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Time-delayed charge-injection effects on photocurrent shape in a double layer
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Transient photocurrents of double-layer structures were simulated by a random walk through a cubic lattice
in this work. The canonical technique of time of flight was simulated to find the characteristics of the photo-
currents shape when each layer had a different mobility. The results reproduce the main features of the
experimental data from similar real experiments reported in the literature. Also, the origin of the peak shape of
photocurrents is discussed and it is shown that it is related to a stochastic process which forces the out-of-
equilibrium charge carriers to be injected from one layer to the other within a period ofttitmedt) as given
by a time-dependent probabiligy(t)dt.

INTRODUCTION origin of Eq. (1). A time-dependent functioms(t) was in-
cluded in this model for the rate of charge injection at initial
Charge injection between disordered interfaces of amoreonditions:
phous organic materials has been a subject of interest during
the last decade mainly motivated by the study of electrolu- (ti+t2)
miniscent, electrographic devices, etc. Recently some au- $(t)= tZ? (1
thors have reported studies on the dynamics of hole injection
and the effect of energy barriers at interfaces on the photo- This distribution functions(t) was chosen because it de-
current in two-layer systents’ In these works the analysis of pends basically on two parameters that control its increasing
charge transfer was done by the measurement of transiet,) and decreasingtf), and it gives a peak shape to the
photocurrents induced by a packet of off-equilibrium chargeransient photocurrents. Alsap(t) was interpreted as the
carriers moving inside of an organic two-layer sample, usinghormalized probability for a carrier in a trap to reach a con-
for this the time-of-flight(TOF) technique. Emphasis was dyction state of the sample.
placed on the lack of theoretical work on this topic even Recently, Picos-Vegat al.’ using a different model for
though it is an interesting problem. Also, the absence of ahe study of dispersive transient transport, found that a simi-
general model explaining the dynamics of charge injection ofar function ¢(t) can be simulated by a random walk of
charge transfer at interfaces is mentioned. particles into an incomplete lattice of sitggercolation clus-
Similar experiments were carried almost 20 years agQep), i.e., by measuring the time distribution of arrivals for a
when other authors studied the time-dependent charge injeget of particles crossing a disordered media. In this case a
tion from Au contacts tea-As,Se; samples’. The problem  similar time-dependent distributios(t) for the carriers ar-
they studied was how the charge accumulation into thgjying at a sample was obtained. Also, they proposed that for
contact-sample interface affects the induced photocurrent ig single layer showing peak-shape photocurrent in a TOF
the TOF measurements. Instead of obtaining typical photogxperiment the photogeneration region can be thought of as a
currents as given by thin layer of disordered and widely spaced states through
which the off-equilibrium charge carriers must cross in order
t—(1-en) <t to arrive at the conduction states of the sample. This impli-
! (1) cates that using a two-layer structure, with the first layer
™ having a low mobility compared to the second layer, one can
simulate a peak-shape photocurrent.
wherea; anda, are the dispersion parameters, ands the Experimental measurements on the same conditions as
transit time, they measured peak-shape photocurrents whosgentioned above were carried out recently by other
origin was attributed to the time-dependent injection of car-physicists> These workers reported experimental results of
riers from the contact to the sample. These workers used jphotocurrents measured by the TOF technique for a set of
theoretical model for dispersive transport based on the corsamples of organic-organic bylayers, each layer having a dif-
tinuous time random walkCTRW),* which explained the ferent mobility. From these results three types of photocur-
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rent are relevant to show that effectively the peak shapes dfor simplicity, we take this probability distribution as Eg.
photocurrents are due to the time delay of carriers at th€2), which integrated from 0 to behaves as
interface corgtact sampté or in a reservoir layet. Also,

other authors conclusions coincide with these results and t B el [ Y _tt
they have proposed a use for the TOF technique using JO¢(t)dt—1—e ? t, (1-e"H+1
double-layer structures.

