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The recombination distribution of an organic light-emitting diode with multiple emissive layers is
studied theoretically. Due to the relatively low electron mobility, the recombination concentrates in
the layer next to the cathode. As the voltage increases, the recombination extends to the subsequent
layers because the electric field strongly enhances the electron mobility. Assume that the layers are
arranged in the order of red, green, blue, and electron blocking from the cathode, the emission color
can be continuously tuned by the voltage over a wide range. Taking typical material parameters and
emission spectra for the layers, we show that Commission Internationale de L’Eclairage coordinate
can move froms0.5,0.5d soranged to s0.3,0.5d sgreend to s0.2,0.3d sblued as the voltage increases
from 3 to 13 V. The ratio between the electron and hole mobilities of the green layer and the
electron barrier between green and blue layers is found to be crucial for the wide range of color
tunability. © 2005 American Institute of Physics. fDOI: 10.1063/1.1923759g

Organic semiconductors have been used as the emissive
materials for efficient light-emitting diodessLEDsd,1 which
cover the whole visible spectra range. It will be highly de-
sirable if one single LED can emit light with a wide range of
color, continuously tuned by the applied voltage. Such a tun-
able LED can be applied in the full-color display, signaling,
and illumination. There have been reports of organic voltage-
tuning color-tunable LEDs in polymer blends2,3 and organic-
inorganic composites.4,5 Recently, we showed the feasibility
of wide-range low-voltage color tuning in polymer LED with
multiple emissive layers.6 But, without full theoretical under-
standing of the details, further improvement for each struc-
ture is difficult. Multilayer structures have been commonly
used for organic LEDs. However, in most cases, there is only
one emissive layer while the other layers serve for carrier
transport and blocking in order to improve the efficiency.
There have been some reports on device simulation for
multilayer organic LEDs, which are focused on the quantita-
tive verification of the exciton recombination efficiency im-
provement owing to the heterojunction.7,8 In order to study
the color tunability, in this work, we perform detailed calcu-
lations on the carrier and recombination distribution of an
organic LED with multiple emissive layers. In particular, we
calculate the continuous evolution of the recombination dis-
tribution as the voltage increases.

Due to the relatively low electron mobility, the recombi-
nation concentrates in the material next to the cathode at low
voltage. As the voltage increases, the electron mobility in-
creases rapidly with the electric field,9 and the electrons
moves through the heterojunctions and recombine with the
holes in the other layers. The overall results are the continu-
ous shift of the recombination distribution away from the
cathode and the change of the ratio among the integrated
recombination in each layer. This investigation systemati-
cally studies how several device parameterssnamely, the
junction energy barrier for electron, mobility, and layer
thicknessd for multilayer organic LEDs influence the recom-

bination current ratiosand therefore the colord among the
layers. Based on our results, definite device structures are
proposed to have color tuning from orange to green and fi-
nally to blue as the voltage increases.

The transport of electrons and holes in the organic
device are described by the time dependent continuity equa-
tions with a drift-diffusion form for current density, and the
Poisson’s equation.10,11The electronsholed mobility, mnsmpd,
is taken as Poole–Frenkel form, namelymsEd
=m0 expsÎE/E0d. Carrier recombination is assumed to be bi-
molecular with the Langevin form, so that the recombination
rate is given byRsxd=emRfEsxdgnsxdpsxd /««0, heremR, the
effective mobility, is the larger ofmn or mp.

12–14These equa-
tions are discretized for numerical solution with the
Scharfetter–Gummel approach,15 except for the grid element
corresponding to the organic/organic heterojunction. At this
junction, discontinuities of the material parameters can lead
to discontinuous carrier densities which must be treated as an
internal boundary condition in the solution. We take
psx−d /psx+d=e−Dfh/kBT and nsx−d /nsx+d=e−Dfe/kBT, where
Dfh sDfed denotes the holeselectrond energy difference in
the junction,x− denotes the grid element on the lower side of
the barrier, andx+ denotes that on the upper side. The recom-
bination current for the red-, green-, and blue-emitting layer
is expressed asJr

R=e0
x1eRsxddx, Jr

G=ex1
x2eRsxddx, and Jr

B

=ex2
x3eRsxddx, respectively, wherex1, x2, and x3 denote the

position of the junction between the red and green layers, the
green and blue layers, and the blue and electron blocking
layers, respectivelyfreferring to Fig. 2sadg. The relative re-
combination ratio for other layers to the red layer isrG,B
where rG=Jr

G/Jr
R and rB=Jr

B/Jr
R. They measure the relative

exciton recombination efficiency of each layer. Multiplying
this ratio by the relative exciton radiation efficiencyhG,B for
the green and blue layer to the red layer produces the relative
internal emission efficiency,RG,B=hG,BrG,B, for each layer.

