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Monte Carlo Modeling of the Light Transport in
Polymer Light-Emitting Devices on Plastic Substrates

Shu-jen Lee, Aldo Badano, and Jerzy Kanicki, Senior Member, IEEE

Abstract—A Monte Carlo method for modeling the light
transport phenomena in organic polymer light-emitting devices
(PLEDs) has been reported previously (Badano and Kanicki,
2001). The advantage of this simulation method is its ability to
model bulk absorption, thin-film coatings, and uneven or irregular
surfaces by tracking the photon polarization in realistic device
structures. We have applied this method to analyze the PLEDs
spectral outputs and out-coupling efficiencies. We have established
that the calculated out-coupling efficiencies are approximately
the same ( coup 0 2) for the red and green PLEDs. Using a
description of uneven surfaces with Fresnel analysis, we showed
that the nonsmooth interfaces (as modeled by the algorithm
for uneven surfaces) between light-emitting polymer and hole
transporting layer increase the probabilities of out-coupling and
wave-guiding of the internally generated light. In this paper, we
use this method to calculate the angular distribution of the PLED
light-emission. We found that the Monte Carlo simulated PLED
light-emission angular distribution shows better agreement with
the experimental data than previously used models relying on
standard refraction theory at one interface [2].

Index Terms—Monte Carlo simulation, out-coupling efficiency,
plastic substrate, polymer light-emitting devices.

I. INTRODUCTION

I N GENERAL, it is accepted that the external quantum
efficiency of the organic polymer light-emitting devices

(PLEDs) is limited by several major losses: charge injection at
the contacts (anode and cathode), charge transport within the
organic materials, electron and hole radiative recombination,
photoluminescent efficiency, and light out-coupling efficiency
[3]. Using a standard refraction theory, it was estimated that the
photon out-coupling efficiency is about 1/5 of the total inter-
nally generated photons [2]. Several methods for improving the
light out-coupling efficiency have been used to overcome this
limitation set by the light escape cone of the substrate. These
methods include introduction of textured surfaces or interfaces
[4], [5], usage of ordered microlens arrays or microsphere
media [6], [7], usage of reflecting surfaces or distributed Bragg
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reflectors [8], [9], and usage of a thin silica aerogel layer
[10]. Several models have also been proposed for modeling
optical transport in organic light-emitting devices, such as the
half-space optical model [11], one-dimensional ray-tracing [5],
and quantum mechanical microcavity model [12], [13], [26].
We have used a Monte Carlo approach to analyze the PLED
light out-coupling efficiency [1]. This method has the flexibility
for modeling events such as absorption, wave-guiding, scat-
tering, out-coupling, and trapping in the light-emitting devices.
The advantage of the Monte Carlo simulation method is that it
takes into account the details of device geometry. The Monte
Carlo simulation includes the angular and spectral distributions
of the emitted photons, the point-spread function, the specular
and diffuse reflection coefficients, and a summary of scattering
events statistics.

In this paper, we describe the results of Monte Carlo simu-
lation used to investigate the factors contributing to PLED an-
gular light-emission pattern. Also, the effect of the nonsmooth
interfaces on the PLED light out-coupling efficiency is simu-
lated. The simulation results are compared with the PLED ex-
perimental results.

II. METHODS

A. Optical Modeling

In this paper, we used a Monte Carlo method for the simula-
tion of light transport processes in PLEDs [1], [14], [24]. This
code, originally developed to study light transport in radiation
detectors has been improved in the physics description and in
its ability to model light-emissive structures typical of flat-panel
display devices. The current version of the code, DETECT-II,
is being used to investigate light transport problems in detectors
[16], cathode-luminescent display devices [17], and thin-film
light-emissive devices. The Monte Carlo method makes use of
the generation of photons with random direction according to
a distribution function describing the nature of the light-emis-
sion. In this analysis, the light source within the organic polymer
layer is considered isotropic from a single point situated in the
center of the device, Fig. 1. We assumed the light source being
described by the photoluminescence (PL) spectra of the light-
emitting materials [24]. The photon histories are then followed
through a sequence of interactions that includes absorption and
Fresnel refraction. At the optical boundaries, an analysis is per-
formed depending on the surface type and material properties
using Fresnel’s equations and considering the polarization of
the incoming photon [1]. When the film thickness is comparable
with the photon wavelength, we use modified Fresnel coeffi-
cients to describe the optically thin-film effect. The reflection
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Fig. 1. (A) Schematic representation of the PLED structure used in this paper. A point light source was specified at the interface between the polymer hole transport
layer (HTL) and polymer emissive layer (EL). The generated light has four fates: (a) emitted through the front surface; (b) waveguided within the device and exit
through device edges; (c) absorbed in the absorptive materials; and (d) trapped by the ITO thin film and eventually got absorbed in the device. (B) Two-dimensional
representation of the rough surface model. The rough surface is specified at the interface between polymer EL and polymer HTL. � and � are given by Snell’s
law. On the left, the flat surface case is depicted. The surface normal is rotated within an angle � on the right. After the boundary analysis is performed in the
rotated system, T or R are expressed in the original coordinate system.

