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Transient transport in disordered multilayers
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In this work the main characteristics of transient photocurrents on disordered multilayers, as obtained by the
time-of-flight technique, are simulated and compared to experimental data from the literature. The origin of the
double-peak shape adopted by the photocurrents is discussed in this work, and it is shown that each peak is
directly related to the time delay of charge carriers at the layer-layer and contact-layer interfaces, respectively.
Two mechanisms of conduction are involved in the transport of carriers through the multilayer structure.
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INTRODUCTION eralization to include those systems composed with more
than two layers is even more difficult.

In the last few years a renovated interest in the study of Attempts to study charge effects at interfaces by general-
nonequilibrium charge transfer between disordered medifzed transport model based on CTRW were carried out by
has been recovered, being the cause of the great importang®kowitz and Scher in 1977Ref. 9 by considering the
that a good photosensible material may have in the optoelegnterface contact sample as a time-dependent source of
tronics industry. The most interesting properties of these macharge carriers. Assuming that the carriers in this region do
terials are the spectral sensitivity for charge carrier photogenot incorporate immediately into the transport states, they
neration, drift mobility, and the charge injection rate atproposed a distribution function for the probability per unit
interfaces. Recently, the deposition of amorphous multilayefime that a carrier at the interface incorporates into the trans-
structures has been done in order to improve some of thesgrt states. However, the explanation of the time delay prob-
transport properties and to build devices with specificability of charge at interfaces was givarpriori with a func-
characteristics. The transport properties of amorphous andtion depending on two parameters controlling the rise and
disordered materials have been characterized by the canonjecrease of the probability functidA.The time delay of
cal technique time of flightTOF).*? In this technique the charge carriers at interfaces of multilayers structures has
sample is placed between two electrodes at constant bias, apden observed experimentaily>'* There are two possible
then a pulse of strongly absorbed light near an electrodgeasons for the time delay of carriers at interfaces: first, the
generates a sheet of electraios holeg which move to the  existence of energy barriers between interfaces due to either
far electrode. Changes of the field across the sample induced mismatch in the mobility edge of amorphous layers or a
by the moving packet of charge generate a transient curregfifferent ionization potential in organic layers and, second,
as the voltage source maintains a constant voltage betwegRe presence of deep traps at the interfaces. In the first case,
electrodes. For dispersive transport in a single layer, the incarriers need some time to tunnel through or to be thermally
duced current has two rates of deéayand in general it can  activated over the barrier. In the second one, the delay time

be described by the following expression: is the time that carriers remain in the traps before they are
thermally released. For the case of traps with a single energy
e >t level, the release rate is exponential with a characteristic
i(t)~ (14 ay) (1) time, the detrapping timéwhich has an exponential depen-
t 7, <ty dence on the energy depth of the trap. The thermal activation

of carriers over an interface barrier has also an exponential

wherea; and «, are the dispersion parameters at short andate with a characteristic time, which depends exponentially
long times, respectively. The time needed for the carriers ton the barrier height. Recent efforts for the explanation of
cross the sample is known as the transit time> charge transport in single- and double-layer systéftsnd

Since the former studies in ASe for photocopy polycrystalline systent$ have been done by several workers
applicationd in the 1970s to the most recent studies ofusing different approaches. However, theoretical models that
organic-organic layefs and inorganic multilayefs’ in the  explain the main characteristics of the diffusion of nonequi-
early 1990s, the TOF technique has been of great importandibrium charge carriers in complex systems such as disor-
in the study of the transport properties of materials. Thedered multilayers are still lacking.
same happens to the accepted theoretical models for disper- In this work we are interested on the off-equilibrium
sive transport in disordered systems where the universalharge transfer between disordered layers of multilayer
models seems to be hoppitGTRW) (Ref. 3 and multiple  structures and especially how the time delay of carriers at
trapping® However, these models have been formulated withinterfaces affects on the general shape of transient photocur-
complicated mathematics for single layers only, and a genrents. Our intention is to provide good insight into this prob-
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lem by simulating some properties of transient photocurrents Se / Se,,Te, / Se /Se,Te,/ Se
that could be of interest for a future general dispersive tran-
sient transport model in multilayer systems. Also, in order to

elucidate if our ideas are correct, we bring to the scene some
experimental results of transient photocurrents for

