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OPTICAL STACK FOR IMPROVED COLOR
UNIFORMITY IN OLED DISPLAY

BACKGROUND

[0001] Organic light emitting diode (OLED) displays
often produce a light output having a color that varies with
view direction.

[0002] U.S. Pat. Appl. Pub. No. 2010/0110551 (Lamansky
et al.) describes a multifunctional optical film for enhancing
light extraction that includes a flexible substrate, a structured
layer, a high index backfill layer, and an optional passivation
layer. The structured layer effective uses microreplicated
diffractive or scattering nanostructures located near enough
to the light generation region to enable extraction of an
evanescent wave from an OLED device.

[0003] U.S. Pat. No. 8,538,224 (Lamansky et al)
describes a light extraction film having internal nanostruc-
tures and external microstructures for OLED devices. The
light extraction film includes a flexible substantially trans-
parent film, a low index nanostructured layer applied to the
film, and a high index planarizing backfill layer applied over
the nanostructured layer. External optical microstructures
are applied to the flexible substantially transparent film on a
side opposite the nanostructured layer to enhance light
extraction from the OLED devices while providing for a
more uniform luminance distribution.

[0004] U.S. Pat. No. 8,541,778 (Seki et al.) describes a
diffraction grating having a transparent supporting substrate;
and a cured resin layer which is stacked on the transparent
supporting substrate and which has concavities and convexi-
ties formed on a surface thereof, wherein when a Fourier-
transformed image is obtained by performing two-dimen-
sional fast Fourier transform processing on a concavity and
convexity analysis image obtained by analyzing a shape of
the concavities and convexities formed on the surface of the
cured resin layer by use of an atomic force microscope, the
Fourier-transformed image shows a circular or annular pat-
tern.

Summary

[0005] In some aspects of the present description, an
organic light emitting diode (OLED) display including an
emissive OLED layer and a nanostructured interface
between first and second layers is provided. The second
layer disposed between the first layer and the emissive
OLED layer, the first layer has a first refractive index, the
second layer has a different second refractive index being at
least 1.4, and the nanostructured interface is disposed proxi-
mate to an outside an evanescent zone of the emissive OLED
layer. The nanostructured interface has a substantially azi-
muthally symmetric power spectral density, PSD, and a
wavenumber-PSD product having a maximum for a wave-
number larger than 6 radians/micrometer times the second
refractive index. For all wavenumbers less than 6 radians/
micrometer times the second refractive index, the wavenum-
ber-PSD product is no more than 0.3 times the maximum.
[0006] In some aspects of the present description, an
organic light emitting diode (OLED) display including an
emissive OLED layer, a nanostructured interface disposed
proximate to the emissive OLED layer, and an interior layer
disposed between the emissive OLED layer and the nano-
structured interface is provided. When the display is fully
on, a first light output from the emissive OLED layer at a
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view angle of zero degrees relative to a normal to the display
has a first color in the interior layer and a second color
exterior to the display, and a second light output from the
emissive OLED layer at a view angle of 45 degrees relative
to the normal to the display has a third color in the interior
layer and a fourth color exterior to the display. The first and
third colors having a first chromaticity distance therebe-
tween, and the second and fourth colors having a second
chromaticity distance therebetween. The nanostructured
interface is configured such that the second chromaticity
distance is less than 0.75 times the first chromaticity dis-
tance.

[0007] An organic light emitting diode (OLED) display
including an emissive OLED layer and a nanostructured
interface between two adjacent layers is provided. The
nanostructured interface has a substantially azimuthally
symmetric power spectral density and is disposed proximate
to and outside an evanescent zone of the emissive OLED
layer. The nanostructured interface is configured to provide
substantially no diffractive transmission for light from the
emissive OLED layer at a view direction normal to the
emissive OLED layer and is configured to provide diffrac-
tive transmission for light from the emissive OLED layer in
at least some view directions at an angle greater than 10
degrees to normal.

[0008] In some aspects of the present description, an
organic light emitting diode (OLED) display an emissive
OLED layer, and a nanostructured interface between first
and second layers is provided. The second layer disposed
between the first layer and the emissive OLED layer, the first
layer has a first refractive index, and the second layer has a
different second refractive index, the second refractive index
being at least 1.6. The nanostructured interface is disposed
proximate to and outside an evanescent zone of the emissive
OLED layer. The nanostructured interface has a variance in
displacement from a mean displacement of the interface,
Var, and a substantially azimuthally symmetric power spec-
tral density, PSD. A first integral of the PSD over an area
bound by a circle in Fourier space centered at zero wave-
number and having a radius of 9 radians/micrometer times
the second refractive index is no more than 4 times Var.
[0009] In some aspects of the present description, a
method of reducing variation of color with view angle in an
organic light emitting diode (OLED) display is provided.
The method includes providing an encapsulated emissive
OLED layer and disposing an optical stack onto the encap-
sulated emissive OLED layer. The optical stack includes a
nanostructured interface between continuous first and sec-
ond layers, the second layer disposed between the first layer
and the encapsulated emissive OLED layer, the first layer
having a first refractive index, the second layer having a
different second refractive index, the optical stack config-
ured to reduce color variation with view angle of light output
from the OLED display. The nanostructured interface has a
substantially azimuthally symmetric power spectral density.
[0010] In some aspects of the present description, the use
of an optical stack for reducing variation of color with view
angle in an organic light emitting diode (OLED) display is
provided. The optical stack includes a nanostructured inter-
face between first and second layers, where the first layer has
a first refractive index and the second layer has a different
second refractive index. The optical stack is disposed on an
encapsulated emissive OLED layer with the second layer
between the first layer and the encapsulated emissive OLED
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layer. The nanostructured interface has a power spectral
density such that for any first wavevector having a first
magnitude between 10 radians/micrometer times the second
refractive index and 13 radians/micrometer times a sum of
the second refractive index and 0.8, a maximum difference
between a local average of the power spectral density at the
first wavevector is between 0.7 and 1.3 times an annular
average of the power spectral density at the first wavevector.
The local average is an average of the power spectral density
over an annular sector in Fourier space centered on the first
wavevector and having an inner radius of 0.9 times the first
magnitude, an outer radius of 1.1 times the first magnitude,
and a subtended angle of 60 degrees. The annular average is
an average of the power spectral density over an annulus in
Fourier space having an inner radius of 0.9 times the first
magnitude and an outer radius of 1.1 times the first magni-
tude.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a cross-sectional view of an organic light
emitting diode (OLED) display;

[0012] FIG. 2 is a schematic illustration of a region in
Fourier space in which the power spectral density (PSD) of
a nanostructured interface is concentrated;

[0013] FIG. 3A is a schematic illustration of a PSD of a
nanostructured interface as a function of wavenumber;
[0014] FIG. 3B is a schematic illustration of a wavenum-
ber-PSD product of a nanostructured interface as a function
of wavenumber;

[0015] FIG. 4A is a schematic illustration of a PSD of a
nanostructured interface as a function of wavenumber;
[0016] FIG. 4B is a schematic illustration of a wavenum-
ber-PSD product of a nanostructured interface as a function
of wavenumber;

[0017] FIG. 5 illustrates an annular sector and an annulus
in Fourier space;

[0018] FIG. 6 is a schematic illustration of a tool for
making a nanostructured interface;

[0019] FIG. 7 is a cross-sectional view of an OLED
display;
[0020] FIG. 8A-8B are plots showing the variation of

color output of OLED displays with view angle;

[0021] FIG. 9 is a schematic illustration of a pixelated
display;
[0022] FIG. 10 is a plot of the on-axis spectrum produced

by an OLED display;

[0023] FIG. 11 is a flow chart illustrating a method of
reducing variation of color with view angle in an OLED
display;

[0024] FIG. 12 is an illustration of an optical stack of
Comparative Example Cl;

[0025] FIG. 13 is a contour plot of the power spectral
density of the interface of FI1G. 12;

[0026] FIG. 14 is an image of a nanostructured surface of
a tool;
[0027] FIG. 15 is a plot of the PSD of the nanostructured

surface of the tool of FIG. 14;

[0028] FIG. 16 is a plot of the wavenumber-PSD product
of the nanostructured surface of the tool of FIG. 14;

[0029] FIG. 17 is an image of a nanostructured surface of
a tool;
[0030] FIG. 18 is a plot of the PSD of the nanostructured

surface of the tool of FIG. 17,
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[0031] FIG. 19 is a plot of the wavenumber-PSD product
of the nanostructured surface of the tool of FI1G. 17;

[0032] FIG. 20 is a plot of the PSD of a nanostructured
interface;
[0033] FIG. 21 is a plot of the wavenumber-PSD product

of a nanostructured interface;

[0034] FIG. 22 is a plot of the PSD of a nanostructured
interface; and
[0035] FIG. 23 is a plot of the wavenumber-PSD product

of a nanostructured interface;

[0036] FIG. 24 is an image of a nanostructured surface of
a tool;
[0037] FIG. 25 is a plot of the PSD of the nanostructured

surface of the tool of FIG. 24; and
[0038] FIG. 26 is a plot of the wavenumber-PSD product
of the nanostructured surface of the tool of FIG. 24.

DETAILED DESCRIPTION

[0039] In the following description, reference is made to
the accompanying drawings that forms a part hereof and in
which various embodiments are shown by way of illustra-
tion. The drawings are not necessarily to scale. It is to be
understood that other embodiments are contemplated and
may be made without departing from the scope or spirit of
the present disclosure. The following detailed description,
therefore, is not to be taken in a limiting sense.

[0040] Organic light emitting diode (OLED) displays
often produce a light output having a color that varies with
view direction. This effect is particularly objectionable in
strong cavity OLEDs where a cavity between the cathode
and anode of the emissive stack of the OLED has an output
that depends on wavelength and view angle approximately
as the cosine of the view angle divided by the wavelength of
the light in the cavity. According to the present description,
optical stacks including a nanostructured interface have been
found that when placed proximate an emissive layer of an
OLED display reduces the variation in color with view
direction without significantly changing the on-axis light
output of the display. A nanostructured interface is an
interface between two materials that includes nanostructures
where nanostructures are structures having a least one length
scale in a range of 1 nm to 1000 nm. In some embodiments,
the nanostructures have a least one length scale in a range of
10 nm to 500 nm, or in a range of 100 nm to 350 nm.
[0041] FIG. 1is a cross-sectional view of an organic light
emitting diode (OLED) display 100 including an optical
stack 101 disposed proximate to and outside of an evanes-
cent zone 138 of an emissive OLED layer 130. The eva-
nescent zone 138 typically extends only a few wavelengths
of visible light from the emissive OLED layer 130 in the
z-direction. OLED stack 131 contains emissive layer 130,
electrodes 132, and hole transport layer 133. An inner layer
134 separates the optical stack 101 from the emissive OLED
layer 130. Inner layer 134 may be an encapsulant for the
emissive OLED layer 130. The optical stack 100 includes
nanostructured interface 102 disposed between first and
second layers 110 and 120, with the second layer 120
disposed between the first layer 110 and the emissive OLED
layer 130. The nanostructured interface 102 has a displace-
ment 106, which will be denoted h(x,y), from a mean plane
104. The nanostructured interface 102 is disposed at a
distance d from the emissive OLED layer 130. The distance
d is the distance from the mean plane 104 to the top of the
emissive OLED layer 130. In some embodiments, d is at
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least 5 micrometers, or at least 10 micrometers and in some
embodiments, d is no more than 100 micrometers, or no
more than 50 micrometers. The nanostructured interface 102
has a plurality of peaks 103 and an average spacing S
between nearest neighbor peaks. As used herein, averages
refer to unweighted arithmetic averages unless specified
differently. The variance of the displacement 106 from the
mean plane 104 of the nanostructured interface 102 will be
denoted Var. FIG. 1 also illustrates a cone of view 147 for
a pixel in the display 100, the cone of view 147 has a
half-angle 6 relative to a normal 146 to the display 100. The
half-angle 8 may be 60 degrees, for example.

