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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. 2@01 American
Institute of Physics.[DOI: 10.1063/1.1385571

I. INTRODUCTION the light source within the organic polymer layer is consid-
ered isotropic from a single point situated in the center of the

emitting devicefOLEDs) remains the focus of many efforts d?"'c‘?(see F|g_. J. To obtain an isotropic d'SF”bu.t'on of th(_a
directional cosines, we sample the three directional cosines

centered mostly on controlling charge transport and increas; . C )

ing the photoluminescent efficiency of organic materials%;that define the photon direction according to
Currently, the analysis of the optical transport processes in ¢ =./1— Zsin27é,,
OLEDs has obtained much attention. It is known that only

about one fifth of the light generated in an OLED is emitted C,= 1—55003 2mé,,
through the top surface of a simple OLED structure on a

glass substratbThe optical losses are related to absorption ~ C,=&,,

in the organic material and edge emission of Wavegu|dec\i,vhere§1 andé, are uniformly sampled if0,1). The energy

modes. For a typical organic semiconductor with refracheOf the photon source is defined by a table that corresponds to

index of 2.0, the escape cone angle into a substrate with anspecific spectral light emission. The initial photon polariza-

index of 1.5 is 48.6° which corresponds to a solid angle ota. . . .
only ~6%. Several attempts have been made to reduce tr;[\l-,\on vector is sampled uniformly in them space, therefore

waveguided light fraction by using structured surf&céand assuming unpolarized light emission. The photon .h|stor|es
L . o : are then followed through a sequence of interactions that
films,> and spherical scatterers within the organic fflrm

addition to affecting the efficiency of the OLED, photon includes absorption and Fresnel refraction. A unique advan-

. ._tage of this simulation method is its ability to model bulk
transport processes influence the spectral and angular distri;

. : . . . L2 absorption events, thin-film coatings and rough surfaces,
butions of the emitted light intensity. Both distributions are, e keeping track of the photon polarization state. Bulk

important design parameters for achieving full-color eff'C'emabsorption is determined by sampling the probability of a

OLEDs for flat-panel display applications. . )
After the simple analysis of OLED efficiency presented cmn);c;] |2$&ng absorbed after a path of lengty the expo

in Ref. 1, several groups have investigated the effect of ligh
transport in multilayer structurés.~°The method we present P(l)=1—e HasM!
in this article is based on a Monte CafMC) approach®!!

The increase in the luminous efficiency of organic light-

whereu,p(N\) is the wavelength-dependent linear absorption
coefficient. At the optical boundaries, an analysis is per-
II. SIMULATION METHOD formed depending on the surface type and material proper-

The MC method makes use of the generation of photond®S Using Fresnel's equatior;s and considering the polariza-
with random direction according to a distribution function tion of the incoming photof When the film thickness is

describing the nature of the light emission. In this analysisCOmparable to the photon wavelength, we use modified
Fresnel coefficients to describe the interference effects of

) " S and § . optically thin films. The reflection and transmission coeffi-
Current address: U.S. Food and Drug Administration, Center for Devicesx; ; i ; ;
and Radiological Health, 12720 Twinbrook Parkway, Rockville, MD Tients arg then interpreted as prqbabllltles. The simulation
20857; Electronic mail: agh@cdrh.fda.gov outcome is calculqted by a statl_stlcal average of the fate of

YElectronic mail: kanicki@eecs.umich.edu all histories according to the desired quantity to be evaluated
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Carlo simulations, showing the location of the centered point light source atS
the interface between the hole-transporting and emissive organic polymes
layers.