Se/Se_,Te, (Ref. 13 and a-Si:H/a-SiN, :H (Refs. 7 and

14) multilayers. In these works the measured photocurrents S 4 e
show a double-peak shape, which remains as a general char-  g(r) = —¢™'™

acteristic for these systems and is explained in terms of the 3 U .

existence of two mechanisms of transport that may occur at (1) =T_e ’

the same time. One mechanism is hopping through localized z

states of the disordered layers, and the other could be thermal FIG. 1. Representative illustration of the inclusion of the wait-
activation at interfaces or direct tunneling of barriété. ing time distribution for activation time in the potential barriers.

SIMULATION with 7the characteristic time at which the thermal activation
occurs. As mentioned above, this exponential activation rate
is also valid for the thermal release of carriers from single-

equilibrium charge carriers are represented by a set of pa"(—er\(l)ﬂatgﬁﬁs ;tsttrri]k?ult?(:ﬁn;ﬁﬁiﬁ(l)cpﬂle gl?ge'tg'g teh\?altl'gtee ?ﬁéay
ticles moving in a random walk across a disordered arrangé? Y (1)

ment of sites, which represents a disordered distribution orrrr:rf] in(;alr:eerr Tgsottr?e\r,vc?rltf?c)tma?hlemc%r:]?g(?t ?:iﬁ;ef.'rtsﬂgsz(fs
localized states. The random arrangement of sites is co Y ' Yer.

structed in a cubic lattice by choosing at random a fragtion . . .
u ! ub! ; y ng o valley, then it does not need to be activated, but in the con-

of sites, which constitutes a percolation clusfeFor this .
model it has been shown that the fraction of sites that is use‘iﬁary case thé(t) function needs to be evaluated. The char-

to construct the cluster is proportional to the temperature oficteristic timer will depend on the kind of barrier the carrier

the systent® Because the connectivity of states for the trans-Must jump: contact-layer or layer-layer interfaces, which are

port is necessary, the fractiom of sites must be always different. After this step the carrier moves through the disor-

greater than the corresponding percolaton threspeltora  croc (EASCIEL B TEE 0 SRA N, B T BEL TR
cubic lattice connecting sites to first nearest neighbors, a8 P P

establishes percolation thedyThen the average effect of f‘?‘g‘g'e V\tlhet;]e |tt|s apsotrbed bytthg co?tatcht and znds s CO?'
the disordered environment combined with the drift force  PUuon t0 the transient current. LUe 1o the randomness o

: . o : : the disordered media and the waiting times at interfaces, the
provided by the applied potential is to highly disperse the harge is widely dispersed and the contribution of distant

off-equilibrium charge packet as it moves across the sample; : .
. ge p b yers is smaller. However, the sum of all contributions from

A complete description of the steps necessary to simula’[each laver is of considerable maanitude and aives as a result
transient currents in single layers with this model can be yerl : gnitu g u

found in Refs. 10 and 17 also a good review of numericafheI double—peak—shr?pe photolcur_rtehnt.f hot (s
simulation of diffusion on fractal-like and percolationlike h summary, we have an aigorithm for photocurrent simu-

substrates is given in Ref. 18 lation that includes two transport mechanisms which could
For the case of a multilayer structure, each layer has it?e hqpplng and thermal activation, the last having two char-
own distribution of localized states, drift mobility, etc., ac- acteristic timesr, and r, corresponding to contact-sample

cording to their own physical properties. Consequently,and sam_ple—sar|r|1plehlnterf_aces, res}pectl\_/ely.

when a carrier crosses from one layer to other, it undergoe?1 E_xpenmenta y, the existence o barriers or deep traps at

the physical properties of the corresponding layer. However € |_nterfaces has typical consequences, as is the apparition

in this work we assume that the connectivity of Iocalizedbf single- or double-peak photocurrents. Some details of
tlhese effects on the transient photocurrent for a double-layer

states remains the same for all the states of the multilayet " imulated and d with X tal dat
structure at the same temperature, but the drift velocity angrycture are simulated and compared with €éxperimental data

mobility edges have changes going from one layer to other! Ref. .11' Thl.Js we proceed to the comparison of the same
In this way the total current will be a sum of all the indi- effects in multll_ayer structures. .

