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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 from(0.5,0.5 (orange to (0.3,0.5 (green to (0.2,0.3 (blue) 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 PhysidDOI: 10.1063/1.1923759

Organic semiconductors have been used as the emissiwénation current ratioland therefore the colpramong the
materials for efficient light-emitting dioded EDs),* which layers. Based on our results, definite device structures are
cover the whole visible spectra range. It will be highly de-proposed to have color tuning from orange to green and fi-
sirable if one single LED can emit light with a wide range of nally to blue as the voltage increases.
color, continuously tuned by the applied voltage. Such atun- The transport of electrons and holes in the organic
able LED can be applied in the full-color display, signaling, device are described by the time dependent continuity equa-
and illumination. There have been reports of organic voltagetions with a drift-diffusion form for current density, and the
tuning color-tunable LEDs in polymer blerffsand organic-  Poisson’s equatiot.** The electror(hole) mobility, (),
inorganic composite%:r’ Recently, we showed the feasibility is taken_as Poole-Frenkel form, namelyu(E)
of wide-range low-voltage color tuning in polymer LED with =, exp(VE/E,). Carrier recombination is assumed to be bi-
multiple emissive layer8But, without full theoretical under- molecular with the Langevin form, so that the recombination
standing of the details, further improvement for each strucrate is given byR(x)=eugE(X)In(X)p(x)/egq, here ug, the
ture is difficult. Multilayer structures have been commonly effective mobility, is the larger of, or ,up.lz‘“These equa-
used for organic LEDs. However, in most cases, there is onlyions are discretized for numerical solution with the
one emissive layer while the other layers serve for carrieScharfetter—Gummel approathexcept for the grid element
transport and blocking in order to improve the efficiency.corresponding to the organic/organic heterojunction. At this
There have been some reports on device simulation fojunction, discontinuities of the material parameters can lead
multilayer organic LEDs, which are focused on the quantitato discontinuous carrier densities which must be treated as an
tive verification of the exciton recombination efficiency im- internal boundary condition in the solution. We take
provement owing to the heterojunctiéfi.in order to study p(x")/p(x*)=e 24T and n(x")/n(x")=e2¢¢sT  where
the color tunability, in this work, we perform detailed calcu- A¢,, (A¢,) denotes the holéelectron energy difference in
lations on the carrier and recombination distribution of anthe junctionx~ denotes the grid element on the lower side of
organic LED with multiple emissive layers. In particular, we the barrier, and* denotes that on the upper side. The recom-
calculate the continuous evolution of the recombination dishination current for the red-, green-, and blue-emitting layer
tribution as the voltage increases. is expressed as],R: (X)leP(x)dx, J?: ﬁel?(x)dx, and JrB

Due to the relatively low electron mobility, the recombi- =f§§el¥x)dx, respectively, where, x,, and x; denote the
nation concentrates in the material next to the cathode at loosition of the junction between the red and green layers, the
voltage. As the voltage increases, the electron mobility ingreen and blue layers, and the blue and electron blocking
creases rapidly with the electric fieldand the electrons layers, respectivelyreferring to Fig. 2a)]. The relative re-
moves through the heterojunctions and recombine with _th@ombination ratio for other layers to the red layerrisg
holes in the other Iayers._ Th_e ove_raII. re;ults are the continuyhererg=J%/JF and rg=J%/JF. They measure the relative
ous shift of the recombination distribution away from the exciton recombination efficiency of each layer. Multiplying
cathode and the change of the ratio among the integrate@s ratio by the relative exciton radiation efficiengy g for
recombination in each layer. This investigation systematithe green and blue layer to the red layer produces the relative
cally studies how several device parametémamely, the internal emission efficiencyiss= 7 s s for €ach layer.
junction energy barrier for electron, mobility, and layer  Because of the high mobility of the holes, the hole dis-
thickness$ for multilayer organic LEDs influence the recom- tribution is rather uniform throughout the layers, except for

the sudden fall and rise at the junctions. On the other hand,
dauthor to whom correspondence should be addressed; electronic maifl€ electron density decreases strongly from the cathode
meng@faculty.nctu.edu.tw typical for the low-mobility space-charge-limited current. It
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FIG. 1. (a) The recombination rate distributioR(x), are shown foA o X (nm)
equal to 0.1 eMdashed ling 0.2 eV (dashed-dotted lineand 0.3 eV(dot-
ted line. (b) R(x) is shown for green layer mobility ratiog= wpec/ Lona
equal to 1.0(solid line), 0.1 (dashed ling 0.01 (dash-dot ling and 0.001
(dotted ling. The relative recombination ratiog g, as functions ofA ¢ecg
andmg are shown inc) and (d).

