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Monte Carlo analysis of the spectral photon emission and extraction
efficiency of organic light-emitting devices
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We report on a Monte Carlo method for modeling light transport phenomena in multilayer organic
polymer light-emitting devices on plastic flexible substrates. The method allows modeling of
Cartesian geometrical structures describing the fate of photons through multiple scattering events
determined by the wavelength-dependent material optical properties. We apply the method to
analyze the wavelength distribution of emitted light spectra. We find that for all organic polymers
considered, the light emission is slightly shifted toward the longer wavelengths, and that this shift
is maximum for light emissions with peaks around 530 nm. The photon extraction efficiency is
higher~0.430! for organic polymers emitting in the longer wavelengths, while the photon absorbed
fraction is higher~0.676! for spectra with a maximum in the short wavelengths. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1385571#
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I. INTRODUCTION

The increase in the luminous efficiency of organic ligh
emitting devices~OLEDs! remains the focus of many effort
centered mostly on controlling charge transport and incre
ing the photoluminescent efficiency of organic materia
Currently, the analysis of the optical transport processe
OLEDs has obtained much attention. It is known that o
about one fifth of the light generated in an OLED is emitt
through the top surface of a simple OLED structure on
glass substrate.1 The optical losses are related to absorpt
in the organic material and edge emission of wavegui
modes. For a typical organic semiconductor with refract
index of 2.0, the escape cone angle into a substrate wit
index of 1.5 is 48.6° which corresponds to a solid angle
only ;6%. Several attempts have been made to reduce
waveguided light fraction by using structured surfaces2–4 and
films,5 and spherical scatterers within the organic film.6 In
addition to affecting the efficiency of the OLED, photo
transport processes influence the spectral and angular d
butions of the emitted light intensity. Both distributions a
important design parameters for achieving full-color efficie
OLEDs for flat-panel display applications.

After the simple analysis of OLED efficiency present
in Ref. 1, several groups have investigated the effect of li
transport in multilayer structures.3,7–9The method we presen
in this article is based on a Monte Carlo~MC! approach.10,11

II. SIMULATION METHOD

The MC method makes use of the generation of phot
with random direction according to a distribution functio
describing the nature of the light emission. In this analy

a!Current address: U.S. Food and Drug Administration, Center for Dev
and Radiological Health, 12720 Twinbrook Parkway, Rockville, M
20857; Electronic mail: agb@cdrh.fda.gov

b!Electronic mail: kanicki@eecs.umich.edu
1820021-8979/2001/90(4)/1827/4/$18.00
s-
.
in
y

a

d
e
an
f
he

tri-

t

t

s

,

the light source within the organic polymer layer is cons
ered isotropic from a single point situated in the center of
device~see Fig. 1!. To obtain an isotropic distribution of the
directional cosines, we sample the three directional cos
that define the photon direction according to

Cx5A12j1
2sin 2pj2 ,

Cy5A12j1
2cos 2pj2 ,

Cz5j2 ,

wherej1 andj2 are uniformly sampled in@0,1!. The energy
of the photon source is defined by a table that correspond
a specific spectral light emission. The initial photon polariz
tion vector is sampled uniformly in the 4p space, therefore
assuming unpolarized light emission. The photon histor
are then followed through a sequence of interactions
includes absorption and Fresnel refraction. A unique adv
tage of this simulation method is its ability to model bu
absorption events, thin-film coatings and rough surfac
while keeping track of the photon polarization state. Bu
absorption is determined by sampling the probability o
photon being absorbed after a path of lengthl by the expo-
nential law

P~ l !512e2mab(l) l ,

wheremab(l) is the wavelength-dependent linear absorpt
coefficient. At the optical boundaries, an analysis is p
formed depending on the surface type and material pro
ties using Fresnel’s equations and considering the polar
tion of the incoming photon.12 When the film thickness is
comparable to the photon wavelength, we use modifi
Fresnel coefficients to describe the interference effects
optically thin films. The reflection and transmission coef
cients are then interpreted as probabilities. The simula
outcome is calculated by a statistical average of the fate
all histories according to the desired quantity to be evalua

s
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for each experiment. Possible reporting options include
angular and spectral distributions of the emitted photons,
point-spread function, the specular and diffuse reflection
efficients, and a summary of scattering event statistics.

