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Modeling of organic light-emitting diodes with graded concentration
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We model the electrical behavior of organic light-emitting diodes whose emissive multilayer is
formed by blends of an electron transporting material, Bi$yydroxyquinoling aluminum (Alg)

and a hole transporting materialN,N’-diphenylN,N’-bis(1,1’-bipheny)-4,4-diamine. The
multilayer is composed of layers of different concentration. The;Adqncentration gradually
decreases from the cathode to the anode. We demonstrate that these graded devices have higher
efficiency and operate at lower applied voltages than devices whose emissive layer is made of
nominally homogeneous blends. Our results show an important advantage of graded devices,
namely, the low values of the recombination rate distribution near the cathode and the anode, so that
electrode quenching is expected to be significantly suppressed in these devie@@4@merican

Institute of Physics.[DOI: 10.1063/1.1640457

I. INTRODUCTION hydroxyquinoling aluminum (Alg) and N,N’-diphenyl-
Since the reports on organic light-emitting diod@s, N,N’-bis(1,1’-bipheny}-4,4-diamine(NPB). The concentra-
much has been done to improve device efficiency and brightion of NPB grows stepwise from the cathode to the anode,

ness, to reduce operation voltage, and to increase lifetime. € OPposite occurring with Alg _
limitation commonly imposed by organic electroluminescent ~ OUr @im in this article is to present a simple model to
materials is that positive charge carriers have higher mobiliyg*Plain the electrical behavior of the emissive region of
than negative one* Additionally, it is not easy to obtain 9graded multilayer organic light-emitting diodes like those of
n-doped organic semiconductcrsand the energy barriers Re.f..15 and to investigate the conditions that improve their
created by offsets between the metal cathode work functioffficiency.
and the organic semiconductor lowest unoccupied molecular
orbital (LUMO) inhibit negative charge injection. Under Il. THE MODEL
such conditions organic light-emitting devices tend to form
electron—hole pairs predominantly in the cathodeA. Single layer devices
neighborhood Light emission in the cathode neighbor-  Based on a previous wotf the authors in Ref. 17 dis-
hood is suppressed due to quenching losses at the meighss a model to describe bipolar current in single layer or-
Iaye_r, bellglg a crucial aspect for the overall deviceganic diodes, assuming thai) the mechanism of charge
efficiency. recombination is of Langevin typdii) the contribution of
Multilayer structures consisting of separate electron andne diffusion current is small(iii) the deep traps for both
hole transporting layers permit improvement in charge injeczarriers can be neglected; afid) the mobilities of electrons
tion, transport and recombinatiér* Blends of electron and holes are field independent. The model leads to analyti-
transport material{ETMs) and hole transport materials 5| expressions for the electric field and the charge densities
(HTMs) were also used with the same intefit:“Along this  that depend on the fraction of the total current density
line, graded emissive region devices achieved still bettegarried by the electrons at both the cathode and the anode. It
quantum efficiency, power efficiency and brightness than deyjjows a fairly good description of the device without know-
vices based on blends or bilayérs-or the systems reported ing the exact physical process responsible for the charge in-
in Ref. 15, the emissive region is made of several layersigction at the interfaces, provided that the current fractions
each one with a different relative concentration of ETM andare known. Next, we outline some of the main ideas and
HTM that compose the blend, respectively, - resultsin Ref. 17, which will be necessary to the understand-
ing of our model.
dAuthor to whom correspondence should be addressed; electronic mail; The total ?urrent flowing through the device is W”tt.en as
iah@fisica.ufpr.br J:Jn+Jp, with Jn=eu,NF and Jp:e/.,LpPF. HereF is
PElectronic mail: luz@fisica.ufpr.br the electric field P is the positive andN the negative charge
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carrier densities is the electron charge, and, andu, are
the electron and hole mobilities, respectively, J,, N, P,
andF are all functions of the positioK, that runs from 0 at
the cathode td at the anode.

The device electrical behavior at steady state operation is

governed by

103, 103,
edX eox N0

aF_ e N_p !

R_e_eo( ). 1)

The first equation describes electron—hole recombinatio
while the second is the Poisson equation. The Langevin re-

combination coefficient is given byy=e(u,+up)/ €€
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a
The dependence af on (V—V,)?/L3 is typical of space
charge limited currents.

In Ref. 17 it is discussed how the device radiance is
related toB.—B,. In principle, the boundary conditior,
andB, could be obtained from such experimental measure-
ments.