[0042] In some embodiments, the first and second layers
110 and 120 are polymeric layers having a continuous
polymeric phase. Either of the first and second layers 110
and 120 may include inorganic nanoparticles in order to
modify the refractive index. Such nanoparticles typically
have an average size less than 100 nm (the average size can
be determined from the average volume V of the nanopar-
ticles (unweighted arithmetic average) as (6 V/m)'?). In
some embodiments, a tool having a desired nanostructured
surface is used to form the first layer 110 in a continuous cast
and cure process as described further elsewhere herein. The
second layer 120 can be formed by backfilling a nanostruc-
tured surface of the first layer 110 with a crosslinkable
composition, for example. The backfill material can be
applied to form the second layer 120 using, for example, one
of the following methods: liquid coating; vapor coating;
powder coating; lamination; dip-coating; or roll-to-roll coat-
ing. In some embodiments, the backfill material forms a
planar surface opposite the nanostructured interface. Each of
the first and second layers 110 and 120 may be continuous
layers (e.g., a layer with a continuous polymeric phase).
Each of the first and second layers 110 and 120 may be solid
layers (e.g., hard or soft polymeric layers).

[0043] The first layer 110 may be a crosslinked resin layer
and may have a refractive index in the range of 1.2 to 1.6,
or in the range of 1.4 to 1.55, for example. As used herein,
refractive index refers to the refractive index measured at
532 nm, unless specified differently or unless the context
clearly indicates differently. In some embodiments, the
second layer 120 has a refractive index of at least 1.4, or at
least 1.5, or at least 1.6, or at least 1.7, or at least 1.75. In
some embodiments, the second layer 120 has a refractive
index larger than that of the first layer 110. The first and
second layers 110 and 120 provide a refractive index con-
trast (absolute value of the difference in the refractive index
of the second layer 120 and the refractive index of the first
layer 110) across the nanostructured interface 102. In some
embodiments, the refractive index contrast is constant along
the nanostructured interface 102. In some embodiments, the
refractive index contrast is in a range of 0.1, or 0.2, or 0.3
to 1.0. In some embodiments, the first layer 110 is an
ultralow refractive index material, such as those described in
U.S. Pat. App. Pub. No. 2012/0038990 (Hao et al.) which is
hereby incorporated herein by reference to the extent that it
does not contradict the present description, and has a refrac-
tive index in a range of 1.2 to 1.35 and the second layer 120
is a high index layer having a refractive index greater than
1.7.

[0044] Typically, it is desired to have a large refractive
index contrast, since diffracted power transmitted through
the nanostructured interface is proportional to the square of
the refractive index contrast, and this can be achieved by
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utilizing a high refractive index material for the second layer
120. Examples of suitable materials for the second layer 120
include the following: high index inorganic materials; high
index organic materials; a nanoparticle filled polymer mate-
rial; silicon nitride; polymers filled with high index inor-
ganic materials; and high index conjugated polymers.
Examples of high index polymers and monomers are
described in C. Yang, et al., Chem. Mater. 7, 1276 (1995),
and R. Burzynski, et al., Polymer 31, 627 (1990) and U.S.
Pat. No. 6,005,137, all of which are incorporated herein by
reference to the extent that they do not contradict the present
description. Examples of polymers filled with high index
inorganic materials are described in U.S. Pat. No. 6,329,058,
which is incorporated herein by reference to the extent that
it does not contradict the present description. Examples of
nanoparticles for the nanoparticle filled polymer material
include the following high index materials: TiO,, ZrO,,
H/0,, or other inorganic materials.

[0045] In some embodiments, the nanostructured interface
102 has a substantially azimuthally symmetric power spec-
tral density (PSD). The PSD is given by taking the magni-
tude squared of the two-dimensional Fourier transform of
the displacement h(x,y), also denoted h(x ), where x =(x,y)
is a vector in the x-y plane, over an area of the x-y plane and
dividing by the area for an area sufficiently large compared
to an average spacing between peaks in h(x,y) so that the
ratio of the magnitude squared of the Fourier transform to
the area is approximately independent of the area. The PSD
at a wavevector, k, (also denoted k), can be expressed as

f &2y e i)

A

L1 2
PsD(K) = ~

for sufficiently large area, A. Typically, the average spacing
is less than 1 micrometer and a square area 10 micrometers
by 10 micrometers is a sufficiently large area for determining
the PSD. PSDs have units of length to the fourth power. It
follows from the definition of the PSD that the two-dimen-
sional Fourier space integral of the PSD is equal to (2m)*
times the variance Var of the displacement from the mean
displacement of the nanostructured interface. It has been
found that utilizing the substantially azimuthally symmetric
power spectral densities described herein are useful for
providing a desired color correction without significantly
altering on-axis output (e.g., brightness, color and contrast)
of the OLED display when the PSD is suitably chosen.

[0046] FIG. 2 is a schematic illustration of a region in
Fourier space in which the power spectral density (PSD) of
a nanostructured interface is concentrated. Annulus 212 is a
two-dimensional region in Fourier space bounded by inner
circle 214 and outer circle 216, both of which are centered
at zero wavenumber 222. Inner circle 214 has a radius of kin,
which may be described as the inner wavenumber of the
annulus 212, and outer circle 216 has a radius of kout, which
may be described as the outer wavenumber of the annulus
212. The integral of the PSD over all of Fourier space is
(2m)* times the variance Var, which is described elsewhere
herein. In some embodiments, the integral in Fourier space
of the PSD over the area 213 contained in and bound by the
circle 214 is no more than 4 times Var, or no more than 2
times Var, or no more than Var. In some embodiments, the
integral of the PSD over the two-dimensional annulus 212 in
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Fourier space is between 0.8 and 1.0 times (2)° times Var
(ie., at least 0.8 (2m)* Var and no more than (27)* Var), or
between 0.9 and 1.0 times (2)” times Var. In some embodi-
ments, the integral of the PSD over the two-dimensional
annulus 212 in Fourier space is about (2r)* times Var (e.g.,
within 5 percent of (2)* times Var). In some embodiments,
kin is 6 radians/micrometer times the second refractive
index, or 8 radians/micrometer times the second refractive
index, or 9 radians/micrometer times the second refractive
index, or 10 radians/micrometer times the second refractive
index, or 12 radians/micrometer times the second refractive
index, or 13 radians/micrometer times the second refractive
index, or 14 radians/micrometer times the second refractive
index. In some embodiments, kout is 10 radians/micrometer
times the sum of the second refractive index and 0.8, or 12
radians/micrometer times the sum of the second refractive
index and 0.8, or 13 radians/micrometer times the sum of the
second refractive index and 0.8, or 14 radians/micrometer
times the sum of the second refractive index and 0.866, or
16 radians/micrometer times the sum of the second refrac-
tive index and 0.9. In some embodiments, kin is in a range
of 2t radians/(700 nanometers) times the second refractive
index to 27 radians/(400 nanometers) times the second
refractive index. In some embodiments, kin is in a range of
27 radians/(600 nanometers) times the second refractive
index to 27 radians/(500 nanometers) times the second
refractive index. In some embodiments, kout is in a range of
27 radians/(700 nanometers) times the sum of the second
refractive index and 0.8 to 2m radians/(400 nanometers)
times the sum of the second refractive index and 0.9. In
some embodiments, kout is in a range of 27w radians/(600
nanometers) times the sum of the second refractive index
and 0.866 to 27 radians/(500 nanometers) times the sum of
the second refractive index and 0.866. In some embodi-
ments, the emissive OLED layer includes a plurality of
colored subpixels having a shortest center wavelength Aa, a
longest center wavelength, and an intermediate center wave-
length as described further elsewhere herein. In some
embodiments, kin is 1.6mn2/Aa or 1.8tn2/2ha or 2mn2/ha
where n2 is the second refractive index. In some embodi-
ments, kout is 2m(n2+0.866)/Aa or 2m(n2+0.9)ha or 2.2
n(n2+40.9)/Aa or 2.2x(n2+1)/Aa. In some embodiments, kin
is at least 1.67mn2/Aa or at least 1.8mn2/Aa or at least
2mn2/ha, and kout is no more than 2.27t(n2+1)/2.a or no more
than 2.2(n2+0.9)/Aa or no more than 2.2t(n2+0.9)/Aa or no
more than 2a(n2+0.9)/Aa. In some embodiments, kin is in a
range of 1.8an2/ma to 2mn2/ha and kout is in a range of
2m(n2+0.9)/ha to 2.2(n2+0.9)/Aa.

[0047] Any point in Fourier space away from the origin
defines a wavevector from the origin to the point. The
wavevector of light propagating in a medium is a unit vector
in the propagation direction times the refractive index of the
medium times 27 divided by the free-space wavelength of
the light. The magnitude of a wavevector is referred to as a
wavenumber. As used herein, wavevectors and wavenum-
bers are expressed in radians per unit length even if the
radians are not explicitly stated. The PSD is a function of a
two-dimensional wavevector and when the PSD is azimuth-
ally symmetric, the PSD is a function of a wavenumber. The
product of the PSD evaluated at a wavevector and the
magnitude of the wavevector will be referred to herein as a
wavenumber-PSD product which in general is a function of
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the wavevector and when the PSD is azimuthally symmetric,
the wavenumber-PSD product is a function of the wave-
number.

[0048] When light with an incident wavevector is incident
in a medium on a nanostructured interface having a dis-
placement h(x,y) with a peak to peak amplitude that is small
compared to the wavelength of the incident light in the
medium and light with a transmitted wavevector is diffracted
by the nanostructured interface, the diffracted power trans-
mitted through the nanostructured interface is approximately
proportional to the PSD evaluated at the difference between
the horizontal components of the transmitted and incident
wavevectors (e.g., the projection of the transmitted and
incident wavevectors onto the x-y plane of FIG. 1). Light
with an incident wavevector of magnitude (27/A.)(n2), where
n2 is the refractive index of the second layer (e.g., layer 120)
and A is a characteristic wavelength of light from the
emissive OLED layer, can diffract into a direction normal to
the display if the light is incident on the nanostructured
interface at a high incidence angle (so that the horizontal
projection of the incident wavevector has a magnitude of
approximately (27/A)(n2)) with a transmitted diffracted
power proportional to the PSD evaluated at (27/A)(n2).
Since it is often desired for the light output normal to the
display to be substantially unaltered by the presence of the
nanostructured interface, it may be desired for kin to be no
less than (27/A\)(n2). As described further elsewhere herein,
in some cases it may be desired that the nanostructured
interface does not significantly alter the light output for view
angles in air relative to the normal to the display less than a
certain angle ¢. In such cases, it may be desired for kin to
be no less than (27w/A)(n2+sin @).

[0049] The PSD at wavenumbers between kin and kout
provide a gradual increase in diffractive transmission for
increasing view angles relative to the normal to the display
since the area in Fourier space contributing to diffractive
transmission gradually increases. It has been found that this
gradual increase in diffractive transmission provides a
gradual increase in color mixing which results in improved
color uniformity. Light incident on the nanostructured inter-
face with a wavevector having a horizontal component with
a magnitude larger than (27t/A)(n2+sin 0) cannot diffract into
a view angle less than 8 degrees relative to the normal to the
display. If 0 is the maximum view angle (e.g., the half-angle
of the view cone of the display which may be 60 degrees, for
example), then the portion of the PSD with wavenumbers
above (2m/A)(n2+sin 6) do not significantly contribute to
diffractive transmission into the view cone of the display.
Accordingly, in some embodiments, kout is no more than
(2m/A\)(n2+sin 0).

[0050] The characteristic wavelength A chosen to deter-
mine kin may be different from that chosen to determine
kout. For example, the characteristic wavelength for deter-
mining kin may be based on the wavelengths of red emitters
in the OLED display while the characteristic wavelength for
determining kout may be based on the wavelengths of blue
emitters in the OLED display. This may be done to ensure
that the nanostructured interface provides the desired color
mixing effect for all colors in the view cone of the display.
In other embodiments, it may be advantageous for one color
to be diffracted more than the other colors and the charac-
teristic wavelength A may be taken to be the wavelength for
that color in determining both kin and kout. In some
embodiments, the characteristic wavelength A chosen to



US 2020/0127058 A1l

determine both kin and kout is the shortest center wave-
length of the colored subpixels of an OLED display.

