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(57) ABSTRACT

The present disclosure is directed to systems and methods of
improving the efficiency and reducing the power consump-
tion of organic light emitting diode (OLED) display devices.
The OLED display device includes an OLED display layer
that includes a substrate, an anode layer, a transparent
cathode layer, and a plurality of OLED display pixels
disposed between the anode and the cathode layers. A
light-scattering layer is selectively or randomly disposed on,
across, or about at least a portion of the surface of the OLED
display layer. The light-scattering layer includes one or more
monolayers, each of which includes a plurality of nanopar-
ticles having a principal dimension that is greater than 10%
of the wavelength of the electromagnetic energy emitted by
the OLED display layer.
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DHSPOSE AN CRGANIC LIGHT EMITTING DIODE (OLED) LAYER
BETWEEN AN UPPER ELECTRODE AND ALOWER ELECTRODE

4

DEPOSIT LIGHT-SCATTERING LAYER ACROSS SURFACE OF )
OLED DIGPLAY LAYER e 306

FIG. 5

DEPOSIT POLARIZER LAYER ACROSS AT LEAST A PORTION 504
OF THE LIGHT-SCATTERING LAYER o

FIG. 6
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DEPOSIT COVER FILM ACROSS AT LEAST A PORTION OF THE e 704
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EFFICIENCY ORGANIC LIGHT EMITTING
DIODE DISPLAYS

TECHNICAL FIELD

[0001] The present disclosure relates to display technol-
ogy, more specifically organic light emitting diode (OLED)
display technology.

BACKGROUND

[0002] Flexible displays may be bent, rolled, folded, or
twisted in many different configurations to provide a rela-
tively large format display in a relatively small form factor
package. Organic light emitting diodes (OLED) displays, by
virtue of their relative thinness compared to other display
technologies lend themselves to use as flexible displays.
However, the multi-layer structure of most OLED display
devices causes a number of internal reflections within the
OLED display, reducing the intensity and/or brightness of
the display output, reducing display efliciency and increas-
ing power demand Such increased power demand detrimen-
tally impacts the battery life of portable devices such as
smartphones, portable computers, laptops, and similar.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Features and advantages of various embodiments
of the claimed subject matter will become apparent as the
following Detailed Description proceeds, and upon refer-
ence to the Drawings, wherein like numerals designate like
parts, and in which:

[0004] FIG. 1A is a perspective view of an illustrative
OLED display device that includes a light-scattering layer
having a plurality of nanostructures at least partially sur-
rounded by an encapsulant, disposed between an OLED
display layer, and a plurality of cover layers, in accordance
with at least one embodiment described herein.

[0005] FIG. 1B is a schematic diagram of Mie scattering
caused by each of the nanostructures included in the light-
scattering layer, in accordance with at least one embodiment
described herein;

[0006] FIG. 2 depicts a cross-sectional elevation of an
illustrative OLED display device incorporating a light-
scattering layer that includes a plurality of nanoparticles
arranged as a monolayer and disposed proximate at least a
portion of the surface of the OLED display layer, in accor-
dance with at least one embodiment described herein;
[0007] FIG. 3 depicts a cross-sectional elevation of an
illustrative OLED display device incorporating a light-
scattering layer that includes a first nanoparticle monolayer
and a second nanoparticle monolayer disposed proximate at
least a portion of the surface of the OLED display layer, in
accordance with at least one embodiment described herein;
[0008] FIG. 4 is a schematic diagram of an illustrative
electronic, processor-based, device that includes an OLED
display device incorporating a light-scattering layer such as
described above in FIGS. 1, 2, and 3, in accordance with at
least one embodiment described herein;

[0009] FIG. 5 is a high-level flow diagram of an illustra-
tive method of producing an OLED display device that
includes a light-scattering layer that beneficially improves
display output and advantageously reduces power consump-
tion, in accordance with at least one embodiment described
herein;
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[0010] FIG. 6 is a high-level flow diagram of an illustra-
tive method of forming an OLED display device that
includes a light-scattering layer, in accordance with at least
one embodiment described herein; and

[0011] FIG. 7 is a high-level flow diagram of an illustra-
tive method of forming an OLED display device that
includes a light-scattering layer, in accordance with at least
one embodiment described herein.

[0012] Although the following Detailed Description will
proceed with reference being made to illustrative embodi-
ments, many alternatives, modifications and variations
thereof will be apparent to those skilled in the art.

