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Current injection from a metal to a disordered hopping system. I. Monte Carlo simulation

U. Wolf, V. I. Arkhipov,* and H. Bässler
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~Received 24 July 1998!

Emission-limited charge-carrier injection in the dark from a metal into a random organic dielectric has been
studied via Monte Carlo simulations. The dielectric has been modelled in terms of a regular lattice of point
sites featuring a Gaussian distribution of energies to represent disorder. The essential input parameters are the
zero-field energy barrier for injection (D), the variance (s) of the distribution of the hopping states, electric
field, and temperature. By varying the jump distance the unimportance of long-range tunneling transitions has
been established. Therefore, Fowler-Nordheim typej (F) charcteristics at high fields have to be considered
accidental. The dependence of the injection yield resembles that of Richardson-Schottky~RS! thermionic
emission. Quantitative differences are noted, however, concerning the RS coefficient and the temperature
dependence. The latter tends to saturate at low temperatures, which is a signature of hopping among sites
distributed in energy.@S0163-1829~99!08411-8#
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I. INTRODUCTION

A distinguishing feature of organic solids is that they a
composed of molecular entities held together by van
Waals forces while intramolecular coupling is strong. It im
plies that electronic interactions among the molecules
weak and, concomitantly, the mean-free path of charge
riers is of the order of the intermolecular spacing. In am
phous systems, e.g., glasses, polymers, or molecularly d
polymers, charge-carrier transport is incoherent and all tra
port sites are localized because the disorder potential exc
the bandwidth of crystalline counterpart structures. In che
cal terms, charge transport is a redox process involving
jacent molecules or segments of a polymer. From previ
work it is known that a model based upon the random w
in a hopping manifold whose site energies are distributed
energy featuring a Gaussian density of states~DOS! can ex-
plain a wide range of the observations such as the temp
ture and electric-field dependence of the mobility as well
temporal aspects. Most of the conceptual framework
been developed in terms of Monte Carlo1 simulations be-
cause the Gaussian type DOS is difficult to tre
analytically.2

It is straightforward to conjecture that a hopping conc
should also be employed for treating charge-carrier injec
from a metallic electrode into a random organic solid, e.g
light-emitting diode.3 However, the existence of the long
range Coulombic potential renders an analytic treatm
even more difficult. In an attempt in order to simplify th
problem, Abkowitzet al.4 set up a model based on therma
assisted tunneling that takes proper account of the hop
character of carrier motion inside the dielectric but igno
both the Coulombic potential and the energetic randomn
of the system. A more sophisticated version of this inject
concept has been established by Gartstein and Conwell5 em-
ploying Monte Carlo-simulation techniques. Their mod
takes full account of both the energetic disorder of the s
tem and the Coulombic potential without considering the i
tial injection from the Fermi level, though. This procedu
PRB 590163-1829/99/59~11!/7507~7!/$15.00
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cannot yield the temperature dependence of the entire in
tion process because the initial and energetically most co
injection event is disregarded.

Recently Arkhipovet al.6 presented an analytic theory fo
injection into an organic-hopping system. Recognizing t
the problem of hopping in the presence of a Coulombic
tential cannot be rigorously solved without making simplif
ing assumptions they included the primary injection s
from the Fermi level of the metal to the first layer of th
dielectric explicitly while treating the subsequent diffusiv
random walk in terms of an Onsager-like process.7

In view of the importance of developing an appropria
conceptual framework of injection limited current flow i
light-emitting diodes we set up an extensive Monte Car
simulation study for hopping injection into a random organ
dielectric. It is intended to delineate the phenomenology
charge transport across an energy barrier. In subsequen
pers we shall check the validity of the simplifications co
cerning analytic theory~Sec. II!, and compare with experi
ment ~Sec. III!.

II. SIMULATION

In the simulations the real-world sample is described a
cubic lattice of 1703170320 hopping sites. The energies o
these sites are chosen randomly from a Gaussian-shaped
sity of states function~DOS! of variable widths. Under an
applied external fieldF the center of the DOS is lowered b
2eFx, wherex is the distance from the injection contac
Under the influence of its own image charge the mean
ergy of a charge carrier located within the DOS is given

U~x!52
e2

16p«0«x
2eFx ~1!

if we set the center of the intrinsic DOS as zero.
Adjacent to the dielectric atx50 there is assumed to be

metallic contact with Fermi energyEF . The simulation starts
with the injection of a set of independent charge carri
7507 ©1999 The American Physical Society
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from the Fermi level into the hopping sites. The conventio
Miller-Abrahams expression has been used for the rate
hopping of a carrier from an energy level« i to a site with an
energy of« j at the distanceRi j , including the jump from the
Fermi level into an acceptor site in the dielectric,

n i j 5n0 exp~22gRi j !Bol~« i ,« j ! ~2!

with

Bol~« i ,« j !5H expS 2
« j2« i

kT D : « i,« j

1: « i>« j .

