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Carrier density dependence of mobility in organic solids: A Monte Carlo simulation
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The multicarrier hopping process in disordered organic materials is studied via Monte Carlo simulations
taking into consideration both the site exclusion effect and Coulomb interaction. The carrier mobility in
materials with Gaussian energetic disorder is found to depend heavily on carrier density. At high carrier
densities, the Coulomb interaction is found to reduce the carrier mobility in materials with low intrinsic
disorder or at high temperatures, and to enhance the mobility in materials with high intrinsic disorder or at low

temperatures.
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Recently, interest in organic field-effect transistors
(OFETs) is growing rapidly as their mobilities are approach-
ing those in amorphous-silicon transistors.”> One of the
unique properties found in OFETs is the superlinear increase
in mobility with carrier density.®> This increase has been ex-
plained based on the following two considerations: (i) carri-
ers transport via hopping among localized states (or transport
sites) such as molecules or polymer chain segments in or-
ganic solids; (ii) two carriers cannot occupy one single trans-
port site, which is referred to as the site exclusion effect
(SEE) hereafter. Qualitatively, the mobility increase has been
attributed to the gradual filling of lower-energy transport
sites as the carrier density increases and, consequently, the
decrease of the activation energy carriers need for hopping to
neighboring sites.* Quantitatively, several analytical works
have studied the effect of the partial filling of density of
states (DOS) on charge transport and have found the mobil-
ity increase with carrier density,>!! as reviewed by Coe-
hoorn et al.'> More recently, Pasveer et al.'> have studied the
mobility dependence on carrier density by numerically solv-
ing the master equation describing multiple-carrier hopping.

All of those works have considered the SEE by adopting
Fermi-Dirac statistics; however, none has considered the
Coulomb interaction between charge carriers. In organic ma-
terials, the Coulomb interaction would have a profound ef-
fect on charge transport and should not be neglected for the
following reasons: (i) charge carriers are strongly localized
and should be regarded as point charges; (ii) dielectric con-
stants are small (typically 3-5) so that the effective range of
Coulomb interaction is long; and (iii) near the
semiconductor-insulator interface in OFETSs, carrier densities
can exceed 10" cm™ (Ref. 3) so that the average distance
between carriers is short. Since the random hopping of car-
riers induces random Coulomb interactions, it is difficult to
describe them analytically or with a master equation. How-
ever, Monte Carlo (MC) simulation has a special advantage
in treating the interactions straightforwardly.

Previously, MC simulations assuming both the energetic
and the positional disorder in Gaussian distribution have suc-
cessfully explained the carrier transport in organic materials
at low carrier densities.'*"'® Unfortunately, these MC simu-
lations involve only a single carrier in each run, making them
invalid for systems at high carrier densities with both the
SEE and Coulomb interaction. Recently, Houili et al. per-
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formed a three-dimensional (3D) multiparticle MC simula-
tion to study the charge transport across the heterojunction
between layers of different organic materials and found that
the Coulomb interaction assists charge carriers to overcome
the transport barrier at the interface.!” However, they focused
only on the interfacial properties of organic light-emitting
diodes with relatively low average carrier densities, rather
than the bulk properties of carrier transport at high carrier
densities typically observed in OFETs.

In this Brief Report, a MC method taking into consider-
ation both the SEE and the Coulomb interaction is devised to
study the multiple-carrier hopping in disordered organic ma-
terials and the dependence of mobility on carrier density. The
effect of Coulomb interaction on the charge transport at high
carrier densities is also explored by comparing the results
with or without the Coulomb interaction.

For comparison with most previous works in the litera-
ture, we assume the Gaussian disorder model,'* in which the
hopping rate of carriers is governed by the Miller-Abrahams
equation,'®

vy exp(=I'r)expl- (¢, €)/kT], €> ¢ n
Vij— ) eXp(— Fr,-j), Ejg €;,

where v;; is the jump rate from site i to site j, ¥, the intrinsic
attempt frequency, I' the coefficient of intersite coupling, r;;
the intersite distance between i and j, and € the site energy.

