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Enhanced coupling of light from organic light emitting diodes
using nanoporous films
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We have demonstrated an approach to enhance the light extraction efficiency for organic light
emitting diode(OLED). Nanoporous alumina film was used to modify the optical wave propagation
and coupling of light from the OLED. Experimental results showed an increase of over 50% in the
coupling efficiency of the nanoporous device, without affecting the electrical properties of the
OLED. Effective medium theory can be used to model the optical properties of the nanoporous
media and simulated the optical characteristics of the OLED successfulB0@ American
Institute of Physics[DOI: 10.1063/1.1765839

I. INTRODUCTION coupled out by Bragg scattering. The corrugated light-
emitting diode had two-times the efficiency as compared
with an uncorrugated devideSimilar idea was also applied
by Hobsonet al. to recover the power lost to the surface
plasmon mode%Very recently, Leeet al.introduced a nano-

The external quantum efficiency,, of organic light
emitting diodegOLED) is a product of the internal quantum
efficienciy noe and the optical out-coupling efficiency
gco?ﬁggno-lr—]rr]: dlir;i(ian?ng%n;#\rgtiiﬁlféigcgr:j 31]:'2:%/ ?gﬁtcrtie?e atterned photonic crystal into the glass substrate to improve
b?/anching ratio. Most OLED materials have small gonrag)ia—he (?oupling efficiency.An enha_ncement fact_or of 1.5 over
tive loss Addi.tionally the application of phosphorescent\/lewIng angle of +40° was achieved. Tsutatial. placed a

R . ' . ow index aerogel materigh~ 1.01—1.10 between the ITO
emitting materials has been reported to overcome the smgle}

triplet branching problem. Experimentally, it is possible to ayer and glass substrate to reduce the waveguide modes and
produce an internal quantum efficiency as high as 87%,

achieved coupling enhancement of a factor of £.8.
which is very close to the theoretical limitatién.

In this paper we present a technique of using self-
On the other and, the coupling efficiency remains low.

organized nanoporous anodic aluminium oxid&0) to im-
According to Greenham, Friend, and Bradfefe coupling prove the coupling efficiency in an OLED. It is well known
efficiency is given by

that AAO is highly porous with a wide pore size in the na-
nometer rangé>** The nanoporous AAO is formed through
1 a simple electrochemical process and then transferred to
MTeoupling™= R glass substrate through lamination. Organic light emitting de-
vices were fabricated on the nanoporous substrates and were

wheren is the refractive index and is a constant that de- ¢5,nd to produce more than 50% enhancemenyfin
pends on the dipole alignment and the geometry of the ping

OLED device. For mosOLED materials,n is about1.83
Taking a value of 2 forf, then Only about 20% of the II. SAMPLE PREPARATION
generated light is coupled out. Physically most of the light
is emitted into the waveguiding modes in the substrate and The basic idea is to use anodized alumina as the sub-
organic/indium tin oxid€ITO) layers. Therefore, the cou- strate to reduce light guiding in the OLED. Since the anod-
pling efficiency is a major hurdle for achieving high effi- ized surface is always very rough and not suitable for grow-
ciency devices. ing OLED, we tried to use the backside of the AAO film for
A major limit to the coupling efficiency is total internal growing the OLED. The process for fabricating the nanopo-
reflection (TIR). For the typical OLED structure, TIR can rous substrate is as follows. First, an aluminium layer
occur at the OLED substrate interface as well as th€~2um) was produced by rf sputtering on a glass substrate
substrate/air interface. Several attempts have been made ¢overed with a thin titanium filn{~50 nm). Here, the tita-
enhance forward scattering at the latter interface. Yamasakiium film was used both as a conductive layer to facilitate
Sumioka, and Tsutsui reported a periodic patterning of thenodization of the aluminium metal as well as being a sacri-
substrate surface with a monolayer of silica microspfere ficial layer for AAO film separation as discussed below. Alu-
Madigan, Lu, and Strum altered the geometry of the subminum anodization was performed in a 0.3M phosphoric
strate to enhance the surface emissighnfactor of 3 en-  acid solution at 5°C under dc current. A platinum sheet was
hancement was obtained. Mdller and Forrest fabricated a muised as the cathode. The dc voltage was set at 150 V to
crolens array on the substrate backside and increggggl,, ~ obtain a large pore diameter and cell size. The anodic current
by a factor of 1.5 Matterson et al. demonstrated that density was found to be constant during the anodising pro-
through the use of corrugated microstructures, light could beess and went to zero when anodization of the aluminium
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FIG. 2. SEM micrograph of the backside of AAO films after film transfer.
The continuous layer is the barrier layer formed during anodization.

