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Trap effects on the formation of space-charge field (SCF) associated with the photorefractivity of nonlinear
optical polymers were studied by the Monte Carlo simulation using modified Gaussian disorder model. The
charge transport dynamics influenced by the presence of trap molecules controls the formation of SCF via the
charge distribution. Temporal behavior of SCF formation and SCF dependence on the trap depth are discussed
in terms of the concentration and distribution of charges (holes and ionized acceptors) developed following
illumination of light. The correlation of the trap depth and the energetic disorder is presented for an optimal
efficiency for the SCF formation.
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Introduction

Optical devices, faster, more sensitive, and more reliable,
have been intensively developed to replace electronic devices
for many years. Therefore, materials of which optical pro-
perties are sensitive to light illumination, including nonlinear
optical (NLO) materials, have attracted much attention.1,2

One of properties of NLO materials is a photorefractive (PR)
effect that is attributed to the spatial modulation of the index
of refraction under non-uniform light illumination. This
electro-optic non-linear effect involves the space charge
field (SCF) formation. The SCF arises when charge carriers
photo-generated by spatially modulated light excitation are
separated by drift and/or diffusion processes and accordingly
become trapped to produce a non-uniform charge distri-
bution.1-3

The characterization of SCF in PR polymers had been
performed on the variation of photorefractivity with the
SCF.3-12 The magnitude of SCF was determined experi-
mentally by observing electro-optic coefficients measured
with a Mach-Zehnder interferometer.10 This method had
been frequently employed to determine the SCF.11,12 How-
ever, it was rather not a routine work to obtain effective
electro-optic coefficients appropriately in various kinds of
material systems and experimental conditions. Therefore,
other optical methods were proposed for the magnitude of
SCF in polymeric PR materials. In these methods, the SCF
was determined from a modified four-wave mixing technique
using polarizers or from birefringence measurement method.8,9

These experimental results showed a linear dependence of
SCF on the external applied field, and a linear dependence of
the diffraction efficiency on the absolute extent of SCF.8-11

The SCF formation processes have been theoretically
studied by solving kinetic differential equations for the time-

and space-dependent densities of holes, ionized acceptors,
and traps to predict PR dynamics from basic material pro-
perties.3-7 These theoretical studies have been rewarding in
reproducing the SCF but have limitations in understanding
the formation dynamics of SCF in terms of molecular
properties of PR materials. Another approach utilizes the
method of Monte Carlo (MC) simulation. MC simulation
method has been adapted to elucidate charge carrier trans-
port and/or charge redistribution appearing in various devices,
semiconductor, conjugated polymer, molecularly doped
polymer, etc, by incorporating readily the molecular proper-
ties of charge transport materials and trap molecules into the
system.13-23 In those works, MC simulation has successfully
described the charge carrier transport and/or redistribution
dynamics in the system including molecular parameters.

In the present work, we have examined the effects of
doped traps on the formation of SCF in the photorefractive
film system using MC simulation. In the model adapted, the
doped traps are characterized simply by shifting their mean
energy from that of the hole transport sites (HTSs) by a
certain extent called a trap depth. In such a system, it may be
functional to predict the PR dynamics directly from a set of
basic material properties in order to lead the development of
new materials. Based on a series of MC simulations, we
shall reveal a quantitative relation between the trap depth
and the energetic disorder of HTSs to exhibit an optimal
efficiency in the formation of SCF. In addition, we also
present details of the distribution development of charges
(holes and ionized acceptors) responsible for the formation
of SCF with the temporal scope and with the trap depth.

Simulation

In this work, the Gaussian disorder model (GDM) developed
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for a theoretical study of photoconductivity was employed
with some modifications.19,20 MC simulations were perform-
ed on a cubic lattice of 70 × 50 × 50 sites (x × y × z) with a
lattice constant a = 10 Å that is typical for most organic
matrices.19,20 The periodic boundary condition was introduc-
ed along y and z axes. The lattice sites were randomly
assigned as either an HTS (70%) or a doped trap site (30%).
The site energies were assumed to obey a Gaussian dis-
tribution function with a standard deviation (σ) that
characterizes the degree of energetic disorder of HTSs. Ten
configurations of the site energies were sampled to get
meaningful statistics. Spatially uniform electric field, Ea,
was applied along the x-direction through the lattice sites
confined by two electrodes at both sides (i.e., an anode at
x = 0  and a cathode at x = xmax). 