Refractive index

Normal

for each experiment. Possible reporting options include the . . -

angular and spectral distributions of the emitted photons, the %50 400 450 500 550 600 650 700 750 800

point-spread function, the specular and diffuse reflection co- Photon wavelength (nm)

efficients, and _a S“m”_‘ar_y of scatterlng_ event statistics. _FIG. 2. Refractive index and normalized absorption coefficient of organic
From the light emission at the luminescent center untilpolymers A, B, and C modeled in this work.

the photons emerge, multiple scattering events take place

within the multilayer OLED structure. For the purpose of our

analysis, we define the device external quantum efficiency a@nergy distribution at the_sou_rce f(_)r the MC hi_stories. The
OLED structure modeled in this articlsee Fig. lis a het-

M€= 7inpe: erostructure OLED described by Hg al!® as one with an
where Tin is the intrinsic qguantum efficiency related to car- aluminum cathode electrode and a transparent anode ITO
rier recombination and photoluminescent fraction, apdis ~ electrode (160 nm, refractive index of 1)8 The organic
the photon extraction efficiency. We introdugg, to repre- ~ polymer film thickness used was 200 nm. The transparent
sent the probability that a photon generated at the luminessubstrate index of refraction was 1.5 and its thickness was
cent center within the OLED, emerges through the front sur900 xm.
face of the device(through the transparent electrode In Fig. 3, we present results of the simulated lig8t)
thereby Contributing to luminance. The)e depends strongiy emission Wavelength distribution. For the three PL spectra
on the device structure and on the material and surface progonsidered, the measured EL spectrum is only slightly
erties, and is always less than unity due to light absorptionshifted toward the longer wavelengths. Our MC simulation
waveguiding, and edge emissions. We can summarize tH@sults are consistent with this trend. By computing sepa-

relevant physical processes that occur as rately the simulated emission from a device structure having
_ absorption in the organic polymer film, and from another
Mpe= 1= wa™ 7ab™ e » with no absorption but with a thin-film transparent layer be-

where 7,,, is the fraction of photons that are waveguidedtween the organic material and the substrate, we have con-
within the structure and exit through the device edggg,is  firmed that the decrease in power efficiency of the shorter
the absorbed fraction, ang,, is the fraction transmitted Wwavelength range is associated with absorption in the organic
through the metallic electrode deposited in the side oppositgnaterial, while the increase in strength at longer wavelengths
the direction of the desired light emission. The top metallicis caused by interference effects associated with the transpar-
cathode electrode of all the OLED structures modeled in thignt conductive coating. Our simulation method can correctly
article is an aluminum layer deposited by vacuumpredict the shift in maximum wavelength of each EL spec-
evaporatiort> We consideredy, =0 in all simulations pre- trum with respect to the PL spectrum of each material. It
sented in this article. In this work, we neglected the photo-should be noticed that the maximum of the SL spectrum of
luminescence quenching due to polymer composition oeach material is located very close to the corresponding
blend variations and the presence of carrier flow within themaximum of the measured EL spectrum. However, espe-
OLED. Electric field induced photoluminescena@lL)  cially in the longer wavelengths, a discrepancy exists be-
quenching in conjugated polymers, which is caused by excitween the EL and the MC calculated SL that cannot be ex-
ton dissociation, is well knowt: but cannot be implemented plained in terms of optical transport phenomena. The
easily in this calculation. It should be noted that this PLdiscrepancy between the SL and EL suggests that the spectral
quenching is not important at the OLED operating point.  light emission at the source might not be completely accu-
rate. For our MC simulations, we have assumed that the
spectrum at the source is equal to the PL spectrum measured
for each polymer. The actual light emission in OLEDs could
We measured the index of refraction, absorption, PL, andliffer from that of the PL, reflecting the geometrical and

electro-luminescencéEL) of three organic polymeréA, B, structural differences in both the solid-state films in the
and Q with peak emissions in a different region of the vis- OLED and in the device structure. Photoluminescence
ible spectrum. The refractive indégonsidered equal for the quenching due to the presence of carriers might also affect
three organic polymeysand absorption characteristics are the spectral emission by modifying the ratio between radia-
shown in Fig. 2. We used the PL spectrum as the phototive and nonradiative recombination.