: 4

One can see that this equation has an exponential depen-

SIMULATION OF PHOTOCURRENTS dence on the parameter and a competence betwegnand

) ) t, is established in the second term. Thus, in the limit.of
The transport model we used for the simulation of photo->tl Eq. (4) is well approximated by

currents as measured by the TOF technique is very simple,
and a complete exposition can be found in Refs. 5 and 7. The t
off-equilibrium charge carriers move in a random walk J p(t)dt=1-e V2, (5
across a disordered arrangement of sites, which represents a 0
disordered distribution of localized states. The mean effect ofhis means we have an exponential activation rate
the disordered environment and the drift force provided by(l/tz)e—t/tz as the injection rate of carriers, which is the case
the electrostatic potential is to disperse the charge packet #sr a step potential or a single trap state. A more detailed
it moves across the sample. Here the dispersion of the charggiculation of the current induced in a sample using @3).
packet is due to the waiting time of each carrier experimengs the injection rate wit,>t, andt,;<t, can be found in
in different sites due to the intricate connectivity of the sys-Ref. 3. Here the peak positiori,{) of ¢(t) is very small,
tem, which depends on the temperature of the system.  { ~t,~0. A plausible explanation for this function is that
For a single-layer experiment, as particles arrive at theynly one kind of trap or a step potential constrains the carrier
contact in the opposite side of the sample, they are absorbefjection into the sample. The temperature dependence is un-
and its own contribution to the photocurrent is eliminated atderstood as due to the thermal activation of carriers from a
the same time. The transient current shape is determingsbtential barrier. However, other authdfsave shown that
very well by Eq.(1) in this case. However, for a two-layer the temperature dependence of transient currents with charge
structure one can assume that each layer has a different driflapped effects can be simulated by changing thetgdtg in
mobility given by Eq. (2), with the parameter; andt, of the same order. The
peak position for the time-dependent distributig(t) simu-
ri=vilE, 3) lated by a random walk is proportional to the peak position
(Pf the simulated current, and it behavestgs- e Bact/kT S
with E . as the energy necessary to activate a carrier from an
unique kind of trap.
t For Eq.(2) the maximum occurs at

whereu;~v; for a constant field strength. Thus on each ste
a particle moves a distance given by the prodiasterage
velocity on the layer X (steps interval Also, we assume
that when a carrier reaches the interface between layers, i
then changes abruptly its mobility fropa; to w,. If neces- t
sary, one can also take into account, as we will see below, tm=t2(—l>|n
the effects of an energy mismatch between samples. tp
At initial conditions the_packet of particles is ir_ljected at and for timest,~t, the peak position depends linearly on the
x=0 aftern=0 steps, which means that all carriers movemagnitude oft,:
inside the sample immediately after they are generated. Also,
the manner we measured the transient current induced by the
random walk of particles through the percolation cluster is to~t, for [
multiplying (the mean number of particles moving inside the
sample aften stepg X (the mean velocity of the packet of Then whent,~t, the variation oft,, is proportional to the
particles at the same number of steps variation oft,, which is the result obtained by Picos-Vega
For the simulation of photocurrents in bylayers, with mo-et al® This means that effectively the temperature depen-
bility w, and u,, respectively, we used a full lattige=1,  dence of current is controlled through, the characteristic
wherep is the fraction of occupied sites for a percolation time for activation of a carrier in a trap. With these results
problem® This helped us to calculate the transient currentEq. (2) can be considered as a weighted probability, with
saving computing time, and also gave us a flat constant cu(-L—e~"1) as the weight factor for the occurrence of trap
rent, while the carriers were moving inside the lattiee  events characterized iy, ande™'2 the probability for the
~ 1 for Gaussian transpoyt* For highly dispersive transport occurrence of release events with characteristic tipe
an incomplete lattice witlp~p, can be used, witlp, the  Equation(2) is a density of probability properly normalized
critical fraction of occupied sites for the existence of a spanfor the occurrence of only one characteristic trap event,
ning cluster over the entire systém. which is a special case of a more general probability used for
multiple trapping’®

ts
1+ —|, (6)
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TIME-DEPENDENT INJECTION RATE

