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Light Out-Coupling Efficiencies of Organic Light-Emitting Diode
Structures and the Effect of Photoluminescence Quantum Yield**

By Lucy H. Smith, Jon A. E. Wasey, Ifor D. W. Samuel, and William L. Barnes*

Results obtained from modeling the light out-coupling efficiency of an organic light-emitting diode (OLED) structure contain-
ing the recently developed first-generation fac-tris(2-phenylpyridine) iridium-cored dendrimer (Ir-G1) as the emissive organic
layer are reported. Comparison of the results obtained for this material with those of corresponding structures based upon
small-molecule and polymer emissive materials is made. The calculations of out-coupling efficiency performed here take
account of many factors, including the photoluminescence quantum yield (PLQY) of the emissive materials. Further, how each
material system might perform with regard to out-coupling efficiency when a range of possible PLQYSs are considered is shown.
The calculations show that the very high efficiency of dendrimer-based OLEDs can be attributed primarily to their high PLQY.

1. Introduction

Organic light-emitting diodes (OLEDs) are now being fabri-
cated from a number of different emissive materials,"™® with
much work being done to improve the efficiency in each sys-
tem. In addition, theoretical models have been developed to
evaluate the optical performance of OLED designs,’! both to
understand their operation[w] and to allow improved devices to
be designed.[“] The operation of an OLED involves charge
injection and charge transport, the formation of excitons, and
out-coupling of the light radiatively produced when the exci-
tons decay. Light out-coupling is a very important aspect of
OLED design; it is the area in which there is still the greatest
scope for significant improvements in efficiency.

To date, many different methods have been used in an at-
tempt to improve light out-coupling from OLEDs. In a conven-
tional planar OLED, a large proportion of the emitted light is
lost as guided modes. By introducing microstructure in one or
more interfaces within an OLED, non-radiative guided modes
such as surface plasmon—polariton (SPP) and waveguide modes
can be coupled to radiation by scattering. There are a number
of ways to do this. The use of a one-dimensional’>**! or two-di-
mensional 4! periodic corrugation allows coupling to radiation
via Bragg scattering. Random surface texturing of the top sur-
face of an inorganic LED has been shown to permit partial ex-
traction of waveguide-confined light via scattering,“sl and is a
method which could be transferred to OLEDs. Similarly, arrays
of hexagonally packed silica microspheres!'® and glass or plas-
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tic lens-shaped features!'’! added to a substrate have led to
increased light emission. Another contrasting method is the
insertion of a low-refractive-index aerogel layer between the
indium tin oxide (ITO) and glass substrate within a conven-
tional OLED."""

In this paper, we model the optical out-coupling of planar
OLED:s so as to compare the performance of three commonly
used classes of material, and to investigate the extent to which
the photoluminescence quantum yield (PLQY) affects the out-
coupling. We explore the different routes by which excitons may
lose their energy in the OLED structure, thus building up a pic-
ture of the different modes supported by the structure and their
relative importance in determining the out-coupling efficiency.

There are three main classes of emissive organic semicon-
ductors: small molecules, conjugated polymers, and conjugated
dendrimers. Small-molecule emitters are deposited under vacu-
um conditions, whilst the conjugated materials may be spin-
coated onto substrates. Dendrimers!"*?!! are highly branched
molecules, and conjugated dendrimers are very promising
OLED materials.>%% They consist of a core, dendrons, and
surface groups; this modular construction permits electronic
properties and processing aspects to be optimized separately.
The solubility of the dendrimer allows the use of a number of
chromophores. We have modeled the out-coupling efficiency
of devices based on three materials, the first-generation fac-
tris(2-phenylpyridine) iridium-cored dendrimer (Ir-G1), the
small molecule, aluminum tris-8-hydroxyquinoline (Algs), and
the conjugated polymer, poly(2-methoxy-5-(2’-ethylhexyloxy)-
1,4-phenylenevinylene) (MEH-PPV).