From the light emission at the luminescent center u
the photons emerge, multiple scattering events take p
within the multilayer OLED structure. For the purpose of o
analysis, we define the device external quantum efficienc

hE5h inhpe ,

whereh in is the intrinsic quantum efficiency related to ca
rier recombination and photoluminescent fraction, andhpe is
the photon extraction efficiency. We introducehpe to repre-
sent the probability that a photon generated at the lumin
cent center within the OLED, emerges through the front s
face of the device~through the transparent electrode!,
thereby contributing to luminance. Thehpe depends strongly
on the device structure and on the material and surface p
erties, and is always less than unity due to light absorpt
waveguiding, and edge emissions. We can summarize
relevant physical processes that occur as

hpe512hwa2hab2h tr ,

where hwa is the fraction of photons that are waveguid
within the structure and exit through the device edges,hab is
the absorbed fraction, andh tr is the fraction transmitted
through the metallic electrode deposited in the side oppo
the direction of the desired light emission. The top meta
cathode electrode of all the OLED structures modeled in
article is an aluminum layer deposited by vacuu
evaporation.13 We consideredh tr50 in all simulations pre-
sented in this article. In this work, we neglected the pho
luminescence quenching due to polymer composition
blend variations and the presence of carrier flow within
OLED. Electric field induced photoluminescence~PL!
quenching in conjugated polymers, which is caused by e
ton dissociation, is well known,14 but cannot be implemente
easily in this calculation. It should be noted that this
quenching is not important at the OLED operating point.

III. RESULTS AND DISCUSSION

We measured the index of refraction, absorption, PL, a
electro-luminescence~EL! of three organic polymers~A, B,
and C! with peak emissions in a different region of the vi
ible spectrum. The refractive index~considered equal for the
three organic polymers! and absorption characteristics a
shown in Fig. 2. We used the PL spectrum as the pho

FIG. 1. Schematic cross section of the OLED structure used for the M
Carlo simulations, showing the location of the centered point light sourc
the interface between the hole-transporting and emissive organic pol
layers.
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energy distribution at the source for the MC histories. T
OLED structure modeled in this article~see Fig. 1! is a het-
erostructure OLED described by Heet al.13 as one with an
aluminum cathode electrode and a transparent anode
electrode~160 nm, refractive index of 1.8!. The organic
polymer film thickness used was 200 nm. The transpar
substrate index of refraction was 1.5 and its thickness w
900 mm.

In Fig. 3, we present results of the simulated light~SL!
emission wavelength distribution. For the three PL spec
considered, the measured EL spectrum is only sligh
shifted toward the longer wavelengths. Our MC simulati
results are consistent with this trend. By computing se
rately the simulated emission from a device structure hav
absorption in the organic polymer film, and from anoth
with no absorption but with a thin-film transparent layer b
tween the organic material and the substrate, we have
firmed that the decrease in power efficiency of the sho
wavelength range is associated with absorption in the org
material, while the increase in strength at longer waveleng
is caused by interference effects associated with the trans
ent conductive coating. Our simulation method can correc
predict the shift in maximum wavelength of each EL spe
trum with respect to the PL spectrum of each material
should be noticed that the maximum of the SL spectrum
each material is located very close to the correspond
maximum of the measured EL spectrum. However, es
cially in the longer wavelengths, a discrepancy exists
tween the EL and the MC calculated SL that cannot be
plained in terms of optical transport phenomena. T
discrepancy between the SL and EL suggests that the spe
light emission at the source might not be completely ac
rate. For our MC simulations, we have assumed that
spectrum at the source is equal to the PL spectrum meas
for each polymer. The actual light emission in OLEDs cou
differ from that of the PL, reflecting the geometrical an
structural differences in both the solid-state films in t
OLED and in the device structure. Photoluminescen
quenching due to the presence of carriers might also af
the spectral emission by modifying the ratio between rad
tive and nonradiative recombination.

te
at
er

FIG. 2. Refractive index and normalized absorption coefficient of orga
polymers A, B, and C modeled in this work.
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In general, it is expected, and was experimentally c
firmed for our OLEDs, that the intensity of the PL spectru
decreases with increasing applied voltage~e.g., with increas-
ing current density!. However, this decrease is not very larg
Furthermore, it is expected that the light emission from
cimers can contribute to the EL spectrum at longer wa
lengths. This contribution will depend on the polymer stru
ture and will be significant in copolymers. We have check
experimentally that the PL spectra shape is independen

