site is larger thamc, which is characteristic for a given type of network. The auwactivity is then
estimated from the relatioo = G/L¢, whereL is the characteristic length scale for the network.
We find thatlL; = 1.5 nm, which is within the range of hopping distances in Figaanda; = 3.2
can provide an excellent fit (for the temperature dependdnaaur directly calculated results, as
shown in Figure 2b. The resultir@. does include all the actively us&j, as shown in Figure 3c.
This and Figure 1d are both in support of the percolation rhode

To summarize, we found that: (1) The macroscopic condugtigicontrolled by a small num-
ber of microscopic percolation paths that resemble therigly bolts; (2) The mobility of a poly-
mer block smaller than 100 nm fluctuates depending on thdettomic configuration. This sets

a practical limit for the devices made of such materials wthevice uniformity is important; (3)
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The whole phonon spectrum except for the high frequency C—Hesits responsible for current

in contrast to a usual picture that only acoustic phononsedevant; (4) There are large fluctua-
tions in hopping distances and transition rates along tlesaat current paths, which supports the
variable range hopping picture; (5) The electronic densftgtates in the spectral region where
carriers are mobile has a distribution which differs from auGsian that is usually assumed in
the phenomenological transport models. Many of these giieds await for future experimental

confirmations.

Most importantly, we have developed a new accuatténitio approach to study the transport
in disordered organic systems. Furthermore, the abilitgv@uate the e-ph coupling of large
systems opens the way to study many other important probleams transport to carrier cooling
and dynamics in both organic and inorganic nanosystems.

This work was supported by the DMS/BES/SC of the U.S. DepartrokEnergy under Con-
tract No. DE-AC02-05CH11231. It used the resources of Natiemargy Research Scientific
Computing Center (NERSC).

Supporting Information Available

The details of the procedure for charge density motif geimrathe procedure for generation of
the atomic structure, the calculation of wave functions andrgies, the calculation of phonon
spectrum and electron-phonon coupling, the role of pokgrdre role of broadening of the delta
function, the convergence check, the procedure for caioglahe electron-phonon coupling ele-
ments of the states from neighboring boxes and the caloulati equivalent conductances. This

material is available free of charge via the Internet at:Hfipbs.acs.org.
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Figure 1: Schematic view of the procedure used for multsssainulation: a) The atomic
structure of the three unit long oligomer of P3HT and theusface of the corresponding charge
density. b) The isosurface of the charge density motif asglgo one of the atoms. c¢) Atomic
structure and isosurface plot of several valence band wawions in a 2510 atom P3HT system
(length scald.»). The states from VBM to VBM-6 are shown respectively in datkehllight blue,
red, pink, dark red, yellow and gray. Isosurfaces in a), lo) @correspond to 50% probability of
finding the charge inside the surface. d) The spatial digioh of carrier states (green dots) and
the current (blue lines) through the structure at the lesgtiel s , when the voltage is applied
in the direction which is indicated. The currents largemt386 of the maximal current in the
structure are shown. These currents contribute to at I&46taf the current at each cross section
perpendicular to the direction in which the voltage is agublie) The system at the length sdale

Figure 2: Mobility of the disordered P3HT polymer: a) Termgtere dependence of the mo-
bility in the x, y andz direction formg different calculations at length scdlg. b) Temperature
dependence of the mobility of the whole system (squaresimite based on percolation (circles).
Experimental resul®-3° (line). The inset shows the dependence of the degree of fitictis in
the mobility (defined in the text) on the size of the system.

Figure 3: The distribution of hopping distances, transitiates and conductances on the rel-
evant current path at room temperature: a) the hoppingmietainx, y or z direction; b) the
transition rates; c) the conductances.

Figure 4. The distribution of current with respect to holery and the phonon modes in-
volved: a) The density of hole states. b) The distributionwfent in energy space. c) The phonon
density of states. d) The distribution of current due to dithons of different energy. The dis-
tributions of current with respect to energy (Figure 4 b ahdvdre calculated in the following
way: An energy equal to the average (in case b) or absoluarelifce (in case d) of the two states
involved in the transition was assigned to each transi#ocertain reference plane is chosen then,
the contribution of each transition to the current througgt plane is determined and a histogram

is formed by adding the contributions that fall in each oféinergy windows. The final histogram

13
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in Figure 4 b and d is obtained by averaging over such histograr several different reference

planes.
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