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We present a Monte Carlo approach to estimate how molecular parameters impact hopping rates and charge
mobilities in organics-conjugated materials. Our goal is to help in establishing strucfureperties
relationships. As a first step, our approach is illustrated by considering a model system made of a one-
dimensional array of pentacene molecules; we describe the variations of the electron-transfer rates and of the
resulting charge mobilities as a function of electric field and of the presence of molecular disorder and traps.
The results highlight that there is no direct relationship between the degspatidloverlap among adjacent
molecules and charge mobility.

1. Introduction to a distribution of energies for the HOMO and LUMO levels
as a result of changes in the conformation and/or nature of the
environment of the individual molecules) and/or positional

renrﬁitﬁirrl]als dligﬁe?rgglgy?etl)lesr gfeﬁzll?;‘tfg(;l?rgﬁ\s/ilgﬁ)srssusC:nif)rhsghot; disorder (associated with fluctuations in the relative positions
9 ’ ’ ’ '~ of the interacting moleculeg).When localization sets in,

switches. In all cases, charge transport across organic layer(s}ransport operates via a hopping mechanism in which charges

is playing a key role in determining device performance. jump from site to site. Since organics-based devices typically
Efficient charge transport is required for instance to induce the operate at room temperature and incorporate inherently disor-

:ﬁgog}ggfé'ggsofnthﬁ Ir?tj.eecr:ﬁgifleﬁ{gggszqdcgﬁéﬁ z\;vatyllqérom dered materials, the hopping mechanism is expected to govern
9 9 charge transport in most cases.

electrodes the charges generated upon light conversion in solar ) o . .
cells2 or to funnel charges between source and drain in | The theoretical description of charge transport via hopping
transistor$ in organic conjugated materials has been pioneered by the group

The charge transport mechanism can vary as a function of .Of Bassler and co-workefsand ha§ received a gr.eat de?‘ of .
interest over the years. In many instances, earlier studies (i)

temperature. In ultrapure single crystals at low temperature, aOI be th h £ int ¢ del latti thereb
band regime can occur. In this case, the highest occupied. escribe the system of interest as a model 1atlice, thereby

molecular orbitals (HOMO) of the individual molecules interact ignoring the actual morphol_ogy of t_he materla}ls; (i estimate
to generate a valence band while interactions among the IowestIhe transfer rate between a_ldjacent sites from simple expressions
unoccupied molecular orbitals (LUMO) yield a conduction band. (g?nera_lly bfa;sed on tge Mlllt_eprrahams mode?)thatr?eglect
Injected charges are then coherently delocalized over the wholeP© all_ro_nllc eleclts ?jn rotlaqhuwe |anE)t parametgrs tf_at 3r(fe not
crystal and are characterized by mobilities related to the HOMO explicitly calculate lsa_n ave to be guessed or fitted from
and LUMO bandwidths for holes and electrons, respectively. ©XPerimental daté' (in addition, these models overlook the
When temperature increases, lattice vibrations enhance chargé"gh sensitivity 9f the Tfa”Sfer rate with respect to the relative
scattering and effectively reduce the total bandwidths and hencePOSitions of the interacting molecules); and (iii) evaluate charge
charge mobilities. Thus, in a band regime, mobility decreases propaga“o" via Monte Qarlq approaches or by solvmg 'master
with temperatur&® note that in the presence of traps mobility €duations and provide in this waymacroscopicdescription
can actually increase with temperature since thermal activation©f charge transport. Despite the fact that the exact chemical
helps in detrapping chargés. structures and the actual relative positions of the interacting units

At higher temperatures, due to the reduced effective band- &€ not explicitly taken into account, these simulations have
widths, the energy gained by localizing the charge carriers on proven very u;eful; they haye allowed to rationalize on a
single molecules can become comparable in magnitude to thephenomenolgg!cal ba3|s thg impact of multiple parameters on
energy gained by charge delocalization, thereby leading to charge mqbllltles, in particular the r.0|e of energetp and
polaron formation. The polaron binding energy comes from local p93|t|onal dlsordgr (often referred t(.) as dmgqna_l and nondiagonal
geometric relaxations and increased polarization of the sur- d'sofde“ respectively) and of applleq electric field. More recent
rounding medium. Clearly, localization occurs in disordered studlgslrlg’;\ve also addressed th_e mfluencz_e of Ch?‘rge carrier
materials that are in the presence of energetic disorder (that |ead§1en3|t3}' “or of the phase separatlor.1 paFtern in organic bléfds.

