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Improvement of output coupling efficiency of organic light-emitting diodes
by backside substrate modification
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The emission intensity of an organic light-emitting diode at normal viewing angle and the total
external emission efficiency have been increased by factors of 9.6 and 3.0, respectively, by applying
spherically shaped patterns to the back of the device substrate. The technique captures light
previously lost to waveguiding in the substrate and, with proper choice of substrate, light previously
lost to waveguiding in the organic/anode layers. A method of applying the technique using
laminated films and an optical model for evaluating coupling efficiency are also present&00®
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A critical factor in determining the power efficiency of where the subscript pl denotes the case of a planar substrate.
organic light emitting diodesOLEDs) is the coupling effi- ~ The fraction of light trapped in the substratgy, s p@nd in
ciency (epex With which internally generated light is the organic/ITO layersye, o are given by
coupled out of the device. In this article we demonstrate a
method based on surface texturing of the substrate which, ep.subs - C0SOorg.c1~ COSBorg 2 2
when compared with devices fabricated on typical plgnar Nep.org= COSOorg.c2- (3)
glass substrates, can at least double the coupling efficienc
when glass substrates are used and at least triple it Whé%lprthermore, the external luminous intensity distribution,
high-index plastic substrates are used. The work is accompdthereds is the viewing angle in the far field, under the same
nied by modeling, as well as demonstration of how the fa@Ssumptions, is given By
field intensity distribution can be tuned.

. . : : F nZ;, cosfy;
The typical OLED consists of a multilayer sandwich of a | i) = 4
_ ext,pl( ff) 2 2’ ( )
pla_nar gl_ass sybstrateSl(b~l mm, ng,,—=1.51), a layer of L Nair
indium—tin—oxide(ITO) (t;;o~100 nm,n;;o~1.8), one or Norg \ 1| ——sin by
org

more organic layerstf,;~0.1nm,n,,=1.6-1.8), and a re-
flecting cathodde.g., Mg:Al or Li:Al), wheret refers to the  which approximately resembles the cosine intensity profile
layer thickness and refers to the index of refraction. The of a Lambertian emitter. In Eq4), we assume that all light
coupling efficiency problem in OLEDs is well known and incident an interface at angles less than the critical angle is
results from light trapping in the high-index materialShis  completely transmittedreferred to as thd=1 case¢; one
problem can be easily analyzed if microcavity effects arecan also calculaté,(6s) assuming the other extreme,
ignored and there is no diffuse scattering at interfaces. If alivhere any light incident at angles less than the critical angle
surfaces are planar, light emitted from the backside of thend internally reflected by the substrate—air interface is com-
substrate will originate only from light emitted at angles lesspletely lost due to a completely absorbing cathode. This was
than the organic-air critical anglef,qc1, given by calculated in Fig. &) (labeled T#1) using the standard
sin‘l(nai,/no,g) (ray | in Fig. 1. Light emitted at angles Fresnel equationéomitted for brevity for the substrate—air
larger thanfgqc1, but smaller than the organic-substrateinterface assuming equal contributions from transverse elec-
critical angle,f,4,c2, given by sirTl(nsubs/norg), are trapped tric and transverse magnetic modes. Both produce similar
in the substratdray Il in Fig. 1). Light emitted at angles profiles at small angles, and differ slightly at large angles
larger thand, ., are trapped in the organic and ITO layers [see Fig. 2a)].
collectively (ray lll in Fig. 1), and will likely be quickly For glass substrates and typical index of refraction or-
absorbed by the ITO or at the cathdde. ganic layerde.g.,nqq~ 1.7), the external coupling efficiency
Assuming the cathode is a perfect reflector, so that lights only ~17%. Most internally generated light is thus trapped
internally reflected towards the cathode and light reflected
from the glass—air interface near the critical angle is eventu-

ally emitted, and assuming isotropic emission in the organic
layer, it is well known that the fraction of generated light Substrate / /\ 1
escaping from the substratgq, ey piis>” ITO [/ /\111
Organic
fonc1 . 1 .n"f.-".n"/f;‘;vﬂfffff/fwff/ff{fffa
Nep.ext,pi™ fo Sinfdf=1—C0SOygc1~ oz (1) Cathode Emitter
org