~3!

Because a flat metallic interface forms an equipoten
plane the first injection event occurs perpendicular to
interface and the hopping distance becomes equal to m
tiples of the lattice spacing (a0). Under this premise, hop
ping rates to all sites within the first two layers of the latti
are calculated and one of them is chosen randomly accor
to its probability

Pi j 5
n i j

(
j Þ i

n i j

. ~4!

The actual computing algorithm for this step is, howev
much more complicated. Internally the pair of injection la
ers for each electron is chosen randomly from within
simulation lattice. The real-worldx position of each charge
carrier is set relative to the first of these layers. All char
carriers will start in the first two layers of the ‘‘real world’
but may use all 20 layers of the ‘‘simulation world’’ as sta
ing layer leading to 578 000 possible virtual starting poi
for each charge carrier. This way we reduce the possibility
multiple occupation of single sites.

In order not to waste computing time by executing a la
number of unnecessary activated jumps from the Fermi le
to a target site a normalization routine has been introduc
The hopping rates for the injection process reflect the act
tion of the charge carriers within the tail of the Fermi dist
bution as well as tunneling between the resulting ene
level to the sites within the dielectric. The competing proc
of relaxation from the excited states within the metal to
Fermi level is not taken into account in the simulaton itse
Instead the charge carriers are injected into the dielectri
unit probability,

(
j Þ i

Pi j 5

(
j Þ i

n i j

(
j Þ i

n i j

51 ~5!

and the resulting injection currents are normalized by mu
plying by a constant factor
l
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(
j Þ i

n i j

n01(
j Þ i

n i j

5

(
j Þ i

exp~22gRi j !Bol~« i ,« j !

11(
j Þ i

exp~22gRi j !Bol~« i ,« j !

'(
j Þ i

exp~22gRi j !Bol~« i ,« j ! ~6!

assuming the rate of the competing process beingn0 .
After this hop of the charge carrier, the procedure is co

tinued except thatRi j no longer can be assumed to be co
stant. Subsequently, hopping rates according to Eq.~2! are
calculated for all sites within an 53535 lattice around the
occupied site. If the electrode happens to be within this ra
it is treated as one site of energyEF . Again, a hop is chosen
selected from among all possible hops and the charge ca
may either recombine with the electrode or be transpor
within the DOS. The procedure will be repeated until
charge carriers have recombined or have reached the n
layer of the hopping lattice and are considered as dissocia

Throughout the paper specific effects of the interface
tween the electrode and the organic medium, such as
inadvertent or intentional formation of interfaces, have n
been considered. They will be dealt with in a forthcomi
paper.

III. RESULTS

Figure 1 shows the efficiency of charge-carrier injecti
as a function of the electric-field parametric in the avera
zero-field energy barrier (D) on a double logarithmic scale

FIG. 1. Field dependence of the injection efficiency parame
in the energy barrierD.



d
te

ha
ill
e
i

e
n

ex
i

ha
c-
m

-

y
ig
a

ld
h

rg la-
arest

f a
with

PRB 59 7509CURRENT INJECTION FROM A . . . . I. . . .
Increasing the barrier causes the slope] ln w/] ln F to in-
crease accordingly while the efficiency decreases. The
pendence of the efficiency on the injection barrier is plot
in Fig. 2 for fields of 13106 and 33106 V/cm. At large
barriers the yield decreases exponentially withD. Depending
on the electric field lgw tends to saturate asD goes below a
critical value.

One of the advantages of Monte Carlo simulation is t
one can change the system parameters seperately at w
order to assess their influence on the system irrespectiv
experimental constraints. As an example we studied the
fluence on the injection yield taking into account eith
jumps from the Fermi level of the metal into the adjace
layer of the dielectric or jumps into the nearest and n
nearest-neighbor plane. The purpose was to delineate the
portance of long-distance jumps. It is quite remarkable t
the injection efficiency tends to be slightly smaller for inje
tion into the first and second layers of the dielectric as co
pared to the first layer~Fig. 3!. The difference is hardly be
yond the statistical limit but becomes bigger asD gets
smaller.

The temperature dependence of the injection efficienc
selected electric fields approaches an Arrhenius law at h
temperatures but levels gradually at lower temperatures. D
are shown forD50.4 eV and a widths5150 meV of the
DOS ~Fig. 4! and forD50.6 eV ands580 meV ~Fig. 5!.
The influence of the width of the DOS on the injection yie
depends on both the injection barrier and temperature. W
the yield hardly changes forD50.4 eV upon increasings
from 80 to 150 meV~Fig. 6! at T5300 K a big effect is

FIG. 2. Dependence of the injection efficiency on the ene
barrier for variable electric field.
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y FIG. 3. Comparison of the injection efficiency between simu
tion under the assumption of nearest-neighbor jumps and ne
and next nearest-neighbor jumps, respectively.