In this context, our recent contributions have attempted to
t University of Mons-Hainaut. describe charge hopping at theolecularlevel by estimating
* Georgia Institute of Technology. at the quantum-chemical level the main parameters controlling
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Organic semiconductors are increasingly used as active
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the electron-transfer rate among interacting molecHiésthis
way, we deal explicitly with the chemical structure of the
molecules and the impact of their actual relative positions
(packing). In the present work, our goal is to describe an
approach to assess semiquantitatively how changes in molecular
structure or packing affect charge mobilities. We describe charge
transport over large distances in the presence of an electric field
by inserting transfer rates computed at the quantum-chemical
level for pairs of interacting molecules into Monte Carlo a‘E‘ b. o _
simulations. We illustrate this approach on model systems made _ L P g
of one-dimensional stacks of pentacene molecules. The choice "'-\ N/ \ ./
of pentacene, though arbitrary, is motivated by the fact that it IR B \
is currently one of the most studied molecular semiconduétors. N AN ace!
The restriction to one-dimensional stacks allows us to rationalize v
easily the variations calculated in charge mobilities when (i) Q Q
the relative positions of the molecules are changed, (ii) structural Figure 1. Illustration of the potential energy curves associated with a
disorder is introduced, (iii) the external electric field is charge transfer from the left pentacene molecule to the right one in the
modulated, and (iv) charge traps of controlled depth are absenceAG° = 0)and in the presence of an electric field®® = 0).
incorporated along the conduction pathway. The results we The vectorsE andd are also shown.
obtain are expected to be relevant to understand charge transpo
in quasi-one-dimensional systems such as discotic liquid crystal-
line phase®¥17or nanoribbons made of conjugated oligoniérs.
The paper is structured as follows: since we are primarily
interested in the charge drift along pentacene stacks upon
application of an external static electric field, we first describe
Marcus theory incorporating the driving force induced by the
field and the impact of the electric field on the various
parameters. We then describe our Monte Carlo implementation
and present the results of our simulations by illustrating the
relationship between charge mobility and molecular packing,
the field dependence of charge transport, and the impact of traps

Reactants (R)

rgouter) contributionis that reflects the changes in the polariza-
tion of the surrounding medium. This formalism has been
recently used to estimate the mobility associated with charge
diffusion in model stacks of oligophenylevinylenes (albeit in a
crude way since the transfer integrals were taken to be identical
for each pair of interacting molecules aigwas assumed to

be negligible)?

Equation 1 implies that (i) the reactants and products have
the same energy in their equilibrium geometry (see Figure 1a;
note that an applied electric field will stabilize or destabilize
the products with respect to the reactants depending on its
orientation and thus introduces a driving forae&s® in the
process (Figure 1b)) and (ii) the system has to reach, via thermal
2. Theoretical Methodology activation, the transition state located at the crossing between

To describe charge transport along a one-dimensional Stackthe two potential energy curves in order for charge transfer to

occur. The semiclassical Marcus theory thus treats all vibrational
of pentacene molecules, the key features of our approach are

(i) to evaluate at the quantum-chemical level the rate of charge modes classically (thus assuming that any relevant moge

transfer between two adjacent molecules, in the presence of a = kaT) and neglects tunneling effects across the potential
) ! " "barrier. The role of tunneling can be accounted for by treating

selected vibrational modes at the quantum-mechanical level.
charge mobilities. These two different aspects of our theoretical(:‘_rhIS is done in our approach by adopting the Maerev_lch—
approach are detailed in the next sections. Jo_rtner (MLJ) formalism. In that case, a_sm_gle ef_fectlve mode
) (with an energyiw set here to 0.2 eV, which is typical of-€C
Charge-Trangfer Rate between A‘?'lace“t Mqleculesi\ﬂar— bond stretches) represents all the intramolecular modes and is
cus theory is widely used by chemists to estimate the rate of yoa16q quantum-mechanically via the HuaiRhys factorS
charge tran;fer In al_weak coupling regime, Wh'Ch implies that (=Ailhw); the intermolecular modes are treated classically
the charge is localized on the d?”Of D prior toialgd on the through thels parameter. We note that Kumar et al. have shown
acceptor A after glectroq transfer:"D- A — D + A 2 This that the introduction of two effective modes to describe the low-
formalism is readily applicable to a charge hopping process for 4 high-frequency motions is not expected to modify signifi-

which D and A are identical molecules. We note that Marcus .oy the calculated rat@in the MLJ formalism, the transfer
theory shares many similarities with the theory of polaron ... |\ ritegs

hopping derived by Holstein and used mostly in the physics
community?° In the absence of electric field, the hopping rate .
is generally estimated from the semiclassical formalism of _2”,[2 1 - S
Marcus a&*2! Kiop = —— Z}exp( Savke
h And ks TE n!