FIG. 1. Ray diagrams in planar OLEDs demonstrating loss by light trapping
in the substratéray 1) and in the organic/anode layemsy 1l1). Only light
dElectronic mail:sturm@ee.princeton.edu emitted at sufficiently small angles will escafray I).
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FIG. 3. Use of spherical surface features to improve external efficiency. The
relevant parameters shown are given for each experimental trial in Table I.
Note that the ray used to define the far-field andgg, is drawn for thed

=0 case, while in the diagramh the offset between the center of curvature
of the lens and the OLED, is drawn as nonzero so that it can be clearly
identified. Inset: Spherical features implemented as a plastic lens array lami-
nated to a planar substrate.

[lext,sd @) ] would then take on the same form as inside the
substratd | g,pd Osupd 1,

I ext,s;{ 0= 05) =l supd 0= Osupd

F N2,pC0S6 -
2 2’
2 Nsubs .
n 1- siné
org n
org

where the subscript sp denotes the case of the spherical sub-
strate features. This concept has long been known for crys-
talline semiconductor LEDY and spherical substrate fea-
tures have previously been used with OLEDs to eliminate
microcavity effects, but the effect on external coupling effi-
ciency and the far field emission pattern was not described.
As will be shown, by matching the index of the substrate to
the index of the emitting material in addition to shaping the
substrate, one can potentially eliminate all of the external
coupling losses in the device.

Increased efficiencies were demonstrated by fabricating
OLEDs on glass and polycarbonateC) substrates coated
with ~100 nm of ITO. The OLEDs were made by spinning
on a single polyN-vinycarbazol®PVK)/2-(4-bipheny)

FIG. 2. (a) Measured far-field intensity distribution pattern for planar glass -5-(4-tert-butylpheny}1,3,4-oxadiazol®BD)/Coumarin 6
substrate and the expected profiles of a Lambertian emitter, antitle  (Cg) layer, and evaporating a Mg:Ag cathdd&he index of

[Eqg. (4)] and T#1 refraction models(b) Experimental results for glass : .
substrate devices with and without lenses. Experimental results for PC refraction of the organic layer was measured to be 1.67

substrate devices with and without lenses. along with the planar glass sust 0.01 by ellipsometry ak =634 and\ =830 nm. The typi-
strate results. cal device cathode was a circle 1.75 mm in diameter.
Figure Za) shows the far field pattern of a planar device

within the device. The external coupling efficiency has beeron a glass substratsee trial 1 in Table)l along with the
improved by a factor of 1.20.2 by etching grooves in the expected profile of a Lambertian emitter, and The 1 [Eq.
glass around the OLED to redirect light trapped in the sub{4)] and T#1 refraction models. Within our uncertainty,
strate and organic/ITO layersThis method does not lend each profile reasonably matches the data. In a first experi-
itself well to the fabrication of device arrays, however, wherement (trial 2), a glass planoconvex lens was attached using
metal lines and/or circuitry for passive or active matrix driv- an index matching gel to the substrate under an OLED fab-
ers would have to cross the deep grooves. ricated on planar glasfMeasured far-field patterns for trials

A solution to the light-trapping problem which preserves1-4, as given in Figs.(2) and 2b), were normalized by the
a planar surface for device processing is to pattern the backiormal emitted intensity of the planar devi¢gial 1)]. A
side of the substrate in the shape of a sphere with the emitlear increase in the normal emissi@6x) and the total
ting layer at its center, Fig.(8). For spherical shapes sub- integrated emissiof2.0X) (not including edge emissidmc-
tending a large solid angle of emitted rays, light previouslycurred. Note that the far-field intensityx(6x), must be
trapped in the substrate would be emitted. Not only wouldweighted by sing;) when integrating oveéy to get the total
the total external efficiency be increased, but because all rayamission intensitydue to the larger solid angle at larg#y).
would impinge normally on the substrate—air interface, theWhen the lens was added, light emitted out of the edge of the
normal emitted intensity would also be increased as a resuilass (i.e., light trapped in the substratevas reduced by

