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Monte Carlo simulation of charge-trapped effects on dispersive electronic transient transport
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By means of the Monte Carlo technique the possible mechanism responsible for charge trapping at the
region of photogeneration of nonequilibrium charge, in dispersive transient transport measurements, was stud-
ied. The typical curves for dispersive transport with the effect of trapped charge were simulated. The tempera-
ture dependence of the simulated currents and the corresponding experimentally obtained currents, measured
by the time of flight technique, were compared. A good agreement between experimental and simulated results
was obtained, and a model for the mechanism of charge trapping at the photogeneration region is proposed.
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I. INTRODUCTION

A. Measurement of dispersive transport

The time-of-flight ~TOF! technique is a very useful ex
perimental tool for the study of transport properties in soli
such as drift mobility, density of traps, activation energy, e
It is important in the study of disordered solids because
mobility and high resistivity are an obstacle for the applic
tion of steady-state techniques, such as the Hall-effect te
nique. In the last two decades, a great amount of work
been done on transport in disordered solids, such
a-As2Se3,

1–3 a-Se,1–3 a-Si:H,4 by using the TOF technique
In an experiment of TOF, a pulse of strongly absorb

light, incident near an electrode, generates nonequilibr
electron-hole pairs. Depending on the polarity of the cons
applied bias voltage, holes~electrons! are absorbed at th
nearest contact leaving a sheet of electrons~holes! to move
to the far electrode. Changes of the field across the sam
induced by the moving packet of charge, generates a cur
as the voltage source attempts to maintain a constant volt

Electrical transport in disordered solids is dispersive, a
it has been demonstrated by several authors,5–9 that the tran-
sient current obtained by the TOF technique can be descr
as

I ~ t !5H t2~12a1!; t,tt

t2~11a2!; t.tt .
~1!

a1 and a2 are the dispersion parameters at short tim
and at long times, respectively. By plotting the current in
log-log scale, the transit time is determined as the cross
point between two straight lines. The transient current beh
ior is understood as being due to the packet of electr
~holes! becoming spread out or dispersed to a much gre
extent than one would expect from diffusion alone.5 There-
fore, it is referred to as dispersive~non-Gaussian! transport.
PRB 580163-1829/98/58~22!/14845~7!/$15.00
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B. The models

Montroll and Scher 1975,5 proposed a transport mode
that explained the dispersive features of the transient curr
in amorphous solids. They used a simple hopping model:
continuous time random walk.5,6 After that, some authors
proposed other models such as the trap-controlled hop
model,7 and the multiple trapping model.8,9

When transport is by simple hopping, the charge carri
move between localized states of the band tails
tunneling,10 and the random distribution of the hopping di
tances gives rise to the dispersion of the transit time. Ho
ever, in order to explain the existence of a high activat
energy~deep traps! it is necessary to include the presence
deep traps randomly distributed in space. The tempera
dependence of the transit time is due to the activation ene
from the trapping center, and the dispersion of the tran
time arises from the random distribution of hopping d
tances. In both cases, simple hopping and trap-contro
hopping, it seems that the dispersion parametersa1 anda2

are temperature independent.
When temperature dependence of the dispersion par

eters is present, an explanation in terms of the hopping m
els is obtained by adding a distribution of activation energ
to the distribution of distances between hopping sites.

A different conception on the origin of the dispersion
transit time is given by the multiple trapping model, regar
ing the distribution of activation energies as the origin of t
dispersion of the transit time. In this model, charge carri
move by repeatedly trapping from extended states to lo
ized states, and releasing from the localized states to
tended states. The dispersion of the transit time is cause
the energy distribution of localized states, or activation en
gies. It has been demonstrated that the multiple trapp
transport model and the continuous time random-walk mo
are equivalents.1,8,11
14 845 ©1998 The American Physical Society
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14 846 PRB 58A. PICOS-VEGAet al.
From the above models, one can say that it is appa
that temperature dependence of the dispersion parametea1
anda2 is due only to the activation energy distribution~trap
distribution!. It means that if the disorder in the energy sep
ration is negligible, thea1 anda2 parameters can be weak
dependent on or even independent of the temperature.12

C. Trapped charge effects

However, the determination of a transit time from t
transient current curves is possible only when well-defin
transient currents are obtained. In some cases the behav
the transient current is not described by Eq.~1!, but it pre-
sents a maximum that avoids the determination of the tra
time, even when transport remains dispersive. This phen
enon has been studied by Abkowitz and Scher13 in the frame
of the continuous time random-walk model for dispers
transport. They explained the presence of a peak of cur
as caused by the trapping of charge in the region where n
equilibrium charge carriers are photogenerated. Con
quences of this trapping of charge results in an effective t
delay of carriers, and it was found that the effect of trapp
and releasing the charge carriers in that region can be
described by introducing a time-release distributi
function13,14

f~ t !5
~ t11t2!

t2
2 ~12e2t/t1!e2t/t2. ~2!