vidual photocurrents induced in the complete structure. Th In order to isolate the influence of each mechanism of

latter has been demonstrated in transient photocurrents me ansport over the photocurrent shape, we simulated .the pho-
sured on organic-organic bilay&rand in Se-based amor- tocurrent shape for a structure composed of ten cubic layers

phous multilayer structurésAlso, one could consider that of width L, with occupation fraction of sitep~0.52 and

the mobility edges are equal or have a mismatch, which reg|men3|on 10XLXL. First, we simulatea) the photocur-

sults in the formation of a multiple-wefbarried potential in rent shape for a multilayer without barriers at interfaces, nei-

the sample. These new effects resulting from the barrier forther at contact-samp_le nor layer-layer !nt_erfacges. m‘?‘e
ontact-sample barrier with characteristic activation tirge

mation are introduced in the algorithm by assuming therma} ™, luded. and finall he eff f both |
activation with a time distribution of probability of the form 'S included, and finallyc) the effects of both contact-sample
and layer-layer interfaces with characteristics timeand

P(t)=(lr)exp(—t/7), (20 7, respectively, are included.

On the other hand, the model we #®r simulating the
photocurrents is based on the following picture: the off-

As depicted in Fig. 1, if a carrier moves from a barrier to a
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c
3 01
2
8 1 jected is included, then the photocurrent will start at zero at
g* 0013 ’ t=0, as is shown in Fig. 3. The photocurrent now starts from
%- ] zero intensity, but still the double-peak-shape is missing, as
= e in the experimental case of the dotted curve. The contribu-
E ¢ gxpe{ir?em tions from each layer are marked from 1 to 10, and all have
] imutation ] the same one-peak shape as expected for a single layer with
14 ey — time-delayed injected chard@Also, the amplitudes of each
' it / curve are approximately in the same order because the
- orn/n, charge carriers flow without delay at the interfaces of the

FIG. 2. Experimental and simulated photocurrents without bar-ml'”t”ayers structure. . . .
riers, normalized at the transit time. The same curves on a Iog—IO%_ .Hence the next natural stepis to 'n9|Ud? a m'smatCh mo-
scale. ility edge at each interface by considering a time delay
function at a position where the mobility edge changes from
a lower to a higher value, keeping the time delay distribution
RESULTS function at the contact-sample interface. These results are

Figure 2a) shows the simulated transient photocurrent forPresented in Fig. 4, from where one can see that the photo-
the ten-layer structure without a waiting time function at thecurrent shape is better approximated to the experimental data
contact-layer interface or layer-layer interface. The mobilityfrom Ref. 13. The contributions of each layer to the total
is the same at any layer, which is equivalent to having oneurrent clearly show that the first peak of the total current is
layer 10 times thicker than a single one of the multilayerdue mainly to the current induced in the first three layers and
structure. The total current is the sum of the currents for eachontrolled by the time delay introduced by the contact-
single layer, which are enumerated from 1 to 10 in this pic-sample interface. The sum of the small contributions from
ture. The dotted line is the experimental results taken fronihe rest of the layers gives form to the second peak of the
Ref. 13 for Se/Sg ,Te, multilayers, and both curves are total photocurrent. Figure(8) shows a composition of the
normalized at the transit time . In Fig. 2b) the simulated total current as a sum of two peaks originating from the sum
curve is plotted in a logarithmic scale to make clear that bottof the first three currents and the currents left. There is no
curves coincide at the transit time, which is observed as doubt of the roll played for the time delay functions at the
change in the slope of the curves as predicted by the CTRWhterfaces and that the peak shape of the photocurrents is
model in Eq.(1). Also, from Fig. Za) the current of the first inherently linked to it. One important point is that our pro-
layer behaves like Ed1), but none of thex—1 currents left  posed mechanism by means of which delayed charge carriers
have the same behavior; instead, all they have the form afross interfaces holds for this particular case of multilayers
peak due to the natural time delay of carriers produced by thetructure. Furthermore, our simulation results are compatible
dispersion at crossing the previous layer. with a thermal activation mechanism of carriers over a well-

