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Abstract 
Nanostructured OLED light extraction films have been 
made via roll-to-roll coating processes. Their on-axis and 
integrated outcoupling efficiencies reach 2X and 1.3-1.8X, 
respectively. Optical performance and effects of the 
nanostructured film on pixel blur and image ghosting will 
be discussed. 

 
1. Introduction 

 
External efficiency of organic light emitting 

devices (OLEDs) is a critical parameter for all OLED 
applications ranging from high-resolution displays to 
lighting, since it influences important device 
characteristics such as power consumption, luminance 
and lifetime. It has been demonstrated by a number of 
groups that OLED external efficiency is greatly 
limited by optical losses within the OLED stack itself. 
These include unextracted waveguide modes within 
the high-index organic layers and indium tin oxide, 
and within typical substrates [1]. Additional losses 
may originate upon exciton quenching at metal 
electrode surfaces. In a device with a maximum 
possible internal efficiency (100% internal), about 75-
80% of this efficiency is dissipated internally due to 
above-mentioned losses. Among the variety of 
approaches that have been proposed for addressing the 
OLED optical losses and improving OLED light 
extraction, the most prominent ones include external 
or internal scattering layers based on random arrays of 
scatterers, internal regular photonic crystal structures, 
special high-index substrates, low-index OLED 
materials, microcavities, and special patterns at the 
organic/metal electrode interface [2] . 

3M has been developing a film-based OLED 
light extraction solution based on roll-to-roll 
fabricated nanostructures. The nanostructures are 

capable of redirecting light which is tightly confined 
within high-index organic layers or undergoing total 
internal reflection within the OLED substrates. In this 
paper, we report on both random and regular 
nanostructures which are incorporated between layers 
of large refractive index contrast within the OLED 
device stack to improve device light outcoupling 
efficiency. 

 
 

2. Experimental  
 

Nanostructured light extraction films were 
fabricated in a roll-to-roll process, details of which 
have been discussed elsewhere [3]. 

Green, Red and Blue bottom-emissive OLEDs 
with general architecture ITO/HIL/HTL/EML/ETL/ 
/cathode were fabricated on the nanostructured light 
extraction films and control glass and film substrates 
at standard vacuum deposition conditions at base 
pressure of ca. 10-6 torr. 

Electrical and optical performance of resulting 
OLEDs was evaluated in a number of ways, using 
PR650 camera coupled to Keithley2400 Sourcemeter 
for on-axis LIV, EL spectra and goniometric tests, and 
using ConoScope-80TM (Autronic Melchers GmbH, 
Germany) for conoscopic angular measurements. 

 
 

3. Results and discussion 
 

A typical light extraction structure as applied 
to the bottom-emissive OLED stacks reported herein 
includes the nanostructured layer at the interface 
between the indium-tin oxide (nITO ~ 2.1) and 
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Figure 1. a. Relative on-axis efficiency and b. 
voltage at 20mA/cm2 for green OLEDs made with 
conformal high-index coatings, and c. relative on-
axis efficiency and d. voltage at 20mA/cm2 for 
green OLEDs made with high-index coatings. 
 
 
 

substrate (nS ~ 1.4-1.5). Previous studies have 
concluded that modulating the refractive index in the 
nanostructured layer is critically important for 
efficient light outcoupling enhancement.  
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Figure 2. On-axis efficiency of a. red,  b. green 
and c. blue OLEDs on nanostructured films. 
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Our studies indicate that it is also essential to 
induce adequate planarization over the nanostructures 
prior to electrode deposition. The planarization cannot 
be accomplished with conventional high-index 
materials such as SixNy commonly deposited via a 
plasma-enhanced chemical vapor deposition 
(PECVD) process due to the conformal nature of the 
coatings. Morphological non-uniformities resulting 
from conformal high-index coatings may lead to 
undesirable variations in the current-voltage behavior 
of OLEDs [4]. Figure 1 compares the statistics of 
relative OLED efficiency and voltage data for a set of 
nanostructures overcoated with a conformal a high-
index material (Figure 1a,b) and a planarizing high-
index material developed in our laboratory (Figure 
1c,d).  

 
a. 

 
b. 

 
Figure 3. Angular luminance distributions of green 
OLEDs fabricated on a. control and b. nano-
structured film substrates. 
 

 
Efficiency data for each OLED sample was 

normalized to the efficiency of a corresponding 
control pixel which was prepared without the light 
extraction nanostructure. Figures 1a and 1b show that 

with the conformal high-index coating, significant 
variability is observed both in optical and electrical 
characteristics of the devices. Such variability is 
reduced dramatically upon introducing the planarizing 
material (Figure 1c,d); moreover,  larger average 
efficiency enhancement is observed with the 
planarizing material. 

On-axis efficiency enhancement for green 
(λEL = 510nm), blue (λEL = 460nm)   and red (λEL = 
620nm) OLED constructions built on top of identical 
nanostructured films planarized with the high-index 
material is illustrated in Figure 2. Up to 1.7X, 2.2X 
and 1.7X outcoupling enhancement is observed with 
the nanostructured film for red, green and blue 
OLEDs, respectively, compared to the control devices 
made without the nanostructures, thus demonstrating 
the broadband effectiveness of this approach.  

 
a. 

 
  b. 

 
Figure 4. Pixel blur effects of the 70um wide OLED 
line-wise pattern with a. external microlens films 
and b. nanostructured film. 
 
 

Analysis of the far-field emission reveals 
pattern-wise but fairly uniform angular luminance 
distribution (see Figure 3). It should be noted that 
angular luminance distributions with the 
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nanostructured films depend on the magnitude of 
microcavity effects pre-built into OLED stacks as well 
as to some extent on spectral emission characteristics. 

OLED light extraction solutions dealing with 
optical losses due to total internal reflection such as 
microlenses, brightness enhancement films and 
microprisms have been shown to have limited 
applicability to high-resolution displays because of 
substantial pixel blur effects [5]. We have mimicked a 
monochrome high-resolution OLED pattern by 
proving high-resolution patterning of indium-tin oxide 
anode, and studied the effects of both external 
lenticular films prepared at 3M as well as effect of 
nanostructured films onto pixel blur (Figure 4). Figure 
4 shows that, while external microlens films cause 
complete blurring of the 70um wide line-wise OLED 
pattern, with the nanostructured film the pattern is 
preserved. 

 
 

4. Summary 
 

Practical application of the light extraction 
film in displays and lighting products requires the film 
to be compatible with existing or developmental 
OLED manufacturing processes, materials, and device 
architectures. It also imposes a need for a low-cost 
manufacturing solution for the film itself, dictating 
development of continuous web coating and 
nanostructuring solutions. We believe the film 
approach may be a viable alternative for OLED 
outcoupling not only for low-resolution and lighting 
applications, but for high-resolution displays as well. 
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