We use 3D cubic lattices of lattice constant a and with 3D
periodic boundary condition (PBC) to simulate the bulk
properties of carrier transport in organic materials. Each lat-
tice point represents a transport site; the entire lattice con-
tains LXLXL sites (in the present work, we take L=51
which is large enough to avoid the finite-size effect). We
consider N carriers together in each simulation run, so that
the site occupation ratio p=N/L?. The energy of each trans-
port site is randomly drawn from a Gaussian distribution
(2mo?)"? exp(—€*/20?), where o denotes the magnitude of
energetic disorder. The positional disorder is neglected for
simplicity in the present work and will be studied elsewhere.
We also limit the carrier hops to occur only between the
nearest-neighboring sites, which is valid in the range of o/kT
used in the present work.!'?
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FIG. 1. Calculated carrier density dependence of mobility for
various values of o/kT with (data points) and without (solid curves)
the Coulomb interaction. The dotted lines are guides for the eye.
The arrow indicates a transition from CIIMB to CIIMD. Inset:
Comparison between present results without the Coulomb interac-
tion (solid curves, right y axis, in the unit of Byy/o) and those
reported in Ref. 13 (data points, left y axis, in the unit of ). Note
that w is defined by Eq. (3¢c) in Ref. 13 and is related to o. Our
results are based on v, so a conversion is needed. B is an arbitrary
constant.

After carriers are introduced into the lattice, the energy of
any transport site will be shifted by the Coulomb potentials
of these carriers as well as their periodic images due to the
long-range nature of the Coulomb interaction. Although such
Coulomb potentials in simulations with 3D PBC are usually
treated with the Ewald method,'® we find it also possible to
tackle the present problem of carrier hopping by directly cal-
culating the difference in Coulomb potential Ad(z,s) be-
tween the source (s) and target (¢) sites of a given hop,

Adlr,s) = 3 A (1,9)

e , ( 1 1 )
" dmeye, T S \|r;+n-r| |r;+n-r|/)’
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where A¢,(z,s) is the contribution to Ag(z,s) from the ith
carrier, ry, r,, and r; are the positions of the hopping source
site, target site, and the ith carrier, respectively, and r;+n
(n=nL,+nLy+nL, n.n,n, eZ, n#0) are the positions
of the periodic images of the ith carrier. Note the prime on
the summation over i in Eq. (2) denotes that the calculated
Ad(t,s) is the sum of the contributions from all carriers ex-
cept the hopping one, since the hopping carrier does not
exert any Coulomb force on itself. The direct calculation of
A¢(t,s) via Eq. (2) converges fast enough if s and ¢ are
neighboring sites. We adopt a universal dielectric constant of
4.0 in all simulations, a value commonly found in organic
materials.

A typical simulation runs as follows.

(1) A certain number of carriers are first put on different
sites randomly.
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(2) The hopping rates v,, for every carrier to hop to any
of its six nearest-neighboring sites are calculated according
to Eq. (1) and treated as the “hopping candidates” for the
next hop, where n and « denote the index of the carrier and
the index of its neighboring sites, respectively. The energy
difference €;—¢; consists of three contributions: (i) the site
energy difference originating from the intrinsic material dis-
order imposed by the Gaussian DOS, (ii) the potential differ-
ence caused by the externally applied electric field E, and
(iii) the Coulomb potential difference A¢(z,s). If the Bth
neighboring site of the mth carrier is currently occupied by
another carrier, v,,4 is set to be zero, as required by the SEE.
To examine the effect of Coulomb interaction on carrier mo-
bility, we also conducted simulations without Coulomb inter-
actions by calculating €;,—¢; with just the first two contribu-
tions described above.

(3) The waiting time for the next hop 7, the index of the
next carrier to hop m, and the index of the neighboring target
site « are determined by the following equations:

Viot = 2 Vhar  T=— ln(gl)/vtot’
na

m—-1 6 k-1 m-1 6 K
(2 E Viat+ Vma) < 52V10t< (2 E Vot E VmOz)’

n=1 a=I a=1 n=1 a=1 a=1
3)

where | =sm <N, | < k=<6, v, is the total hopping rate, and
¢ and &, are both random numbers uniformly distributed
between 0 and 1.