DETAILED DESCRIPTION

[0013] Organic light emitting diode (OLED) display
devices typically include a substrate, a reflective anode, an
organic layer stack, and a transparent top cathode. Light
generated by the device is emitted through the transparent
top cathode. In such devices, it is estimated that due to
internal reflection attributable to the differences in refractive
indices in the various layers the emitted light must penetrate,
only 20% of the light generated by the device is visible to the
device user, the remainder being lost within the display
device.

[0014] Light incident from a high index material onto an
interface with a lower index medium will undergo total
internal reflection (TIR) for all incidence angles greater than
the critical angle 0, defined by 8,.=sin"'(n,/n,), where n,
and n, are the refractive indices of the high- and low index
regions, respectively. The electromagnetic field associated
with this light reflected by TIR extends into the lower-index
region in an evanescent standing wave, but the strength of
this field diminishes exponentially with distance from the
interface.

[0015] The systems and methods disclosed herein benefi-
cially improve the efficiency of OLED devices by increasing
the visible output of the display device without increasing
the overall power demand of the display device. The systems
and methods described herein enhance light extraction from
an OLED display device using an index-contrasting film
with randomly distributed, high-index, nanostructures dis-
posed proximate the OLED element layer. Such high-index
nanostructures may be created by coating nanoparticles such
as: indium tin oxide (ITO), silicon nitride (Si3N,), calcium
oxide (CaO), antimony oxide (Sb,0,), titanium oxide
(Ti0,), zirconium oxide (ZrQ,), tantalun pentoxide
(Ta,Os), hafnium oxide (HfO,), niobium oxide (Nb,O,),
magnesium oxide (MgO), zinc oxide (ZnO), indium oxide
(In,0,), tin oxide (Sn,0,), aluminum nitride (AIN), gallium
nitride (GaN), or any other high index materials on a
substrate used in OLED fabrication or encapsulation. Sub-
sequent application a low index coating, such as SiO,,
Al O,, or polymeric materials over the nanoparticles pro-
vides the index contrast needed for scattering or diffraction
efficiency and to planarize the surface. A nanostructured
layer effectively uses micro-replicated scattering nanostruc-
tures located near enough to the light generation region to
enable extraction of an evanescent wave from an organic
light emitting diode (OLED) device.

[0016] Scattering entities located within this evanescent
zone, typically about one wavelength thick, can disrupt the
TIR and cause the light to pass through the interface.
Therefore, it is preferable that the nanostructured index
contrast layer be located within the evanescent zone if it is
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to be most effective in causing extraction of the light from
the emission region by scattering or diffraction.

[0017] As used herein the terms “nanostructure” or “nano-
structures” refer to structures having at least one principal
dimension (e.g., height, length, width, or diameter) of less
than 2 microns and more preferably less than one micron.
Nanostructures may include but are not limited to one or
more of: particles and/or engineered structures. Such par-
ticles and engineered structures may have a regular physical
geometry, irregular physical geometries, or combinations
thereof. Such particles and engineered structures may be
referred to generically as “nanoparticles.” The term “nano-
structured” refers to a material or layer having nanostruc-
tures. As used herein, the term “physical geometry” refers to
a three dimensional (3D) structure that may include a solid
structure (e.g., a cylindrical solid or spherical solid); an open
structure (e.g., a lattice structure such as a helix); or any
combination thereof.

[0018] The systems and methods disclosed herein benefi-
cially enhance the output of an OLED display by depositing
a light-scattering nanoparticle layer proximate the OLED
element layer within the display device. The light-scattering
nanoparticle layer may be deposited as a monolayer across
all or a portion of the emissive surface of the OLED element
layer. The light-scattering nanoparticle layer may be depos-
ited as a monolayer across a flexible and/or folding OLED
display device. The nanoparticles are selected to achieve
anisotropic Mie scattering of the incident electromagnetic
energy. The nanoparticles may be selected such that the
particle size exceeds a threshold of A/10 to cause anisotropic
Mie scattering. With Mie scattering, the scattered electro-
magnetic energy is unequal in energy to the incident light
(i.e., inelastic scattering) and angle-dependent such that the
scattered light in the direction toward the incident light has
greater energy than electromagnetic energy scattered in
other directions.

[0019] An OLED display apparatus is provided. The dis-
play apparatus may include: an organic light emitting diode
(OLED) display device that includes one or more layers of
organic light emitting elements disposed between a first
electrode and a transparent second electrode; and a light-
scattering layer deposited proximate at least a portion of the
transparent second electrode, the light-scattering layer
including at least one monolayer of light-scattering nano-
particles.