and transmission coefficients are then interpreted as probabil-
ities. The simulation outcome is calculated by a statistical av-
erage of the fate of all histories according to the desired quan-
tity to be evaluated for each experiment. For the angular dis-
tribution of the photon emission, the code tracks the number
of output photons detected at various angles exited through the
front of the PLEDs. The output photons emitted at various an-
gles are then normalized with respect to photons at the surface
normal, thus obtaining the angular distribution function of the
light-emission.

In our simulation, we introduce out-coupling efficiency
to represent the probability that a photon generated at

the luminescent center within the PLED, emerges through the
front surface of the device, thereby contributing to electrolumi-
nance. The depends strongly on the device structure and
on the optical constants of the materials and surface properties,
and is always less than unity due to light absorption, edge
emission, and light trapping. We can summarize the relevant
physical processes that occur as

where is the fraction of photons that are wave-guided
within the device structure and exited through the device edge
(contribution from all layers except ITO thin film is included
in this term), is the bulk absorbed fractions within device
absorptive layers (contribution from all layers except for
photons that are trapped by the ITO thin film and eventually
got absorbed in the device is included in this term), and is
the fraction of photons that are trapped by the ITO thin film
due to the total internal reflection at the ITO/subsequent layer
interface and eventually got absorbed in the device. In this
simulation, we have neglected the light leakage through the
cathode side, and the PL quenching due to polymer compo-

sition variations and the presence of carrier flow within the
PLEDs. Electric-field-induced photoluminescence quenching
in conjugated polymers has experimentally been confirmed,
but cannot be implemented easily in this calculation [18].

To describe Fresnel interactions at uneven surfaces of the
type found in light-emissive displays, an algorithm that ran-
domly perturbs the surface normal was developed. The depar-
ture from a smooth surface is specified by defining a maximum
cone within which surface normal tilting can occur. The tilting
angle , Fig. 1(B), is sampled uniformly from a cosine distri-
bution within the allowed range . The tilting angle used in
this simulation represents a surface slope that can be related
to nonsmooth surface. We are interested in understanding the
change of the out-coupling efficiency for surfaces having un-
dulating profiles. In the method used, a Fresnel analysis is then
performed using angles and and . The Fresnel equations
are solved with the incident photon vector expressed in a rotated
coordinate system. The out-coming vector is then rotated back
to the initial coordinate system. Additionally, a check-point is
performed: , which prevents a reflection to be
directed back into the surface. For a reflection occurring in a
valley of the surface, the reflected photon may strike a neigh-
boring hill. This is not accounted in the model and, therefore,
surface normal distributions should be limited to modest cone
angles . This description is appropriate for surfaces
having undulating profiles with low aspect ratio. This algorithm
is a first approximation to the problem of uneven surfaces found
in actual devices, and it is used only to investigate general trends
in the simulation data.