275 1 y) 1) (AG° + A, + nhwi)z
——exg— = -
Tkt p[ 4kBT] ex @

whereT is the temperaturd,the transfer integral that reflects  where the sum runs over all pathways starting from vibrational
the strength of electronic interaction between the adjacentlevel O of the reactants to vibrational levelof the products.
molecules, and the total reorganization energy. The latter is At the one-electron level, the application of an electric field
made of two components: (i) the intramolecular (inner) along the stacking axis creates an energy gradient in the HOMO
contribution; that accounts for the changes in the geometry and LUMO levels of the individual molecules, which is
of the two molecules upon electron transfer and (ii) the external assimilated here to the driving force (Figure 2). The energy
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Figure 2. Energy diagram showing the way the transfer integrals are
calculated in the absence of an electric field (left) and in the presence
of an electric field (right). In the latter case, the introduction of a driving
force AG® leads to apparent splittingdarger than the effectivevalues

(H = HOMO, L = LUMO, D = donor, A= acceptor).

difference between the HOMO/LUMO of two adjacent mol-
ecules is equal tAG°® =_e-F-d with F the vector associated
with the electric field andl the vector connecting the centroid
of the electronic distribution associated with the HOMO/LUMO
level of the two individual molecules; in the case of symmetric

molecules such as pentacene, the latter corresponds to the centér

of mass of the molecule. For holes [electroms3° is negative
when the charges migrate along [against] the direction of the
electric field and vice versa.

The internal reorganization energyof pentacene has been
calculated in a previous study at the density functional theory
(DFT) level using the B3LYP functional with a 6-31G(d,p) basis
set?5 It corresponds to the sum of the energies required to
promote (i) the initially charged molecule from its equilibrium
geometry to that characteristic of the neutral molecule and (ii)
the initially neutral molecule from its equilibrium geometry to
that characteristic of the radical ion. Values foof 0.095 and
0.133 eV are obtained for holes and electrons, respectvely.
The theoretical value of; for holes compares very well to the
experimental value extracted from the analysis of the fine

Olivier et al.

)

Figure 3. lllustration of the Monte Carlo algorithm: the charge is
initially localized on the central pentacene molecule (*), the hopping
direction is chosen randomly (it takes place to the right in this example),
and the hop is either accepted (#) or rejectedlif this iterative cycle
depending on whether the acceptance condition is verified or not.

TABLE 1: Evolution of the Transfer Integral as a Function
of Electric Field; Apparent t' and Effective Splittingst for
Holes and Electrons as Well as the Driving ForceAG®
Introduced by the Field Are Reported

F t'Homo t'Lumo AG® tHomo tLumo

(1C° Vicm) (eV) (eV) (eV) (eV) (eV)
0 0.1315 0.1035 0 0.1315 0.1035
1.028 0.133 0.106 0.0411 0.1314 0.1035
2.056 0.138 0.112 0.0822 0.1312 0.1036
3.084 0.146 0.121 0.1233 0.1318 0.1035
4,112 0.155 0.133 0.1644 0.1314 0.1039
5.140 0.167 0.146 0.2055 0.1316 0.1030
6.168 0.181 0.162 0.2466 0.1318 0.1043
7.196 0.195 0.178 0.2877 0.1317 0.1040
8.224 0.211 0.195 0.3288 0.1315 0.1040
9.252 0.227 0.212 0.3699 0.1316 0.1036
10.28 0.244 0.231 0.411 0.1316 0.1044

wheret' is the apparent transfer integral arttie effective value
to be used in eq 2 to estimate the transfer rates. We have

structure observed in the gas-phase ultraviolet photoelectrona”a|yzed the field dependence of the calculated transfer integrals

spectrum (UPS) of pentaceffeSince the electric field is
consistently applied in the direction perpendicular to the

by computing the apparent splittings for a dimer made of two
pentacene molecules separated by 4 A, with an electric field

molecular plane of the pentacene oligomers, the magnitude offanging from 16 to 10" V/cm oriented perpendicular to the

Ai is assumed to be field independent; this is further validated
by recent calculations showing thatis hardly affected in the
presence of an external electric field applied along the long
molecular axis of pentacene molecu#és.