Pairs of an ionized acceptor (with a negative charge) and a
hole (with a positive charge) are created at vacant HTSs by
illumination of light of which the intensity is sinusoidally
modulated across the x-direction. The applied electric field
drives the holes moving toward the cathode while the
ionized acceptors are assumed immobile. Once a hole/
ionized-acceptor pair is created, the hole can hop to a neigh-
boring (not necessarily nearest) HTS if not occupied by
another hole. The hopping rate was assumed to follow the
Miller-Abrahams theory.19,20,24 The energy gap between two
sites was adjusted by Coulomb interaction energies with
ionized acceptors located within the Coulomb radius. As a
hole encounters an ionized acceptor, they were set to vanish
immediately (electron-hole recombination). Arriving at the
cathode, a hole is removed from the system and another hole
is created at the anode to balance the total charge of the
system. Other simulation conditions may be referred to our
previous works.22

SCF formed was obtained by solving the Poisson’s
equation;

(1)

with the boundary condition

. (2)

In equation (1),  and  denote the charge
densities of the holes and ionized acceptors, respectively, at
a location x. The generated SCF implicates the distribution
of charges by shifting the site energies and consequently
changing the hopping rates and/or by altering the yield of
charge generation (as a charge generation rate depends on
the electric field). The charge distribution again determines
the profile of the evolved SCF, and consequently SCF was
calculated self-consistently in the course of our simulation.
We introduce the root mean square (RMS) of SCF as a
measure of magnitude of the generated SCF as following:

. (3)

Results and Discussion

In this study, we have explored the SCF formation
dynamics upon variation of the trap depth that is one of the
control variables for the SCF formation. The shapes of SCFs
at the steady states obtained through MC simulations were
similar in shape to Schildkraut’s or Yuan’s obtained solving
the rate equations.3-7 The amplitude and phase of SCF are
dependent on the trap depth because the distributions of
trapped holes and ionized acceptors differ to the trap depth.
Temporal evolutions of the hole concentrations (the number
concentration of holes, here) and the RMS of SCF are
presented in Figure 1. This illustrates that two quantities, the
hole number and SCF, are strongly relevant to the trap depth.
In Figure 2, we have shown the spatial distributions of the
holes and ionized acceptors, for a trap depth of 0.4 eV,
spread along the x axis at three specific instants in the course
of temporal development. The distributions of the holes and
ionized acceptors are distinct apparently at initial early stage
(0.2 μs), the maximal point (2.5 μs), and the steady state
(15.0 μs) to generate the holes and produce the SCF. These
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Figure 1. Time dependence of the RMS of SCF (Bottom), and the
hole concentration (Top). (Ea = 80 V/μm and σ = 0.05 eV)

Figure 2. The evolution of the holes and the ionized acceptors at
(a) 0.2 μs (b) 2.5 μs and (c) 15.0 μs. (Ea = 80 V/μm, σ = 0.05 eV,
and Trap depth = 0.4 eV)
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three points are indicated using arrows on Figure 1. 
Figure 2(a) shows that the holes generated by excitation

launch to separate from their geminate partners and to drift
toward the cathode responding an applied electric field. This
process for the charge separation should occur prior to the
development of SCF. When the hole concentration becomes
raised adequately at 0.4 eV of the trap depth in this case and
the charges are effectively distributed as displayed in Figure
2(b) corresponding to the maximal point b (at 2.5 μs) in
Figure 1, the amplitude of SCF exhibits its maximum. The
peak position in the distribution curve of the immobile
ionized acceptors is a little shifted to the anode (at x = 0)
with weak asymmetric profile. This reflects the creation of
the ionized acceptors by the induced SCF and also spatially
inhomogeneous depletion of concentration resulting from
the charge recombination process. At the steady state, around
the point c in Figure 1, the hole concentration is slightly
smaller than that at maximal point b because the rate of
charge recombination process has increased at the steady
state. The intensity of SCF at the steady state, however, is
significantly diminished as the concentration of net charges
becomes reduced. The reduction of net charges results main-
ly from the charge recombination and/or the neutralization
of holes and ionized acceptors, which are taking place as
mobile holes reach a region of ionized-acceptor-rich. After
5.0 μs, the RMS of SCF shows weak oscillatory behaviors.
The appearance of such phenomenon is consequent from
contiguously occurring two processes, the charge separation
and neutralization.