B. Experiment

1) Device Structure: The organic PLED structure used in
this paper is shown in Fig. 1(A). The PLEDs were fabricated on
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Fig. 2. (A) Schematic representation of the PLED cross sections used for the measurement of the device front and edge light-emissions. (i) Front light emission.
(ii) Front and two-edge light emission. (B) Schematic representation of the setup used for the device light-emission angular distribution measurement. The
Commission Internationale de I’Éclairage (CIE) standard condition B for the measurement of the averaged LED intensity was used for measuring the PLED
light intensity.

the 5 cm 5 cm plastic substrates coated with eight patterned
ITO fingers. The ITO fingers used as transparent anodes in
PLEDs have a sheet resistance of 10 ohm and a trans-
parency higher than 80% over the visible range (400–800 nm).
The properties of this plastic substrate are described else-
where [19]. The ITO-covered substrates were cleaned in an
ultrasonic bath of isopropanol for 20 min and exposed to
UV-ozone for 10 min before polymer spin coating. Next, a
hole-transporting layer (HTL, ), poly(3,4-ethylene-
dioxythiophene)-poly(styrene sulfonate) (PEDOT-PSS),was
spin-coated from solution and followed by thermal curing at
90 C for 20 min. Then, light-emissive layer (EL, )
was spin-coated from solution in xylene and was followed by
thermal curing at 90 C for 1 h. The chemical structures of the
light-emissive layers are described in [20]. A calcium cathode

and an aluminum capping layer were
evaporated through shadow masks in a thermal evaporation
system under a high vacuum 10 torr . The device area of
PLEDs is 0.254 0.254 cm or 0.508 0.508 cm .

2) Measurement of the PLED Optoelectronic Proper-
ties: The PLEDs front out-coupling and edge wave-guiding
light-emissions were measured using an integrating sphere that
was calibrated to measure the device total optical flux [15].

In this specific experiment, the PLEDs were placed inside
the integrating sphere. When the PLEDs front light-emission
measurements were done, we masked all sides of the PLEDs
(anode contact, cathode contact, and two remaining edges) with
a black mask, and collected only the PLEDs luminous flux
from the front as a function of current density, Fig. 2(A). When
we measured the PLEDs front two-edge light-emission, we
only masked the anode and cathode contacts with a black mask,
and then collected the light emitted from the PLED front and
two other edges as a function of current density, Fig. 2(A). We
were able to calculate the PLEDs total light-emission (front
4-edge) value and PLED percent front emission (front emission
divided by total emission) by a comparison of the above two
measurements and by assuming that the optical flux is the same
for each edge.

The absolute PL quantum efficiency measurements of the
red and green polymers were performed using the integrating
sphere method described in [21] and [22]. It should be noticed
that the PL values depend on the solvent used in the film
preparation and film air exposure during the measurements.
Since the organic polymers can be photo-oxidized under illumi-
nation, the polymer PL values are illumination time dependent.
The same organic solvent was used for films preparation



40 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 10, NO. 1, JANUARY/FEBRUARY 2004

needed for PL and EL measurements. However, all PL and EL
measurements were done in air at room temperature. Larger
PL values are expected when measurements are done under
nitrogen atmosphere.

The schematic representation of the setup used for mea-
surements of the PLEDs light-emission angular distribution
is shown in Fig. 2(B). In these measurements, we measured
only the light-emission from the front with device sides being
masked. The device was mounted on a goniometer stage with
an angular precision of . The detector used for recording
the PLEDs light-emission was a CCD spectrometer with an
integrating sphere at the front exit. The detector was calibrated
with a tungsten filament lamp standard with known spectral
irradiance W/cm nm , so the spectral radiant intensity
(W/sr/nm) of the PLEDs could be accurately measured at
the given angle [14]. We adopted the measurement geometry
of Commission Internationale de I’Éclairage (CIE) standard
condition B for measuring the “averaged LED intensity” at
different angles [23]. The CIE standard condition B states that
the LED should be positioned facing the detector and aligned
so that the mechanical axis of the LED passes through the
center of the detector aperture, Fig. 2(B). This condition also
involves the use of a detector with a circular entrance aperture
having an area (A) of 1 cm and specifies the distance (d) from
LED to detector as 10 cm, resulting in the measuring solid
angle of 0.01 as indicated by the following equation:

The PLED spectral radiant intensity was then collected as a
function of the external viewing angle as shown in Fig. 2(B).
We then integrated the spectral radiant intensity over the whole
spectra region at each angle and normalized the integrated ra-
diant intensity with respect to its value at the angle normal

to the plane of the PLED. The normalized photon density
values at different angles are reported in curve (d) of Fig. 7.