FIG. 4. Temperature dependence of the injection efficiency o
disordered hopping system characterized by a Gaussian DOS
s5150 meV (D50.4 eV).
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FIG. 5. Temperature dependence of the injection efficiency
disordered hopping system characterized by a Gaussian DOS
s580 meV (D50.6 eV).

FIG. 6. Field dependence of the injection efficiency for hopp
systems and different width of the distribution of hopping state
noted forD50.7 eV and fixed field (106 V/cm) and tem-
perature~300 K! ~Fig. 7!.

IV. DISCUSSION

It has become common practice to analyze injection li
ited currents in light-emitting diodes dominated by major
carriers at high electric fields in terms of tunneling. Often lj
vs F21 plots feature an asymptotic straight-line behavior.8–10

If one evaluates the slope] ln w/]F21 on premise of Fowler-
Nordheim theory, often ignoring the preexponental factorF2

and assuming an effective mass equal to the free-elec
mass, one arrives at values for the injection barrier that c
relate reasonably with those expected on the basis
oxidation/reduction potentials and Fermi levels of the el
trodes. However, at lower fields, typically&106 V/cm, the
current decreases with decreasing electric field less stro
than theory predicts and begins to show a temperature
pendence suggestive of thermionic emission taking over.
present simulation data~Fig. 8! indicate, though, that the
notion of tunneling is not warranted because next nea
jumps turn out to be unimportant as evidenced by Fig.
This is a plausible result. Consider an electric field of
3106 V/cm and a dielectric constant of«53.5. In that case
the maximum of the image potential is located at 0.6 n
comparable to the assumed intersite distance. Even at
high fields a carrier had to overcome at least two inters
distances from the interface in order to be carried away
the collecting electric field. If the injection process were
proceed from the Fermi energy of the metal via tunneling

a
ith

FIG. 7. The injection efficiency as a function ofs2 for D
50.7 eV. The ordinate intercept is set by the Boltzmann factor
D50.7 eV taking into account of field lowering.
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tunneling distance would be even larger, i.e., be no less
2 nm, corresponding to an average of 3.5 intersite distan
and a barrier of 0.7 eV and a field of 33106 V/cm. Fur-
ther, the results indicate that at smaller barrier the inject
into the second layer of the dielectric is even counterprod
tive concerning the injection efficiency. Anticipating the r
sult that experimental injection currents agree with simu
tion and analytic theory, premised upon short-ran
transitions only, one has, therefore, to conclude that tun
ing is not involved in experiment either. It is remarkab
though, that plots of lgw vs F21 feature similar slopes at
relevant range of fields as predicted by Fowler-Nordhe
theory for input barriersD ~Fig. 8!. This demonstrates tha
the use of that formalism is accidental.

Next, we shall compare the simulation results in terms
the concept of thermionic injection~Richardson-Schottky
RS mechanism!. It predicts the injection current to be

j RS5AT2 expF2

D2S e3

4p««0
D 1/2

F1/2

kT
G . ~7!

For a dielectric constant of 3.5 the RS coefficientbRS
5(e3/4p««0)1/250.7731022(cm/V)1/2 is obtained. Plots of
lgj RS vs F1/2 should feature a family of straight lines whos
slope is independent ofD. Due to barrier loweringj RS

should saturate above a critical field Fsat
1/2

5D/(e3/4p««0)1/2. Similarily, the slope of lgj RS vs D plots
should be (2kT)21 and j RS should saturate forD
<(e3F/4p««0)1/2.

FIG. 8. Fowler-Nordheim plot of the injection efficiency par
metric in barrierD. The dashed lines indicate the slope as predic
by Fowler-Nordheim theory ignoring theF2 factor in the prefactor.
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Qualitatively, the series of simulatedw(F) data paramet-
ric in the injection barrierD and plotted on a lgw vs F1/2

scale follows the prediction of the RS model~Fig. 9!. The
low-field portion approaches a straight line independent oD
and the yield saturates at high fields at small barrierD. There
are quantitative differences, though. In the case of a Ga
ian distribution of hopping sites of variances580 meV the
related coefficient] ln w/]F1/2 turns out to be 1.4 . . . 1.5
31022 (cm/V)1/2 at T5300 K compared tobRS57.7
31023 (cm / V)1/2. In addition, the current saturates
somewhat lower field already. If one defines the saturat
field by the intersection of the asymptotes, RS theory wo
predict saturation at fields 13106, 43106, and 1
3107 V/cm for D50.2, 0.4, and 0.7 eV, respectively, whil
simulation yields approximatelyFsat.13106, 23106, and
53106 V/cm ~Fig. 10!.