of the reduced refraction. The far-field intensity distribution42%=* 6%, clearly demonstrating redirection of light previ-
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TABLE I. Substrate and lens paramet¢as defined in Fig. @)] for different external coupling experiments.
I ormal/l o @ndF/F represent the ratio of normal emission intensity and total surface emitted light respectively
to the results obtained for identical devices fabricated on planar substrates of the same substrate material.

Substrate Lens RIens Plens tsubs,eff d Inorma\llI 0 F/FD

Trial material material (mm)  (mm)  (MM)  Ogypsmax (MM *+0.1 +0.1
1 Glass =1.51) N/A N/A N/A 0.7 N/A N/A 1.0 1.0
2 Glass =1.51) Glassii=1.51) 34 34 0.7 78°  +1.0 3.6 2.0
3 Glass =1.51) Glass(i=1.51) 3.4 3.4 2.0 60° +2.3 9.5 1.6
4 Glass =1.51) Silicone 6=1.41) 2.7 2.4 1.9 51° +0.6 2.1 1.6
5 PC (h=1.59) N/A N/A N/A 1.0 N/A N/A 1.0 1.0
6 PC (h=1.59) Epoxy 6=1.61) 2.7 2.4 1.0 67° —0.3 1.6 3.0

ously lost to waveguiding in the substrate into the forwardfraction. With a substrate with an index matched or slightly
direction. Removing the lens and the index matching gehigher than the organie.g.,n~1.68 and a larger lens, the
caused the emitted the light profile to revert back to its origi-total emitted light could be improved by as much as a factor
nal shape. of five. The factor of three improvement observed here is
The sharp peaking of the emission profiles., the in- limited primarily by the finite extent of the lens, and the
crease in the normal emission and the decrease in large-anglightly lower index of refraction of the substrate than the
emission occurred because the OLED was slightly beloworganic layer.
the center of curvaturéut still well above the focal poiit In our work we have used large LEQOdiameter 1.75
of the lens, leading to a slight focusing effect. This effectmm) and large lense&iameter~few mm) for experimental
was exaggerated in trial 3, when the substrate thickness wasmplicity. Clearly the results should scale if the glass thick-
intentionally increased from 0.7 to 2.0 mm. This resulted inness, lens diameter, and OLED diameter are all similarly
an even more highly focused beam, with a nearly1i0- reduced. Therefore, scaling t6100 um bottom-emitting
crease in normal emitted intensity. OLEDs for small pixels would require thin substrates, such
To demonstrate a practical method for implementing thisas plastic foils>1° Further work is underway to implement
technique in manufacture, we then created a thin array athis technique using planar lensésg., Fresnel, thin film,
transparent microlenses in a molded silicone shegt (etc..) and to compare our results with simple backside sur-
=1.41). Liquid General Electric RTV615 silicone rubber face roughness.
compound was poured after mixing into a machined teflon  In summary, a technique for increasing the total emitted
mold and allowed to harden, with resulting lens dimensionfficiency of an OLED by at least a factor of three has been
given in Table | for trial 4. This sheet was then laminated todemonstrated with the patterning of features on the back of
the planar glass substrate after OLED fabricafieiy. 3b)].  the substrate. To achieve maximum impact, one must not
In this case the center of curvature was closer to the OLEDgnly capture light waveguided in the substrate, but also light
resulting in a less focused emission profile, with decreasedaveguided in the organic/ITO layers, which we accom-
normal emission compared to trial 2, but larger large-anglglished by using high-index transparent substrates. By ad-
emission. The improvement in total emitted light, however,justing the location of the center of curvature of the surface
was limited by the relatively small size of the lens we fabri- features, and the shape of the features, the far-field emission

cated. pattern can be tuned.
The above experiments can at best hope to capture light )
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