Ij.l%. Multilayer devices

To extend the model described above to multilayer de-
vices, we need to apply for each single layer the same basic

=2euql €€y, wereeis the dielectric constant of the organic equations of Sec. Il A and introduce adequate matching con-

material, 5 is the permittivity of vacuum, angk, is the
average of the electron and hole mobilities.

ditions at the interfaces. In principle, quantities like the elec-
tric field or the electron density at the internal interfaces

It is convenient to introduce a set of dimensionless vari-separating the layers could be infered from a detailed micro-

ables: a=(unupe€oF?)/(2uold), B=J3,/3, C=J,/J, x
=XIL (0s=x=1), andv,=pun/po, vp=pp/pmo(0Osvy,vp
=<2). This results in

—dB 9dC BC

X X a

Jda
(?_X:(Z_VH)B_ v,C,

B+C=1. 2
B(x) satisfies

JB

. _ Kk 1pl-y, _ vp—1

i K™*B* "n(1-B) . (3
Defining B.=B(0) andB,=B(L) and using the following
relation (with ,F, the hypergeometric functiort®

_ 1-u
f(z,u):f dz(u)

z

:m[(LH 1) ,F4(u,u,u+1;2)
—uz,F(u+1u,u+2;2)], @

the constanK is given byK ~1=f(B,,v,)— f(B.,v,). For
any x, B(x) is obtained from the implicit equation

F(B(X),vp) = (B, vp) = —xK ™1, 5
with a(x) given by
a(x)=KB"n(1—B)? "n. (6)

From a(x) and B(x) one obtainsF(x), J,, andJ,. The
densitiesN(x) andP(x) follow from Eq. (1).

scopic description of the injection mechanisms across such
interfaces, but this is difficult to do. However, for graded
devices such boundary conditions can be determined in a
simple way, as we discuss next. A graded device has a mul-
tilayered structure where the concentration of the two mate-
rials has a different value in each layer. From the gradual
variation of the concentrations we expect that the LUMO and
highest occupied molecular orbitdHOMO) do not change
considerably from layer to layer. The charge transport occurs
via electrons that are injected to LUMO states and holes
injected to HOMO states. If the LUMO and HOMO do not
vary drastically along the device, we do not expect a strong
accumulation of interfacial charge as observed when a gap
exists between the LUMO or HOMO of different layérs,
which would result in abrupt changes in the electric field at
the interface€®?! Furthermore, if the van der Waals cou-
pling between the molecules of the two materials is weak,
their respective molecular orbitals remain basically un-
changed. So, the electrons hop through the LUMO of one
material and the holes through the HOMO of the other ma-
terial until they recombine. In this case there is no hetero-
junction inside the recombination zone. These are then the
plausible assumptions we make in our model. Finally, the
parameter values that can change in the different layers are
the electron and hole mobilities and the dielectric constants.

From the previous considerations, we require continuity
of both the fraction of the current carried out by electrdis,
and the electric displacement vecracross any interface.
The first is just a consequence of the steady state condition.
The second results from neglecting any interfacial charge
accumulation.

For simplicity, let us first discuss the graded bilayer case
shown in Fig. 1. In terms of the electric fieldto be more
accurate, the component normal to the interfaued the di-
electric constant, we hawé?F ;,= ¢(?)F,;, which will play

The expression relating the total current with the voltagethe role of a matching condition. The subsciipmeans that
drop across the whole single layer is obtained by integratinghe quantity is considered within the layerimmediately
the electric field in the position variable and taking into ac-before the interface between the layerand j. We have to
count the built-in potentiaVy,; due to the different cathode solve the system of Eq$2) and(3) in both layers and need

and anode work functions. So, we hale

the quantitiesB,, By,, B,;, and B.. In principle, B, is
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FIG. 1. Schematic representation of a bilayer device.

known at the interface with the cathode aBg at the inter-
face with the anodé€Fig. 1). Since the injection current is
continuous,B;,=B,;. From Eq.(6), eYF,=e®F,; im-

plies

v 271/(1) P 2—-v
LiB5 (1—=Bgp)“ " LoB.S (1-Byp) e

(2)

P I P PRl

where

BC
Klzf dBB% -1(1-B)L- %,

B12

B1o 2 2
Kzzf dBBE ~1(1-B)1 ",
Ba

The problem is then solved by substitutiBg andB, by B,
[obtained from Eq(8)] into the corresponding integrals of

Sec. Il A.