The external reorganization energyaccompanying a charge-
transfer process occurring in the solid state is difficult to
evaluate. Simple models have been developed to estifate
for a charge transfer between spherical ions in an isotropic
medium?® On the basis of a modified expression taking into

molecular planes (see Table 1). The effective splittings extracted
with eq 3 are found to be hardly affected by the magnitude of
the electric field; this can be rationalized by the fact that the
electronic distributions in the HOMO or LUMO levels are only
slightly perturbed for such an orientation of the electric field.
As a result, the transfer integrals are kept unchanged in the
Monte Carlo simulations when the magnitude of the electric
field is varied.

Charge Propagation. The electron- or hole-transfer rates

account the actual shape of the donor and acceptor molecules¢@lculated at the quantum-chemical level are injected into Monte

values on the order of 0-:3.4 eV are obtained when consider-
ing the dielectric characteristics of organic-based matftes.
The transfer integrals can be approximated within Koopman’s
theorem as half the splitting of the HOMO [LUMO] levels for
holes [electrons] in a complex formed by two adjacent neutral
molecules* They have been calculated with the help of the
semiempirical HartreeFock intermediate neglect of differential
overlap (INDO) Hamiltonian, as developed by Zerner and co-
workers30 The energy gradiemiG® created by the electric field
introduces an energy offset between the HOMO [LUMOQ] levels
of adjacent molecules (see Figure 2). In a two-state model, the
apparent and effective splittings are related by the expression

2t = /42 — (AG®)?

®3)

Carlo (MC) simulations to evaluate the propagation of a single
charge along the stacks. MC methods rely on the use of random
variables; in our case, the random variable is the occurrence of
a hop between two adjacent molecules separated by a given
distance. This distance is counted as positive if the hole
propagates in the direction of the electric field and as negative
in the opposite direction; this counting scheme is reversed for
electrons. In the MC algorithm, the first step is to choose
randomly the direction along which charge hopping takes place
in a given iterative cycle (i.e., a jump either to the left or right
nearest neighbor along the one-dimensional stack). This is
illustrated in Figure 3 where the charge is initially located on
the central molecule and where a transfer to the adjacent
molecule on the right side is considered. The second step is to
calculate the probability of transferring the charge in the chosen
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direction as

k.

P T )
wherek_. andk— correspond to the transfer rates in the right
and left directions, respectively; these are different in the
presence of the electric field. Finally, a random number is
generated between 0 and 1 and is compargd.tdf the random
number is lower than the transfer probability, the transfer in
the right direction is accepted. Otherwise, the transfer is rejected;
the charge carrier remains in its initial position, and a new
iterative loop is performed. After a large number of iterative
cycles (typically between 20 and 1393), the mobility can be
estimated directly as

u = di(zF) )]

with F the magnitude of the electric field, the total distance
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Figure 4. Evolution of the hole mobility as a function of the magnitude
of the electric field in a one-dimensional array of pentacene molecules

traveled by the charge (summed as positive and negativeSeparated by 4 A. The inset illustrates the evolution as a function of

contributions depending on the direction of the hop with respect
to the field), andr the total time calculated as the sum of the
inverse of the transfer rates. The electric field has been varied
here from 16 to 10’ V/cm; these are reasonable values for

the square root of the electric field.

that the charge velocity(z) increases faster than the magnitude
of the field. The ratio between the hole and electron mobilities
at any field perfectly matches the ratio of the corresponding

devices a few hundred nanometers thick under the applicationyansfer rates. Despite the fact that a direct comparison cannot
of 10—-100 V between the electrodes (we assume a linear voltagepe made between experimental data and our model systems

drop across the device). Thus, our approach offers a way of
connectingmolecular parameters such a AG°, andt to
macroscopicquantities such as charge mobility. There is no
limitation in size since the system is built progressively around
the charge when moving down the stacks.

which are restricted to one-dimensional stacks, it is interesting
to note that the calculated mobility values (in the range'30