We also investigate the effect of the PLQY of the emissive
materials. The external quantum efficiency (@.y,) of an OLED
is given by:ml

Dext =P Dy Drag Pesc (1)
where @. is the efficiency with which electrons and holes com-
bine to form excitons and @, represents the fraction of excitons

that is formed in a spin state capable of radiating (an emissive
state); for phosphorescent materials this is unity, but for fluo-
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rescent materials only excitons in the singlet spin state are able
to decay. Of the emissive-state excitons produced, only a frac-
tion, @,,4, Will decay radiatively and generate light inside the
OLED, of which a fraction, @, will be out-coupled as
photons that leave the structure. @,,4 is the fraction of poten-
tially emissive excitons produced which decay radiatively; here
we take this to be equal to the PLQY; it is the effect of this effi-
ciency that we investigate here. In the first part of the paper,
we assume a PLQY of 100 %; in the second part the effect of a
lower PLQY is examined.

2. Methods

We consider the simple OLED structure illustrated in Fig-
ure 1. It consists of an optically thick aluminum cathode, the
organic layer under investigation, a 100 nm thick ITO anode,
and, finally, a thick silica substrate through which the light is
emitted. Although aluminum on its own is not an electrically

Metallic cathode

—|_— Organic layer

—+— ITO anode

| |

\/ Glass substrate

Light

Figure 1. The OLED structure studied. Electrons and holes injected from
the cathode and anode, respectively, combine to form excitons, which sub-
sequently decay to produce light.

efficient cathode, the addition of a very thin layer of LiF be-
tween the aluminum and organic layers greatly improves its
electron-injection efficiency.**! Calculations (not shown) indi-
cate that the optical effect of such a thin LiF layer is negligible
so that here, for the purposes of optical modeling, we ignore it.
The organic layer contains the light emitters and is either the
dendrimer, the small molecule emitter Alqs, or the conjugated
polymer, MEH-PPV. In each case, we have calculated the opti-
mum organic layer thickness required to give maximum radia-
tion from the structure. These optimized thicknesses are 145,
130, and 110 nm for the dendrimer, Alqs, and MEH-PPV sys-
tems, respectively. Although it is common to have several or-
ganic layers in an OLED, these are often of similar refractive
index. Here, we have assumed that they can be represented as
one layer with the excitons located within this layer so as to op-
timize the optical out-coupling. From this point on, the results
discussed refer to these optimized structures. It should be
noted that, in altering the layer thicknesses to optimize optical
performance, a real device will also need to be optimized with
regard to electrical efficiency. Optimizing both may require a
compromise to be made, something that we have not consid-
ered here.
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The optical properties of both Algq; and MEH-PPV have
been relatively well determined."?! One of the key differences
between these two materials is the fact that the emitters, or
more specifically, the dipole moments associated with radiating
excitons, have different orientations. The dipole moments in
Alqs are effectively isotropic, sampling all directions in space
on a time scale much shorter than the fluorescence lifetime.*!
In contrast, the dipole moments in the polymer lie within the
plane of the layer.[26] The peak emission of Alqs occurs at
550 nm, and that of MEH-PPV at 580 nm. Another difference
between Alqgs; and the polymer is that the latter is birefringent;
the effects of this birefringence are accounted for within the
model used here.

The dendrimer organic layer modeled here is based on the
light-emissive Ir-G1 contained within a host material 4,4’-
bis(N-carbazole) biphenyl (CBP). It has been shown experi-
mentally[f’] that the use of this host material significantly
enhances the efficiency of the device. Here we model a
20:80 wt.-% blend of the dendrimer and CBP. The peak
emission wavelength of this organic layer occurs at 518 nm.
Measurements conducted in our laboratories (not shown) in-
dicate this material has little or no birefringence. The optical
parameters we have used are given in the Appendix.