Here t1 and t2 are the parameters controlling the raising a
decreasing of the distribution functionf(t), respectively.
Equation~2! represents the normalized probability for a ca
rier to reach the transport states~sample! at timet after being
trapped at the photogeneration region.

In the present work we simulate the dispersive transp
by using a model, proposed by Murayama,15 based on the
idea that the electronic transient transport can be treated
random walk of particles on percolation clusters, as we w
see in next section. In order to get the effect of the trapp
and releasing of charge, we adapted the distribution func
given by Eq.~2! to the Murayama model. This minor mod
fication allows us to compute the time delay of the noneq
librium charge carriers before they enter the ‘‘bulk,’’ whe
the transient current is induced.

On the other hand, a relation between thet1 and t2 pa-
rameters does not exist that indicates the temperature de
dence of the peak off(t). Simulating the shape of this func
tion with the Murayama’s model we obtained a go
agreement with the experimental results observed when
temperature changes.

II. THEORY

A. The transport model

Dispersive transport has been studied on the frame of
theory of stochastic processes, where it does not depend
detailed way on a conduction mechanism. In this ca
charge carriers are considered as subject to a time even
tribution, events which can be hopping of a particle from o
localized state to another, trapping from a conduction stat
a deep state~trap!, activation from a deep state to the co
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duction states, etc.12,14 The movement of charge is via a s
quence of time events in the presence of an applied ele
field. Due to disorder, the event time can be a random v
able, characterized by the probabilityp(t)dt that the time for
an individual event is betweent andt1dt. The accumulated
sequence of these events in the motion of a charge ca
can be viewed as a continuous time random walk.12

Thus, the main tools for the analysis of dispersive tra
port are the time event distribution and the disordered
rangement of sites or energy distribution. In this work we u
a model for dispersive transport which is based on perc
tion theory and the multiple barrier transport mechanism15

This model fits very well the nonlinear temperature dep
dence of the dispersion parameters,a1 anda2 for a-Si:H at
low temperatures.16 The basic assumption of this model
that fluctuations of the band edge in an amorphous sys
can be closely related to a distribution of barrier heights
tween hopping sites.1,6,17–22 We illustrate a three-
dimensional frame, two-dimensional in space and o
dimensional in energy, to show the space-energy fluctua
of the conduction band edge in Fig. 1. Flat regions determ
the limited space where an electron can move for a gi
energy. As can be seen in Fig. 1~a! electrons are constraine
to move inside small regions of space at low energies~tem-
perature! and by increasing energy these regions eventu
connect one another. When the flat regions are conne
such that an infinite path is created, the percolation thresh
is reached, then electrons can move over the entire sys
@Fig. 1~c!#.

FIG. 1. Random surface with different energy levels~a!, ~b!, and
~c!. The flat regions at the bottom correspond to the constant en
level.
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In that sense, percolation theory is a useful tool for
study of disordered systems, and it predicts that in a rand
lattice of sites a percolation path will be formed if at leas
fraction pc of the total number of sites is connected~occu-
pied!. A percolation path is a cluster of connected sites t
span all the system.

By analogy between percolation by sites and an am
phous solid, a random distribution of localized states,
existence of an infinite cluster formed by connected state
determined by the fraction of occupied sites~p!. The density
of states for an amorphous solid is generally accepted a
exponentially dependent function of energy, so that an a
lytic expression for the fraction of occupied sites can be16

p5E
2`

E

g~E!dEY E
2`

EM
g~E!dE5e~E2EM !/kTc, ~3!

whereEM is the mobility edge,Tc is a slope of the density o
states.

The barrier heights and the hopping distance distributi
can be substituted by the topological disorder of a perc
tion cluster formed by the localized sites of the system. A
the movement of a particle by thermally activated hopp
over multiple barriers can be substituted by the random w
of a particle over a disordered arrange of sites.5,16

The influence of spatial disorder, experimental conditio
of temperature and applied voltage, over the nonequilibri
charge packet is considered by the jump probability for r
dom walk. Murayama16 used the jump probabilities

P6x5e6eFa/2kT/~41e1eFa/2kT1e2eFa/2kT!,
~4!

P6y5P6z51/~41e1eFa/2kT1e2eFa/2kT!,

for a particle in a cubic lattice, with a biased applied elect
field ~F! in the x direction.