two-step anodization methdd The optical transmittance of
the anodic porous film on the glass substrate is an important
parameter in making devices for optoelectronic application.

Figure 2 shows the AAO film after the film separation
step. It is essentially the backside of the AAO film. It is
noticed that this film is smooth and is suitable for OLED
deposition. Figure 3 shows the transmittance spectra of the
nanoporous substrates using the AAO with and without pore
extension. As the aluminium is completely converted into
oxide, the average transmittance of the anodic oxide film in
visible range reaches95% before the pore extension. After
FIG. 1. SEM micrograph of the porous AAO film&) Top view of the the pore exten_s,lon . process, however, the transmlttancg IS
sample before pore extension afy side-view of the sample after pore lowered, especially in the short wavelength region. That in-
extension in a 5 wt% kPO, solution. dicates the light scattering becomes stronger in the visible
and blue region.

fil lete. After the initial ‘ tion. th In order to find out whether the nanoporous substrate
lim was complete. Alter the initial pore formation, th€ pore ., 4 jncrease the out-coupling efficiency, we first investi-

digmet;r ng eXtaned relative to the pore spacing by USingated the photoluminescen¢®@L) characteristics of organic

a 5 W% HPO, o ution. . emitting film on the formed substrates. Ah Nr-diphenyl-
After the AAO film was made, it was then transferred to  , bis(3-methylpheny-I, 1-biphenyl-4,4"-diamin€rPD)

a transparent substrate. It was achieved by laminating 259% rubrene film was deposited on the nanoporous substrate

transparent flexible film onto the AAO film and then attach-and a control sample was deposited on a bare glass substrate.

:ng _the_ entire film to a gla}ss sh;:et using ;J\I/I epoxy..;'hcle.l.he PL measurement of the two samples was carried out
amination process was performed very careiully to avoid alf,ye jgentical conditions. Excitation was provided by the

bubble inside. The sample was then immersed jOolu- 450 nm line of argon-ion laser and the PL emission was

tion at 30°C to etch away the sacrificial titanium film. The o0 taq by a PhotoResearch PR705 SpectraScan spectro-
teching process was found to have no effect on the AAQ

. . hotometer. The angular distribution of PL emission was
layer. Thus a smooth surface, consisting of the backside cﬁ g

the original AAO film, was obtained. This surface is smooth

) e . 100%
due to the etching of the sacrificial titanium layer. This guar- °
antees that a large area OLED device can be fabricated with- 90%}
out discontinuities. S 80%F
Figure 1 shows the scanning e!ectron microscopy images E 70%L
of the microstructure of the AAO film before and after pore = _
tension. The AAO film has a honeycomb structure with g 0% ;
ex epsmn. Yy ' & _ —o~— Before pore extension
straight and parallel channels characterized by a closed g 50%f —=a— After pore extension
packed array of columnar hexagonal cells, each containing a ; 40%
central pore. The pore size is 150—200 nm before extension 30%|
and extended te-300 nm after this processing step. The cell 400 500 500 =00 500

size is around 400-450 nm. The top view SEM pictures
show the pore configuration of the sample is randomly

aligned. It ha§ been_reported that idgally ordered AAOSG. 3. Transmittance of the AAO filmsa) before the pore extension and
could be obtained using master molding mettioor by a  (b) after pore extension.