We make use of a specially adapted classical technique to
calculate the power lost by an emissive dipole in a multilayered
structure.”®! The model allows both identification of the modes
in a given structure, and calculation of the strength of the cou-
pling between the emitter and these modes. The emitters are
considered to be forced, damped, electric-dipole oscillators.
The dipole field is represented by a sum of plane waves; each
plane wave is characterized by a different in-plane wavevector,
k., where k, is the component of the wavevector parallel to the
interfaces.

By calculating the power dissipated by the dipole as a func-
tion of the in-plane wavevector, we are able to produce a
power-dissipation spectrum. When the in-plane wavevector of
the dipole emission matches that of a mode of the structure,
the dipole may resonantly lose power to that mode. Thus,
peaks in the power-dissipation spectrum indicate the different
modes of the structure. A power-dissipation spectrum for the
dendrimer-based structure is shown in Figure 2a for an emis-
sion wavelength of 518 nm. By calculating the power dissipated
as a function of both frequency and in-plane wavevector, we
can build up a dispersion diagram of the modes of the system,
as shown in Figure 2b. The dark features correspond to cou-
pling between the emitter and the optical modes of the struc-
ture. This particular plot is for an emissive layer in which we as-
sume the light is generated in the middle of the organic layer.
The dipole layer is considered to be infinitely thin. Dissipated
power with an in-plane wavevector ky <ngica ko, Where kg is
the wavevector of a photon in free space and ng;c, is the refrac-
tive index of silica, corresponds to light that may propagate in
the thick silica substrate. Of this power, the fraction with in-
plane wavevectors less than kg relates to light that may leave
the structure and produce useful far-field radiation, though a
small amount will be lost to absorption in the OLED materials.
Our model allows us to calculate how much power is radiated
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tion spectrum (Fig. 2a) was integrated. By normalizing these
power values to the total amount of power dissipated by the
dipole, we obtain the fraction of the emitted power that is lost
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Figure 2. a) The power-dissipation plot for a single emission wavelength
of 518 nm, and b) the dispersion diagram formed by calculating the dissi-
pated power as a function of frequency (w) and in-plane wavevector; the
nature of the different modes is indicated.

out through the substrate, as well as how much is lost to the
waveguide, SPP, and substrate modes; it also allows us to calcu-
late how much power is quenched directly by the absorptive
cathode and anode.””! It should be noted that quenching due
to charge carriers within the organic layer is not included in the
model. The features labeled at higher in-plane wavevectors
correspond to optical modes that cannot propagate in the sub-
strate or in free space; they are modes that are trapped within
the structure. For the particular structure modeled here, there
are two waveguide modes and one surface plasmon—polariton
mode. Surface plasmon-polaritons result from the coupling
between the free charges at the surface of a metal and electro-
magnetic (EM) radiation.”® This leads to longitudinal surface-
charge density fluctuations that propagate along the interface,
and an associated oscillating EM field that decays exponen-
tially with distance from the metal surface. For the structure
considered here, the SPP mode occurs at the metal/dielectric
interface formed by the boundary between the aluminum cath-
ode and the organic layer.

To determine the amount of power coupled to a specific
mode, the area under the relevant peak in the power-dissipa-
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Figure 3. Fractional power plots for a) dendrimer, b) Algs, and ¢) MEH-
PPV emissive layers. The PLQY is taken to be 1 (i.e., 100%) in all cases.
w/g denotes waveguide modes.
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to each mode. It is instructive to calculate these power frac-
tions for a range of emitter positions within the emissive layer.
Such a plot for the dendrimer structure is shown in Figure 3a.

3. Results

From Figure 3a, we can see that the optimum emitter posi-
tion for the dendrimer-based OLED is with the emitters situ-
ated 73 nm from the Al cathode. For emitters at this position,
25.8 % of the total power is radiated from the structure—this
figure is the optical out-coupling efficiency. The largest fraction
of the power, 33.7 %, is lost to the SPP mode, with a small
amount of power (5.3 %) lost to non-radiative absorption,
being dissipated as heat within the electrical contacts. Loss of
power to waveguide modes is split into two categories; loss to
modes associated with the organic and ITO layers, 14.3 %, and
loss to modes within the thick silica substrate, 20.9 %.