1 cn?/(V s)) are very reasonable; the mobilities reported for
pentacene thin films and crystals are usually in the range®.1
cé/(V s).32

Since the total distance traveled by the charge is obtained as  1he evolution of the mobility at lower field can be fitted by

a sum of random variables, this parameter is also by definition

a Poole-Frenkel- like expressich

a random variable. We have thus calculated a standard deviation

on the mobility value after each hop that we express as

(6)

where N is the total number of hops since the start of the
simulation, u; is the mobility values calculated during the
simulation when the number of cycles achieved is equal to
(with i varying from 1 toN), andu = (1/N)ZiN:]yi is the
average mobility obtained afteM cycles. Theo value is
generally less than 1% after convergencg @r the simulations
presented in the next sections.

3. Results and Discussion
3.1. Influence of the Electric Field.We report in Figure 4

w1 = pto explyv/FIKT) (7)
with the constany estimated to be & 1074 eV(cm/V)*2 for
both holes and electrons. Interestingly, the mobility values start
deviating from this expression and pass by a maximum for an
electric field close to 10V/cm. This actually occurs when the
charge velocity increase becomes smaller than that of the electric
field; this happens as the inverted regime of Marcus theory is
approached (that is, at the semiclassical level, whéf > 1);
in that regime, any further increase in driving force leads to a
reduction in transfer rate and hence in mobility. Such a decrease
in mobility with electric field has been calculated in previous
studies?3435 for instance, by Garstein and Conw&lwho
considered spatially correlated energetic disorder.

3.2. Influence of the Reorganization Energy.Since the
external reorganization energy may vary significantly in specific

the field dependence of the hole and electron mobilities cases (for instance, when the molecules are located close to
calculated for a one-dimensional array of pentacene moleculesstructural defects or in the vicinity of metallic electrodes), we
in a cofacial configuration, with an intermolecular distance fixed have investigated the way the hole mobility evolves as a function
at 4 A. The simulations have been performed at 300 K for an of the magnitude ofs. The Monte Carlo simulations have been
external reorganization energy of 0.4 eV. The transfer integrals performed on the same one-dimensional array of pentacene
associated with such an arrangement amount to 0.132 and 0.104nolecules as discussed earlier, with an electric field fixed at 5
eV for holes and electrons, respectively (the fact that the HOMO x 10 V/cm and at 300 K. Figure 5 illustrates the mobility drop
splitting is larger than the LUMO splitting in a cofacial geometry with 1s. The mobility is reduced by about a factor of 5 for an
results from the presence of a larger number of nodes in theincrease ofls from 0.2 to 0.4 eV or from 0.4 to 0.6 eV; it is
wave function of the LUMO level compared to the HOMO strongly hampered beyond 0.7 eV. In this case, the evolution
level) 31 The results collected in Table 2 show that the mobility simply reflects that for the transfer rate (see inset of Figure 5).
increases by about a factor of 4 for both holes and electrons 3.3. Influence of Intermolecular Distance.Changes in the
when the electric field is varied from 1@ 10’ V/cm. Since distance between molecules can be modulated by substituents
the magnitude of the electric field appears in the denominator attached to conjugated backbones. Accordingly, we have
of the mobility expression (eq 5), the results further indicate examined the evolution of hole mobility in the one-dimensional
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TABLE 2: Evolution with Electric Field Magnitude of the Transfer Rates in the Directions Parallel (k-.) and Opposite k-) to
the Field and of the Corresponding Mobilities for Hole and Electron Transport

F (1C° V/cm) k-.(hole) (s k—(hole) (s} Unole (CMP/V S) k—(electron) (s%) k_(electron) (s%) Uelectron(CTP/(V S))

