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We consider charge injection from a metal into amorphous organic molecular media with correlated disorder.
It is shown that correlations, known to be essential for understanding the field dependence of the carrier
mobility, also strongly influence the injection current distribution. In particular, we find that the injection hot
spots are intrinsic for metal/organic interfaces, even for perfectly flat surfaces. The current density variations
reach several orders of magnitude for realistic material parameters. The injection hot spots further induce
current channels in the bulk of the material that extend a hundred nanometers beyond the injection surface. For
electronic devices based on thin amorphous organic films, as are the organic light-emitting diodes, this current
channeling is expected to have a serious impact on device characteristic and performance.
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I. INTRODUCTION In this paper we show that the statistical distribution of
The interest in electronic devices based on amorphouf@vorable paths depends on the space correlation of the dis-

organic materials has been increasing during the last decadrder. In particular, we consider the variation of the injection

This interest was triggered by the development of Organi&urrent density over the electrode surface and show that this
light-emitting devices(OLED) based on thin amorphous effect is strong for realistic disorder strength. Moreover, this

films of small organic moleculdsr polymers? While com- effect extends throughout the organic layer, thus affecting

mercial applications based on OLED's have reached the mafpoth t_he efficiency ar_1d lifetime of the devices based on thin
ket, the research aiming at higher efficiency and longer life-2r9anic amorphous films.

time of these devices is intensifying. For this reason it seems

that a better understanding of the processes at metal/organic Il. MODEL

and organic/organic interfaces is particularly required. o .

In this respect it is well known that disorder influences ~The model that we start with is essentially the one that has
substantially both the bulk transport and the interface-relate§€en used for studying the injection in the system with un-
processes. The carrier mobility in disordered organic matecorrelated disordérThe only difference is that we consider
rial has been found to be many orders of magnitude loweforrelated disorder instead. The model of correlations that
than in the crystalline phase. The charge transport is stronglyy¢ use follows the one considered by Dunlap and
nonlinear and the Pool-FrenkgPF) behavior for mobility, (io—vxiorkeré We start with randomly oriented electric dipoles
log w=\F, regularly found in these materidlsis obeyed Pi (IBi|=p) occupying a regular cubic mesh with the lattice
over a wide range of electric fields. It has been found that Pconstanta. The randomly oriented dipoles produce corre-
behavior is essentially relaté®lto the spatial correlations lated energetic disorder at molecular sites, with the correla-
persisting in a disordered material. While several physicafions coming from the 17 tail of the dipolar potential. For
origins of correlation have been proposed, the very existencéis type of correlated disorder Dunlag al* were able to
of the spatial correlation in disordered organic materials andlerive analytically the PF mobility law in one dimension
its influence on charge transport seems to be well estalD) and to extend its validity to two and three dimensions
lished. (2D and 3D by numerical simulation$For 3D calculations

The effect of disorder on injection has been addressed d8 our paper we use the cell ™, X M, X M,=64x 64X 64
well.®7 However, mostly charge injection into the material randomly oriented dipoles. The cell is then periodically re-
with uncorrelateddisorder has been considered, apart frompeated in space and the Coulomb energi@sare then cal-
Ref. 8. The results are usually presented in terms of injectioulated for each lattice point. The energigare distributed
curves, which progressively differ from the Richardson-according to the distribution that is approximately
Schottky behavior as the strength of disorder increases. THeuassiafr*! with (U)=0 and with a widtho=((U})?)
physical picture behind is rather simple. The energy barrier2.35p/4mege,a2. Here q stands for the electron charge
that has to be passed by the carriers entering the organéndege, represents the dielectric constant of the medium.
layer is modified by disorder. Some injection paths become This system is then sharply cut along tkeO plane and
less favorable and some of them more favorable than in ththe metal(electrode surface is positioned theté at the dis-
ordered medium. tancex; from the first monolayer of the mesh. Specifically,
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we takex,=a/2. A carrier of the chargq inside the organic absence of disorder, E(x)=u+A-0?/16meqe, X — FOX,
layer experiences an image force potential due to the metalhere A stands for the difference between the molecular
surface. The molecular energy level is then shiftedEfo  LUMO energy level and the Fermi level of the injecting
=Ui°—q2/167-reosrxi, while the external electric fiel& shifts  electrode. In the low field limit the sum may be then replaced

it further to E;=E°—Fq(x —xy). by an integral and estimated using the steepest descent
The electron hopping is described by the master equatiomethod. This leads to
dny E L(E.~E [SONES
d_tl — 25 Vo[ni+5€(E'+5 EjI2T _ ne (E,+5—E|)/2T]’ (1) J ~ qa_Vzoe—(Emax‘l/«)/T | ;;)-Jr
wheren, denotes the occupancy of tith site and + §'s are Qo[ 16ege,a2qF3\ 14 A 1 | Fg®
the indices of the nearest neighbors of the Eite T2 T2 XA -T T drege, )’ 6)