For a multilayer devicgFig. 2) we repeat the above
procedure for every pair of layers. Fbr layers the device
has N—1 internal interfaces and we have to solde-1
equations like Eq(8), simultaneously. The current—voltage

characteristics are given by§,=B. andByn+1=B
N i /
v 2uL? 12K_3/2
I 5 | Dequlund)

% fB‘i*ld BBalzvg)—l(l_ B)2—3/2yg)_
B

i—1i

The above integral can be solved analytic&fly.

C. Pure HTM and ETM layers

2

®)

9)

a)

(10
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first (secondl condition takes place when in the firgas)
layer B.~1 (B,~0) and the electrorthole) mobility ex-
ceeds the holéelectror) mobility by more than 2 orders of
magnitude.

For graded systems there is a variation in the concentra-
tion, r=[HTM]/([ETM]+[HTM]),?? ranging from smaller
values(for the layers close to the cathgd® larger values
(for the layers close to the angdéf for any layer in the
multilayer devicer is not too close to 1 or 0, then we can
apply our model without any restriction. In some real
applications:®> however, the layers next to the cathode and to
the anode may be composed of pure ETM and HTM, respec-
tively. At such outmost layers we expect the value8gand
B, to be very close to 1 and 0. Furthermoig,~2 in the
region whereB. is only slightly smaller than 1 and,~0
whereB, is slightly above 0. On the other hand, the remain-
ing N—2 internal layers are made of a blend of HTM and
ETM and consequently the valuesof anduw, are typically
of the same order of magnitude.

One of the purposes of the present model is to compare
different graded devices, searching for the concentration pro-
files that optimizes the device performance under the reason-
able assumption tha,. and B, do not change appreciably
around such a condition. The role of the first and last layers
is mainly linked to carriers injection, while the power con-
sumption and light emission will be determined essentially
by the properties of the graded region. So, we can overcome
the technical problem mentioned above by assuming plau-
sible values foB at the interfaces between the first and the
second layers and between tie 1)th andNth layers, thus
omitting from the calculations the two outmost layers. An
appropriate choice for these quantities can be made by ob-
serving that the electron—hole recombination should occur
almost exclusively in the graded region. As a consequence,
in the layer attached to the cathode the injected electrons
have a small recombination rate aBg, will be only slightly
smaller thanB.. The same applies to the holes injected in
the Nth layer, and consequentBy_1y iS only slightly
larger thanB, . We will take B;,=0.98 andBy_,y=0.02 in
our simulations in Sec. Ill. We observe that to assumeBthe
in the range 0.9%B;,<<0.99 and 0.0¥By_;y<0.03 does
not change qualitatively our results and conclusions.

The limits of integration of all integrals in the previous Il RESULTS

section are the values of tHigs at the interfaces. If one of
such limits is either close to (andv,~2) or close to Qand

Here, we will concentrate on the investigation of the

v,~0), then the resulting expressions become very sensitiveoncentration profiles that minimizes thé&/J? relation,

to the system parametefsee Ref. 17 for more detailThe

Cathode Layer | Layer | ..... Layer | Layer
1 3 N-1 N
— Ll —+ I'/Z — e — LN—] —+ LN —
B. B2 Bys Byan  Ba

Anode

FIG. 2. Schematic representation of a multilayer device.

looking for the graded parameters which lead to the best
device performance.

A. The mobilities in a mixed single layer

The first step is to know how the effective mobilitigs
and u, depend orr. Results in the literature for some ma-
terials and mixing method$ indicate thatuor " (0.8<n
=<2). So, to cover a reasonable range of possibilities we
analyze the following case that can be representative for ma-
terials of interest

pa(r)=a(b+r)~",
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TABLE I. Concentration profiles of Algand NPB that optimize the perfor- TABLE II. The coefficients in Eq(11) for n,n’ =1,3/2,2 with the mobilities
mance of some devices. for pure Alg; and NPB given by Eq(12). Theas are in cri/V s and thebs
are adimensional quantities.

V/Jl/Z
n n' [Algs]:[NPB] grad.{mix.} i Ap n n’ ax10’ a’'x 10’ bx 107 b’ x 107
1 1 10:1,6:1,1:1,1:6,1:10 22{26.3 0.50 13% 1 1 1.0101 1.0005 1.010 0.050
2 2 2:1,2:1,1:1,1:2,1:2 18{19.% 0.49 09% 3/2 3/2 1.0739 1.0095 4.868 0.634
3/2 3/2 3:1,2:1,1:1,1:2,1:3 20{22.5 0.50 10% 2 2 1.2345 1.0463 11.11 2.287
3/2 2 3:1,2:1,1:1,1:2,1:3 1921.0 0.47 08%
1 2 7:2,5:2,3:2,2:3,1:2 20.23.1 0.44 10%

display the parametews b, a’, andb’ for some of thesa
po(r)=a’(b’+1-r)"", (11 andn’.