. - . RESULTS
The number of carriers inside the sample at tinoan be

computed by integration of the distribution of probability =~ We simulated different transient currents changing the
that a carrier reaches the sample after it is photogeneratedalues of mobility of each layer in a bilayer structure. The
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carriers arrive at the second layer of lower mobility, sud-

FIG. 1. Simulated photocurrents for a double-layer system witndenly the particles are slowed in such a manner that the
mobility rate of (a) uq/u>,=5/9, () mi/u,=1, and(e) u,/u,  Photocurrent decreases too. The sum of individual currents
=5, and the experimental counterpart for similar cases with mobilfrom each layer has a double-step shape. Experimental re-
ity rates of(b) wq/u,~1/6, (d) wqi/uy~1, and(f) u,/u,~6. Ex-  sults for an organic-organic bilayer with equal mobility but
perimental data were taken from Ref. 2. an energy mismatch of around 0.13 eV are shown in Fig.

1(f).

induced current for each layer and the number of carriers Good agreement between experimental data and simu-
participating aftem steps were obtained independently. Thelated curves is evident in Figs(a—1(f) for the three cases
total current for the double-layer structure is the sum of theof mobility rate, and also it is evident that the peak shape of
independent currents. As expected, we found that the shapke transient current in the second layer is due to the time
of the simulated transient currents is extremely dependent odelay of carriers when they are injected into the transport
the mobility in each layerp, and u,. The curves were states of a single-layer sample. It means that the first layer
classified as three different kinds depending on the mobilityacts as a time-dependent source of nonequilibrium charge
rate for both layers: (@) wq/u,<1, (b) uy/um,=1, and(c) carriers with a rate similar to Eq2) whose characteristic
oyl uo>1. time parameters depend on its own physical properties. How-

(a) In Fig. 1(a) the shape of the simulated photocurrent inever, it is important to emphasize that only the raising of the
layer 2 corresponds to a very well defined peak wherinduced photocurrent is due to the time-dependent injection
n1lu,<1. The curve for current on layer 2 is similar to the of charge, as given by E@4), and that the current decay is
current induced in a single layer when off-equilibrium due to the recombination of carriers at the collector contact.
charge carriers are injected from the interface contact samplEhen the unique condition for the occurrence of a well-
at a rate similar to Eq(2) with t;~t,~t;. As can be seen, defined peak in the transient current is a competence between
carriers through the first layer disperse and induce a currerihe injection of charge and the recombination of the same at
as given by Eq(1) with a;~1. However, they arrive at the the collector contact.
next layer with a wide time distribution similar to E@), When the total charge is injected in a short period of time
provoking a peak shape for the photocurrent of layer 2. It ismaller than the transit time of the sample, no competence is
important to remark that independently of the form adoptedhen established between injection and recombination. So it
by the total current of the bilayer structure and for any casdeads to the appearance of a plateau in the photocurrent in-
of mobility ratio u,/u,, the transient current induced in stead of a peak. This case can be obtained if we tuse
layer 2 will always be a peak shape. Figukg)icorresponds >t,,t,, such that the fraction of charge injected before the
to the experimental photocurrent for an organic-organic bitransit time is approximately 1. It means that all carriers
layer with a mobility rateu, / u,~ 1/6, approximately. move inside the sample before one of them is absorbed at the

(b) Figure Xc) illustrates the case for a bilayer with mo- collector contact.
bility ratio u,/u,=1 without the existence of any trap or  Figure Za) illustrates a simulation of what would happen
energy mismatch at the interface. This means that particlei the charge packet moves first through layer 1 of mobility
can cross the interface without any interruption or delay. Asu; and subsequently it moves through a layer 2 with mobil-
can be seen, the current remains constant until the first anty u,, for w,/u,<1. Current increases at a rate propor-
faster carriers reach the opposite side of the sample. Also, tH®nal to Eq.(4) due to the increase of carriers inside the
induced current in layer 1 behaves as Eg.and the photo- sample. Then all carriers move inside layer 2 for a period of
current in layer 2 has a peak shape with a maximum near thigme At with the transient current induced as in Edy) for
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equal to the time distribution of charge injection.
FIG. 3. Representative picture of a packet of particles moving

inside a bilayer(a) The packet can cross continuously the entire ENERGY BARRIER AT THE INTERFACE
sample or(b) cross the layers one by one.