Wavelength(nm)
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. ) o FIG. 6. J-L-V curves of OLED on nanoporous substréiiel) and a control
FIG. 4. PhotoluminescencéPL) spectra in the normal direction of the device on bare glass substratD2). The OLED is formed as
TPD+5% rubrene film on nanoporous substrate and bare glass sheet. Pt/CuPc/TPD/TPD+5wt% ruberene/Alg/LiF/Al multilayer structure.

also measured. Figure 4 shows the comparison of the PLI. OLED DEVICES
spectra of the two samples in the normal direction. It can be In order to examine the effects of the AAO substrate to

seen that the PL output of the AAO device at normal 'nc"eIectrquminescen(EL) devices, we fabricated OLED de-

dgnce Is enhanced by a facto_r Of. 2 over the contrql Sam.plei'/'ices on the smooth nanoporous substrate. We used 100 A Pt
Figure 5 shows the angular distribution of the PL intensity.

Evidently, the PL signal from the AAO sample has a Widerf|Im directly deposited on the AAO film as the anode. This Pt

angular distribution. In fact, it peaks at an angle of near GOJ”m is only partially transparent and it is expected that some

light will be lost. The device structure consists of a hole

instead of in the normal direction. Obviously some sort Ofinjection layer of coppefil) phthalocyaningCuPa, a hole

T e L S anspor iy of D, an emitng ayer of TP+ oo
gles. q y g rubrene, and an electron transport lay&TL) of tris-8-

from both samples, the total emission is calculated accordmﬂydroxyquinoline aluminium Alg3, followed by LiF/Al as

to the equation the reflective cathode. This is a conventional OLED structure
2 except for the use of Pt as the anode instead of the usual ITO.
L= ZWAJ 1(9)sin 6d0 ~ 27A>, 1(6,)sin 6,A0, (1) All films were deposited in a high vacuum evaporation sys-
0 n tem, with a background pressure ok1.0°® Torr. The active
emitting area was defined to bel.5X 1.5 mnf using a
wherel(6,) is the measured radiant intensity at the viewingshadow mask during cathode position. A control device was
angled,,A is the emitting area, and the emission is assumed@lso fabricated with the same OLED structure except that the
to be azimuthally symmetrical. The calculated integrated Plsubstrate was just bare ITO glass without the nanoporsous
signal from the nanoporous sample is about three time&AO film. EL intensity of both devices was measured using
larger than the control. Since the only difference betweerf PR650 SpectraScan spectrophotometer. Current-valfage
the two cases is the presence of the AAO film underneathV) characteristics were measured using an Advantest
the TPD emitting layer, it is concluded that the increasedR6145 dc voltage current source and Fluke 45 Dual Display
PL signal is due to less light guiding effect. The PL mea-multimeter. All the measurements were conducted in air am-
surement result indeed indicated that the application of théient.

nanoporous AAO could improve the light extraction effi- The luminance (L)—current-density(J)— voltage (V)
ciency. characteristics of the OLED on the nanoporous substrate,

together with the control device, are summarized in Fig. 6.
The J-V performances of two devices are almost the same

45 ) . . -
40 —o— glass sheet because the film thickness and layer structure are identical.
35 o— AAO substrate '!'he slight discrepancy b_etween the tWeV curves is be-
lieved to be due to the different substrate morphology. The
£) 30 luminance current efficiency; of the devices can be ob-
\2 25 tained from thel-J dependence in Fig. 6. The values are
w20 ~1.0 cd/A for device on nanoporous substrate and
g 15 ~0.9 cd/A for the control devices in the normal direction.
E 10 Thus it seems that there is not much difference between the
5 two samples. However, the situation is quite different if the
0 angular distribution is taken into consideration.
0 10 20 30 40 50 60 70 80 90 Norma!ly, emission from the OLED_ is Lambertlar_w.
Viewing angles (degrees) However, it has also been shown by rigorous theoretical
modeling that the emission profile of the conventional device
FIG. 5. Radiant intensity angular distribution of PL emission. is dependent on both the thicknesses of the organic and ITO
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FIG. 7. Schematic diagram of the setup for the EL device angular distribu- 0.2+
tion measurement.
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layers due to a microcavity effett.For devices with sub- Wavelength(nm)