Figure 3b shows a similar fractional power plot for the Alqs-
based system. The maximum radiated power in this case is also
25.8 %. The similarity between the dendrimer and Alqs sys-
tems is due to both systems having effectively isotropic dipole
moments and similar refractive indices. We again see signifi-
cant coupling to the SPP mode, this being 32.0 % at the point
of maximum radiation. The power lost to the SPP mode peaks
at 46.8 % when the emitters are located at about 25 nm from
the cathode. Although coupling to the SPP mode increases as
the distance between the emitter and the metal decreases, cou-
pling to losses in the metal increases faster, leading to a maxi-
mum in the SPP coupling at a distance of ~25 nm as noted
before.””? In these structures, with effective isotropic dipole-
moment distributions, coupling to the SPP dominates over cou-
pling to waveguide modes.

Using a polymer (MEH-PPV) emissive layer leads to very
different power-loss characteristics (Fig. 3c). The maximum
amount of power that can be radiated is now 33.7 %, with the
emitters situated 49 nm from the cathode. The main power-loss
mechanism in this case is the waveguide modes; 28.8 % of the
total power is lost to modes guided in the organic/ITO layers,
and 26.3 % to silica modes, when the emitters are located in this
position. The power lost to waveguide modes is higher than for
the other materials because of the higher refractive index of the
polymer. The loss to the SPP is much reduced, this reduced cou-
pling being due to the fact that the SPP mode is predominantly
TM (transverse magnetic) polarized; the emissive dipole mo-
ments in the polymer lie in the plane of the layer and are thus
poorly matched to the SPP field. The very different behavior of
the conjugated polymer system compared to that of the dendri-
mer and Alq; systems arises primarily from the different orien-
tation of the dipole moments in the two systems.

So far we have only discussed results where the PLQY has
been assumed to be 1. We next consider what happens when this
condition is relaxed, thus allowing us to take account of the mea-
sured PLQYs. We have taken a value of 0.78 for the dendri-
mer:CBP blend,”! 0.32 for the Algs,*” and 0.15 for the MEH-
PPV.*! We have chosen MEH-PPV because it is a well-known
and well-characterized polymer. Some conjugated polymers
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have higher PLQY values, and the effect of this can be seen in
Figure 4. Values for all three materials are still undergoing im-
provements, with industry indicating figures of between 0.40 and
0.70 for a variety of emissive polymers. Figure 5 shows plots for

40

—— Alg, and G1:Ir/CBP

*1 MEH-PPV

30
25

20

radiated power (%)

o+
10 09 08 07 06 05 04 03 02 01 00

PLQY

Figure 4. Plot showing the maximum possible out-coupling efficiency from a
structure as a function of PLQY. The results for the Algs- and the dendrimer-
based systems are almost identical and are represented by the same line.

each of the three systems using these PLQY values. As expected,
reducing the PLQY leads to an increased non-radiative loss and
a scaling down of the efficiency of the radiative decay routes, in-
cluding radiation, waveguide modes, and SPP modes.

Using the measured PLQY values for the three emissive sys-
tems, we see a significant drop in the percentage of power that
can be radiated. Due to its relatively high PLQY value (0.78)
the dendrimer system (Fig. 5a) proves the most efficient of the
three systems, with the possibility of 21.4 % of the total power
being radiated.

As expected, the power-loss characteristics for the Alqs-
based structure (Fig. 5b) offer a striking example of the impor-
tance of accounting for the quantum efficiency. Whereas, with
a PLQY value of 1, this system and that based upon a dendri-
mer emissive layer had very similar characteristics, by changing
the PLQY to the measured values the out-coupling efficiencies
are seen to be very different. With a PLQY value of 0.32, the
Alqgs-based system only radiates 10.1 % of the total power. It is
a similar story for the MEH-PPV system (Fig. 5c). Again, the
relatively low PLQY value of 0.15 means that the maximum
amount of the total power that can be radiated is 5.2 %.