[0051] FIG. 3Ais an idealized schematic illustration of the
PSD of a nanostructured interface as a function of wave-
number. In this idealized case, the PSD is non-zero only
between kin and kout and it has a constant magnitude in this
wavenumber range equal to the maximum value of PSD-
max. In other cases, the PSD may not be zero for wave-
numbers k less than kin, may not be constant for k between
kin and kout, and may not be zero for k greater than kout.
The diffracted power through the nanostructured interface is
determined by a two-dimensional integral in Fourier space
over an integrand proportional to the PSD. This two dimen-
sional integral has a differential area element d*k which is
given by k dk dg in polar coordinates with angular coordi-
nate ¢p. Therefore, the diffracted power through the nano-
structured interface is determined by an integral over wave-
number and angular coordinate of an integrand proportional
the product of the wavenumber and the PSD evaluated at a
wavevector having the magnitude of the wavenumber. This
product is referred as the wavenumber-PSD product. FIG.
3B is an idealized schematic illustration of the wavenumber-
PSD product (denoted kPSD) of a nanostructured interface
as a function of the wavenumber. The wavenumber-PSD
product kPSD has a maximum value of kPSDmax.

[0052] FIG. 4A is a schematic illustration of the PSD of
another nanostructured interface as a function of wavenum-
ber. The PSD has a maximum, PSDmax, occurring for a
wavenumber which is larger than kin and which is smaller
than kout. In some embodiments, the wavenumbers kin and
kout are taken to be points on either side of the maximum
PSDmax where the PSD is 0.5, or 0.3, or 0.2, or 0.1 times
its maximum value. In some embodiments, the wavenum-
bers kin and kout are taken to be points on either side of the
maximum kPSDmax where the kPSD is 0.5, or 0.3, or 0.2,
or 0.1 times its maximum value. FIG. 4B is a schematic
illustration of the product of the wavenumber and the PSD
of a nanostructured interface (the wavenumber-PSD product
denoted kPSD) evaluated at the wavenumber as a function
of the wavenumber. The wavenumber-PSD product kPSD
has a maximum value of kPSDmax. In some embodiments,
for all wavenumbers less than kin, the PSD is no more than
0.5 times PSDmax, or no more than 0.3 times PSDmax, or
no more than 0.2 times PSDmax, or no more than 0.1 times
PSDmax. In some embodiments, for all wavenumbers less
than kin, the wavenumber-PSD product is no more than 0.3
times kPSDmax, or no more than 0.2 times kPSDmax, or no
more than 0.1 times kPSDmax, or no more than 0.05 times
kPSDmax. In some embodiments, the preceding ranges hold
when the PSD and the wavenumber-PSD product are
replaced with their respective annularly averaged values,
which is described elsewhere herein, and when PSDmax is
replaced with the maximum of the annularly averaged PSD
and kPSDmax is replaced with the maximum of the annu-
larly averaged wavenumber-PSD product.

[0053] In some embodiments, the two-dimensional inte-
gral in Fourier space over the annulus between kin and kout
is between 0.8 and 1.0 times (2m)” times Var where Var is the
variance of the displacement from the mean displacement of
the nanostructured interface. In some embodiments, the
two-dimensional integral in Fourier space over the area in
the circle having a radius kin and over the region outside a
circle having a radius of kout totals no more than 0.2 times
(2m)* times Var.
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[0054] In some embodiments, the PSD is concentrated
between kin and kout, but there is substantial contribution
(e.g., the PSD may be above 0.05 times PSDmax, or above
0.1 times PSDmax) from wavenumbers larger than kout.
This can result from using a tool, as described elsewhere
herein, in forming the nanostructured interface where the
tool has abrupt changes in height resulting in high wave-
number contributions to the PSD. It is believed that such
long wavenumber contributions typically do not signifi-
cantly affect the color output uniformity of an OLED display
including the nanostructured interface.

[0055] An average of a quantity (e.g., PSD or wavevector-
PSD product) over a region in Fourier space refers to the
integral of the quantity over the region divided by the area
of the region. An annular average of a PSD (or a wavenum-
ber-PSD product) at a wavenumber is an average of the PSD
(or the wavenumber-PSD) product over an annulus in Fou-
rier space having an inner radius of 0.9 times the wavenum-
ber and an outer radius of 1.1 times the wavenumber. In
some embodiments, an annular average of the PSD has a
maximum for a wavenumber larger than kl times the second
refractive index, and the PSD is no more than 0.1, or 0.2, or
0.3 times the maximum annular average for wavenumbers
less than k1 times the second refractive index, for at least
one k1 in a range of 6 to 9 radians/micrometer. In some
embodiments, an annular average of the wavenumber-PSD
product has a maximum for a wavenumber larger than k1
times the second refractive index, and the wavenumber-PSD
product is no more than 0.1, or 0.2, or 0.3 times the
maximum annular average for wavenumbers less than k1
times the second refractive index, for at least one k1 in a
range of 6 to 9 radians/micrometer.

[0056] The wavenumbers kin and kout of FIGS. 3 and 4
may take any of the values described elsewhere herein in
connection with FIG. 2.

[0057] FIG. 5 illustrates an annulus 515 including an
annular sector 517 useful in describing substantial azimuthal
symmetry. The annulus 515 and annular sector 517 are
determined by a first wavevector k1 having a first magnitude
k1. The annulus 515 is the region in Fourier space bounded
by an inner radius Rin of 0.9 times the first magnitude k1 and
an outer radius Rout of 1.1 times the first magnitude k1. The
annulus 515 is centered on the zero wavenumber 522. The
annular sector 517 is centered on the first wavevector k1 and
has a subtended angle of 0. The annular sector is a portion
of the annulus 515 extending an azimuthal angle of one half
o on either side of k1. As used herein, a power spectral
density is substantially azimuthally symmetric if for any first
wavevector k1 having a first magnitude k1 between 10
radians/micrometer times the second refractive index and 13
radians/micrometer times a sum of the second refractive
index and 0.8, a maximum difference between a local
average of the power spectral density at the first wavevector
k1 is between 0.67 and 1.33 times the annular average of the
power spectral density at the first wavevector k1, where the
local average is an average of the power spectral density
over an annular sector 517 in Fourier space centered on the
first wavevector k1 and having an inner radius Rin of 0.9
times the first magnitude, an outer radius Rout of 1.1 times
the first magnitude k1, and a subtended angle of o, where the
annular average is an average of the power spectral density
over an annulus 515 in Fourier space having an inner radius
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Rin of 0.9 times the first magnitude k1 and an outer radius
Rout of 1.1 times the first magnitude k1, and where o is
equal to 60 degrees.

[0058] In some embodiments, for any first wavevector k1
having a first magnitude k1 between 10 radians/micrometer
times the second refractive index and 13 radians/micrometer
times a sum of the second refractive index and 0.8, the
maximum difference between the local average of the power
spectral density at the first wavevector k1 is between 0.7 and
1.3 times, or between 0.8 and 1.2 times, or between 0.9 and
1.1 times the annular average of the power spectral density
at the first wavevector k1.

[0059] In some embodiments, the PSD is still substantially
azimuthally symmetric when a smaller annular sector is used
in determining whether the PSD is substantially azimuthally
symmetric. For example, in some embodiments, the PSD is
substantially azimutally symmetric when the subtended
angle o is equal to 30 degrees.

[0060] The range between 10 radians/micrometer times
the second refractive index and 13 radians/micrometer times
a sum of the second refractive index and 0.8 is used in
defining substantially azimuthal symmetry since it has been
found that the resulting color uniformity provided by the
nanostructure interface is typically more sensitive to this
range than other ranges. The PSD may also be approxi-
mately azimuthally symmetric within a broader wavenum-
ber range. In some embodiments, for any first wavevector k1
having a first magnitude k1 between 6 radians/micrometer
times the second refractive index, or 8 radians/micrometer
times the second refractive index, or 10 radians/micrometer
times the second refractive index and 13 radians/micrometer
times a sum of the second refractive index and 0.8, or 14
radians/micrometer times a sum of the second refractive
index and 0.9, a maximum difference between a local
average of the power spectral density at the first wavevector
k1 is between 0.7 and 1.3, or between 0.8 and 1.2, times the
annular average of the power spectral density at the first
wavevector k1, where the local average is an average of the
power spectral density over an annular sector 517 in Fourier
space centered on the first wavevector k1 and having an
inner radius Rin of 0.9 times the first magnitude, an outer
radius Rout of 1.1 times the first magnitude k1, and a
subtended angle of o, where the annular average is an
average of the power spectral density over an annulus 515 in
Fourier space having an inner radius Rin of 0.9 times the first
magnitude k1 and an outer radius Rout of 1.1 times the first
magnitude k1, and where o is equal to 60 degrees or equal
to 30 degrees.

[0061] The PSD may have some degree of azimuthal
variability and still be considered substantially azimuthally
symmetric. In some embodiments, a substantially azimuth-
ally symmetric PSD has an n-fold symmetry axis. This
means that the PSD has the same value for any two
wavevectors having a common magnitude that separated by
an angle of 360 degrees divided by n. For example, the
wavevectors k1 and k2 of FIG. 5 have a same magnitude k1
and are separated by an angle y. If a PSD has a common
value at any two such pairs of wavevectors and if y is 360
degrees divided by n, the PSD may be described as having
an n-fold symmetry. In some embodiments, a substantially
azimuthally symmetric power spectral density has at least a
6-fold rotation symmetry.

[0062] Nanostructured interfaces having the power spec-
tral densities described elsewhere herein can be made using
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atool having a nanostructured surface. FIG. 6 is a schematic
illustration of a tool 640 for making a nanostructured
interface. Tool 640 includes a plurality particles 642 par-
tially embedded in substrate 643. Useful techniques for
making tool 640 are described in U.S. Pat. Appl. No.
2014/0193612 (Yu et al.) and U.S. Pat. No. 8,460,568
(David et al.), which are hereby incorporated herein by
reference to the extent they do not contradict the present
description. The nanostructured surface of the tool can be
characterized by atomic force microscopy (AFM) and this
can be used to determine the PSD of the surface via fast
Fourier transform, for example. In brief summary, tool 640
can be made by disbursing particles 642 in a polymeric
precursor matrix to form a layer. The layer is then dried or
cured. This can be done by applying heat to evaporate a
solvent or applying actinic radiation to cure the layer. In
some cases, the layer is heated to remove solvent and then
actinic radiation is applied to cure the layer. The layer can
then be etched (e.g., reactive ion etched) to form the tool
640. The tool 640 can then be used to form a nanostructured
surface in a first layer which can then be backfilled to form
an optical stack having a nanostructured interface. The
nanostructured surface can be formed in a continuous cast
and cure process where a resin is cast against the tool 640
and cured, for example, with actinic (e.g., ultraviolet) radia-
tion or heat. Examples of continuous cast and cure processes
are described in the following patents, all of which are
incorporated herein by reference to the extent that they do
not contradict the present description: U.S. Pat. Nos. 4,374,
077, 4,576,850; 5,175,030; 5,271,968; 5,558,740; and
5,995.690.

[0063] The tool 640 produces a nanostructured interface
having an average spacing S. The particles 642 are typically
randomly agglomerated and so the particles 642 are typi-
cally not on a periodic lattice. The average spacing of a
nanostructured interface can be defined as an average peak
to peak nearest neighbor distance, which in the case of the
tool 640 corresponds to an average center to center distance
between neighboring particles. The particles have an aver-
age size D. In the case of monodispersed spherical particles
this is the diameter of the particles. In other cases, the
average size D is determined from the average volume V of
the particles (unweighted arithmetic average over the par-
ticles used in forming the nanostructured interface) as D=(6
Vivm)*?,

[0064] Utilizing a sufficiently high loading of particles in
the layer results in a substantially azimuthally symmetric
PSD for the nanostructured interface since the particles
randomly agglomerate in an approximately azimuthally
symmetric way. The size of the particles, D, and the loading
of the particles, or the resulting average center to center
spacing, S, of the particles, can be selected to determine the
wavenumbers kin and kout illustrated in FIGS. 4 and 5.
Typically, choosing a high loading of the particles will result
in a PSD substantially azimuthally symmetric and localized
in a thin region in Fourier space (kout not much greater than
kin). A high loading means that when the tool 640 is formed
the particles 642 are nearly closely packed in a layer.
Reducing the particle loading increases S and moves the
wavenumber kin to smaller values. Generally, the wavenum-
ber kout is inversely proportional to the size D of the
particles and the wavenumber kin is inversely proportional
to the spacing S between particles.
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[0065] Thus by selecting the length scales D and S for the
tool 640, a nanostructured surface can be made that has a
substantially azimuthally symmetric PSD that is concen-
trated between kin and kout as in FIG. 4, for example.