strate mOdIflcatl_on’ t.he emission pI‘OfIleS h_ave b(.:"en demor"flG. 9. Normalized EL spectra measured at different viewing angles of the
strated to be quite different from Lambertdifin this case, nanoporous devicgs) and the control deviceb).
it is important to measure the far-field emission profile of the

deVIc_es for total photon flux estimation. from 544 nm at 0° to 536 nm at 70°. The variation of the
Flg_ure_ ! S.hOWS the measurement systgms to test th? thotodetector output signal due to the spectrum change was

gular dlstr|buF|on profile. The sample was f|xe_d_ ata rotatmgcarefully tested and found to be small enough, less than 3%,

stage. The distance between the center position and photgs e ignored. The total radiant flux L of the light emission

dector was 20 cm so that the device could be treated as @t .acted from an OLED surface can be obtained by per-

point source. The device was driven by a Keithley ConStanforming the integration as shown in E€L). Integrating the

current source. The measurement was p(_erform_ed .aut.omaﬂght flux in the forward 160° cone, the nanoporous device is

cally using aLABVIEW program. The normalized distribution found to emit 50% more photons than the conventional de-

profiles of nanoporous device and conventional one ar?/ice. This is quite a significant improvement.

given in Fig. 8. Both the nanoporous device and the contro

device show non-Lambertian behavior. When the viewing

angle is larger than 20°, the control device had intensitie$v. THEORETICAL CALCULATION OF THE ANGULAR

smaller than cosine lambertian. On the other hand, the nafISTRIBUTION

oporous device had intensities higher than Lambertian. The

. ) o In order to understand the enhancement mechanism, we
EL spectra of both devices measured at different viewing.. oo o .

N . imulated the emission characteristics of the OLEDs, either
angles are presented in Fig. 9. For the control device, the fu

. . e control one or that on the nanoporous substrate, using a
width at half maximum(FWHM) of the spectra decreases . - ANop ' 9
rigorous classical electrodynamic methods based on Green

Fomains amost denical at 556- 560 nm. For he nanoporeuAion and a plane wave propagation metfot Figure
' P T0 shows the schematic diagram of the device structure for

device, the FWHM decreases with larger viewing angle frommodeling. First, we assumed the recombining excitons in the

68 nm at 0° to 52 nm at 70°, and the peak wavelength Shlft%mission layer can be represented as electric oscillating di-
poles. Then the device emission characteristics can be ob-
tained by calculating the intensity distribution of the electro-

magnetic field generated from oscillating dipoles embedded

—
(=]

';. 0.8 in a planar stratified media. In an unbounded medium the
s dipole oscillation can be described by a electric Hertz vector
= 06 I1®®. This Hertz vector satisfies the vector Helmholtz equa-
= ; 18
g ¢ D1 experimental . tion as:
5 04F o p2 experimental N\ 5 2770 >
'E = = « Lambertian-cosine . (V +k )H &=- 47TP05(F), (2)
= (.2 b =D1 simulated } ; >
== D2 simulated E. . wherek is the wave vectorP, is vector dipole moment, and
.0 ——t f——t —_———p dis the delta function. The solution of the equation gives the
0 10 20 30 40 50 60 70 80 90 dipole radiation, which is actually a spherical wave. The
Emission Angle (degree) Fourier spectrum of the wave field in the in-plane wave vec-

tor k// space shows it can be represented as a superposition

FIG. 8. Measured angular distribution profiles of the nanoporous devic ; ;
(filled diamond$ and the control devicgopen diamondsand simulated ‘o plane and evanescent waves. Meanwhile, the vector dipole

emission pattern for both devices. The dotted line corresponds to the cosir@qmem can pe decom_posed in.th.e thr?e OfthOQOnal configu-
Lambertian behavior for reference. rations to divide the dipole radiation field into($E) and
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2