Because of the high mobility of the holes, the hole dis-
tribution is rather uniform throughout the layers, except for
the sudden fall and rise at the junctions. On the other hand,
the electron density decreases strongly from the cathode
typical for the low-mobility space-charge-limited current. It
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is quite difficult for the electrons to not only reach the junc-
tion but also jump through it. The recombination distribution,
proportional tonsxdpsxd, is therefore dominated by the be-
havior ofnsxd. Figure 1sad illustrates how the electron energy
barrier between the green and blue layers,DfeGB, influences
the recombination distributionRsxd for the device voltage at
10 V. m0 and E0 for holes are taken as 10−11 m2/V s and
4.33106 V/m for each layer.9 E0 for electrons is specified as
1.63106 V/m. m0 for electrons is specified as 10−12 m2/V s
or 2310−12 m2/V s, which will be declared as needed. As
DfeGB increases from 0.1 eV to 0.3 eV,Rsxd for the green
layer changes little, but theRsxd for the blue layer decreases
dramatically. Figure 1scd shows the relative recombination
ratios,rG,B, among the luminescent layers, as functions of the
barrier. AsDfeGB increases from 0.1 eV to 0.3 eV,rG grows
from 1.2 to 2.8 andrB decays from 1.8 to almost zero. For
DfeGB,0.2 the recombination in the layers is comparable,
such that significant color tuning is possible. As the electron
energy barrier between the blue and electron blocking layer
DfeBE varies between 0.3 eV and 0.6 eV, the relative recom-
bination ratios remain largely unchanged.

Even though the electron mobility is typically several
orders of magnitude smaller than the hole mobility, there
exist some highly emissive materials for which the mobilities
are not so asymmetric.16 It is therefore important to know
how the mobility ratio influences the recombination distribu-
tion. Figure 1sbd demonstrates how the zero-field electron
mobility of the green layer,m0eG, determines theRsxd of the
device. Define the electron-hole mobility ratiom0eG/m0hG as
mG. As mG decreases from 1.0 to 0.001, the recombination
distribution for the green layer shifts to the left. Figure 1sdd
shows howmG influences the recombination ratiorG,B. For
mG around 0.1, bothrG and rB color tuning is expected.
Increasing the blue mobility ratiom0eB/m0hB will increaserB
approximately linearly, butrG is suppressed because the
faster electron mobility of the blue layer prevents the pile up
of electrons in the green layer near the junction between the
green and blue layers.

A color-tuning structure should have to tune the color
from red to green then to blue as the bias increases. Ideally,

the red emission dominates over other colors for low voltage,
while the green dominates medium voltage, and the blue
increases rapidly for high voltage. Figure 2sad displays the
optimized device structuresDevice Ad. The electron affinity
sEAd and ionization potential for each layer are chosen to
match the proper energy gap for the color of each layer. In
order to raiserG rapidly with voltage, the EA for the red and
green layers are chosen to be the same. However, a 0.2 eV
barrier between the green and blue layers will makerG domi-
nate over the medium voltage range. The 0.4 eV barrier be-
tween the blue and electron blocking layer allowsrB to grow
rapidly at high voltage. The relative efficiencyhG for Device
A is specified as 0.5 andhB as 1.5.mG=0.2 while the zero-
field electron-to-hole mobility ratio for other layers is 0.1.
The hole densityfFig. 2sbdg has sudden drops beside each
junction. The drops are caused by the efficient carrier “sweep
out” across the junction. Once the hole passes the junction,
they can hardly “backflow” due to the large hole barrier. As
expected, the electron densityfFig. 2scdg of the blue layer for
3 V is negligible. Even green is small compared with red. As
the voltage increases to 10 V, both green and blue becomes
comparable to red. To 13 V, blue not only suppresses red but
also starts to compete with green. The recombination distri-
butionfFig. 2sddg shifts to the anode, reflecting the growth of
electron densities in green and blue layers.