IIl. RESULTS AND DISCUSSION
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FIG. 4. Extraction efficiencyy,,, waveguiding»,,, and absorptiorny,,
i1 PL Polymer for different transparent conductive oxide electrode modelseffect of
F NG refractive index, andb) effect of thin-film thickness. The vertical line rep-
resents the default values for the refractive index and thickness of the trans-
osk parent electrode used for the calculations of the light emission spectra
shown in Fig. 3. Curves are shown for each of the three polymers modeled
3 in this article(A, B, and Q.
£ o6}
>
.‘z;
£ i film thickness. We have also verified through simulation that
' the film thickness of the EL layer and the location of the
light-emitting source within the OLED structure do not affect
o2r either the EL spectra shape or the peak maximum location.
The extraction efficiencyn,. is also affected by the
wavelength distribution of the photon source. For the case of

o . . . . .
@ *° o0 o0 Phots,??,vave,eanﬁ (am) 0 0 *0 a transparent electrode having a thickness of 160 nm and a
refractive index of 1.807,, is 0.314 for polymer A, 0.334
FIG. 3. Photoluminescent, electroluminescent, and simulated light emissiofgy polymer B, and 0.430 for polymer C. The absorbed frac-
spectra of organic polymers A, B, and C. tion 7, is 0.676, 0.655, and 0.553, and the wave-guided
fraction 7, is 0.001, 0.011, and 0.017, respectively, for
polymers A, B, and C. The low,,, is caused by high ab-

In general, it is expected, and was experimentally consorption in the organic film. In Fig. 4, we present results
firmed for our OLEDs, that the intensity of the PL spectrumshowing the change in the valuesgf., 7,,, andn,, with
decreases with increasing applied voltéagsay., with increas- the index of refractiorithicknes$ of the transparent conduct-
ing current density However, this decrease is not very large. ing oxide(TCO) electrode covering the range from 1.1 to 2.7
Furthermore, it is expected that the light emission from ex{10—-200 nm. We find that both the thickness and the refrac-
cimers can contribute to the EL spectrum at longer wavetive index of the transparent electrode have a minor effect on
lengths. This contribution will depend on the polymer struc-the shift of the SL spectrum with respect to the PL emission.
ture and will be significant in copolymers. We have checked/\e obtained a maximuny,. for a TCO thickness and a
experimentally that the PL spectra shape is independent a&fractive index of about 170 nm and 1.85, respectively.
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0.6 T T T IV. CONCLUSION

05 .*-.n"-..-.-.-'-,p;sor;“o; 4 In this article. we have presented a method to model
light transport processes in OLEDs based on Monte Carlo

oal SN a techniques. For all organic polymers considered in this work,

our results show that the simulated light emission is shifted
toward the longer wavelengths, consistent with experimental
measurements of EL. We also showed that the photon extrac-
tion efficiency is reduced by light absorption and waveguid-
ing. Reduction of the OLED waveguided fraction can be
obtained by using structured substrates or by tuning the re-

Extraction

03 F

Efficiency

02F

“ "’*vxveivegu'dmg fractive index of the layers to maximize the transmission and
0 \ , P . reduce the total internal reflection at each interface. Of par-
10 100 1000 10000 100000 ticular importance to this approach is the interface between
OLED size (microns} the organic polymers and the TCO/substrate, as well as de-

FIG. 5. Extraction efficiencyy,e, waveguidingz,.s, and absorption,, as tails _of the structure and index of refraquqn of th_e Igyers in
a function of OLED size for polymer B. Similar curves were obtained for plastic substrates. The presence of optimized thin-film coat-
polymers A and C. The vertical line represents the default device size use‘;hgs in a plastic substrate could contribute to a decrease in
throughout this article. internally reflected trapped photons. A combination of these
two approaches could result in optimal OLED structures

The waveguide modes are determined by the geometryyith high photon extraction efficiency.
of the OLED stack that defines a total internal reflection
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