The injection current is calculated by imposing a steady-
state solution to the master equation, while the occupancy dFhere Epq, corresponds to the maximum of the function
the leftmost and the rightmost sites is kept constant and inE(x) and Ey,, corresponds to its second derivative at the
dependent of the electric field. In particular, the sites next tsame point. The formula resembles the Richardson-Schottky
the metal surface are assumed to be in perfect equilibriurthermionic injection formula, although the mechanism of the
with the metal. Assuming also that the Fermi level of thecharge transport is very much differéft.
metal x is much below the molecular energy levels, we get Here we derived the formul) because it is not without
o value for considering the injection into the system with cor-

n=e &M for x, = x,. (2 related disorder. Being exact for the disordered 1D system
. . . without hopping in the direction perpendicular to the field,
The particle densities at sitesxatEx; +M,a, next to the ex- the equatic?r? mgay give a good C|Fl).le Fz)about injection for sys-

Ltr']ng eIecI:trodg, aret 'alfie,o f'XeCtih Apart fr;)m Ivery L'OW fields tems with correlated disorder in higher dimensions. This was
esevalues do ”g’ influence the current values. However, lE\yerified through comparison with exact 2D and 3D solutions
taking n,=exd—(Ef-u)/T] at x;=x;+M,a we also ensure f

h behavi low field ith the limi or models with transversal hopping. The reason is that cor-
the correct behavior at very low fields, with the limit relation tends to homogenize the systems locally in the di-

=0)=0 being obeyed. rection perpendicular to the field, thus reducing the impor-
tance of hopping in this direction. On the other hand, the 1D
ll. 1D, 2D, AND 3D SOLUTIONS solution may say little about preferred current paths in the

. s bulk of the material.
For the system that is homogenous in directions perpen- M . hat th d leadi E
dicular to the electric fieldno disorder in the perpendicular oreover, it turns out that the procedure leading to EQ.
A . (5) can be generalized for disordered 2D and 3D systems,
direction or no disorder at gJl the steady state may be . .y . :
. . - thus producing an efficient numerical algorithm for calculat-
readily found, since the current density is constant through- U L.
) . S 2 ing the injection characteristidé.
out the sample. Since the current in the direction perpendicu-
lar to the field vanishes, each chain of nodes in the direction
gzrtrr;(;tfleld may be considered independently. The charge V. INJECTION CURRENT DISTRIBUTION
Finding the steady state for the master equatibnre-
quires solving a linear system of equations with the occupan-
is constant throughout a 1D chain. Hejgis defined ag,  ciesn; on internal nodes as the unknowns. Solving the 1D
=qup/a’. Upon iterating this equation the occupancy at farproblem(with the hopping in they and z directions being
site, n, is expressed through the occupancy of the first sitdorbidden and the 2D problentwith hopping in they or z
in the chainn,, direction being forbiddengives rather a good clue about the
full 3D solution where hopping is present in all three direc-
tions. The 3D problem may be solved rather effectively using
the appropriate sparse matrix inversion routinén order to
follow the current paths into the bulk of the organic layer we
The condition ofn,, not diverging exponentially as the dis- consider the system of the size 844X 64, although much

tance from the electrode increases sets the value for the cushorter systemse.g., 20< 64X 64) give already very accu-

J/JO = nme(Em_Em’fl)/ZT _ nm+1e—(Em—Em+1)/2T, (3)

m-1

Ny = r-]le(El—Em)/T _ (J/J O) 2 e(E|—E|+1)/2T+(E|—Em)/T_ (4)
I=1

rent, rate injection characteristi¢é.We use realistic parameters
) for the disorder in organic amorphous med#faln the ex-
j= lo _ (5) ample presented below the dipole strength is sgt@ D
E:Fl e EmtEmen)/2-)/T (3 Debye and the separation between nodesatol nm,

leading to the energy distribution width= 70 meV. In Fig.
The sum in the denominator is dominated by the term wher& we show a typical result for the injection current distribu-
Ent+En1 is maximal. The lower the value of this maximum, tion close to a perfect flat electrode. The electric field
the bigger the current. In practice this sum is evaluated witlstrength ofF=0.5 MV/cm is taken as typical for the OLED
minimal numerical effort since it is fast converging. In the operation(e.g., 5 V voltage drop over an organic layer which
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FIG. 1. The injection current distribution over the electrode sur- 0 | aeest® O 0003eempend
face forF=0.5 MV/cm andT=300 K. The injection current den- e P E—
sity is plotted relative tqﬂjd, the injection current density in the In(j, . /jer4)
absence of disorder. Jiny/ Jing