To model the color tuning, the Commission Internation-
ale de L‘EclairagesCIEd coordinates as a function of bias is
calculated.17 The LED emission spectrum isRsld+RGGsld
+RBBsld. The normalized luminescence spectraRsld, Gsld,
andBsld for the red, green, and blue layers are each taken as
a superposition of a main band and a phonon side band,
which is redshifted from the main band by an optical phonon
energy of 0.17 eV. Both the main and side bands are Gaus-
sians. The strength of the side band is chosen to be one-half
of the main band, typical for the luminescent polymers.18

The peak wavelengths of the main bands for the three colors
are lR=600 nm,lG=520 nm, andlB=440 nm. The Gauss-
ian widths of all of the main and side bands are 10 nm. The
cavity effect due to the metal cathode on the emission wave-

FIG. 1. sad The recombination rate distribution,Rsxd, are shown forDfeGB

equal to 0.1 eVsdashed lined, 0.2 eVsdashed-dotted lined, and 0.3 eVsdot-
ted lined. sbd Rsxd is shown for green layer mobility ratiomG;m0eG/m0hG

equal to 1.0ssolid lined, 0.1 sdashed lined, 0.01 sdash-dot lined, and 0.001
sdotted lined. The relative recombination ratio,rG,B, as functions ofDfeGB

andmG are shown inscd and sdd.

FIG. 2. sad The structure of Device A. Hole densitysbd, electron densityscd,
and recombination rate profilesdd of Device A are shown for various volt-
ages. Electron to hole mobility ratio is taken to be 0.2 for green and 0.1 for
other layers. Device B is the same as Device A except that the thicknesses
for green and blue layers are changed to 50 nm and 20 nm, respectively, and
the mobility ratio is changed to 0.1 for all layers.
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length is also considered. The relation between the wave-
length shiftDl and the distanced between the exciton and
the cathode is found to be approximatelyDl=0.33sd
−25 nmd.19 Because the recombination mostly concentrates
near the junctionsfFig. 2sddg, emission comes from a region
next to the junction with width equal to the exciton diffusion
length. The spectrum depends in principle on the emission
region width. However, assuming that the exciton diffusion
length is smaller than the layer thickness, we approximate
the spectrum by taking the distances for the excitons of each
color as the accumulative layer thickness, i.e.,d=15 nm for
red, 40 nm for green, and 85 nm for blue. Besides Device A,
we also studied Device B with a thicker green layers50 nmd
and a thinner blue layers20 nmd, and the zero-field electron
mobilities for each layer are all one order of magnitude
smaller than that of the hole.hG and hB are the same as
Device A. Figure 3 demonstrates the continuous motion of
the CIE coordinates for Devices A and B with varying volt-
age. The stars are the vertices of the CIE triangle defined by
the phosphors. The main bands for each color before the
cavity shift are indicated as the filled symbols. The trajecto-
ries for both A and B go through the oranges0.5 0.5d,
yellow-greens0.3 0.5d, and blues0.2 0.3d regions. The inset
of Fig. 3 shows the relative recombination ratios of Devices
A and B from 3 V to 13 V. The relative contributions for the
green layers of Devices A and B both start from about 1 and
grow gradually with voltage. On the other hand, the contri-

butions for the blue layers of Devices A and B both start
from about zero and grow rapidly at high voltage.

In summary, we establish a theoretical model which is
able to obtain the carrier and recombination distribution in an
organic LED with multiple emissive layers for arbitrary volt-
age. Due to the asymmetric electron and hole mobility, the
recombination ratio in the layers changes continuously with
the voltage. Two definite device structures are predicted to
have wide-range color tunability from orange to green to
blue as the voltage increases from 3 to 13 V.
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FIG. 3. The trajectories of the CIE coordinates as the voltage changes for
Devices Assmall open circled and Bsdashed lined are plotted. The three stars
are defined by the phosphors of the typical red, green, and blue. The large
open circle is white color area. The black triangle is the position of our
chosen spectrum for the red layer, the black square is for the green, and the
black diamond is for the blue. The inset shows the relative recombination
ratio of each layer for Device Asgreen: open circle; blue: open diamondd
and B sgreen: dashed line; blue: dotted lined.
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