(4) The simulation run restarts from step (2) and continues
the above steps.

The simulation is first run for enough time to get the
carriers relaxed in energy. Then, we start to record the time
and the hopping direction of every hop and derive the carrier
mobility as

(I, =h)a
=1 2 4 , 4
K= NE % Tk @

where /; and [, are the total number of hops of all carriers
along and opposite to the field direction within the recorded
time ¢, respectively. The simulation run ends when the de-
rived mobility converges to a certain value. The simulation
with the same set of parameters is conducted for 10-50 dif-
ferent runs to reduce the variation of the resulting mobility
value.

Figure 1 shows the carrier density dependence of mobility
both with and without the Coulomb interaction for materials
with various energetic disorders o and under different tem-
peratures T, both factors included in the dimensionless pa-
rameter o/kT. The present MC results without the Coulomb
interaction, fitting well with those from solving the master
equation in Ref. 13 as shown in the inset of Fig. 1, show a
superlinear increase in mobility with carrier density. The MC
simulations with the Coulomb interaction lead mostly to the
same mobility dependence on carrier density as simulations
without the Coulomb interaction at moderate carrier densi-
ties. However, two unique features of mobility, not found in
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TABLE I. Average height of energy barriers against the hopping
candidates upward in energy for simulation systems characterized
by o/kT. The carrier density is 0.1 per site and the electric field is
Zero.

Barrier height without Barrier height with

o/ kT Coulomb interaction (k<7)  Coulomb interaction (k7)
0 0.00 2.80
1 1.47 3.05
4 7.40 6.72
6 11.3 10.3

previous studies without considering the Coulomb interac-
tion, begin to emerge as carrier density exceeds 0.01 per site.
One is the drop in mobility by orders of magnitude with
increasing carrier density for small o/kT [referred to as
Coulomb-interaction-induced mobility drop (CIIMD), here-
after]; the other is the even stronger increase in mobility with
carrier density than the increase without the Coulomb inter-
action for large o/kT [referred to as Coulomb-interaction-
induced mobility boost (CIIMB), hereafter].

We took snapshots of the simulation systems both with
and without the Coulomb interaction at zero electric field
every 10° hops and listed in Table I the calculated average
barrier heights of the hopping candidates upward in energy,
which are the bottleneck of hopping transport. The average
hopping barrier for the material with zero intrinsic disorder
at a carrier density of 0.1 per site increases from O to 2.80kT
upon the introduction of Coulomb interaction. A similar in-
crease in the barrier height is also observed for o/kT=1.
Such an increase means carriers have to hop over higher
barriers, resulting in the mobility drop, i.e., the CIIMD. To
view how the barrier heights increase, we draw energy dia-
grams of the transport sites. In the extreme case where
o/kT=0, all sites have the same intrinsic energy. If there is
no Coulomb interaction between carriers, the only source of
the site energy difference is the applied potential. Therefore,
the energy landscape of transport sites is smooth, as shown
in the left half of Fig. 2(a), and carriers can easily hop with-
out overcoming any barrier. However, if the Coulomb inter-
action exists, the energy of every site is shifted by the Cou-
lomb potentials of the carriers at other sites. Due to the
stochastic nature of hopping, carriers are randomly distrib-
uted in space and the shifts in site energy are also random.
As shown in the right half of Fig. 2(a), such shifts result in
the increase of the average hopping barrier, as well as a
rough and random site-energy landscape, equivalent to some
energetic disorder. Therefore, we attribute the CIIMD to ex-
tra energetic disorder induced by the Coulomb interaction.
For materials with nonzero intrinsic energetic disorder, the
combination of the intrinsic disorder and the Coulomb-
interaction-induced disorder is complex and it is expected
that a higher intrinsic disorder will screen a lower Coulomb-
interaction-induced disorder and vise versa; therefore, the
CIIMD gradually disappears as o/kT increases (from 0 to 2
for the parameters in our simulation).