In Figure 3, we present the dependence of the RMS of
SCF and of the hole concentration at the steady state on the
trap depth. The hole concentration at the steady state
increases monotonically with the trap depth because the rate
of recombination process is reduced by retarded mobility of
holes. The intensity of SCF at the steady state, however,
shows a turnover behavior with respect to the trap depth.
This phenomenon can be explained in terms of the charge
distributions varying with changing trap depth. Figure 4
shows spatial distributions of holes and ionized acceptors
attained at the steady state for three different trap depths, 0.2,

0.4, and 0.6 eV, respectively. As the trap depth gets small,
mobile holes separated from their geminate ionized acceptors
move on easily toward the cathode. In this case, SCF grows
fast at early stage as shown in Figure 3, but its intensity at
the steady state is not well-built yet because of less charge
concentrations by promoted recombination process, as shown
in Figure 1. In the case of large trap depth, the migration of
holes is considerably retarded due to large trap depth.
Consequently, most holes settle down at neighboring sites of
their geminate ionized acceptors. Then the distribution curve
of holes overlaps mostly with that of ionized acceptors as
shown in Figure 4(c). In this case, the intensity of SCF turns
diminutive by simple neutralization of the charge aggre-
gation in spite of large hole concentration. When the trap
depth is adjusted to be adequate, holes and ionized acceptors
are effectively distributed for SCF formation and then the
intensity of SCF gains its maximal value compared to other
cases. As discussed above, the charge concentration and
distribution is subject to the extent of the trap depth. As a
result, the strength of generated SCF determined by the
charge concentration and distribution is strongly dependent
on the trap depth. So we may expect that there should be an
optimal value of the trap depth coupled with other variables
of the system such as the energetic disorder, an applied field
and so on.

In order to explore the interplay between the energetic
disorder and the trap depth, we draw three dimensional plot
for RMS values of SCF at the steady state as a function of
the standard deviation of the site energy distribution, σ, and
the trap depth in Figure 5 (Right). We can see that, for a given
energetic disorder, the intensity of SCF shows an oscillatory
behavior spanning the axis of trap depth. However, the
intensity turns over downward after the trap depth reaches a
certain value. We could call it an optimal trap depth for a
given energetic disorder. For the domain of the trap depth
larger than this optimal depth, the intensity of SCF decreases
with the trap depth. The decreasing appears because the rate
of the charge separation process accordingly decreases down
when the trap depth is far beyond the optimum. When the

Figure 3. RMS of SCF and the hole concentration to the trap depth.
(Ea = 80 V/μm and σ = 0.05 eV)

Figure 4. The distribution of the holes and the ionized acceptors at
the steady state for the trap depth of (a) 0.2 eV, (b) 0.4 eV and (c)
0.6 eV at Ea = 80 V/μm and σ = 0.05 eV.
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trap depth is smaller than the optimal depth, the intensity of
SCF does not gain its intensity by facile recombination
process due to elevated mobility of holes. In other words, the
optimal trap depth corresponds to the depth yielding an
effective charge distribution, as shown in Figure 4(b), mini-
mizing the loss of charges due to the hole/ionized acceptor
recombination and/or charge neutralization.

While the trap depth is a characteristic feature of elec-
tronic structure of the doped trap molecules, the energetic
disorder is determined by the molecular interactions mainly
between the charge carrier molecules, partly between doped
materials, and partly between the charge carrier molecules
and doped materials. The interactions in total are also
exercised by concentrations of components.21,22,25 We pre-
sent the optimal trap depth as a function of the energetic
disorder in Figure 5 (Left). We can observe a clear corre-
lation between two variables. As the energetic disorder of
HTSs gets larger, the trap depth should be increased in order
to retain the trapped holes from transferring to nearby HTSs
and to manage to gain a large intensity of SCF. This obser-
vation suggests that we may control the trap depth to improve
the efficiency of SCF formation for a given system with an
energetic disorder. The account of the optimal trap depth on
the energetic disorder is requisite to lead the development of
new materials and/or to select NLO materials with maximal
efficiency of SCF for a system.

Conclusion

The present work illustrates that MC simulation method
may well describe the formation dynamics of SCF in PR
polymer system. This study shows that the strength of
generated SCF determined by the charge concentration and
distribution is strongly dependent on the trap depth. To
obtain a maximal efficiency of SCF intensity, one should
make a choice of a trap material with an optimal trap depth
that is correlated with the energetic disorder of charge carrier
molecules and/or the applied field.
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