FIG. 3. Photoluminescent, electroluminescent, and simulated light emis
spectra of organic polymers A, B, and C.
-

.
-
-

-
d
of

film thickness. We have also verified through simulation th
the film thickness of the EL layer and the location of t
light-emitting source within the OLED structure do not affe
either the EL spectra shape or the peak maximum locati

The extraction efficiencyhpe is also affected by the
wavelength distribution of the photon source. For the case
a transparent electrode having a thickness of 160 nm an
refractive index of 1.80,hpe is 0.314 for polymer A, 0.334
for polymer B, and 0.430 for polymer C. The absorbed fra
tion hab is 0.676, 0.655, and 0.553, and the wave-guid
fraction hwa is 0.001, 0.011, and 0.017, respectively, f
polymers A, B, and C. The lowhwa is caused by high ab
sorption in the organic film. In Fig. 4, we present resu
showing the change in the values ofhpe , hab , andhwa with
the index of refraction~thickness! of the transparent conduct
ing oxide~TCO! electrode covering the range from 1.1 to 2
~10–200 nm!. We find that both the thickness and the refra
tive index of the transparent electrode have a minor effec
the shift of the SL spectrum with respect to the PL emissi
We obtained a maximumhpe for a TCO thickness and a
refractive index of about 170 nm and 1.85, respectively.

on

FIG. 4. Extraction efficiencyhpe , waveguidinghwa , and absorptionhab

for different transparent conductive oxide electrode models:~a! effect of
refractive index, and~b! effect of thin-film thickness. The vertical line rep
resents the default values for the refractive index and thickness of the tr
parent electrode used for the calculations of the light emission spe
shown in Fig. 3. Curves are shown for each of the three polymers mod
in this article~A, B, and C!.
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The waveguide modes are determined by the geom
of the OLED stack that defines a total internal reflecti
~TIR! angle (aTIR) with respect to the device plane, beyon
which all photons are emitted through the edges. Since
source of photons is isotropic, we expect lowerhwa for
larger devices due to~1! an increased probability of reflec
tion and scattering going into the solid angle defined
aTIR , and ~2! increased absorption in the organic polym
layer. The simulation result presented in Fig. 5 confirms t
assumption. For OLED sizes larger than 50mm, hpe steadily
increases because more photons impinge directly~as a first
interaction! into the substrate. For small device sizes below
mm, the absorbed fractionhab remains constant while th
waveguiding decreases as the photon extraction efficie
increases. When the device size decreases below 100mm,
lateral boundary conditions become important and edge
fects are observed. In our simulations, no additional struc
is present at the edges of the device~i.e., the sides are con
sidered to be smooth surfaces in contact with air!. Photons
reflected from the sides of the substrate at larger angles
respect to the surface normal have a larger probability
exiting the device through the top surface, thereby contrib
ing to the extraction efficiency and to the luminance. F
large device sizes,hpe andhab increase while the waveguid
ing continues to decrease at a faster rate. The results
confirm that since most of the photon waveguiding occurs
the transparent substrate, the absorption in the organic p
mer film has a minor effect on reducing the light edge em
sion and increasing the photon extraction efficiency.

FIG. 5. Extraction efficiencyhpe , waveguidinghwa , and absorptionhab as
a function of OLED size for polymer B. Similar curves were obtained
polymers A and C. The vertical line represents the default device size
throughout this article.
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IV. CONCLUSION

In this article, we have presented a method to mo
light transport processes in OLEDs based on Monte Ca
techniques. For all organic polymers considered in this wo
our results show that the simulated light emission is shif
toward the longer wavelengths, consistent with experime
measurements of EL. We also showed that the photon ext
tion efficiency is reduced by light absorption and wavegu
ing. Reduction of the OLED waveguided fraction can
obtained by using structured substrates or by tuning the
fractive index of the layers to maximize the transmission a
reduce the total internal reflection at each interface. Of p
ticular importance to this approach is the interface betw
the organic polymers and the TCO/substrate, as well as
tails of the structure and index of refraction of the layers
plastic substrates. The presence of optimized thin-film co
ings in a plastic substrate could contribute to a decreas
internally reflected trapped photons. A combination of the
two approaches could result in optimal OLED structur
with high photon extraction efficiency.
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