FIG. 2. The distribution of sites with respect to the value of the
local injection current. The cases correspond to the correlated dis-

currence of the regions of particularly high injection currentotrrdeenrg;"hr:fI ggfr?giesltarits:jtif);r?su?eagfctﬁorc?;rjsgg: ;::1 ;:Tvﬁei'spcl’g?er
Idoecgslll)t/y.IoTngf: da[)i/ tz(iascl;?gé?,nS‘I’KV:seerer;Z(iaolrI\!e(c:jtcl)nrgir?;tgletL I?_ed against th_e logarithm of the curre_nt density. While the distribu-
hole injection characteristics for a disordered medium %lons. do not differ at the Iow-curren_t side, they c_io differ very r-nuc-h
who J ! . . . . at high currents. The correlated disorder provides better injection
It should b_e _emphaSIZed again tha_t in this consideratio aths. The average injected current for the correlated disorder is an
the strong variation of the current density is not related to the.jeo; of magnitude bigger than for the uncorrelated disorder.
roughness of the electrod®!’ The electrode is assumed per-
fectly flat and the variation is attributed solely to disorder.
The result is very much affected by the correlations in the
disorder. This may be already inferred to some extent from
the 1D formula in Eq(5). It includes the factor involving
two neighboring siteswhich has to be small in order to get
amplified injection. In 3D the manifold of paths is explored
numerically. In order to examine the role of correlations we
calculate the statistics of the current density near the meta
surface for systems with and without correlations, while the 40
disorder strengthr is kept equal. The result is presented in
Fig. 2 and shows that injection inhomogeneity is indeedg
much more pronounced in the system with correlated disorwé
der.

is 100 nm thick. The prominent feature of Fig. 1 is the oc-

V. CURRENT CHANNELS 20

More important than the inhomogeneity in the close vi-
cinity of a perfectly flat metal surface are the implications for
the transport in the bulk. We find that the inhomogeneity
introduced by injection persists throughout the whole organic
layer of 60 nm thickness, for fields of a fraction of ) - ‘.
1 MV/cm. The current density distribution in the direction 0 20 40 ‘ 60
of the applied field is illustrated in Fig. 3. These resulting x[nm]
current channels, formed due to correlated disorder in the FIG. 3. The current density distribution along the direction of

electrode region, may be particularly relevant for organicine field (x direction for F=0.5 MV/cm. The dark parts on this
electronic devices composed of organic amorphous films ofontour plot correspond to regions with high current density. The
thickness up to 100 nm, with the disorder strength biggeleft-hand side of the figure corresponds to data in Fig. 1 Zor
than several hundredths of electron volts and a typlcal drive 40 nm. More precise|y, the present figure shows the current den-
ing voltage of the order of 5-10 V. sity distribution within the slab between the planeg=a85 nm and

It should be noted that current channeling is a consez=45 nm. The current channels, induced by the injection hot spots
guence of a specific random potential configuration that isieary=10 nm andy=45 nm in Fig. 1 are clearly visible.

161202-3



RAPID COMMUNICATIONS

TUTIS, BATISTIC, AND BERNER PHYSICAL REVIEW B70, 161202ZR) (2004

very probable in the case of the correlated disorder. The retion is rich in various modifications, many of them related to
quired condition for its occurrence is a reduced potential barmetal/organic and organic/organic interfaces. Several of
rier (due to the random energy level distributjeenywhere them led to device improvements, although the underlying
close to the metal injection surfac8pecific random energy mechanisms were not always evident.

level distribution in the interior of the organic layer is not so  In our simulation we tried several modifications in the
important for the occurrence of current channels. Energyegion of the metal/organic interface that may lead to partial
level distribution in the interior of the organic layer can, suppression of the current channeling. For example, the in-
however, shape the pathway of the current channels. Howiroduction of a 10 nm thick layer with reduced disorder next
ever, they are also affected by applied electric field. Theo the metal surfaceso called “injection layer,” proved very
current filamentschange their shapes as the strength of aphelpful in this respect. The introduction of a small energy

plied electric field changes, always persisting through thdarrier behind the Schottky barrier was somewhat less help-
whole organic layer. ful. These and some other cases will be presented in more

The current channeling is not desirable in organic "ght_detail in a separate publication. However, at this point it

emitting diodes and related devices for at least two reason§.eemls. tr? gs’. thtﬁt Sevéﬂ%' device m&roxemegts }Pat_t\;]v%r]e ac-
One is related to the device lifetime, and the other one to th&OMPISN€A IN the past “may possibly have dealt wi €

device efficiency. As for the first one, it is now rather estab—redlﬂcégr?cﬂsﬁgi Cvtégehnévcehgﬂgfvlr']ngh at the iniection into dis-
lished that a high current leads to accelerated devic:%r ' )

; . . . dered organic media is intrinsically strongly inhomoge-
8
degradatiort® This produced rather widespread experlmentalneous_ This induces current channeiing in the bulk of the

practice to use high currents for accelerated OLED testingyrganic media. The spatial correlations of disorder amplify
Reduced to a microscopic level this suggests that the devigge effect very much. The mechanism of current channeling
will degrade faster along the channels where the current dengtfects the performance of all organic electronic devices
sity is higher then elsewhere. As for the second one, it ifased on thin amorphous films. However, it may be reduced
desirable not to have electrons and holes taking differengy proper modifications of the device architecture. These is-
current channels when crossing the organic layer. Havingues may then be effectively incorporated in elaborate full-
different current paths for electrons and holes reduces thgevice simulation models currently under developn?@st.
probability for exciton creation and the device efficiency.

Therefore, in spite of the fact that channeling may be re- ACKNOWLEDGMENTS

garded as an intrinsic property of the hopping transport in  The useful comments by B. Horvatand D.K. Sunko are
thin disordered organic films, one may want to reduce it bygratefully acknowledged. This work was supported in part by
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