It is not surprising that injection into a hopping syste
resembles Richardson-Schottky type thermionic emission
fails as far as quantitative agreement is concerned. At la
electric field, say.33106 V/cm, the maximum of the elec
trostatic potential is close to the first molecular lattice pla
Lowering of the energy barrier must, therefore, be in acc
dance with RS theory, i.e.,2(e3F/4p««0)1/2. However, as
the potential maximum moves away from the interface as
field decreases, charge carriers injected into the interf
layer will commence their random walk within the manifo
of the hopping states. On average, this will lead to increas
energetic relaxation towards the tail of the DOS. Therefo
the injection current will decrease faster with decreas
electric field than RS theory predicts, but in agreement w
experiment.10,11

d

FIG. 9. The injection efficiency plotted as a function ofF1/2

parametric in barrierD. The dashed line indicates the slop
] ln w/]F1/251.531022 (V/cm)21/2.
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On the more fundamental side there is a conceptual
ference between classic RS-type thermionic emission
thermally assisted hopping injection. The former implies t
every carrier that has got enough thermal energy to pass
potential maximimum will be injected rather than be r
flected or scattered inside the potential well next to the in
face. Further it is assumed that injection occurs into unbo
electron states obeying a parabolicE(k) dependence. In hop
ping injection, on the other hand, most of the injection eve
proceed via the first layer of the dielectric in the course of
optimization procedure concerning site energy and densit
states. Subsequently, the injected carrier will either ret
into the electrode or will escape over the potential maxim
via a field and temperature assisted diffusion resembling
Onsager process except that the medium is a disord
manifold of point sites rather a homogenous medium. I
also obvious that the prefactor of the injection rate into
two-dimensional sheet of hopping sites must be orders
magnitude less than predicted by classic RS theory, whic
AT2 at A.120 A/cm2K2.12

The temperature dependence of thermally assisted
ping injection is of particular interest. Previous Monte Ca
simulations of geminate pair dissociation in random-hopp
systems13 and experiments14 on both intrinsic and extrinsic
photoconduction reveal a sublinear temperature depend

FIG. 10. Dependence of the saturation energies on the en
barrier D. The dashed line indicates the predicton of Richards
Schottky theory. The saturation field has been defined by the in
section of the asymptotes.
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if plotted on an Arrhenius scale. While at high temperatu
the dissociation yield approaches the anticipated activa
energy it tends to saturate at low temperatures. The reas
that in a Gaussian DOS charge carriers tend to relax tow
lower localized states.2,15 Under stationary conditions an en
semble of carriers settle at an average energy2s2/kT below
the center of the DOS. However, in the actual process, in
tion occurs far away from equilibrium. Lowering the tem
perature and increasing the width the DOS will, thus dr
the ensemble of injected carriers further away from equi
rium. In other words, the injection process becomes the m
efficient as the system deviates from equilibrium. At hi
temperatures, on the other hand, the effect of disorder v
ishes and the rate limiting step approaches that determ
by the Boltzmann factor, i.e., exp$2@D2(e3F/
4p««0)1/2#/kT%.

In Figs. 4 and 5 the slope of Arrhenius graph
] ln w/]T21, calculated on the premise of the Richardso
Schottky model in absence of disorder have been indica
Simulation data approach theoretical slopes in the hi
temperature limit. An important message of those result
that apparent activation energies if inferred from lnj vs T21

plots of experimental data, in particular if the temperatu
regime is restricted, will underestimate the true energy b
rier at the interface.

V. CONCLUDING REMARKS

Monte Carlo simulation is a unique way~i! to delineate
the behavior of a system on the premise of well-specifi
input parameters,~ii ! to check the validity of the simplifying
assumptions that one has to introduce in order to develop
analytic theory, and~iii ! to decide which mechanism one ha
to invoke in order to reproduce an experimental result. Ta
for instance, the simulatedj (F) characteristics plotted on
double logarithmic scale~Fig. 1!. Over a limited field range
they feature an almost straight line behavior as if the curr
was space charge limited~SCL! in the presence of an expo
nential distribution of traps.16 In that case a power law be
havior is predicted,j }Fl 11/Ll , whereL is the sample thick-
ness,l 5Tc /T, andTc is the characteristic temperature of th
distribution. For a Gaussian distribution of traps the fie
dependence of a SCL current17 is even closer to that of an
injection limited current. It is obvious, therefore, that th
field dependence of the current in a diode is insufficient
distinguish between injection and transport limited cond
tion. Necessary conditions to conclude on the prevalenc
space charge limited conduction18–20 are the thickness de
pendence of the current at constant electric field and the
dependence on the injection barrier at small barrier.
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