[0066] In some embodiments, when the tool 640 is etched
to form the nanostructured interface, post-like structures
with the particles 642 and the top of the posts are formed.
Such post-like structures give high wavenumber contribu-
tions to the resulting PSD. These high wavenumber contri-
butions are believed to not significantly affect the color
uniformity performance of the OLED displays incorporating
the resulting nanostructured interfaces. The height of the
posts can be controlled by the etching process. Reducing the
heights reduce the high wavenumber contribution to the
PSD and so increases the PSD between kin and kout. FIG.
7 is a cross-sectional view of an OLED display 700 includ-
ing an optical stack 701 having a nanostructured interface
(as illustrated in FIG. 1), an OLED stack 731 including an
emissive OLED layer (as illustrated in FIG. 1), and an
interior layer 734 which may be an encapsulant layer for the
OLED stack 731. Optical stack 701 may include additional
layers such as a circular polarizer and a touch sensitive layer,
for example FIG. 7 illustrates a first light output 742 at a
view angle of zero degrees relative to a normal 746 to the
display 700 and a second light output 744 at a view angle of
o relative to the normal 746. The view angle oo may be 45
degrees and the display may be fully on when various colors
and color differences are specified. As used herein, unless
specified differently, the view angle refers to the view angle
relative to the normal to the display as observed in air
external to the display. The first light output 742 has a first
color 742a in the interior layer 734 and a second color 7425
exterior to the display 700. In some embodiments, the first
and second colors 742a and 7425 are the same color since
the optical stack is configured to not alter the light output at
a view angle normal to the display. The second light output
744 has a third color 744a in the interior layer 734 and a
fourth color 7445 exterior to the display 700.

[0067] The first and third colors 742a and 744a have a first
chromaticity distance therebetween and the second and
fourth colors 7426 and 744b have a second chromaticity
distance therebetween. As used herein, chromaticity dis-
tance refers to the Euclidean distance between two points in
the CIE (Commission Internationale de 1’Eclairage) 1976
UCS (Uniform Chromaticity Scale) chromaticity diagram.
For example, if a first color has CIE 1976 UCS color
coordinates (u',v') and a different second color has CIE
1976 UCS color coordinates (u',,v',), the chromaticity dis-
tance between the two colors is given by the positive square
root of (Au'v')*=(u',—u'))* +(V=40 ,—v' )*.

[0068] Insome embodiments, the nanostructured interface
of the optical stack 701 is configured such that the second
chromaticity distance is less than 0.75 times, or less than 0.6
times, or less than 0.5 times the first chromaticity distance.
As discussed further elsewhere herein, this can be accom-
plished by choosing kin, referring to FIGS. 3 and 4, suffi-
ciently large so that the first light 742 is not diffracted by the
nanostructured interface and choosing the PSD in the region
between kin and kout to be approximately uniform so that
light propagating in a range of directions in the interior layer
734 can be diffracted into the view angle c. In strong cavity
OLEDs, for example, the color in the interior layer 734
varies significantly with propagation direction and diffract-
ing light from a range of propagation directions, and there-
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fore a range of colors, from the interior layer 734 into the
view direction specified by the angle cc results in an
averaged color at the view angle a.. This effect results in
reduced color variation with view angle. In some embodi-
ments, the nanostructured interface is configured to provide
diffractive transmission for light from the emissive OLED
layer in at least some view directions at an angle cc greater
than 10 degrees, or greater than 20 degrees, or greater than
30 degrees to normal.

[0069] FIG. 8A-8B are schematic CIE 1976 UCS u'v' plots
showing the variation of the color output of OLED displays
with view angle. FIG. 8 A shows the color output of a display
not including a nanostructured interface and F1G. 8B shows
the color output of the same display when an optical stack
having a nanostructured interface is disposed on the display.
Points corresponding to view angles in air of 0, 45 and 60
degrees are shown on both plots. The color shift with view
angle is substantially reduced when the nanostructured inter-
face is included. In some cases, it may be desired to choose
the nanostructured interface so that light within some cone
angle is transmitted through the nanostructured interface
without diffraction. This cone angle may be described as the
highest view angle of the emissive OLED layer where it is
desired to preserve a light output of the emissive OLED
layer without color correction. This angle is denoted by ¢ in
FIG. 8A. For example, a chromaticity shift of 0.005 may be
the largest acceptable color shift and this angle may be in the
range from zero degrees to 10 degrees, or to 20 degrees, for
example.

[0070] It is typically desired that the nanostructured inter-
face has an average spacing between nearest neighbor peaks
smaller than the pixel spacing of the OLED display. In some
embodiments, the nanostructured interface has an average
spacing between nearest neighbor peaks in a range of 100
nm to 350 nm, or in a range of 150 nm to 250 nm.

[0071] FIG. 9 is a schematic illustration of a pixelated
display 900 including a plurality of pixels 945. Each of the
pixels 945 typically includes a plurality of subpixels which
allow a desired color to be produce by each pixel 945. For
example, the illustrated subpixels 945a, 9455 and 945¢ may
be blue, green and red subpixels which can have output
levels adjustable to provide a desired color and a desired
intensity. The pixels 945 have an average pixel spacing P. In
some embodiments, the OLED display 900 has an average
pixel spacing P and the nanostructured interface has an
average spacing between nearest neighbor peaks less than
0.2 times, or than 0.1 times, or less than 0.05 times the
average pixel spacing P.

[0072] The length scales associated with the tool used to
make the nanostructured interface (such as the particle size
D and the average spacing S described elsewhere herein) can
be selected based, at least in part, on the colors produced by
the subpixels of the OLED display.

[0073] FIG. 10 is a plot of a spectrum produced by an
OLED display as viewed normal (zero view angle) to the
display. Three peaks are present corresponding to colors of
the subpixels 9454, 945b and 945¢. The shortest center
wavelength is denoted Aa, the longest center wavelength is
denoted Ac, and an intermediate center wavelength is
denoted 2W. In some embodiments, at least one of these
wavelengths is used in determining a suitable wavenumber
kin depicted in FIGS. 3 and 4. In some embodiments, kin is
determined as follows: (i) Determine a characteristic wave-
length A of the OLED display. In some embodiments, this
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wavelength is selected to be the intermediate center wave-
length Ab at zero view angle of the emissive OLED layer. In
some embodiments, this wavelength is selected to be the
shortest center wavelength Aa at zero view angle of the
emissive OLED layer. In other embodiments, a wavelength
between the shortest center wavelength Aa and the interme-
diate center wavelength Ab is used as the characteristic
wavelength A. The center wavelengths can be determined by
measuring the light output of the display at zero view angle
or the center wavelengths may be provided by the OLED
manufacturer. (ii) Determine a highest view angle, ¢, of the
emissive OLED layer where it is desired to preserve a light
output of the emissive OLED layer without color correction.
This can be done by measuring the color spectrum as in FIG.
8A and determining the view angle where the color shift
starts to become unacceptable. The largest color shift that is
deemed to be unacceptable may depend on the application
(e.g., it may be different for hand-held (e.g., cell phones) and
television displays). Once a largest acceptable color shift is
specified (e.g., a CIE 1976 UCS chromaticity distance of
0.005), the angle ¢ can be determined from the chromaticity
plot as in FIG. 8A. In some embodiments, substantially no
color shift is deemed to be acceptable and the angle ¢ is
zero. (iil) Determine a length scale, L, as the characteristic
wavelength, A, divided by a sum of the second refractive
index, n2, and a sine of the highest view angle (L=A/(n2+
sin(¢p)). The wavenumber corresponding to kin is then 27/L.

[0074] In some embodiments, a wavenumber correspond-
ing to kout, is also determined prior to forming the nano-
structured interface. This can be determined as follows: (i)
Determine a half-angle 6 of the view cone of the display.
This can be determined as a manufactured specification or
simple as a specified maximum view angle of interest for a
particular display application. (ii) Determine the shortest
center wavelength 2a at zero view angle of the emissive
OLED layer. This can be done by measuring the light output
of the display at zero view angle or the shortest center
wavelength Aa may be provided by the manufacturer of the
emissive OLED layer. In other embodiments, one of the
other center wavelengths Ab or Ac is determined and used in
determining kout. In some embodiments, the characteristic
wavelength used in determining kin is also used in deter-
mining kout. (iil) Determining a second length scale, L2, as
the center wavelength, Aa, divided by a sum of the second
refractive index, n2, and a sine of the half-angle 6(1.2=ha/
(n2+sin (6)),In other embodiments, the characteristic wave-
length used in determining kin is used in determining the
second length scale [.2, or one of the other center wave-
lengths Ab or Ac may be used in determining the second
length scale 1.2, or some other wavelength between Aa and
Ac may be used. The wavenumber corresponding to kout is
then 2m/(L.2).

[0075] After the length scale L, and optionally the second
length scale [.2 are determined, a nanostructured interface
having a substantially azimuthally symmetric power spectral
density is formed such that an integral of the power spectral
density of the nanostructured interface over an area con-
tained in and bounded by a circle in Fourier space centered
at zero wavenumber and having a radius of 6 radians divided
by the length scale L is no more than 4 times a variance in
displacement from a mean displacement of the nanostruc-
tured interface. The nanostructured interface can be formed
using a tool and a cast and cure process as described further
elsewhere herein. In some embodiments, the power spectral
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density has a maximum for a wavenumber larger than 6
radians divided by the length scale L and the power spectral
density is no more than 0.3 times, or 0.2 times, or 0.1 times
the maximum for wavenumbers less than 6 radians divided
by the length scale L. In some embodiments, a wavenumber-
PSD product has a maximum for a wavenumber larger than
6 radians/micrometer times the second refractive index, and
for all wavenumbers less than 6 radians/micrometer times
the second refractive index, the wavenumber-PSD product is
no more than 0.3 times the maximum, or no more than 0.2
times the maximum, or no more than 0.1 times the maxi-
mum. In some embodiments, the maximum in the power
spectral density occurs at a wavenumber larger than 2w
divided by the length scale L and the power spectral density
is no more than 0.3 times, or no more than 0.3 times, or no
more than 0.1 times the maximum for wavenumbers less
than 2wt divided by the length scale L. In some embodiments,
an integral of the power spectral density over a two-dimen-
sional annulus in Fourier space is between 0.8 and 1.0 times
(2m)* times a variance in displacement from a mean dis-
placement of the nanostructured interface. In some embodi-
ments, the annulus has an inner wavenumber of 9 radians/
micrometer times the second refractive index and an outer
wavenumber of 16 radians/micrometer times the sum of the
second refractive index and 0.9. In some embodiments, the
annulus has an inner wavelength of kin and an outer wave-
length of kout where kin and kout can take any of the values
described elsewhere herein (e.g., kin may be in a range of
1.8mn2/ha to 2mn2/Aa and kout may be in a range of
2m(n2+0.9)/Aa to 2.2x(n2+0.9)/Aa).

[0076] FIG. 11 is a flow chart summarizing a method of
reducing variation of color with view angle in an OLED
display. In step 1152, an encapsulated emissive OLED layer
is provided. In step 1154, the characteristic center wave-
length A, the highest view angle ¢ without color correction,
and the length scale L are determined as described elsewhere
herein. In some embodiments, the shortest center wave-
length Aa, the half-angle 6, and the second length scale .2
are also determined. In step 1156, a tool used to make a
nanostructured interface is provided. The tool can be made
using particles disbursed in a layer and using reactive ion
etching, for example, as described further elsewhere herein
(see, e.g., FIG. 6), and the parameters L, A, ¢, and optionally
L2 and 6, can be used in determining the particle size and
loading in making the tool. In step 1158, an optical stack
including the nanostructured interface is made. As described
further elsewhere herein, the optical stack can be made by
casting and curing a first layer against the tool to form a
nanostructured surface. The nanostructured surface can then
be backfilled with a backfill material to form the optical
stack. The optical stack can then be used to reduce color
variation in the OLED display by disposing the optical stack
on the encapsulated emissive OLED layer. In some embodi-
ments, the optical stack is laminated to the encapsulated
emissive OLED layer through an optically clear adhesive,
for example.