In cases where o/kT are large, most carriers occupy low-
energy sites and the hopping barriers are usually high. Thus,
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FIG. 2. Energy diagrams of transport sites. The energy and po-
sition of a transport site is denoted by a horizontal line. In each
subfigure, the left and right halves depict the cases without and with
the Coulomb interaction, respectively. Arrows denote the route of a
hopping carrier (not explicitly plotted). The energies of transport
sites are in reference to the hopping carrier and are shifted by an
additional carrier explicitly plotted as a dot. (a) The energy diagram
for o/kT=0 under an applied field. [(b) and (c)] Energy diagrams
for two examples of high o/kT under zero field, showing how the
hopping barriers ¢ are reduced by the Coulomb interaction.

the mobility in high-disorder materials is usually low at mod-
erate carrier densities. In previous works, the mobility in-
crease with carrier density by orders of magnitude has been
solely attributed to the SEE.* We find that the Coulomb in-
teraction also plays a role in increasing the mobility at high
carrier densities, i.e., the CIIMB. From the snapshots of
simulation systems with large o/kT as described in the pre-
vious paragraph, we find that the average hopping barrier for
o/kT=6 at a carrier density of 0.1 per site has dropped from
11.3kT to 10.3kT upon the introduction of the Coulomb in-
teraction. A similar drop in hopping barrier is also found for
o/kT=4. Such a drop facilitates carrier hopping and leads to
the CIIMB. Since low-energy sites are the limiting factor for
carrier transport in cases of large o/k7T, we focus our atten-
tion on these sites and plot the energy diagrams of transport
sites near a low-energy site. For either of the two examples
shown in Figs. 2(b) and 2(c), the energy barrier keeping the
carrier at the low-energy site from hopping away is reduced
by the Coulomb potential of another carrier at a neighboring
site. Thus, the carrier at the low-energy site can hop away
more easily and that site would be less likely to trap either
carrier.

It is necessary to understand the link between the appar-
ently opposite roles the Coulomb interaction plays at high
carrier densities for different o/kT. When o/kT is small, the
extra disorder is important as it cannot be completely
screened out by the intrinsic disorder of material; the number
of low-energy sites is small so that the effect of the Coulomb
interaction on reducing hopping barriers is also quite limited.
Therefore, only the CIIMD would be observed. However,
when o/kT is large, the Coulomb-interaction-induced extra
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disorder is totally screened by the intrinsic disorder; the large
number of low-energy sites makes it significant that the hop-
ping barrier is reduced by the Coulomb interaction. There-
fore, only the CIIMB would be observed. For materials with
moderate o/kT, e.g., o/kT=2, a transition between the CI-
IMD and CIIMB could be observed, as indicated by an arrow
in Fig. 1. Furthermore, the combination of the CIIMD and
CIIMB remarkably reduces the difference in mobility be-
tween systems of different o/kT at carrier densities as high
as 107! carriers per site, compared with the difference with-
out considering the Coulomb interaction.

It should be noted that in real OFETs, a large amount of
carriers opposite in polarity to those in the organic layer exist
at the gate-insulator interface, and the distribution of carriers
in the organic layer perpendicular to the channel is not
uniform.?® These factors are not included in the present
simulation because we focus on the microscopic charge hop-
ping process in the organic materials to derive the relations
between the bulk carrier mobility and carrier density. The
charges of opposite polarity at the gate-insulator interface
only form a uniform electric field in the organic layer, and
therefore are not expected to change the transport property.
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After knowing the bulk mobility for any set of parameters
such as electric field, temperature, material disorder, and car-
rier density, one can further derive the performances of a real
OFET by solving equations considering the spatial distribu-
tion of carrier density and electric field, as well as real device
parameters.

In conclusion, we have demonstrated MC simulations of
the carrier density dependence of mobility in disordered or-
ganic materials, taking into account both the SEE and the
Coulomb interaction between carriers. It is found that when
the carrier density exceeds 1072 carriers per site: (i) in cases
of low o/kT, Coulomb interaction induces extra energetic
disorder in the system and reduces the carrier mobility with
increasing carrier density; (ii) in cases of high o/kT, Cou-
lomb interaction reduces the energy barriers against carrier
hopping and causes a steeper increase of mobility with car-
rier density than that caused by the SEE only.
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