Figure 4 shows a plot of the maximum percentage of the to-
tal power that emerges as radiation (the out-coupling efficien-
cy) as a function of PLQY for the three material systems.
There are two features which are particularly worthy of note.
The first concerns the shape of the curves. The relationship
between radiation and PLQY is not linear. This highlights the
importance of microcavity effects; one cannot simply take the
maximum expected radiation (when PLQY =1) and scale it by
the relevant PLQY value. The second point is that the results
for dendrimer- and Algs-based structures are almost identical

Adv. Funct. Mater. 0000, 00, 1-6
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Figure 5. Fractional power plots for a) dendrimer, b) Algs;, and ¢) MEH—
PPV emissive layers. The PLQYs are taken to be 0.78, 0.32, and 0.15, re-
spectively.

and are indistinguishable on the scale of this plot. This is due to
the similar optical properties of these materials and the optimi-
zation of the organic-layer thicknesses.
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4. Conclusions

We have seen that, when the PLQY is set to unity, the
MEH-PPV system is the most efficient, with 33.7 % of the to-
tal power radiated. This compares with 25.8 % for the Alqs-
and dendrimer-based structures. The loss of power to other
channels depends greatly on the dipole orientation of the emis-
sive material in question, with waveguide modes dominating in
the polymer case, and the SPP mode being dominant in the
small-molecule and dendrimer systems. Importantly, we have
demonstrated the dependence of the system efficiency on the
value of the quantum efficiency. By using measured PLQY val-
ues for the various emissive layers, we have shown that the
dendrimer-based structure is the most efficient. This is in large
part due to the high PLQY of the dendrimer material. If one
could also gain control over the orientation of the dipole
moments in this material and place them in the plane of the de-
vice, even further increases in out-coupling efficiency should
be possible. As noted above, a compromise may have to be
reached between optical out-coupling optimization and electri-
cal efficiency —this will be an important area for future study.

Appendix

Refractive indices of materials modeled:

We have assumed the silica substrates to be dispersionless, having a
refractive index of 1.46. For the other materials, we included the effect
of dispersion and chose to represent their refractive indices by polyno-
mials.

1) Aluminum:

n=19.92812-84.7052x + 140.1731x* - 111.85238x°

+43.46728x" ~ 653 696x°

ke =319.47025 — 1347.04872x + 2350.75746x> — 2149.03408x°

+1088.8157x* - 289.65148x" + 31.56516x°
where n and k are the real and imaginary parts of the index, respective-
ly, and x = wavelength (nm)/400.
2) ITO:

n=1.67567+0.20122x

k=0.005
with x = 1000/wavelength (nm).

3) Dendrimer:CBP blend:

n=5.0939-7.72676x +6.79507x> ~ 2.68704x" + 0.399x*
with x = wavelength (nm)/400.
4) Algs:

n=-1.33075 +8.69156x - 8.42617x* + 3.38293x” - 0.48725x"
with x = wavelength (nm)/400.
5) MEH-PPV:

Mhorizontal = 79.92516 — 225.33696x +224.7041x* - 118.59501x>

+21.6389x*

Aperpendicular = —5883.62922 +28044.72196x - 55 5 10.71725x*

+58431.97694x" - 34 505.20622x*
+10840.0656x° —1415.62534x°
for values in and normal to the plane, with x = wavelength (nm)/550.
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Light out-coupling efficiency is an
important parameter that needs to be
optimized for the full exploitation of
organic light emitting diodes (OLEDs;
see Figure). OLED designs optimized
for light out-coupling for three different
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light-emitting material systems are
theoretically investigated, and the effect
of photoluminescence quantum yield

is examined.
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