) As in Ref. 15, we also compare the performance of
wheren andn’ can assume the values 1, 3/2, and 3. Theyraded and mixed deviceslE 3, with the middle layer of 50
coefficientsa, a’, b, andb’ are determined from the mo- . tormed by a blend of NPB and Ajjy For a givem, n’
bilities for pure ETM and HTM, requiring that,(0)=xnin 5041 we determinev/J*2 for the mixed device assuming
pure ETM andun(1)=pun in pure HTM; u,(0)=wpinpure g — .98 andB,,=0.02 (the values used for the graded
ETM andy,(1)= up in pure HTM. Experimental data show 554 e definer,, as the blend concentration for which
that a blend of Alg and poly-vinyl carbazole, for example, \/; 312 is minimum. Results are displayed in Table I, where

follows the above functional relaticit. Ap shows how much the power consumption in the mixed
device is larger than in the graded one for the same total
B. Parameters values current. It is clear that the graded devices have better perfor-

In order to compare our results with the experimentalmances. The optimization follows a pattefry increases for
data in Ref. 15, we use typical parameters values for Alg smallern andn’. We also observe that the smallest absolute
and NPB as our ETM and HTM, respectively. For Alopth ~ value of V/J¥2, both in graded and mixed devices, is ob-
the electron and the hole mobilities were measdrelor  tained forn=n’=2.

NPB only the hole mobility is knowR® For w, in Algz and Due to the uncertainty in the values gf it is important

wp in NPB the dependence on the electric field is quite weakto investigate how much the minority charge carrier mobili-
The main hole transport material is the NPB, with(NPB)  ties of pure ETM and HTM influence the concentration pro-
being 3 orders of magnitude larger thap(Algs). For the file for maximum efficiency. To do so, we assume=n’
electric fields calculated inside the devices in this wark,  =3/2 and keep all the mobilities as in E@.2), except by

in Algs would not vary significantly due to its field eitheruy(Algs) or u,(NPB), whose values we vary within
dependenc® So, it is not a severe approximation to assumeone order of magnitude. We see from the results in Table Il

here thatu,(NPB) is independent df. We use the follow- that such mobilities considerably influence the optimum pro-
ing values for the mobilitiegin cn?/V s):2>26 files. Thus, good measurement of minority charge mobilites

-~ 5 B _; are highly desirable.
Ka(Algg) =1X107%,  pp(Algs) =1x 1077, From Tables | and Il we see that for a given set of
pn(NPB)=1x10"7, u,(NPB)=2Xx10"*. (120  mobilities parameters, the concentration profile of the opti-

) mized graded device is closely related to the values, ff
In the absence of any measurementdq(NPB), we take its a4 otimize the mixed device performance: faf,<0.5

value based solely on the fact that in many organic materialf;>0_5) the concentration profile tends to have a smaller
the electron mobility is about 2 orders of magnitude Sma”er(greate} concentration of NPB. In the case of,,~0.5, the
. in 0

than the hole mobility. . concentration  profile tends to be  symmetric

We assume=3.5, the value determined for pure NPB
and pure Alg.*° Finally, we consider in our analysis that the
total thickness of the graded region is always 50 nm as i

n
Ref. 15, with the individual Iayers having the same size. TABLE Ill. Concentration profiles of Alg and NPB that optimize the per-

formance of devices with=n’=3/2 and one of the mobilities in E412)
changed to: (@ 5x10%cn?/Vs, (b)) 2x107 cm/Vs,

C. Simulations (c) 3x107 7 cm?/V s, and(d) 5x 1077 cn?/Vs.
Here we discuss the results fbi=7 (Fig. 2), with the v/ 2
five inner layers forming the graded region as in the real changedu [Alg;]:[NPB] grad.{mix.}  rpin Ap
: 4 ; .
dev_|ces of Ref. 15. For flxet_j andn’ and a given concen- 1o (AlGe)® 11121315 1.7 23.25.7 e 2%
tration profile (represented in the forrhAlg;]:[NPB] for 11, (NPB)@ 81,4:1,2:1.1:1,1:1 23858 029 9%
each inner laygr we obtain the's and theus for all layers in tp(Algz)® 7:1,5:1,2:1,1:1,1:1 16.7184 029 9%
the graded region, and from E(L0) we calculateV/J?. tn(NPB)®) 1:1,1:1,1:3,1:5,1:7 16.7183 070 9%