0.01 5.89x 102 5.80x 10% 0.18 3.65x 10% 3.59x 102 0.11
0.05 6.07x 1012 5.62x 10% 0.18 3.76x 10% 3.48 x 1012 0.11
0.1 6.31x 102 5.40x 101 0.18 3.91x 10% 3.35x 101 0.11
0.5 8.52x 1012 3.93x 10% 0.18 5.28x 10% 2.43x 10% 0.11
1 1.22x 103 2.59x 1012 0.19 7.56x 1012 1.61x 1012 0.12
2 2.35x 10 1.06x 10%? 0.22 1.46x 10 6.59x 101 0.14
3 4.22x 108 4.04x 101 0.28 2.63x 1012 2.51x 101 0.17
4 7.02x 1013 1.42x 101 0.35 4.36x 103 8.83x 100 0.22
5 1.08x 10 4.63x 101 0.43 6.72x 1013 2.88x 10 0.27
6 1.55x 10 1.40x 10 0.52 9.64x 101 8.68x 10° 0.32
7 2.07x 104 3.91x 10° 0.59 1.29x 10 2.43x 10° 0.37
8 2.58x 10* 1.01x 1@ 0.65 1.60x 10* 6.27 x 10° 0.40
9 3.01x 104 2.42x 10° 0.67 1.87x 10 1.50x 108 0.42
10 3.30x 10* 5.35x 107 0.66 2.05x 10% 3.32x 107 0.41
11 3.43x 10* 1.10x 107 0.62 2.13x 10 6.81x 1C° 0.39
12 3.38x 10* 2.09x 10° 0.56 2.01x 10* 1.29x 10° 0.35
18 parallel or perpendicular to the stacking axis. Figure 7 shows

the variation of the hole mobility when translating every other
molecule by a distancé perpendicularly to the stacking axis
(note a single transfer integral value characterizes the full
system). The conventional wisdom here would be that the
mobility goes down with an increase in displacement due to
the progressive reduction ispatial overlap between two
adjacent molecules. However, as shown eafligng calculated
values do globally decrease with distariné in an oscillating
way. This evolution fully reflects that of the corresponding
transfer integrals.

Once again, we emphasize that it is the balance between the
number of bonding vs antibonding interactions in éhectronic
i i . ’ ' . overlap between the wave functions of the two molecules that
02 03 04 05 08 07 08 09 dictates the magnitude of the transfer integral and thus of the

ls (V) hole mobility. Maxima are observed when one kind of interac-
Figure 5. Evolution of the hole mobility as a function of the magnitude _ tjons dominates and minima when there occurs a compensation
of the external reorganization energy in a one-dimensional array of between them.
pentacene molecules separated by 4 A. . .
We have also shifted every other molecule along the stacking

axis by a distance ranging from 0.1 to 0.5 A with respect to the

Mobility (cm?/V s)

e
o
L

08 0.8

o
a

e
N

0

10 : —e—F= 108Vicm arls Uy -
a . F= 5x109/em initial situation where all the molecules are separated by 4 A.
= 4 a F= 107 Viem In such an arrangement, the charge has to hop alternatively over
1 ' a distance larger and shorter than 4 A. For various magnitudes
7 of the applied electric field, we obtain parallel variations that
% point to a reduction in the mobility when the displacement is
204 amplified (Figure 8); the impact is much more pronounced for
% large shifts. This behavior can be understood by comparing the
= transfer rates associated with the short and long hops. When
el the distance is smaller [longer] than 4 A, the transfer rate
increases [decreases], as discussed in section 3.3. However, since
the evolution with respect to the initial distance is not symmetric
0001 o 28 g ¥ a2 5P Fa R s (see Table 3), the time required to make two consecutive hops
Intermolecular Distance (A) in the same direction (and thus to travel in all cases a distance
Figure 6. Evolution of the hole mobility as a function of intermolecular ~ of 8 A) increases with the degree of translation. Interestingly,
distance in a one-dimensional array of pentacene molecules. fluctuations in the separation as large as 0.5 A do reduce the
array of pentacene molecules when varying the intermolecular mobility by only a factor of 5.
separation between 3.4cB A (see Figure 6). In the remainder, 3.5. Introduction of a Gaussian Disorder.We generalize

unless stated otherwise, the simulations have been achieved witfihe simulations carried out in the previous section by introducing
1s = 0.4 eV and for three different magnitudes of the electric @ Gaussian distribution of the intermolecular distances d along
field (105, 5 x 105, and 1G V/cm). In all cases, the mobility ~ the cofacial stack, randomly among the pairs of interacting
drops exponentially with an increase in the intermolecular molecules. The corresponding transfer integrals are estimated
distance and is shifted rigidly depending on the magnitude of from an analytical expression of the results obtained in section
the electric field; this evolution has to be traced back to that of 3.3:
the transfer integrals since the overlap between the HOMOs
decreases exponentially with distance. t(eV) = 646.617 expf2.125)

3.4. Influence of Molecular Translations.We have looked
at the impact of translating molecules in a direction either with d the intermolecular distance; we further assume here that
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Figure 7. Evolution of the hole mobility as a function of the shift applied to every other molecule in a direction perpendicular to the stacking axis
in a one-dimensional array of pentacene molecules separated by 4 A. The inset shows the evolution of the corresponding transfer integral.
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Figure 9. Evolution of the hole mobility as a function of the width of

F|gure 8. EVO'”“Q” of the hole mobility as a f_unct_lon of the shift the Gaussian distribution of the intermolecular distances in the one-
applied to every single molecule over two in a direction parallel to the dimensional array of pentacene molecules

stacking axis.