FIG. 2. (a) The structure of Device A. Hole densitlp), electron densityc),

and recombination rate profilgl) 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.

is quite difficult for the electrons to not only reach the junc-

tion but also jump through it. The recombination distribution, the red emission dominates over other colors for low voltage,
proportional ton(x)p(x), is therefore dominated by the be- while the green dominates medium voltage, and the blue
havior ofn(x). Figure 1a) illustrates how the electron energy increases rapidly for high voltage. Figuréapdisplays the
barrier between the green and blue lay&&,cg influences  optimized device structuréDevice A). The electron affinity
the recombination distributioR(x) for the device voltage at (EA) and ionization potential for each layer are chosen to
10 V. uo and E, for holes are taken as 18 m?/V's and  match the proper energy gap for the color of each layer. In
4.3% 10° V/m for each layef. E, for electrons is specified as order to raise g rapidly with voltage, the EA for the red and
1.6X 10° V/m. u, for electrons is specified as 8 m?/V's  green layers are chosen to be the same. However, a 0.2 eV
or 2x1012m?/V s, which will be declared as needed. As barrier between the green and blue layers will makeomi-
A¢ecp increases from 0.1 eV to 0.3 eVR(x) for the green nate over the medium voltage range. The 0.4 eV barrier be-
layer changes little, but th(x) for the blue layer decreases tween the blue and electron blocking layer allawso grow
dramatically. Figure (c) shows the relative recombination rapidly at high voltage. The relative efficieney, for Device
ratios,rs g, among the luminescent layers, as functions of theA is specified as 0.5 angg as 1.5.mz=0.2 while the zero-
barrier. AsA¢.ggincreases from 0.1 eV to 0.3 e¥; grows  field electron-to-hole mobility ratio for other layers is 0.1.
from 1.2 to 2.8 and decays from 1.8 to almost zero. For The hole densityfFig. 2(b)] has sudden drops beside each
Apoce<0.2 the recombination in the layers is comparablejunction. The drops are caused by the efficient carrier “sweep
such that significant color tuning is possible. As the electrorut” across the junction. Once the hole passes the junction,
energy barrier between the blue and electron blocking layethey can hardly “backflow” due to the large hole barrier. As
A¢.gevaries between 0.3 eV and 0.6 eV, the relative recomexpected, the electron densffyig. 2c)] of the blue layer for
bination ratios remain largely unchanged. 3 Vis negligible. Even green is small compared with red. As

Even though the electron mobility is typically several the voltage increases to 10 V, both green and blue becomes
orders of magnitude smaller than the hole mobility, therecomparable to red. To 13 V, blue not only suppresses red but
exist some highly emissive materials for which the mobilitiesalso starts to compete with green. The recombination distri-
are not so asymmetri€. It is therefore important to know bution[Fig. 2d)] shifts to the anode, reflecting the growth of
how the mobility ratio influences the recombination distribu-electron densities in green and blue layers.
tion. Figure 1b) demonstrates how the zero-field electron ~ To model the color tuning, the Commission Internation-
mobility of the green layeruq.c, determines th&(x) of the  ale de L'EclairaggCIE) coordinates as a function of bias is
device. Define the electron-hole mobility rafigec/ nong as ~ calculated.’ The LED emission spectrum B(\)+ReG(\)
mg. As mg decreases from 1.0 to 0.001, the recombinationt RgB(\). The normalized luminescence sped®@), G(\),
distribution for the green layer shifts to the left. Figur@)l andB(\) for the red, green, and blue layers are each taken as
shows howmg influences the recombination ratig 5. For  a superposition of a main band and a phonon side band,
mg around 0.1, bothrg and rg color tuning is expected. which is redshifted from the main band by an optical phonon
Increasing the blue mobility ratipgeg/ wong Will increaserg  energy of 0.17 eV. Both the main and side bands are Gaus-
approximately linearly, but is suppressed because the sians. The strength of the side band is chosen to be one-half
faster electron mobility of the blue layer prevents the pile upof the main band, typical for the luminescent ponm’é‘rs.
of electrons in the green layer near the junction between th&he peak wavelengths of the main bands for the three colors
green and blue layers. are \g=600 NnM,A\g=520 nm, and\g=440 nm. The Gauss-

A color-tuning structure should have to tune the colorian widths of all of the main and side bands are 10 nm. The
from red to green then to blue as the bias increases. Idealigavity effect due to the metai cathode on the emission wave-
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1 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-
A, age. Due to the asymmetric electron and hole mobility, the
Voltage (V) 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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