£ =50+ {f(1~f)(e - e)%a? + O(a), @
for TE polarization and
s:i+f{f(1—f)m]28—ga2+0(a4), (5)
Glass ay 3 €189 a
AAO for TM polarization, wheresg=¢,f+(1-f)e; is the average

relative permittivity andey is the arithmetic average of
the inverse relative permittivity, i.eqq=f/e,+(1-f)/e;.
For two given permittivitiese, and g4, the hole filling
factor and the period of the corrugated structure, the po-
rous AAO is modeled as a quarter-wave stack having ef-
fective permittivities of two polarization. The calculation
shows that the effective refractive inden(z\s’g) of the
AAO film is n=1.295 for TEpolarization anch=1.15 for
TM polarization. With the obtained optical properties of
R Sl ot s . T sk s crange e tomine each layer, the far-field emission profies of the de-
propagates from Iaygr to out mediurﬁ due to diﬁeregnt refrac?ive indices.g t\”ces Were GSIlTUIated_ “S'“Q standard wave prqpagatlon
calculationst®!’ The simulation results for the distribu-
tion profiles are also given in Fig. 8. It is found that the
p (TM) polarized components. Upon propagating throughtheoretical calculation agrees with the experimental re-
the multiplayer structure, these polarized plane and evasults quite well.
nescent waves are subject to reflections, transmission, and The light generated in the organic emitting layer travels
absorption, which can be calculated, without any approxithrough the organic layer, the transparent electrode, and the
mation, according to the Fresnel equations for multilayerglass substrate before being extracted out into air. Due to
structures. With the transfer-matrix method, we can thererefractive index mismatch, most of the light will be totally
fore calculate the propagation of the source fields to theeflected internally inside the organic layer and glass sub-
outside, including all interference effects. Finally, the far-strate as waveguide modes. Because the organic layer is very
field emission patterfPoynting vector flux per unit solid thin, the guided mode intensity inside the organic layer is not
angle can be calculated with the following expression: strong and much of the light is guided inside the substfate.
In our experiment, the intensity enhancement of the normal
direction is only 10%, less than that obtained using low in-
5, (3) dex aerogel method. That is because the straight pores in the
NeKz e AAO film is not highly order, which deteriorates the en-
hancement. However, we believe there is still much room for
where E,; is the calculated electrical field outside the improvement in the nanoporous structure. Further work will
OLED in terms of the total dipole radiation powerjs the  be undertaken on fabrication highly ordered nanoporous film
refractive index, and, is the normal component of the and optimization of the cell size and pore diameter to obtain
wave vector, and the subscrimisande denote the outside higher coupling efficiency enhancement.
medium and emitting layer, respectively. In this calcula-
tion, the wavelength dipole oscillator strength and modi-
fication of the spontaneous radiative decay rate have alsQ concLUSION
been taken into account.

In this model calculation, the optical constants of the In this paper, we have demonstrated a structure using
various layers are important parameters for Fresnel coeffinanoporous substrate for organic light emitting device to en-
cients calculation. For the anode and cathode layers and dnance the out-coupling efficiency. The self-organized, highly
ganic films, these parameters are measured using spectierous material with nanosize channels were obtained using
scopic ellipsometry. For the nanoporous AAO film, we the technique of anodic alumina oxidation together with a
applied the effective medium theoiEMT) to obtain the transfer process. That process enables a smooth surface to be
optical constants. It has been reported that EMT can be useaailable for OLED formation. Experimentally, 200% photo-
to model the propagation of waves in a media with corrugaiuminescence and 50% electroluminescence enhancement
tion with a characteristic dimension in the subwavelengthwere realized from the device based on the formed nanopo-
region’® The formed nanoporous AAO is considered to berous substrate. We have also successfully modeled the optical
an array of circular rod with relative permittivity, (=1for  properties of the nanoporous film using the EMT and simu-
air hole, immersed in a material of relative permittivigy ( lated the emission angular distribution of the devices. The
=2.72 for anodized aluminaSo the effective permittivitey ~ theoretical calculations and the experimental results agree
can be expanded as a power series of the period-towith each other very well, indicating that our explanation is
wavelength ratiax as given by valid. Finally, it is believed that larger enhancement in PL

Emitting layer

Al cathode

ﬁ _ |E ‘Znokz,oz
dQ - outl
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