EXAMPLES

Comparative Example C1

[0077] The two-dimensional periodic optical stack 1201
illustrated in FIG. 12 was modeled. The profile depicted in
FIG. 12 extends in both the x- and y-dimensions. The profile
consisted of repeats of 22 contiguous 400 nm high isosceles
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trapezoids. The first twelve of these possessed 500 nm bases;
the next ten possessed 600 nm bases. The first layer 1210
was modeled as a resin layer having a refractive index of
1.50 and no absorption. The second layer 1220 was modeled
as having a refractive index of 1.85 and an absorption
coefficient of 0.025 gm™. The second layer 1220 extended
to a plane 2.5 pm beneath the bases of the trapezoids.

[0078] FIG. 13 depicts the power spectral density of the
interface between the first and second layers 1210 and 1220.
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incident and transmitted wavevectors. Polarization-depen-
dent ray tracing was used to model the interactions between
the OLED emissive layers, the optical stack 1201 and the
circular polarizer.

[0080] Table 1 summarizes the performance metrics of
conoscopic brightness, conoscopic color, ambient reflec-
tance, and emissive contrast, evaluated both with (“with
Structure™) and without (“Control”) the optical stack 1201
depicted in FIG. 12 included.

TABLE 1

View Direction

Perpendicular Vertical
Axial 30° 43¢ 60° 30° 45° 60°
Brightness Control 304 222 126 71 230 138 87
with 231 169 101 64 174 110 78
Structure (| 24%)
Color Control  u' = 0.0857 0.019 0.029 0.028 0.019 0.028 0.028
v' = 05797
with u' = 0.0881 0.017 0.020 0.016 0.016 0.020 0.016
Structure  v' = 0.5788 (J11%)  (I31%) ({43%) ({16%)  (129%) (}43%)
Control ~ 0.0007 0.0019 0.0063  0.0126 0.0028 0.0086  0.0182
(0.07%)
Ambient  with 0.0016 0.0033 0.0057  0.0083 0.0037 0.0065  0.0104
Reflection  Structure  (0.16%
Emissive  Control 299 220 126 70 225 139 86
Contrast 10 pum x  (2100:1) (960:1) (550:1)  (230:1)  (940:1) (930:1)  (780:1)
10 pm
with 234 164 99 61 169 108 74
Structure  {210:1) (82:1) (50:1) (19:1) (89:1) (54:1) (21:1)
100 um x
100 pm

The amplitude of the power spectral density is depicted as a
function of the Cartesian components of the wavevector. The
power spectral density is not substantially azimuthally svm-
metric. The form is similar to a blurred superposition of two
square grids possessing spacings equal to 2m/0.5 um or
271/0.6 um. These Fourier grids are as expected for spatial
periodicities of 0.5 and 0.6 wm in both x and y, and the
blurring is a result of truncating the clusters of trapezoids so
as to include only twelve or ten members.

[0079] An OLED display having a circular polarizer simi-
lar to that in the Samsung Galaxy S6 was modeled with the
optical stack 1201 placed between the circular polarizer and
the OLED emissive layers of the OLED display. The optical
stack 1201 was placed on an encapsulant layer of the OLED
display positioned with the mean of its displaced surface 10
pm above the top of the OLED emission stack. The resin
layer of the structure and the encapsulant layer were mod-
eled as having the same refractive index so that the second
layer 1220 could be considered to be inserted within the
medium of the OLED device. The modeling of the OLED
emissive layers was as described in U.S. Pat. No. 7,801,716
(Freier), which is hereby incorporated herein by reference to
the extent that it does not contradict the present description.
The modeling of the optical stack 1201 was done using
Bragg theory as generally described in Rice et al., Commu-
nications on Pure and Applied Mathematics, Volume 4, pp.
351-378, 1951. In this model, the transmitted diffracted
power is proportional to the square of the refractive index
difference between the first and second layers 1210 and 1220
and the power spectral density of the interface evaluated at
the difference in the horizontal (x-y plane) projection of the

[0081] The on-axis brightness was reduced by 24% due to
the presence of the optical stack 1201. The color is reported
as CIE 1976 UCS chromaticity coordinates in the axial view
direction and chromaticity distances from this color are
given for non-zero view directions. The number in paren-
theses for the “with Structure” are the percent reductions in
the color shift attributable to the structured element.

[0082] Ambient reflectance was evaluated by illuminating
the device with uniform one-nit Lambertian solar lumi-
nance, evaluating the brightness as a function of view
direction, and comparing these values to one nit. In the
presence of a circular polarizer the dominant contribution is
front surface reflection. These are excluded from the evalu-
ations so that the relatively small contribution made by the
interior can accurately assessed.

[0083] The emissive contrast was evaluated as the average
perceived brightness in illuminated squares, divided by the
average perceived brightness in dark squares, when a check-
erboard was illuminated on the display. It is often desired
that the emissive contrast ratio is 1000:1 or larger. The
emissive contrast increases with the dimensions of the
checkerboard. The emissive contrast of the control exceeds
1000:1 for a 10 um by 10 um checkerboard. With the
structure present, the emissive contrast exceeds 1000:1 only
for 1000 um by 1000 um and larger checkerboards. Here, the
“with structure” emissive contrasts for a 100 82 m by 100
um checkerboard are reported so as to clearly illustrate the
degradation (lower contrast, even for larger checkerboards)
induced by the structure.
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Example 1

[0084] An OLED display was modeled as in Comparative
Example C1 except that the optical stack 1201 was replaced
with an optical stack having a nanostructured interface with
an azimuthally symmetric power spectral density. The indi-
ces of refraction and absorption for the first and second
layers were as described for Comparative Example C1.
[0085] The power spectral density was modeled as shown
in FIGS. 2 and 3A with kin given by (2m/A)(2) and kout
given by 2m/A)(n2+sin 6) where A was taken to be 530 nm
and O was taken to be 60 degrees. The amplitude of the
nanostructured interface was selected so the variance of the
surface displacement from its mean was equal to (125 nm)®.
This variance fixed the value of PSDmax.

TABLE 2

10
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[0088] The apparatus and process generally described in
U.S. Pat. Appl. No. 2014/0193612 (Yu et al.) and U.S. Pat.
No. 8,460,568 (David et al.) were used for etching of the
nanoparticle coated PET film using a cylindrical electrode,
with the corresponding roll-to-roll cylindrical Reactive lon
Etching (RIE) process. The width of the cylindrical elec-
trode was 42.5 inches (1.08 meters), and its diameter was 20
inches (0.51 meters). Oxygen gas flow rate was maintained
at 100 standard cm*/minute, and Rf power was applied at
7500 watts. The process pressure resulting from these con-
ditions was 3-5 mTorr. The nanoparticle coated film was
translated with the drum, to provide a residence (etching)
time of 60 seconds.

[0089] A micrograph of the resulting structured surface of
the tool is shown in FIG. 14. The profile of the structured

View Direction

Perpendicular Vertical
Axial 30° 450 60° 30° 45° 60°
Brightness Control 304 222 126 7 230 138 87
with 278 183 98 54 193 109 66
Structure (] 8%)
Color Control u' = 0.0857 0.019 0.029 0.028 0.019 0.028 0.028
V' =0.5797
with u' = 0.0865 0.018 0.023 0.018 0.020 0.022 0018
Stueture v =0.5796  (45%)  (121%)  (136%)  (13%)  (J21%)  (136%)
Ambient  Control 0.0007 0.0019 0.0063  0.0126 0.0028 0.0086  0.0182
Reflection (0.07%)
with 0.0008 0.0019 0.0029  0.0035 0.0025 0.0041  0.0065
Structure  (0.08%)
Emissive  Control 299 220 126 70 225 139 86
Contrast 10 um x  (2100:1) (960:1) (550:1)  (230:1)  (940:1) (930:1)  (780:1)
10 um
with 281 179 96 50 186 106 63
Structure  (1400:1) (99:1) (34:1) (16:1)  (120:1) (37:1) (18:1)
10 pm x
10 pm
[0086] Compared to Comparative Example C1, Example 1 surface was calculated by determining the x-y coordinates of

showed an improved axial brightness (the reduction in axial
brightness due to the nanostructured interface was substan-
tially lower), an improved axial color, an improved internal
reflectance which was no larger than that of the control, and
an improved axial emissive contrast which even for a 10 pm
by 10 um checkerboard, remained larger than 1000:1.

Tool A

[0087] Tool A was an article having particles protruding
from a surface of a substrate and was made as generally
described in U.S. Pat. Appl. No. 2014/0193612 (Yu et al.)
and U.S. Pat. No. 8,460,568 (David et al.). SILQUEST
A-174 (available from Momentive Performance Materials
Inc. (Waterford, N.Y.)) surface modified Si0, nanoparticles
were disbursed in dipentaerythritol pentaacrylate (resin
SR399 available from Sartomer Americas (Exton, PA)) at 50
weight percent loading to form a nanoparticle loaded poly-
meric precursor which was coated onto a polyethylene
terephthalate (PET) film and ultraviolet (UV) radiation
cured forming a coating containing approximately a mono-
layer of particles. The particles were approximately spheri-
cal with a diameter of 440 nm. The particles were approxi-
mately monodispersed but included a smaller number of
much smaller particles.

the center point of the particles in the image and from this
the displacement h(x,y) from the upper surface of the
substrate was determined by assuming that the half of each
particle protruded from the surface of the substrate and that
the particles were spherical. The sample size analyzed for
determining the variance and the PSD of the nanostructured
surface was 7.59 micrometers by 5.48 micrometers (for an
area of about 41.5 micrometers). The variance, Var, in
displacement h(x,y) was determined to be 6857 nm*. The
PSD was then determined by numerically Fourier transform-
ing h(x,y). The resulting PSD and the wavenumber-PSD
product were substantially azimuthally symmetric. The azi-
muthal average of the PSD and of the wavenumber-PSD
product are shown in FIGS. 15 and 16, respectively. The low
wavenumber peak visible in FIG. 15 is believed to be due to
the relatively small area used in determining the PSD and
would not expected to be present if a larger sample size were
used.

Tool B

[0090] Tool B was made similarly to Tool A, except that
alower loading of SiO, nanoparticles (40 percent by weight)
was used in making the coating for the nanoparticle coated
PET film which was subsequently UV cured and etched. A
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micrograph of Tool B is shown in FIG. 17 where it can be
seen that a lower loading of particles was used. The sample
size analyzed for determining the variance and the PSD of
the nanostructured surface was 7.60 micrometers by 5.47
micrometers (for an area of about 41.5 micrometers®). The
variance, Var, in displacement h(x,y) was determined to be
6823 nm*. The PSD was determined using the techniques
described for for Tool A. The azimuthal average of the PSD
and of the wavenumber-PSD product are shown in FIGS. 18
and 19, respectively. The low wavenumber peak visible in
FIG. 18 is believed to be due to the relatively small area used
in determining the PSD and would not expected to be
present if a larger sample size were used.

Tool C

[0091] Tool C is made similarly to Tool A, except that that
the particle diameters are reduced by a factor of 2.2 and the
average spacing between particles are reduced by a factor of
2.2. The PSD and wavenumber-PSD product for Tool C is
given by the PSD and wavenumber-PSD product for Tool A
with all length scales reduced by a factor of 2.2.

Tool D

[0092] Tool D is made similarly to Tool B, except that that
the particle diameters are reduced by a factor of 2.2 and the
average spacing between particles are reduced by a factor of
2.2. The PSD and wavenumber-PSD product for Tool C is
given by the PSD and wavenumber-PSD product for Tool B
with all length scales reduced by a factor of 2.2.

Example 3

[0093] An optical stack including a nanostructured inter-
face disposed between first and second layers is made using
a continuous cast and cure process to make a first layer
having a structured surface followed by filling the structured
surface with a high index backfill to form the second layer
as described in U.S. Pat. Appl. Pub. No. 2010/0110551
(Lamansky et al.) except that Tool C is used to make the
structured surface. The PSD and wavenumber-PSD product
for the nanostructured interface are the same as those for
Tool C and are shown in FIGS. 20 and 21, respectively. The
variance, Var, in the displacement of the nanostructured
interface from a mean plane of the interface is 1417 nm?.
The nanostructured interface can be described as having a
kin of 22 radians/micrometer, for example, and a kout of 33
radians/micrometer, for example The optical stack is dis-
posed on an encapsulated emissive OLED layer in order to
reduce the variation of color with view angle.