The optimization of thel X V characteristic consists in find- Mp(A'%)EZ 10171412111 14659 019 8243
ing the concentration profile that leads t&A)Y? minimum. ““(NPB)(d) 1111131517 14858 079 GOA’

: , how in Table | th . ndin wp(Alds) 15:1,9:1,7:1,4:1,2:1 12129 011 6%
For differentn andn’ we show in Table | the correspo 9 L (NPB)®  121:316,1121:20 11827 087 7%

optimum profiles and the values &/JY2. In Table Il we
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TABLE IV. V/JY2for various concentration profiles of AJgand NPB. The g importance. In several cases the brightrigsf OLEDS
parameters values are the ones of the third row of Table IIl. is proportional to the current, with the proportionality con-

[Ald;]:[NPB] v/ v stant being the EL efficiencyd= CyJ). This relation holds

——————— for the graded and mixed devices in Ref. 15 for current den-
gigﬁﬁ;ié 13'1 sities up to 200 mA/crh An important aspect is th&@l ¢ is a
5131111213 175 function ofr. In the graded case we have an EL efficiency
9:1,7:1,5:1,3:1,2:1 17.8 for each layer, so that
2:1,1:1,1:2,1:3,1:4 23.0

i=N—-1
cgrt 2, cy. (13

([NPBJ:[Algz]«<[Algs]:[NPB]) around the fourth layer.
This behavior was observed for a wide range of parameters It is possible to comparéor the same applied voltage
values. the brightness of the graded and mixed device3gf***and

Our model predicts thav/J¥2 is relatively stable with Ca - are known. Our model predicts an interesting relation
respect to small changes in the concentration profile thaetweer ,, for mixed devices and the optimized concentra-
minimizes it. In Table IV we show/J? for five different  tion profile for graded devices: the value for the middle
concentration profiles for the case nf=n’=3/2 and the layer as well as the averagefor all layers is approximately
mobilities given by Eq(12), except foru,(Algs) which we — €qual tor i, . As a consequence, @ has an approximately
assume to be 2107 cm?/V's (third row of Table Il). The  linear dependence an we can assumegy**~C%2*< In
point is illustrated by comparing the first four rows with the this case, we find that the brightness of the graded device
last row of Table IV. will be 20%—-30% higher than that of the mixed one. This is

All the present qualitative predictions agree with resultscompatible with the results for the brightness seen in Fig. 3
obtained for the graded devices studied in Ref. 15. In Fig. 3nd Table | of Ref. 15.
we display experimental current—voltage characteristics for ~As explained before, we do not include the pure HTM
one mixed and three graded devices. The three concentratigid ETM layers in our simulations in order to avoid prob-
profiles are: graded I: 9:1, 7:1, 5:1, 3:1, 1:1; graded II: 9:1ems due to the numerical sensitivity to the boundary condi-
7:1,5:2, 1:1, 1:3; and graded IlI: 5:1, 5:3, 1:1, 3:5, 1:5. In thetions. Even with this simplification, we were able to describe
mixed device, the concentration which leads to the maximunthe different features observed in real graded and mixed
electroluminescent (EL) efficiency is r,;,=0.167 OLEDs. We have assumed that the fraction of negative car-
(Algg:NPB=5:1). It is clear from Fig. 3 thatV/J¥2 js  rier current at the interfaces between the external layers and
smaller for the graded devices. We also observe\that’ is the mixed region were the same as those in the graded case.
almost the same for the three graded devices, which wertlevertheless, we observe that they hardly have the same
chosen in order to optimize the device performaﬁm@ht- values. With the present model, the inclusion of the pure
ness and power Consumpt)oms the three concentration Iayers would cause some dlfflCU'ty in fitting the experimental
profiles are similar, one may conclude th&ti*? is not too ~ data(since there are always errors in determinidg and
sensitive to changes in the concentration profiles around thc). However, for a qualitative analysis we can include them
optimum value, in agreement with our previous discussion.and set the same particular valuesBafand B, in both the

graded and mixed devices. We find that, for reasonable val-

IV. DISCUSSION ues of B, and B,, in the mixed caséB,(B,s) is always

o ) ~ smaller (largep than 0.98(0.02, the values used in the
We have seen that a graded emissive multilayer implies graded case foB,, andBy_y. LargerB,s implies a lower