III. RESULTS AND DISCUSSIONS

A. Device Efficiencies

1) Optical Out-Coupling Efficiency: The variation of the
refractive indices and absorption coefficients with the photon
wavelength of the red and green light-emitting polymers used
in the simulation was published in [24]. The refractive indices
of hole transporting layer were measured by spectroscopic
ellipsometry, and the refractive indices of ITO thin film were
obtained from the literature [25]. The refractive index of the
0.19-mm-thick transparent plastic substrate was 1.5. In this
analysis, we used the photoluminescent spectra of the green
and red light-emitting polymers as the input light source
spectra within PLEDs [24]. The input light photons go through
refraction, reflection, and absorption events within device
structure until they finally exit out of the structures.

In Fig. 3, we show the variation in the calculated values
of photon out-coupling , wave-guiding , ab-
sorption , and trapping components for devices
size ranging from 10 10 cm to 10 10 cm for

Fig. 3. Photon out-coupling ( ), waveguiding (�), absorption ( ), and
trapping ( ) fractions of the green (A) and red (B) PLEDs as a function of the
device size.

the green and red PLEDs. The Monte Carlo estimates of
photon out-coupling , wave-guiding , absorption

, and trapping values are 0.20, 0.15, 0.19, and
0.46 for 0.254 0.254 cm green PLED and 0.20, 0.11,
0.42, and 0.27 for 0.254 0.254 cm red PLED, respectively.
We have observed that the photon out-coupling efficiency
is not affected by the wavelength distribution of the photon
source for the green and red light-emitting polymers used in
this simulation. However, the absorption in polymer layers

of red PLED is larger than that of green
PLED , and trapping/wave-guiding parts in
ITO layer of red PLED are smaller
than those of green PLED . Also, for
different device sizes the out-coupling efficiencies for both
green and red PLEDs are approximately the same and do not
change significantly, while the wave-guiding part decreases
significantly from to when PLED sizes increase
from 10 10 cm to cm . The decrease
in wave-guiding is due to the increase of absorption in the
polymer layers and trapped photons by the ITO thin film when
the PLED size increases. Since the refractive indices at 633 nm
for the ITO, plastic substrate, and air are , , and

, respectively, the photons reflected from the substrate-air
interfaces will enter the ITO layer freely. Therefore, for large
PLED sizes, increasing the path of photons will: 1) decrease
probability of wave-guiding in plastic substrate; 2) increase
probability of absorption in the polymer layer; and 3) increase
probability of trapping by the ITO thin-film layer. The quantita-
tive enhancement in the probability of absorption and trapping
will depend on the material properties, such as refractive index
and absorption coefficients, of each layer.
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TABLE I
EXPERIMENTAL PERCENT FRONT EMISSION AND THEORETICAL PERCENT FRONT EMISSION FOR 0.254� 0.254 cm AND

0.508� 0.508 cm GREEN PLEDS AND 0.254� 0.254 cm RED PLEDS ON PLASTIC SUBSTRATE

Direct comparison between the theoretical and experimental
out-coupling efficiencies is not possible unless the charge
injection and charge transport efficiency , the forma-
tion efficiency of the radiative excited electron hole pairs ,
and photoluminescent efficiency are accurately known.
Therefore, to validate our simulation results we have compared
the Monte Carlo estimates of the and values with
the experimental PLEDs front and edge light-emission values
for 0.254 0.254 cm and 0.508 0.508 cm green PLEDs
and 0.254 0.254cm red PLEDs. The device configuration
is shown in Fig. 1, and calculated and experimental data are
given in Table I. We can conclude from this data that there is a
discrepancy between the simulated and experimental results if
the absorption of the substrate is not taken into considerations.
We have further measured the absorption of the plastic sub-
strate by UV-visible absorption spectroscopy, and we obtained
that the multilayer plastic substrate has a small absorption
coefficient of cm in the visible wavelength
region (380–780 nm). By taking the absorption of plastic
substrate into consideration, we found a better agreement
between the experimental and theoretical results, Table I.
We have also shown both experimentally and theoretically
that the percent front emission increases with the increasing
device size for PLEDs larger than 0.254 0.254 cm . The
experimental percent front emission is 78% and 79% for
0.254 0.254 cm green and red PLEDs, respectively, which

agrees qualitatively with the estimated trend predicted by the
Monte Carlo method.