Simulating the transient currents for different applied b
electric fields, cluster size, and fraction of occupied sites
can be shown that for dispersive transport on percola
clusters, the fraction of occupied sites is proportional
temperature16

p5sT/Tc . ~5!

In order to include the effects of the traps at the photo
neration region, we modified Murayama’s model by inclu
ing a distribution of the trapping probability for the carrie
before they reach the percolation cluster. It means that
charge carriers now have to travel through a region of tr
where they can be trapped, and released after some
according to a distribution of the probability given by E
~2!.

The photogeneration region corresponds to the interf
sample contact when the sample is sandwiched by cont
one of these transparent to the incident light.13,14 Also, it is
possible to have two contacts over the same face and illu
nate a thin region near a contact.23 In both cases the nonequ
librium charge carriers are generated near a contact
dragged to the opposite side, which is considered in the u
model to simulate the transient transport.
e
m

t

r-
e
is

an
a-

s
-

o
g
lk

s

-

c

s
it
n

o

-
-

e
s
e,

e
ts,

i-

nd
ed

B. Simulation of transient currents

The process of simulation of dispersive transport is
same used by Murayama. First, one has to construct the
colation cluster~connected sites! formed in a random distri-
bution of localized energy levels for an amorphous syste
in which case a cubic lattice is used for simplicity. We us
the Hoshen-Kopelman algorithm to construct the percolat
clusters.24 Percolation paths are primarily formed in order
have a cluster where the carriers can move by random w
Charge carriers~particles! are introduced into the percolatio
cluster from a face of the prism shape sample and are
lected at the opposite face, simulating the electrode confi
ration in the TOF technique. In order to include the charg
trapping effect, we consider that each particle is trapp
before it enters into the percolation cluster, so that the tim
remains trapped is calculated from the distribution of pro
ability f(t). Once the releasing time (t r) is determined, the
particle is introduced into the percolation cluster and the
starts moving in a random walk at timet r . A particle can
move only inside the percolation cluster, i.e., if the jum
probability is such that a particle must jump to a site th
does not belong to the percolation cluster, then the part
does not move, and the number of step increments and
jump probability is recalculated. Aftern steps the mean po
sition of the charge packet, the number of particles inside
clusterN(n), and the mean velocitŷV(n)& of the charge
packet are calculated. This process is repeated for diffe
values of steps until the total number of particles inside
cluster is zero (N(n)50), i.e., when all the particles hav
reached the opposite side of the cluster~absorbing bound-
ary!. The induced current aftern steps is calculated from th
relation I (n);^N(n)&^V(n)&, as in Ref. 16, and average
for different forms of percolation cluster~topology! with the
same fraction of occupied sitesp.

On the other hand, for the trapping-releasing events at
interface, a crossing time distributionF(n) is defined. This
distribution is constructed by calculating the number of ste
~time! needed for each particle to cross an entire percola
cluster and then counting the number of particles that h
reached the opposite side of the cluster aftern steps. The
normalized distributionF(n) can be interpreted as the prob
ability for a particle to cross the percolation cluster aftern
steps.

III. RESULTS AND DISCUSSION

Figure 2~a! shows a plot for the simulated transient cu
rent I (n), and the number of particles moving inside th
clusterN(n), as a function of the step number~n!. Transient
current curves can be fitted by the expression given in
~1!. As can be seen, the main features of the transient cur
are reproduced by Murayama’s model for dispersive tra
port. The number of particlesN(n) inside the cluster at time
0<t<tt is constant and equal to the total number of p
ticles, and it diminishes each time a particle arrives to
opposite side of the percolation cluster. The transient cur
decreases ast2(12a1) for t,tt , and has a faster decaying a
t2(11a2) for times greater thantt , caused by the diminishing
of the number of particles contributing to the induced c
rent.