Example 4

[0094] An optical stack including a nanostructured inter-
face disposed between first and second layers is made using
a continuous cast and cure process to make a first layer
having a structured surface followed by filling the structured
surface with a high index backfill to form the second layer
as described in U.S. Pat. Appl. Pub. No. 2010/0110551
(Lamansky et al.) except that Tool D is used to make the
structured surface. The PSD and wavenumber-PSD product
for the nanostructured interface are the same as those for

[0095] Tool D and are shown in FIGS. 22 and 23, respec-
tively. The variance, Var, in the displacement of the nano-
structured interface from a mean plane of the interface is
1410 nm?. The nanostructured interface can be described as
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having a kin of 18 radians/micrometer, for example, and a
kout of 33 radians/micrometer, for example The optical
stack is disposed on an encapsulated emissive OLED layer
in order to reduce the variation of color with view angle.

Tool E

[0096] Tool E was made similarly to Tool A, except that
the SiO, nanoparticles had an average particle diameter of
190 nm, a loading of 45 weight percent was used in making
the nanoparticle coated PET film which was subsequently
etched, and a 20 second etch time was used. The nanopar-
ticle coating was a substantially monolayer coating having a
thickness of 200 nm. A micrograph of Tool E is shown in
FIG. 24. The sample size analyzed for determining the
variance and the PSD of the nanostructured surface was 2.46
micrometers by 1.70 micrometers (for an area of about 4.19
micrometers). The variance, Var, in displacement h(x,y) was
determined to be 15249 nm® The PSD was determined
using the techniques described for Tool A. The azimuthal
average of the PSD and of the wavenumber-PSD product are
shown in FIGS. 25 and 26, respectively. The low frequency
peak visible in FIG. 25 is believed to be due to the relatively
small area used in determining the PSD and would not be
expected to be present if a larger sample size were used.

Example 5

[0097] An optical stack including a nanostructured inter-
face disposed between first and second layers is made using
a continuous cast and cure process to make a first layer
having a structured surface followed by filling the structured
surface with a high index backfill to form the second layer
as described in U.S. Pat. Appl. Pub. No. 2010/0110551
(Lamansky et al.) except that Tool E is used to make the
structured surface. The PSD and wavenumber-PSD product
for the nanostructured interface are the same as those for
[0098] Tool D which are shown in FIGS. 25 and 26,
respectively. The variance, Var, in the displacement of the
nanostructured interface from a mean plane of the interface
is 15249 nm>. The nanostructured interface can be described
as having a kin of 23 radians/micrometer, for example, and
a kout of 34 radians/micrometer, for example. The optical
stack is disposed on an encapsulated emissive OLED layer
in order to reduce the variation of color with view angle.
[0099] The following is a list of exemplary embodiments
of the present description.

Embodiment 1 is an organic light emitting diode (OLED)
display comprising:

an emissive OLED layer; and a nanostructured interface
between first and second layers, the second layer disposed
between the first layer and the emissive OLED layer, the first
layer having a first refractive index, the second layer having
a different second refractive index being at least 1.4, the
nanostructured interface disposed proximate to an outside an
evanescent zone of the emissive OLED layer, the nanostruc-
tured interface having a substantially azimuthally symmetric
power spectral density, PSD, a wavenumber-PSD product
having a maximum for a wavenumber larger than 6 radians/
micrometer times the second refractive index, wherein for
all wavenumbers less than 6 radians/micrometer times the
second refractive index, the wavenumber-PSD product is no
more than 0.3 times the maximum.

Embodiment 2 is the OLED display of Embodiment 1,
wherein for all wavenumbers less than 6 radians/micrometer
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times the second refractive index, the wavenumber-PSD
product is no more than 0.2 times the maximum.
Embodiment 3 is the OLED display of Embodiment 1,
wherein for all wavenumbers less than 6 radians/micrometer
times the second refractive index, the wavenumber-PSD
product is no more than 0.1 times the maximum.
Embodiment 4 is the OLED display of Embodiment 1,
wherein for all wavenumbers less than 8 radians/micrometer
times the second refractive index, the wavenumber-PSD
product is no more than 0.3 times the maximum.
Embodiment 5 is the OLED display of Embodiment 1,
wherein for all wavenumbers less than 9 radians/micrometer
times the second refractive index, the wavenumber-PSD
product is no more than 0.3 times the maximum.
Embodiment 6 is the OLED display of Embodiment 1,
wherein for all wavenumbers less than 10 radians/microm-
eter times the second refractive index, the wavenumber-PSD
product is no more than 0.3 times the maximum.
Embodiment 7 is the OLED display of Embodiment 1,
wherein the power spectral density is no more than 0.3 times
a maximum of the power spectral density for wavenumbers
less than 6 radians/micrometer times the second refractive
index.

Embodiment 8 is the OLED display of Embodiment 1,
wherein the power spectral density is no more than 0.1 times
a maximum of the power spectral density for wavenumbers
less than 6 radians/micrometer times the second refractive
index.

Embodiment 9 is the OLED display of Embodiment 1,
wherein the power spectral density is no more than 0.1 times
a maximum of the power spectral density for wavenumbers
less than 8 radians/micrometer times the second refractive
index.

Embodiment 10 is the OLED display of Embodiment 1,
wherein the power spectral density is at least 0.1 times a
maximum of the power spectral density for at least one
wavenumber larger than 13 radians/micrometer times a sum
of the second refractive index and 0.8.

Embodiment 11 is the OLED display of Embodiment 1
having an average pixel spacing, wherein the nanostructured
interface has an average spacing between nearest neighbor
peaks of less than 0.1 times the average pixel spacing.
Embodiment 12 is the OLED display of Embodiment 1,
wherein the nanostructured interface has an average spacing
between nearest neighbor peaks in a range of 100 nm to 350
nm.

Embodiment 13 is the OLED display of Embodiment 1,
wherein an encapsulant is disposed between the nanostruc-
tured interface and the emissive OLED layer.
Embodiment 14 is the OLED display of Embodiment 1,
wherein the second refractive index is greater than the first
refractive index.

Embodiment 15 is the OLED display of Embodiment 1,
wherein the second refractive index is at least 1.6.
Embodiment 16 is the OLED display of Embodiment 1,
wherein the second refractive index is at least 1.7.
Embodiment 17 is the OLED display of Embodiment 1,
wherein each of the first and second layers comprise a
continuous polymeric phase.

Embodiment 18 is the OLED display of Embodiment 1,
wherein the second layer comprises a plurality of nanopar-
ticles.

Embodiment 19 is the OLED display of Embodiment 1,
wherein a substantially azimuthally symmetric power spec-
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tral density is a power spectral density wherein for any first
wavevector having a first magnitude between 10 radians/
micrometer times the second refractive index and 13 radi-
ans/micrometer times a sum of the second refractive index
and 0.8, a maximum difference between a local average of
the power spectral density at the first wavevector is between
0.7 and 1.3 times an annular average of the power spectral
density at the first wavevector, the local average being an
average of the power spectral density over an annular sector
in Fourier space centered on the first wavevector and having
an inner radius of 0.9 times the first magnitude, an outer
radius of 1.1 times the first magnitude, and a subtended
angle of 60 degrees, the annular average being an average of
the power spectral density over an annulus in Fourier space
having an inner radius of 0.9 times the first magnitude and
an outer radius of 1.1 times the first magnitude.
Embodiment 20 is the OLED display of Embodiment 1,
wherein for any first wavevector having a first magnitude
between 10 radians/micrometer times the second refractive
index and 13 radians/micrometer times a sum of the second
refractive index and 0.8, a maximum difference between a
local average of the power spectral density at the first
wavevector is between 0.7 and 1.3 times an annular average
of the power spectral density at the first wavevector,

the local average being an average of the power spectral
density over an annular sector in Fourier space centered on
the first wavevector and having an inner radius of 0.9 times
the first magnitude, an outer radius of 1.1 times the first
magnitude, and a subtended angle of 30 degrees, the annular
average being an average of the power spectral density over
an annulus in Fourier space having an inner radius of 0.9
times the first magnitude and an outer radius of 1.1 times the
first magnitude.

Embodiment 21 is the OLED display of Embodiment 1,
wherein the power spectral density has at least a 6-fold
rotation symmetry.

Embodiment 22 is the OLED display of Embodiment 1,
wherein an annular average of the wavenumber-PSD prod-
uct has a maximum annular average at a wavenumber larger
than 8 radians/micrometer times the second refractive index,
and wherein for any wavenumber less than 8 radians/
micrometer times the second refractive index, the wavenum-
ber-PSD product is no more than 0.1 times the maximum
annular average.

Embodiment 23 is the OLED display of Embodiment 1,
wherein an annular average of the PSD has a maximum
annular average at a wavenumber larger than 8 radians/
micrometer times the second refractive index, and wherein
for any wavenumber less than 8 radians/micrometer times
the second refractive index, the PSD is no more than 0.2
times the maximum annular average.

Embodiment 24 is the OLED display of Embodiment 1,
wherein the second refractive index is at least 1.6, the
nanostructured interface has a variance in displacement from
a mean displacement of the interface of Var, and a first
integral of the PSD over an area contained in and bound by
a circle in Fourier space centered at zero wavenumber and
having a radius of 9 radians/micrometer times the second
refractive index is no more than 4 times Var.

Embodiment 25 is the OLED display of Embodiment 1,
further comprising an interior layer disposed between the
emissive OLED layer and the nanostructured interface;
wherein when the display is fully on, a first light output from
the emissive OLED layer at a view angle of zero degrees
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relative to a normal to the display has a first color in the
interior layer and a second color exterior to the display, a
second light output from the emissive OLED layer at a view
angle of 45 degrees relative to the normal to the display has
a third color in the interior layer and a fourth color exterior
to the display, the first and third colors having a first
chromaticity distance therebetween, the second and fourth
colors having a second chromaticity distance therebetween,
the nanostructured interface being configured such that the
second chromaticity distance is less than 0.75 times the first
chromaticity distance.

Embodiment 26 is an organic light emitting diode (OLED)
display comprising:

an emissive OLED layer;

a nanostructured interface disposed proximate to the emis-
sive OLED layer; and

an interior layer disposed between the emissive OLED layer
and the nanostructured interface; wherein when the display
is fully on, a first light output from the emissive OLED layer
at a view angle of zero degrees relative to a normal to the
display has a first color in the interior layer and a second
color exterior to the display, a second light output from the
emissive OLED layer at a view angle of 45 degrees relative
to the normal to the display has a third color in the interior
layer and a fourth color exterior to the display, the first and
third colors having a first chromaticity distance therebe-
tween, the second and fourth colors having a second chro-
maticity distance therebetween, the nanostructured interface
being configured such that the second chromaticity distance
is less than 0.75 times the first chromaticity distance.
Embodiment 27 is the OLED display of Embodiment 26,
wherein the nanostructured interface is configured such that
the second chromaticity distance is less than 0.6 times the
first chromaticity distance.

Embodiment 28 is the OLED display of Embodiment 26,
wherein the nanostructured interface is configured such that
the second chromaticity distance is less than 0.5 of the first
chromaticity distance.

Embodiment 29 is the OLED display of Embodiment 26,
wherein the first and second colors are the same.
Embodiment 30 is the OLED display of Embodiment 26,
wherein the interior layer is an OLED encapsulating layer.
Embodiment 31 is the OLED display of Embodiment 26,
wherein the second layer disposed between the first layer
and the emissive OLED layer, the first layer having a first
refractive index being at least 1.4, the second layer having
a larger second refractive index being at least 1.6.
Embodiment 32 is the OLED display of Embodiment 31,
wherein the second refractive index is at least 1.7.
Embodiment 33 is the OLED display of Embodiment 31,
wherein each of the first and second layers comprise a
continuous polymeric phase and the nanostructured inter-
face is a continuous interface between the first and second
layers.