It has been proposed by Tsutsui et al. that insertion of a low-
index aerogel material ( , thickness m)
between ITO electrode and glass substrate can enhance the ex-
ternal quantum efficiency by a factor 1.8 because of the decrease
in wave-guiding mode in the glass substrate [10]. We have sim-
ulated the effect of inserting such a low-index aerogel material
( , thickness m) between ITO electrode
and plastic substrate into the device structure shown in Fig. 1.
We have found that the calculated photon out-coupling ,
wave-guiding , absorption , and trapping frac-
tions are 0.37, 0.09, 0.32, and 0.22 for 0.254 0.254 cm green
PLED with the aerogel interlayer. For such devices the out-cou-
pling efficiency is enhanced by a factor of in comparison
with the PLEDs without the interlayer . This
simulation is in excellent agreement with Tsutsui et al.’s ex-
perimental results [10]. Also, our modeling suggested that the
increase in the out-coupling efficiency was not due only to the
decrease in the wave-guided photons fraction but also to the de-
crease in the trapped photons by the ITO layer.

We have also investigated the effect of nonsmooth interfaces
(as modeled by the algorithm for uneven surfaces described pre-
viously in this paper) between the polymer EL and the hole
transporting layer on the photon out-coupling, wave-guiding,
absorption, and trapping fractions of 0.254 0.254 cm green
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Fig. 4. Photon out-coupling ( ), waveguiding (�), absorption ( ), and
trapping ( ) fractions of the green (A) and red (B) PLEDs as a function of the
maximum surface tilting angle � between the polymer emissive and hole
transport layers.

and red PLEDs, Fig. 4. Simulated results have shown that sum
of the out-coupling and wave-guiding fractions of the generated
light of green and red PLEDs increases from 0.34 to 0.57 and
from 0.29 to 0.53 when the maximum surface tilting angle
increases from 0 to 30 . We have also observed that a non-
smooth surface between the polymer emissive and hole trans-
porting layers increases the probability of light transmission
within the polymer emissive and hole transporting layers at the
expense of the light reflection fraction shown in Fig. 1(B). This
profound effect has been observed when the small surface tilting
angle is introduced. These results suggest that ran-
domly roughening the interface of the light-emission region of
PLEDs will enhance both the light out-coupling efficiency and
wave-guiding efficiency.

2) External Quantum Efficiency: The external quantum ef-
ficiency of the PLEDs is limited by several major losses:
the charge injection at the contacts and their transport efficiency
within PLED , the formation efficiency of the radia-
tive excited electron-hole pairs (excitons) , which is also the
production efficiency of a singlet exciton, the polymer photolu-
minescent efficiency , and the PLED photon out-coupling
efficiency [3]. Therefore, the can be described by

TABLE II
OUT-COUPLING EFFICIENCY (� ), EXTERNAL QUANTUM EFFICIENCY

(� ), PHOTO-LUMINESCENCE QUANTUM EFFICIENCY (� ), CHARGE

INJECTION AND CHARGE TRANSPORT EFFICIENCY (� ), AND

PRODUCTION EFFICIENCY OF A SINGLET EXCITON (�) FOR

GREEN AND RED PLEDS ON PLASTIC SUBSTRATE

the equation at the bottom of this page, where of electrons
flowing through the , and

The product defines the intrinsic limitation of
the external quantum efficiency of the PLEDs. We define the
photon out-coupling efficiency as the ratio of the light output
over the internally generated light. We have calculated
as and for 0.254 0.254 cm green and red
PLEDs, respectively. We also have measured the maximum

as and ,
for green and red PLEDs, respectively, Table II. Therefore,
the product is estimated to be and

for green and red PLEDs, respectively. If we
assume , we can obtain as
and for green and red PLEDs, respectively.
The charge injection and transport efficiency, , can be
enhanced by minimizing the PLED charge injection barrier at
the polymer electrode interfaces and better matching between
polymer electron and hole mobility values.