TABLE 3: Parameters Characterizing Hole Transport at a
Field of 10° V/cm in a One-Dimensional System Where
Every Other Molecule Is Translated along the Stacking Axis AGD

Direction? TR A ANRHH S

AX(R) Kiiax(S) Kiarax(s) timefor8A(s) u (cn?(V s)) Trap-limited / P,
0 1.22x 108 1.22x 108  1.64x 10713 0.19 \
0.1 1.86x 10 8.68x 102 1.69x 10713 0.19 b. I —_— c. tAGo
0.2 2.83x 108 5.09x 102 2.32x 10713 0.13 —_— ¢ AU S i
0.3 4.28x 10° 3.29x 102 3.28x 10712 0.09 I 2AG0 il I 2AGP
0.4 6.44x 1018 2.08x 102 4.95x 10713 0.06 zniniiiy gl
05 9.63x 10° 1.36x 102 7.47x 1013 0.04 I il i

#We report in the columns the displacement, the transfer rate for Figure 10. Energy diagram illustrating the energy gradient induced
the short and long hops, the time for two consecutive hops, and the by the electric field along the one-dimensional stack (a) and the
hole mobility. introduction of an impurity associated withAG™ parameter. Different

situations can be encountered depending on the magnitude of the electric
Asis not affected by variations in the intermolecular distances. field and hence oAG®: (b) AG™ > 2AG®, implying that the HOMO
The Gaussian distribution is centered around an average valudevel of the impurity acts as a trap; (c)© AG™ < 2AG®; and (d)
mset equala 4 A and is characterized by a standard deviation AG™ = 0.

o set equal to 0.05, 0.1, and 0.2 A, respectively, in the With this expression, 99% of the generated distances lie in the

simulations: interval [m — 30, m + 30]. Figure 9 shows that, as expected,
1 (d — m)? the mobility is reduced when the standard deviation increases,
g(d) = ex;{— —2] 8) whatever the magnitude of electric field. However, this reduction
ov2r 20 is very moderate and points to the weak impact of such types
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TABLE 4: Evolution of the Hole Mobility and Time Spent on the Impurity as a Function of AG™P

Olivier et al.

AG™ (eV) ua (em¥(V s)) U2 (cm¥(V s)) time on the impurity? (s) time on the imurity (s)
0 0.1921 0.4266 9.2 10713 3.82x 10783
0.1 0.1916 0.4330 1.38 10712 9.91x 10
0.2 0.1701 0.4339 2.62 104 6.45x 1014
0.3 0.0301 0.4330 1.09 10°° 9.93x 10
0.4 7.29x 104 0.4261 5.28< 10°® 3.95x 10713
0.5 1.36x 10°° 0.3589 2.83< 10° 3.93x 1072
0.6 2.17x 1077 0.0775 1.79% 104 8.58x 101

aThe indices 1 and 2 correspond to the two different electric field8 §hd 5x 10° VV/cm, respectively).

1.00E+00
L = L L 3 —m "
* —_
1.00E-01 - ~_ <
. \
1.00E-02 - \
Q N
% 1.00E-03 - \
8 N
2 AN
3 1.00E-04 - \\
[
= AN
1.008-05 1 — F= 10° Vicm N
- & -F= 5x10%V/cm N N
1.00E-06 1 ——F=10°® V/cm without impurities N
— F= 5x108 V/cm without impurities .
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Figure 11. Evolution of the hole mobility as a function @&G™ when one impurity is introduced per 1000 pentacene molecules. The solid lines
represent the hole mobility in the absence of the impurity for the two different electric fields.