Embodiment 34 is the OLED display of Embodiment 26,
wherein the nanostructured interface has a power spectral
density such that for any first wavevector having a first
magnitude between 10 radians/micrometer times the second
refractive index and 13 radians/micrometer times a sum of
the second refractive index and 0.8, a maximum difference
between a local average of the power spectral density at the
first wavevector is between 0.7 and 1.3 times an annular
average of the power spectral density at the first wavevector,
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the local average being an average of the power spectral
density over an annular sector in Fourier space centered on
the first wavevector and having an inner radius of 0.9 times
the first magnitude, an outer radius of 1.1 times the first
magnitude, and a subtended angle of 60 degrees,

the annular average being an average of the power spectral
density over an annulus in Fourier space having an inner
radius of 0.9 times the first magnitude and an outer radius of
1.1 times the first magnitude.

Embodiment 35 is an organic light emitting diode (OLED)
display comprising:

an emissive OLED layer; and

a nanostructured interface between two adjacent layers, the
nanostructured interface disposed proximate to and outside
an evanescent zone of the emissive OLED layer, the nano-
structured interface having a substantially azimuthally sym-
metric power spectral density,

wherein the nanostructured interface is configured to pro-
vide substantially no diffractive transmission for light from
the emissive OLED layer at a view direction normal to the
emissive OLED layer, and the nanostructured interface is
configured to provide diffractive transmission for light from
the emissive OLED layer in at least some view directions at
an angle greater than 10 degrees to normal.

Embodiment 36 is the OLED display of Embodiment 35,
wherein the nanostructured interface is configured to pro-
vide diffractive transmission for light from the emissive
OLED layer in at least some view directions at an angle
greater than 20 degrees to normal.

Embodiment 37 is the OLED display of Embodiment 35,
wherein the nanostructured interface is configured to pro-
vide diffractive transmission for light from the emissive
OLED layer in at least some view directions at an angle
greater than 30 degrees to normal.

Embodiment 38 is the OLED display of Embodiment 35,
wherein the two adjacent layers include a first layer having
a first refractive index, and a second layer disposed between
the first layer and the emissive OLED layer, the second layer
having a second refractive index of at least 1.5.
Embodiment 39 is the OLED display of Embodiment 38,
wherein the second refractive index is at least 1.6.
Embodiment 40 is the OLED display of Embodiment 38,
wherein the second refractive index is at least 1.7.
Embodiment 41 is the OLED display of Embodiment 35,
wherein an OLED encapsulating layer is disposed between
the emissive OLED layer and the nanostructured interface.
Embodiment 42 is an organic light emitting diode (OLED)
display comprising:

an emissive OLED layer; and

a nanostructured interface between first and second layers,
the second layer disposed between the first layer and the
emissive OLED layer, the first layer having a first refractive
index, the second layer having a different second refractive
index, the second refractive index being at least 1.6, the
nanostructured interface disposed proximate to and outside
an evanescent zone of the emissive OLED layer, the nano-
structured interface having a variance in displacement from
a mean displacement of the interface, Var, and a substan-
tially azimuthally symmetric power spectral density, PSD,
wherein a first integral of the PSD over an area bound by a
circle in Fourier space centered at zero wavenumber and
having a radius of 9 radians/micrometer times the second
refractive index is no more than 4 times Var.
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Embodiment 43 is the OLED display of Embodiment 42,
wherein the first integral is no more than 2 times Var.
Embodiment 44 is the OLED display of Embodiment 42,
wherein the first integral is no more than Var.
Embodiment 45 is the OLED display of Embodiment 42,
wherein a second integral of the PSD over a two-dimen-
sional annulus in Fourier space is between 0.8 and 1.0 times
(2m)* Var, the annulus having an inner wavenumber of 9
radians/micrometer times the second refractive index and an
outer wavenumber of 16 radians/micrometer times the sum
of the second refractive index and 0.9.

Embodiment 46 is the OLED display of Embodiment 45,
wherein the second integral is between 0.9 and 1.0 times
(2m)2 Var.

Embodiment 47 is the OLED display of Embodiment 45,
wherein the second integral is about (2m)* Var.
Embodiment 48 is the OLED display of Embodiment 45,
wherein a wavenumber-PSD product has a maximum for a
wavenumber larger than 6 radians/micrometer times the
second refractive index and wherein for all second wave-
numbers less than 6 radians/micrometer times the second
refractive index, the wavenumber-PSD product is no more
than 0.3 times the first wavenumber times the maximum.
Embodiment 49 is the OLED display of Embodiment 45,
wherein a wavenumber-PSD product has a maximum for a
wavenumber larger than 6 radians/micrometer times the
second refractive index and wherein for all wavenumbers
less than 6 radians/micrometer times the second refractive
index, the wavenumber-PSD product is no more than 0.1
times the maximum.

Embodiment 50 is the OLED display of Embodiment 45,
wherein the power spectral density has a maximum for a
wavenumber larger than 6 radians/micrometer times the
second refractive index and the power spectral density is no
more than 0.3 times the maximum for wavenumbers less
than 6 radians/micrometer times the second refractive index.
Embodiment 51 is the OLED display of Embodiment 45,
wherein the power spectral density has a maximum for a
wavenumber larger than 8 radians/micrometer times the
second refractive index and the power spectral density is no
more than 0.1 times the maximum for wavenumbers less
than 8 radians/micrometer times the second refractive index.
Embodiment 52 is a method of reducing variation of color
with view angle in an organic light emitting diode (OLED)
display comprising:

providing an encapsulated emissive OLED layer;
disposing an optical stack onto the encapsulated emissive
OLED layer, the optical stack including a nanostructured
interface between continuous first and second layers, the
second layer disposed between the first layer and the encap-
sulated emissive OLED layer, the first layer having a first
refractive index, the second layer having a different second
refractive index, the optical stack configured to reduce color
variation with view angle of light output from the OLED
display,

wherein the nanostructured interface has a substantially
azimuthally symmetric power spectral density.
Embodiment 53 is the method of Embodiment 52, wherein
the emissive OLED layer comprises a plurality of colored
subpixels, the disposing step comprises providing the optical
stack, the providing step comprising:

determining a characteristic wavelength at zero view angle
of the emissive OLED layer;
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determining a highest view angle of the emissive OLED
layer where it is desired to preserve a light output of the
emissive OLED layer without color correction;
determining a length scale as the center wavelength divided
by a sum of the second refractive index and a sine of the
highest view angle; and

forming the nanostructured interface such that an integral of
the power spectral density of the nanostructured interface
over an area contained in and bounded by a circle in Fourier
space centered at zero wavenumber and having a radius of
6 radians divided by the length scale is no more than 4 times
a variance in displacement from a mean displacement of the
nanostructured interface.

Embodiment 54 is the method of Embodiment 53, wherein
an integral of the power spectral density of the nanostruc-
tured interface over an area contained in and bounded by a
circle in Fourier space centered at zero wavenumber and
having a radius of 8 radians divided by the length scale is no
more than 4 times a variance in displacement from a mean
displacement of the nanostructured interface.

Embodiment 55 is the method of Embodiment 53, wherein
the power spectral density has a maximum for a wavenum-
ber larger than 6 radians divided by the length scale and the
power spectral density is no more than 0.3 times the maxi-
mum for wavenumbers less than 6 radians divided by the
length scale.

Embodiment 56 is the method of Embodiment 53, wherein
a wavenumber-PSD product has a maximum for a wave-
number larger than 6 radians/micrometer times the second
refractive index, and wherein for all wavenumbers less than
6 radians/micrometer times the second refractive index, the
wavenumber-PSD product is no more than 0.3 times the
maximum.

Embodiment 57 is the method of Embodiment 53, wherein
a wavenumber-PSD product has a maximum for a wave-
number larger than 6 radians/micrometer times the second
refractive index, and wherein for all wavenumbers less than
6 radians/micrometer times the second refractive index, the
wavenumber-PSD product is no more than 0.1 times the
maximum.

Embodiment 58 is the method of Embodiment 53, wherein
an integral of the power spectral density over a two-dimen-
sional annulus in Fourier space is between 0.8 and 1.0 times
(2m)* times a variance in displacement from a mean dis-
placement of the nanostructured interface, the annulus hav-
ing an inner wavenumber of 9 radians/micrometer times the
second refractive index and an outer wavenumber of 16
radians/micrometer times the sum of the second refractive
index and 0.9.

Embodiment 59 is the method of Embodiment 53, wherein
the forming step comprises:

making a tool and using the tool to form a nanostructured
surface on the first layer; and backfilling the nanostructured
surface to form the second layer and the nanostructured
interface.

Embodiment 60 is the method of Embodiment 59, wherein
the making step comprises:

providing a layer comprising nanoparticles dispersed in a
polymeric precursor matrix;

drying or curing the layer; and

etching the dried or cured layer.

Embodiment 61 is the method of Embodiment 60, wherein
the drying or curing step comprises both drying and curing
the layer.
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Embodiment 62 is the method of Embodiment 53, wherein
the second refractive index is greater than 1.7.
Embodiment 63 is the method of Embodiment 53, wherein
the colored subpixels have a shortest center wavelength, a
longest center wavelength, and an intermediate center wave-
length, and the characteristic wavelength is the intermediate
center wavelength.

Embodiment 64 is the method of Embodiment 53, wherein
the colored subpixels have a shortest center wavelength, a
longest center wavelength, and an intermediate center wave-
length, and the characteristic wavelength is the shortest
center wavelength.

Embodiment 65 is the use of an optical stack for reducing
variation of color with view angle in an organic light
emitting diode (OLED) display, the optical stack including
a nanostructured interface between first and second layers,
the first layer having a first refractive index, the second layer
having a different second refractive index, the optical stack
being disposed on an encapsulated emissive OLED layer
with the second layer between the first layer and the encap-
sulated emissive OLED layer, the nanostructured interface
having a power spectral density such that for any first
wavevector having a first magnitude between 10 radians/
micrometer times the second refractive index and 13 radi-
ans/micrometer times a sum of the second refractive index
and 0.8, a maximum difference between a local average of
the power spectral density at the first wavevector is between
0.7 and 1.3 times an annular average of the power spectral
density at the first wavevector,

the local average being an average of the power spectral
density over an annular sector in Fourier space centered on
the first wavevector and having an inner radius of 0.9 times
the first magnitude, an outer radius of 1.1 times the first
magnitude, and a subtended angle of 60 degrees, the annular
average being an average of the power spectral density over
an annulus in Fourier space having an inner radius of 0.9
times the first magnitude and an outer radius of 1.1 times the
first magnitude.

Embodiment 66 is the use of an optical stack as in Embodi-
ment 65, wherein the second refractive index is larger than
the first refractive index.

Embodiment 67 is the use of an optical stack as in Embodi-
ment 66, wherein the second refractive index is greater than
1.6.

Embodiment 68 is the use of an optical stack as in Embodi-
ment 67, wherein the power spectral density has a maximum
for a wavenumber larger than 6 radians/micrometer times
the second refractive index and the power spectral density is
no more than 0.3 times the maximum for wavenumbers less
than 6 radians/micrometer times the second refractive index.
Embodiment 69 is the use of an optical stack as in Embodi-
ment 67, wherein a wavenumber-PSD product has a maxi-
mum for a wavenumber larger than 6 radians/micrometer
times the second refractive index, and

wherein for all wavenumbers less than 6 radians/micrometer
times the second refractive index, the wavenumber-PSD
product is no more than 0.3 times the maximum.
Embodiment 70 is the use of an optical stack as in Embodi-
ment 67, wherein an integral of the power spectral density
over a two-dimensional annulus in Fourier space is between
0.8 and 1.0 times (2m)* times a variance in displacement
from a mean displacement of the nanostructured interface,
the annulus having an inner wavenumber of 9 radians/
micrometer times the second refractive index and an outer
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wavenumber of 16 radians/micrometer times the sum of the
second refractive index and 0.9.

Embodiment 71 is the use of an optical stack as in Embodi-
ment 65, wherein the emissive OLED layer comprises a
plurality of colored subpixels, the colored subpixels com-
prising a shortest center wavelength (Aa, a longest center
wavelength, and an intermediate center wavelength, and
wherein an integral of the power spectral density over a
two-dimensional annulus in Fourier space is between 0.8
and 1.0 times (27t)° times a variance in displacement from a
mean displacement of the nanostructured interface, the
annulus having an inner wavenumber in a range of 1.8
nn2/ma to 2mn2/Aha and an outer wavenumber in a range of
2n(n2+0.8)/Aa to 2.2x(n2+0.9YAa, n2 being the second
refractive index.