When the effect of the charge trapped at the photogen
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FIG. 2. Number of particles inside the cluster, and transient current, aftern steps, for the cases~a! when no charge is trapped at th
photogeneration region, and~b! when all charge is trapped att50.
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tion region is present, as in Fig. 2~b!, the number of particles
at timet50 is zero, i.e., at that time all particles are trapp
at the photogeneration region.14 As time evolves the prob
ability for a particle to reach a transport state~infinite cluster!
augments, and consequently the number of particles in
the percolation cluster increases with time. In Fig. 2~b!, it
can be seen how the transient current depends on the nu
of particles inside the cluster, when all particles are ins
the cluster the induced current is maximum, and as parti
reaches the absorbing boundary~contact! the current de-
creases. As seen, transient current is highly dependent o
time a particle delays to enter into the cluster. To clarify t
effect, we simulated the case when a fraction of the to
number of particles, forming the packet of the charge, g
into the cluster without being trapped, and the rest of
particles are trapped. It means that the time-release distr
tion function injects a fractionn0 of particles a timet50 and
a fraction (ntot2n0) of particles att.0, with a time distribu-
tion given byf(t) @see Fig. 3~a!#. In Fig. 3~b! it is appre-
ciable how the transient current changes withn0 . In the limit
case whenn051, no particles are trapped att50, the tran-
sient current has a characteristic shape of dispersive tr
port, as seen in Fig. 2~a! and the inset of Fig. 3~b!; i.e., it is
always decreasing and described by Eq.~1!. For the opposite
limit, when n050 and all particles are trapped att50, the
transient current starts increasing until it reaches a maxim
value, and then it decreases when particles come out o
cluster.
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Thus it is clear that the peak of current is due to t
presence of trapped charge at the photogeneration reg
which is released with a time delay given byf(t). More-
over, the shape of the simulated current is due to this ch
acteristic time-release distribution of particles. It can
shown by comparing the shape off(n) with the correspond-
ing simulated transient currentI (n), as illustrated in Figs.
4~a! and 4~b!. The inset in Fig. 4 shows the peak positio
values, for bothf(n) and I (n), as a function of thet2 /t1
rate. From these curves, it is evident that the shape of
transient current, and its peak position, are due to the ti
release distribution. Furthermore, it was observed that
increasing the ratet2 /t1 , the simulated current peak positio
shifts to larger values at the same time that the correspon
intensity of the simulated currentI (tm) decreases@see Figs.
4~a! and 4~b!#. This behavior on the transient current is sim
lar to that observed experimentally by other authors in ch
cogenide multilayers25 and polycrystalline CdTe thin films23

measured by the TOF technique at different temperatu
~see Fig. 5!. The shifting of the peak positiontm for the
experimental case is similar to that of the simulated curre
Also, in both cases, experimental and simulated, the inten
of transient currents at timetm decreases with temperatur
~p!, as seen in Figs. 4~b! and 5. This means that the ratet2 /t1
acts as a temperature parameter and that contribution f
the trapped charge is smaller when temperature is lowe
In other words, the nonequilibrium charge created in the i
lated clusters has less probability to enter into the trans
e
FIG. 3. ~a! Time-release distribution function including the directly injected fraction of charge (n0) and the trapped fraction of charg
(12n0). ~b! Simulated transient current for different values ofn0 .
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FIG. 4. ~a! Variation of the time-release distribution functionf(n) for different values of the parametert2 /t1 , and~b! the corresponden
simulated currentI (n). ~c! Peak position as a function oft2 /t1 for both f(n) and I (n).
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states because the energy supplied~temperature! is smaller.
However, we cannot obtain an analytical expression fort2 /t1
as a function of temperature to study thetm shifting for the
experimental case.

Thus, it is necessary to find a time-release distribut
function for the nonequilibrium charge carriers with an e
plicit temperature dependence. In order to do that, we r
ized that the region where the charge is trapped consist
localized sites randomly distributed, which can be deep tr
and shallow states. Then one expects that the nonequilib
charge carriers must travel across a random distribution
localized states and eventually can be trapped in a deep
One can also suppose that particles move by random w
into a cluster of localized sites, in the same way that th
move on the transport states of the sample.

Thus, there exists two regions where the particles
move and induce a transient current: first they have to c
a very thin space, the photogeneration region, of dista
DL!L, and then they travel through the conduction state
a sample of thicknessL. Because both regions have differe
time scales for the trapping-releasing process, the cumula
effect of the crossing of particles from one region to t
other is well described by the time-release distributionf(t)
associated with the charge injection from the interface.

A more clear visualization of this mechanism is illustrat
in Fig. 6.26 Suppose that we have a regionA, which has low

FIG. 5. Transitory currents, experimentally measured, for po
crystalline CdTe thin films at different temperatures~Ref. 23!.
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mobility, and a regionB with a high mobility. If we intro-
duce a packet of nonequilibrium charge carriers, at timt
50, subject to an external applied bias electric field, t
charge packet moves slowly in the first region (t5t1) and
eventually it will reach theA-B interface at timet5t2.
When the charge packet moves in regionA, this movement
induces a current with the characteristics of dispersive tra
port. As the charge arrives to the second regionB, the current
must increase because this region has a higher mob
Thus the form of the current induced by the charge mov
through the interfaceA-B will be an increasing function of
time, and consequently the current induced by the movem
of charge through the regionB will not be described by Eq.
~1!, even if transport remains dispersive. In this case
current is influenced by the delayed injection of charge, fr
regionA to regionB, which gives to the current the chara

-
FIG. 6. Schematic representation of the transient current

duced by a packet of charge moving through layers of differ
mobility.
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14 850 PRB 58A. PICOS-VEGAet al.
teristic shape shown in Figs. 5 and 4~b!.
Thus, it means that the experimental set of a sample in

experiment of TOF must be considered as composed b
region of low mobility ~injection region!, a high mobility
region ~sample!, and an absorbing region~absorbing elec-
trode!. The effect of charge trapping at the photogenerat
region is associated with the delay time of a charge cros
through a low mobility region.