For the case when the time delay of charge at the contactlefined energy barrier, which height defines the characteris-
sample interface where the off-equilibrium carriers are in-tic waiting time at interfaces.
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Thus the first peak of the photocurrent depends on thactivated. It means that the times at which carriers cross from
characteristics of the first three layers, and the second pedayer 1 or layer 2 to layer 3 are contained in a range of time
depends on the subsequemt3 layers of the multilayer which coincides with the time of activation at this place, and
structure. The entity responsible for this behavior is theconsequently the number of carriers moving inside the layer
contact-sample interface by means of the time-depender® is larger than for any other layer. The same can occur for
probability assigned to it. The time-delayed charge carriershe first or second layer depending on the transit time and the
injected from this interface have effects on the current of thdayer thickness. This effect on the photocurrent is supported
next layers, as is clearly evident on the first two componentby the experimental results of Ref. 13, that the first-peak
of the total current in Fig. @). These peaks are sharp and behavior of Se/Se,Te, multilayers with electric field
“unfinished;” i.e., the carriers move to the next layer before strengthE and temperaturd is similar to that of a single
all they are injected, which means that the time needed for 8¢ _,Te, layer.
carrier to cross an interface without barrier is less than the Looking for more experimental evidence to prove our
time needed to be activated at the interface. In the third comideas, we simulated the two-peak to one-peak transformation
ponent of the same figure, the induced current is larger dutor the photocurrent when the layer thickness is decreased,
to the barrier existing at the layer-2—layer-3 interface. Anmaintaining the same characteristic time. Using different
equilibration of times occurs here for the carriers that aresizes of layer lengths and keeping constant the electric field
arriving at this interface and those that are waiting to beand temperature, a series of currents were simulated. Figure

014201-4



TRANSIENT TRANSPORT IN DISORDERED MULTILAYERS PHYSICAL REVIEW B4 014201

12 T T T ' I T T ! 1

o
»
T

FIG. 5. Behavior of simulated photocurrent
with variation of the layer thickness froln=5 to
30.

I(n) (arb. units)

o
N
T

L ! L ) |
0 1000 2000 3000 4000
steps (n)

5 shows how a4 is decreased the double-peak appearancéie activation of carriers at the contact-sample and layer-2—
of photocurrent is turned into an one-peak shape curve. Thiayer-3 interfaces, which accumulates more carriers inside a
same results were found by other authdrisy measuring layer in a period of time. The second peak is due to the
TOF photocurrents for Se/$Se, Te, multilayers. They found contribution of the currents induced in the rest of layers as
that going from[250/250 x50 A thickness multilayers to seen in Fig. &). The good correspondence of the simulated

[100/50x 75 A thickness multilayers a two-peak to one- results on a 10-layer structure to a 100-layer system is due

peak transition is carried out. uniguely to the character of the self-similarity of the transient
transport, for which the transit time is imposed by the system
thickness.
CONCLUSIONS

Also, when the layer thickness is lowered in the
Finally, we conclude that time delay of carriers at inter- multilayer structure, the two-peak shape of photocurrent can
faces contribute to slowing down the carrier movement, butransform into a one-peak shape. This occurs by the coupling
it is the disordered distribution of sites which contributes toOf waiting time distributions at interfaces by the reduction of
the decaying current slope. We identified thermal activatiorihe time needed by a carrier to cross a single layer, keeping
as the mechanism that allows charge carriers to cross ovéfe transport mechanism unaltered.
the interface barriers.
The peak shape of photocurrent is due to the existence of
a time delay of carriers at interfaces, combined with a hop-
ping mechanism across the disordered sample. In our system This work was partially supported by Consejo Nacional
the first peak results mainly from the competence betweede Ciencia y Tecnologi(CONACyYT-Mexico).
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