Embodiment 72 is the use of an optical stack for reducing
variation of color with view angle in an organic light
emitting diode (OLED) display, the optical stack including
a nanostructured interface between first and second layers,
the first layer having a first refractive index, the second layer
having a different second refractive index, the optical stack
being disposed on an encapsulated emissive OLED layer
with the second layer between the first layer and the encap-
sulated emissive OLED layer, the nanostructured interface
having a substantially azimuthally symmetric power spectral
density.

Embodiment 73 is the use of an optical stack as in Embodi-
ment 72, wherein the emissive OLED layer comprises a
plurality of colored subpixels, the colored subpixels com-
prising a shortest center wavelength Aa, a longest center
wavelength, and an intermediate center wavelength, and
wherein an integral of the power spectral density over a
two-dimensional annulus in Fourier space is between 0.8
and 1.0 times (27t)” times a variance in displacement from a
mean displacement of the nanostructured interface, the
annulus having an inner wavenumber in a range of 1.87n2/
Aa to 2mn2/Aha and an outer wavenumber in a range of
2m(n2+0.9)/ha to 2.2m(n2+0.9)Yha, n2 being the second
refractive index.

Embodiment 74 is the use of an optical stack as in Embodi-
ment 73, wherein the inner wavenumber is 21 n2/Aa and the
outer wavenumber is 27(n2+0.9)/)a.

Embodiment 75 is the OLED display of Embodiment 1,
wherein the emissive OLED layer comprises a plurality of
colored subpixels, the colored subpixels comprising a short-
est center wavelength Aa, a longest center wavelength, and
an intermediate center wavelength, wherein the second
refractive index is n2, and wherein for all wavenumbers less
than 1.6mtn2/Aa, the wavenumber-PSD product is no more
than 0.3 times the maximum.

Embodiment 76 is the OLED display of Embodiment 75,
wherein for all wavenumbers greater than 2.2 (n12+0.9)/Aa,
the wavenumber-PSD product is no more than 0.3 times the
maximum.

Embodiment 77 is the OLED display of Embodiment 42,
wherein the emissive OLED layer comprises a plurality of
colored subpixels, the colored subpixels comprising a short-
est center wavelength Aa, a longest center wavelength, and
an intermediate center wavelength, and wherein a second
integral of the PSD over a two-dimensional annulus in
Fourier space is between 0.8 and 1.0 times (27)* Var, the
annulus having an inner wavenumber of at least 1.6mn2/Aa
and an outer wavenumber of no more than 2.2n(n2+1)/Aa,
n2 being the second refractive index.
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Embodiment 78 is the OLED display of Embodiment 77,
wherein the inner wavenumber is in a range of 1.8wn2/Aa to
27 n2/Aa and the outer wavenumber is in a range of 2w
(n12+0.9)/Aa to 2.2 (n2+0.9)/Aa.
Embodiment 79 is the OLED display of Embodiment 78,
wherein the inner wavenumber is 2mn2/Aa and the outer
wavenumber is 2 (n12+0.9)/Aa.
Embodiment 80 is the OLED display of Embodiment 79,
wherein the second integral is between 0.9 and 1.0 times
(2m)* Var.
Embodiment 81 is the method of Embodiment 52, wherein
the colored subpixels have a shortest center wavelength, a
longest center wavelength, and an intermediate center wave-
length, and the characteristic wavelength is the shortest
center wavelength, wherein an integral of the power spectral
density over a two-dimensional annulus in Fourier space is
between 0.8 and 1.0 times (2m)* times a variance in dis-
placement from a mean displacement of the nanostructured
interface, the annulus having an inner wavenumber of at
least 1.6m times the second refractive index divided by the
shortest center wavelength and an outer wavenumber of no
more than 2.27 divided by the shortest center wavelength
times a sum of the second refractive index and 0.9.
Embodiment 82 is the method of Embodiment 81, wherein
the inner wavenumber is 2m times the second refractive
index divided by the shortest center wavelength and the
outer wavenumber is 2 divided by the shortest center
wavelength times a sum of the second refractive index and
0.9.
Embodiment 83 is the method of Embodiment 82, wherein
the integral of the power spectral density over the two-
dimensional annulus in Fourier space is between 0.9 and 1.0
times (2)* times the variance.
[0100] Descriptions for elements in figures should be
understood to apply equally to corresponding elements in
other figures, unless indicated otherwise. Although specific
embodiments have been illustrated and described herein, it
will be appreciated by those of ordinary skill in the art that
a variety of alternate and/or equivalent implementations can
be substituted for the specific embodiments shown and
described without departing from the scope of the present
disclosure. This application is intended to cover any adap-
tations or variations of the specific embodiments discussed
herein. Therefore, it is intended that this disclosure be
limited only by the claims and the equivalents thereof
What is claimed is:
1. An optical stack comprising first and second layers and
a nanostructured interface therebetween, the first layer hav-
ing a first refractive index, the second layer having a
different second refractive index being at least 1.4, the
nanostructured interface having a substantially azimuthally
symmetric power spectral density (PSD), a wavenumber-
PSD product having a maximum for a wavenumber larger
than 6 radians/micrometer times the second refractive index,
wherein for all wavenumbers less than 6 radians/microm-
eter times the second refractive index, the wavenum-
ber-PSD product is no more than 0.3 times the maxi-
mum, and
wherein the optical stack is configured to be disposed on
an encapsulated emissive layer of an organic light
emitting diode (OLED) display with the second layer
disposed between the first layer and the encapsulated
emissive layer and with the nanostructured interface
proximate to, and outside of, an evanescent zone of the
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encapsulated emissive layer to reduce a variation in
color with view angle of light emitted from the OLED
display.

2. The optical stack of claim 1, wherein the power spectral
density is at least 0.1 times a maximum of the power spectral
density for at least one wavenumber larger than 13 radians/
micrometer times a sum of the second refractive index and
0.8.

3. The optical stack of claim 1, wherein for all wavenum-
bers less than 6 radians/micrometer times the second refrac-
tive index, the wavenumber-PSD product is no more than
0.1 times the maximum.

4. The optical stack of claim 1, wherein for all wavenum-
bers less than 9 radians/micrometer times the second refrac-
tive index, the wavenumber-PSD product is no more than
0.3 times the maximum.

5. The optical stack of claim 1, wherein the second
refractive index is at least 1.6, the nanostructured interface
has a variance in displacement from a mean displacement of
the interface of Var, and a first integral of the PSD over an
area contained in and bound by a circle in Fourier space
centered at zero wavenumber and having a radius of 9
radians/micrometer times the second refractive index is no
more than 4 times Var.

6. The optical stack of claim 1, wherein an annular
average of the wavenumber-PSD product has a maximum
annular average at a wavenumber larger than 8 radians/
micrometer times the second refractive index, and

wherein for any wavenumber less than 8 radians/microm-

eter times the second refractive index, the wavenum-
ber-PSD product is no more than 0.1 times the maxi-
mum annular average.
7. The optical stack of claim 1, wherein the nanostruc-
tured interface has an average spacing between nearest
neighbor peaks in a range of 100 nm to 350 nm.
8. An optical stack comprising first and second layers and
a nanostructured interface therebetween, the first layer hav-
ing a first refractive index, the second layer having a
different second refractive index, the second refractive index
being at least 1.6, the nanostructured interface having a
variance in displacement from a mean displacement of the
interface, Var, and a substantially azimuthally symmetric
power spectral density (PSD),
wherein a first integral of the PSD over an area bound by
a circle in Fourier space centered at zero wavenumber
and having a radius of 9 radians/micrometer times the
second refractive index is no more than 4 times Var, and

wherein the optical stack is configured to be disposed on
an encapsulated emissive layer of an organic light
emitting diode (OLED) display with the second layer
disposed between the first layer and the encapsulated
emissive layer and with the nanostructured interface
proximate to, and outside of, an evanescent zone of the
encapsulated emissive layer to reduce a variation in
color with view angle of light emitted from the OLED
display.

9. The optical stack of claim 8, wherein the first integral
is no more than 2 times Var.

10. The optical stack of claim 8, wherein the first integral
is no more than Var.

11. The optical stack of claim 8, wherein a second integral
of the PSD over a two-dimensional annulus in Fourier space
is between 0.8 and 1.0 times (2:1)* Var, the annulus having
an inner wavenumber of 9 radians/micrometer times the
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second refractive index and an outer wavenumber of 16
radians/micrometer times the sum of the second refractive
index and 0.9.

12. The optical stack of claim 8, wherein for wavenum-
bers less than 6 radians/micrometer times the second refrac-
tive index, the power spectral density is no more than 0.3
times a maximum of the power spectral density.

13. A method of making an optical stack for reducing
variation of color with view angle in an organic light
emitting diode (OLED) display comprising an emissive
OLED layer, the optical stack comprising first and second
layers and a nanostructured interface therebetween, the first
layer having a first refractive index, the second layer having
a different second refractive index being at least 1.4, the
method comprising:

determining a characteristic wavelength at zero view

angle of the emissive OLED layer;
determining a highest view angle of the emissive OLED
layer where it is desired to preserve a light output of the
emissive OLED layer without color correction;

determining a length scale as the characteristic wave-
length divided by a sum of the second refractive index
and a sine of the highest view angle; and
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forming the nanostructured interface such that an integral
of the power spectral density (PSD) of the nanostruc-
tured interface over an area contained in and bounded
by a circle in Fourier space centered at zero wavenum-
ber and having a radius of 6 radians divided by the
length scale is no more than 4 times a variance in
displacement from a mean displacement of the nano-
structured interface.

14. The method of claim 13, wherein the PSD is substan-
tially azimuthally symmetric; a wavenumber-PSD product
has a maximum for a wavenumber larger than 6 radians/
micrometer times the second refractive index; and for all
wavenumbers less than 6 radians/micrometer times the
second refractive index, the wavenumber-PSD product is no
more than 0.3 times the maximum.

15. The method of claim 13, wherein the forming step
comprises:

making a tool;

using the tool to form a nanostructured surface on the first

layer; and

backfilling the nanostructured surface to form the second

layer and the nanostructured interface.

* ok %k



patsnap

TRAFROE) KR AT NEOLEDE RSN & SM
NIF(2E)E US20200127058A1 K (2E)R 2020-04-23
RS US16/716922 iR 2019-12-17

FRIERB(RFR)AGE) BREAFEMRE HELF
RF(EFR)AGE) SMEIFTHRAA
HAREEANR)AGE) MEIFHARLF

[FRIRBAA FREIER DAVID G
BROTT ROBERT L
MEYER JUSTIN P

RHEA FREIER, DAVID G.
BROTT, ROBERT L.
MEYER, JUSTIN P.

IPCH S HO1L27/32 HO1L51/52
CPCH¥%S HO1L51/5275 HO1L27/3211 HO1L27/32 B82Y20/00 HO1L27/3209 HO1L51/5237
L A 16/301142 2018-11-13 US

PCT/US2017/033291 2017-05-18 WO
62/342620 2016-05-27 US

I EheE Espacenet USPTO

HERTHEBARPDEEAKXOLEDENENAKL-NE (OLED ) ET1
ERREERNAT LN XEES, BAEATEHFHENE B
RS BESEEE - NE_ R ANAKENRE, TUSE=R N
RBEE—RARSELE | K R E I R S R K 105~ AL A/\A j ek
] \V4
<

™~

HEHAE. HKENREEAER LS ENHNHRIERE o
(PSD) , 3 BR%-PSDRAMX F A F 63 B /4K T A = BRI 5
WORMEERAE, XA/ T6IE/AKTAE = I 5 R R |
HH-PSDRFT AT B ABHI0.3E,

120

134 ——

131{ : \\ }138
z i T7
|



https://share-analytics.zhihuiya.com/view/6caff352-4a31-457c-9bb0-b4c605249d37
https://worldwide.espacenet.com/patent/search/family/060412480/publication/US2020127058A1?q=US2020127058A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220200127058%22.PGNR.&OS=DN/20200127058&RS=DN/20200127058