B. Angular Distribution

We have investigated the effect of photons refractions, back-
reflection from the cathode, absorption by polymer layers, and
ITO thin-film effect on the angular distribution of the light-emis-
sion from PLEDs. First, we have simulated a simple case where
we have considered the effect of refraction between the polymer
EL and air and back-reflection from the cathode on photon emis-
sion, curve (a) in Fig. 5. Next, we have considered the effect of
polymer absorption in addition to the effects mentioned above,
curve (b) in Fig. 5. Finally, we have considered the ITO thin-film
effect in addition to all effects mentioned above, curve (c) in

# of emitted photons exiting through the PLED front
# of elctrons flowing thorugh the PLED
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Fig. 5. Simulated angular distribution of the PLEDs front light emission.
(a) Simulated result considering the effect of refraction at polymer air interface
and back-reflection (- - - dash line). (b) Simulated result considering the effect
of polymer absorption in addition to refractions and back-reflection (—solid
line). (c) Simulated result considering the effect in ITO thin film in addition to
refractions, back-reflection, and polymer absorption (… dotted line).

Fig. 6. Measured front electroluminescence spectra of green PLEDs at
different angles.

Fig. 7. As can be seen in Fig. 5, the Monte Carlo simulated
angular distribution of the PLED light-emission becomes nar-
rower when different effects are added to the simple case. Then,
the question is “do we need to consider all these effects in real
devices?”

We have measured the electroluminescence spectra of the
green PLEDs at different angles, Fig. 6. We can conclude from
this figure that the shape of the measured electroluminescence
spectra does not change with the measured angle. We then in-
tegrated the spectral radiant intensity over the whole spectra
region at each angle and we normalized integrated radiant in-
tensity to its value at the normal angle to the plane
of the PLED. The variation of the normalized photon density
for different angles is shown in curve (d) of Fig. 7. The exper-
imental light-emission angular distribution of our green PLED
is very close to that of a Lambertian light source, in agreement
with the published results [2], [6], [11], [12]. It should be no-
ticed that the light-emission intensity (i.e., flux per solid angle)
of a Lambertian surface varies as the cosine of the angle from
the normal of the light-emitting surface (i.e., ,
where is the angle from the surface normal, is the light
emission intensity at the angle from the surface normal, and

is the light intensity at the surface normal). Also, we have
obtained the best agreement between experimental and Monte
Carlo simulated results when we take into account refractions
in the PLED, back-reflection from the cathode, absorption in
polymer layers, and ITO thin-film effect. Based on these results,
we can conclude that all effects must be taken into consideration

Fig. 7. Experimental and simulated angular distribution of the PLEDs
light emission: (c) simulated result considering the effect of back-reflection,
refractions, polymer absorption, and ITO thin film (… dot line), and
(d) experimental data (diamond). The background gray solid line represents
the Lambertian angular distribution of the light source.

Fig. 8. Angular distribution of the PLEDs light emission: (c) Monte Carlo
simulated result considering the effect of back-reflection, refractions, polymer
absorption, and ITO thin film (… dot line), and (e) result from a different model
proposed by Greenham et al. [2] (— solid line).

when we compare simualted and experimental PLED optoelec-
tronic characteristics.

It is important to indicate that our Monte Carlo simulation re-
sults are slightly different from Greenham et al.’s [2] model re-
sult shown in Fig. 8. In their model they assumed that the origin
of the Lambertian behavior of polymer light-emitting device is
simply due to the refraction at the various interfaces within the
device. From our Monte Carlo simulation results, it is obvious
that the Lambertian angular distribution behavior of the PLEDs
is not only due to photons refraction at different interfaces, but it
is also controlled as expected by polymer layers absorption, and
ITO thin-film effect. These contribution should be considered
when the simulated PLED optoelectronic properties are com-
pared with the experimental data.

IV. CONCLUSION

We have demonstrated that a light transport Monte Carlo code
can be used for modeling the realistic geometry of the PLEDs.
This method takes into account the absorption in the polymer
layers, multiple refractions within the device structure, back-re-
flection from the cathode, and ITO thin-film effect. We showed
that red ( at 633 nm) and green ( at 633 nm)
polymer PLEDs have similar simulated photon out-coupling ef-
ficiency, which is about 20%. It should be noticed that this ef-
ficiency is a function of the device structure. We also showed
that the nonsmooth interfaces between the polymer light-emis-
sive and hole transporting layers increases the probability of the
photons out-coupling and wave-guiding fractions of the inter-
nally generated light. Finally, we demonstrated that the origin
of the Lambertian behavior of the PLEDs is not only due to
simple refraction at different interfaces, but it is also determined
by polymer layers absorption, and ITO thin-film effect.
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