There exist other cases of photocurrents when the material
longer times. The beginning of the plateau delineates the enaf layers have a different ionization potential or they present
of the charge injection, and no peak will appear in the in-a mismatch in the mobility edge. In some cases one can see
duced current. In Fig. (®) an experimental measurement of that even if the mobility is the same for both layers, the
the photocurrent obtained from the literature for a widephotocurrent could not be the same as that of Fig) dr
double-layer sample is illustrated. It corresponds to a layer 1(d). The effects of this phenomenon are visible in the curves
of lengthL and a layer 2 of length 19, with mobility ratio  of current as a step shape when charge carriers cross an
w1l mo~1/92 A correspondence of Figs.(@ and 2b) is interface from a lower-energy level to a higher-energy level,
clear. as in Fig. 4a). For the inverse case, a jump from higher to

For clarity we illustrate, in Figs. (@) and 3b), two cases lower energy, the charge carriers can jump without any effort
of the different stages of dispersion of a charge packet insid&to the new region as represented by Fi@)4In terms of a
of a double structure. In Fig.(8 the charge carriers have random walk on a disordered arrangement of sites, crossing
reached the collector contact when some carriers are stiin interface with energy mismatch is similar to crossing a
being injected from layer 1. This establishes a competencthin region where the localized energy levels are distributed
between injection and recombination given the origin of thewith wider separation than in a single layer. The carriers
peak-shape photocurrent. In Fig(b? the complete packet must jump upward between states with more difficulty than
crosses the interface layer 1—-layer 2 and moves for a perioeh any layer, which causes a delay to the carriers in their
of time At inside layer 2, giving rise to a plateau in the trajectory. To include this effect in the simulation of photo-
induced current of the double layer. currents, it is necessary to introduce a time-dependent func-

In principle, if the dielectric constant is the same for bothtion for the “activation” of the carrier from the interface. In
layers and no differences in the conduction energy aré¢his case we choose the exponential dependenes©f by
present, then the transient current at the rising times must bakingt,>t, and the transit time;>t, .

Figure 5a) shows the transient photocurrent for a bilayer
with mobility w,=pu,, but considering the presence of a

b) time delay for the carriers crossing the interface. The simu-
p lated photocurrent decreases for the second layer and even
Q

a)

0 the mobility is the same, as is the case for an experiment
under the same conditions, as shown in Figp) 4

CONCLUSIONS

In this work we have simulated transient photocurrents in
bilayer structures by means of a Monte Carlo transport
model. We considered different mobility rates between both

FIG. 4. Schematic picture of a particle crossing a step potentialayers with and without an energy mismatch at the interface.
(a) from the lower level to the higher ar(8) from a higher level to  From the results we conclude that it is necessary to have a
the lower. time-dependent charge injection in order to have a peak-
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shape photocurrent. The origin of such a time delay in chargewvo or more layers. The time scale invariance of this kind of
injection can be associated with a stochastic process occutransport must be a constant in this model due to its fractal
ring at interfaces whose time distribution can be approxi-characteristics and the size dependence of measurable quan-
mated by Eq(2) in a raw manner. Besides, this work is a tities such as drift mobility.

raw approximation to the problem of transient transport in

disordered systems; it yields good results of the general char-

acteristics of the transient current and explains how compe- ACKNOWLEDGMENT

tition injection recombination is needed for the peak forma-
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