9%-13% decrease in power consumption when compared ¥\ectron—hole recombination taking place at the mixed layer.

the best performance of the mixed case. Besides the electrigince we assume that the total emitted light is proportional to
response, the brightness in such devices is also of fundamefle amount of electron—hole recombination in the emissive

layers, we can expect a decrease in the total emitted light for
P , : , : I , the mixed device(from 3% to 5%, so strengthening our
~Mixed previous conclusion.
— Graded I A Some self-consistency checks can be made. The first is
- 8;3323 }}I TS the assumption about the electric field independence of the
mobilities and its consequence in analyzing the experimental
data. In Fig. 4 we show a typical electric field calculated
inside the graded region. For such a variation along the de-
vice, the mobilities for NPB and Algremain basically un-
changed according to the recent measurements of Refs. 25
. and 26. Some change could be expected for the hole mobility
o 5 . 10 15 20 in Algs which, however, would not drastically alter our op-
Applied Voltage (V) timization results. The second is the assumption that most of
FIG. 3. Current—voltage characteristics for graded and mixed devices of '€ €lectron—hole recombination occurs inside the graded re-
Ref. 15. gion. To verify this, in Fig. 5 we show the recombination

W
=]
—T

%

Current (mA)
¢

[
[=]
—T T
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position along the graded region (nm)
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FIG. 4. Typical electric field profile in the graded region with five layers. position along the graded region (nm)

HereJ=0.1 Acm 2.
FIG. 6. Electron charge densitfull line) and electron charge density
X effective electron mobility(broken ling for the same situation as in
Fig. 4.
rate, yNP, along the five inner layers for the same param-
eters as in Fig. 4. It is clear that most of the recombination_ ... . . .
. : mobilities. The positive charge density shows a similar be-
takes place at the central part of this region, where the valu S vior
of two carrier mobilities are smaller and closer to each other. ' . . -
. . We have considered the graded region with five layers,
This fact represents another important advantage of graded : . e
since it allows a better comparison between our predictions

devices: in single layer devices most of the electron—hol%nd the experimental data for the graded device of Ref. 15.

pairs are formed near the cathode, whereas light emission 5 . .
. . . ) owever, we also have investigated the case of graded re-
suppressed in this region due to quenching losses at the

metal layer, strongly limiting device performance. In gradedglons (of 50 nm formed by four and six layers of equal

: I thickness. The simulations show that by controlling the con-
devices the recombination events are expected to occur

mostly in the central region between cathode and anode. D centration profiles, it is possible to reach essentially the same

112 mini
to our assumptions, the curve of Fig. 5 essentially represents/J minima.

the electron—hole pairs density, indicating that electron—hole
pair formation near electrodes is significantly less importantv' CONCLUSION
than in homogeneous layer devices, making these devices In this contribution we developed a simple model to ana-
less susceptible to electrode quenching losses. lyze the electric properties of graded multilayer OLEDs. It is
Finally, the third check is the model prediction of a soft an analytical method where all the expressions are given in
variation ofr along the layers of the graded region at theclosed form unless for some calculations like inverting equa-
optimum condition. For instance, for the case shown in the&ions as Eq.(5) or obtaining matching conditions as in Eq.
third row of Table | we haver=0.25,0.33,0.5,0.67,0.75. (8), which are done quite easily using numerical methods.
Such a result corroborates the assumption of continuity ofhe model can be used to finghrough simulationsthe
both the electric displacement aBdat the interfaces in the parameters that optimize device efficiency. The only require-
graded region. The variations of the mobilities from purement is that one needs to know how the electron and hole
ETM and pure HTM to their first neighbor graded layers doeffective mobilites depend on the blend concentration. In
not represent a problem, since at those interfaces we haysmrticular, we have discussed the case where those mobilities
essentially only one charge carrier and everything behavesehave as powers of and do not depend too strongly on the
like in Fig. 4 of Ref. 20, i.e., with almost no charge accumu-electric field. The predictions of the model were tested by
lation. We show in Fig. 6 a typical example of electron comparing them with experimental data for NPB and Alq
charge density ang, X electron charge density as functions and we found very good agreement.
of the position in the graded region. Since the electric field is  Although the present model is already an important step
continuous at the interfaces, the discontinuities of the volutowards the understanding of graded OLEDs, further theoret-
metric charge density are then a consequence of the differeigal and experimental investigation are necessary.
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