From the point of view of the present model, the lo
mobility region, or trapping region, can be associated w
the presence of localized states forming finite clusters
connected to the percolation cluster or percolation path~see
Fig. 7!. However, we think that even the isolated clusters
separated from the main cluster by a long hopping dista
or a large energy difference, it is possible for the noneq
librium charge carriers to jump out of this region by waitin
more time. It means that, if we photogenerate nonequi
rium charge carriers, not all of them can reach the trans
states att>0, but they can be released at longer times,
sulting in a transient current similar to that represented
Fig. 3~b! for n0Þ0. This mechanism is more probable
polycrystalline systems because of the random distributio
barriers created by the presence of charge trapped a
grain-boundary surface levels.

Also, the time delay of charge carriers at the photogene
tion region is important when transient photocurrents
studied in multiple layered systems. In Ref. 26 it is sho
how the transport described by Fig. 6 is reproducible

FIG. 7. Schematic representation of the infinite cluster of c
nected states in a sample, with the isolated clusters magnified
n
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organic-organic interfaces which have different mobility va
ues.

Returning to the simulation of dispersive transport, w
have seen that the shape of the simulated transient curre
due to the time-release distribution for the trapped charg
the interfacef(t). Also, the temperature dependence ofI (n)
and f(n) are similar, so we can study the behavior of t
peak position ofI (n) for different temperatures by simula
ing the time-release distribution of a carrier crossing a p
colation cluster for different values ofp.

We used the same method of construction of percola
clusters24 and calculated the time delay for each partic
crossing the entire percolation cluster, resulting in a tim
release distributionF(t). Figure 8~a! illustrates howF(t)
has a similar behavior than that for the time-release distri
tion f(t), as expected.

Simulation of differentF(n) distributions was carried
out, and the peak position for each curve was determin
Figure 8~b! shows the peak position valuestm , as a function
of temperature, for the experimental and simulated case.
periments were carried out on polycrystalline CdTe films
the TOF technique. It clearly illustrates an exponential e
ergy dependence, which resembles an activation time of
form

tm5y0
21eEact/kT. ~6!

Eact is assumed to characterize the energy depth for
traps at the interface sample contact.

IV. CONCLUSIONS

It was possible to simulate the charge-trapping mec
nism in the region of photogeneration of nonequilibriu
charge carriers, and its effect on the transient currents exp
mentally measured by the time-of-flight technique. T
mechanism responsible for charge trapping can be expla
as a consequence of the dispersion of charge carriers c
ing through a low mobility region~photogeneration region!
before they reach the conduction states of the sample.
low mobility region can be due to the presence of isola
clusters, formed by localized states, which act as traps w
charge carriers are delayed. The photogenerated free ca
have to walk randomly into the space where they are crea

-

FIG. 8. ~a! Comparison between the analytical time-release distributionf(n) and simulated time-release distributionF(t). ~b! Tem-
perature dependence~p! of the peak position (tm) for both simulated and experimental transient currents.



o
rin
s

th
e

rri
c
a

nt
e

ys

rge
a
The
ed.
ture
eri-

al

PRB 58 14 851MONTE CARLO SIMULATION OF CHARGE-TRAPPED . . .
in order to reach the transport states, where they can m
faster. Thus, the difference in time scale for events occur
in both regions~photogeneration and bulk sample region!
allows us to consider the charge packet arriving from
photogeneration region, to the bulk sample as a tim
dependent injection function of nonequilibrium charge ca
ers. Furthermore, the time-scale invariance characteristi
dispersive transport mechanism, allows us to propose the
plication of this model to the study of phototransient curre
in amorphous multilayers. Also, this work illustrates som
ideas for the explanation of dispersive transport in polycr
talline semiconductors, as those of Fig. 5.
ag
ve
g

e
-

-
of
p-
s

-

Also, we simulated the time-dependent injection of cha
by forcing the nonequilibrium particles to travel through
percolation cluster before they reach the transport states.
same effects of a time-release distribution were obtain
From these results the current peak shifting with tempera
was simulated, obtaining a good agreement with the exp
mental measurements.
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