of fluctuations on charge transport properties. The calculated this threshold shifts toward largekG™ values when the
evolution is due to the fact that the transfer rate increases fastermagnitude of the electric field is increased. Below the threshold,
below 4 A than it decreases above 4 A. The field dependence the electronic structure characteristics of the stack incorporating
of the mobility also exhibits a Pooterrenkel behavior with a  the impurities is shown by Figure 10c. In this regime, the hole
deviation at high field and & coefficient similar to that  mobility is slightly affected by the actual position of the HOMO
estimated for the perfectly ordered stack. level of the impurity though a somewhat larger value is
3'.6' Introdqctlon of 'Imp.ur|t|e§.' Finally, we have qnalyzgd calculated whem\G'™P is exactly equal taAG°. We stress that
the impact of introducing impurities along the one-dimensional at room temperature the threshold significantly deviates from
stack. The nature of some impurities has been established for

pentacene (for instance, 6,13-dihydropentacene or pentacenet-che the value oAG”. This is evidenced by the fact that the

quinone)3-3”However, impurities have been described here in mob””y v:alue calculated at lower fi_eld fQAGImp_z O'_Z eV

a generalized way and treated as molecules that break the regulafVhile AG® = 0.04 eV) relates to the situation depicted in Figure

energy gradient induced by the electric field, as illustrated in 10b but almost lies in the plateau region in Figure 11. The

Figure 10a. In our simulations, an impurity is associated with threshold converges toward\&° when the temperature de-

a driving force equal tA\G™? for a hole hopping from the left ~ creases.

side and AG™P — 2AG®) for hopping from the right side. (We We have plotted in Figure 12 the time spent on the impurity,

note that, to a first approximation, we have takemnds to defined as the time needed in the simulation to go from its left
be the same for the impurity and for the pentacene molecules.)sjge to the first molecule on its right side; the values have been
Two different situations can be encountered depending on theaveraged over more than ®Gsimulations. We clearly see in

magnitude of the electric field and hence®®°: (i) AG™ > the ; ; o Lo
o S - . plot associated with the largest electric field that the time is
2 AG®, which implies that the HOMO level of the impurity smallest whemAG™ is equal to 0.2 eV (i.e., when the hops

acts as a trap (see Figure 10b), and (ilKOAG™ < 2AG° . . AN .
(see Figure 10c). We have run the simulations for two different arour?d the .|mp.ur|ty are fully symmetrlc), in agreement with
magpnitudes of the electric field (1@nd 5x 10° V/icm), leading our_d|scuss_|on |n_preV|0us sect|0n_s. We have also pe_rformed a
to AG® values of 0.04 and 0.20 eV, respectivelyG™ has series of simulations at an electric field of®19/cm with a
been varied from 0.0 to 0.6 eV, with a density of impurities set AG™ value of 0.2 eV for various densities in impurities (from
initially to one per 1000 pentacene molecules.We depict in 0.1 to 100 impurities for per 1000 pentacene molecules) (see
Figure 11 the variation of the hole mobility as a function of Figure 13). As expected, the mobility decreases with impurity
AG™ at 300 K. The results indicate that the mobility value density; however, the reduction is only of 1 order of magnitude
drops abruptly beyond a threshold valueAd®™P; as expected, between the two limiting cases considered here.



Charge Hopping in Organic Semiconductors

1.00E+00

J. Phys. Chem. A, Vol. 110, No. 19, 20086363

1.00E-01 -

1.00E-02 -

1.00E-03 -

108 V/icm
5x10%V/icm

1.00E-04 -| —& F=

- - F=
1.00E-05 - F

1.00E-06 -

1.00E-07 -

Time (s)

1.00E-08 -
1.00E-09 -
1.00E-10 -
1.00E-11 -

1.00E-12 ¢— — —*
.\ -

1.00E-13 - - g —--

1.00E-14 T T

0

0.3

. 0.4
AGI™ (eV)

0.6

Figure 12. Evolution of the time spent by the hole around the impurity as a functiak@f when one impurity is introduced per 1000 pentacene

molecules.

0.2

<
0.18

0.16 -

0.14

0.12

0.1

0.08 -

Mobility (cn?/V s)

0.06 -

0.04 -

0.02 -
>

0

0.01 0.1 1

Density (in %)

Figure 13. Evolution of the hole mobility as a function of the density
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10

4, Conclusions

We have combined a Monte Carlo approach to quantum-
chemical calculations to estimate charge mobilities in organic

is currently being extended to consider two- and three-
dimensional systems and to incorporate electre@lectron
interaction effects.
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