[0020] A method of manufacturing an OLED display
device is provided. The method may include: disposing one
or more layers of organic light emitting elements between a
first electrode and a transparent second electrode; and depos-
iting a light-scattering layer proximate at least a portion of
the transparent second electrode, the light-scattering layer
including at least one monolayer of light-scattering nano-
particles.

[0021] An electronic device is provided. The electronic
device may include: a display, including: an organic light
emitting diode (OLED) display device that includes one or
more layers of organic light emitting elements disposed
between a first electrode and a transparent second electrode;
and a light-scattering layer deposited proximate at least a
portion of the transparent second electrode, the light-scat-
tering layer including at least one monolayer of light-
scattering nanoparticles.

[0022] A system for manufacturing an organic light emit-
ting diode display device is provided. The system may
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include: means for disposing one or more layers of organic
light emitting elements between a first electrode and a
transparent second electrode; and means for depositing a
light-scattering layer proximate at least a portion of the
transparent second electrode, the light-scattering layer
including at least one monolayer of light-scattering nano-
particles.

[0023] FIG. 1A is a perspective view of an illustrative
OLED display device 100 that includes a light-scattering
layer 110 having a plurality of nanostructures 112 at least
partially surrounded by an encapsulant 114, disposed
between an OLED display layer 120, and a plurality of cover
layers 130A, 130B (collectively, “cover layers 1307), in
accordance with at least one embodiment described herein.
FIG. 1B is a schematic diagram of Mie scattering caused by
each of the nanostructures 112 included in the light-scatter-
ing layer 110. As depicted in FI1G. 1B, the nanostructure 112
anisotropically scatters the incident electromagnetic energy
140 into a plurality of directions 142A-142r, with the
greatest of the energy scattered in the direction 142A of the
incident electromagnetic energy 140. As depicted in FIG.
1A, the nanostructures 112 may be disposed at least partially
across the surface of the OLED display layer 120. The
nanostructures 112 may include any number and/or combi-
nation of nanostructures having any size, shape, and/or
physical geometry. The nanostructures 112 may be selected
based at least in part on the wavelength of the electromag-
netic energy emitted by the OLED display layer 120.
[0024] Inoperation, the OLED display layer 120 generates
an electromagnetic energy output within at least a portion of
the visible spectrum (i.e., wavelengths between about 390
nm to about 700 nm). The electromagnetic energy output of
the OLED display layer 120 impinges upon the plurality of
nanostructures 112. The plurality of nanostructures 112
causes Mie scattering of the incident electromagnetic
energy. The presence of the light-scattering layer 110 ben-
eficially improves the light extraction efliciency of the
OLED display device 100 by altering the electromagnetic
energy emission pattern from Lambertian to Super-Lamber-
tian, thereby allowing a greater level of electromagnetic
energy extraction at the cover film-air interface of the OLED
display device 100.

[0025] The light-scattering layer 110 includes a monolayer
of nanostructures 112 disposed between the OLED display
layer 120 and one or more upper layer(s), such as one or
more polarizer layers 130A and one or more cover film
layers 130B. In embodiments, the monolayer of nanostruc-
tures 112 may be at least partially surrounded by one or more
encapsulants 114. In embodiments, the monolayer of nano-
structures 112 includes but is not limited to a monolayer that
includes a plurality of nanostructures 112 having a uniform
composition. In embodiments, the monolayer of nanostruc-
tures 112 includes but is not limited to a monolayer that
includes a plurality of nanostructures 112 having a uniform
physical geometry (spheres, rods, cubes, cylinders, etc.).
[0026] The plurality of nanoparticles 112 may be depos-
ited as a monolayer across all or a portion of the surface of
the OLED display layer 120 using any currently available or
future developed deposition technology, system, method, or
process. For example, in some embodiments, the plurality of
nanoparticles 112 may be deposited as a monolayer across at
least a portion of the surface of the OLED display layer 120
via atomic layer deposition or liquid phase atomic layer
deposition. Other material deposition technologies, systems,



US 2019/0326558 A1

methods, or processes, such as chemical vapor deposition,
physical vapor deposition, electroplating, sputtering, elec-
troless plating and similar may be used to deposit the
plurality of nanoparticles 112 as a monolayer across at least
a portion of the surface of the OLED display layer 120. In
some embodiments, the plurality of nanoparticles 112 may
be deposited as a pattern on, about, or across at least a
portion of the surface of the OLED display layer 120 using
any currently available or future developed subtractive
manufacturing technique.

[0027] In embodiments, the nanoparticles 112 are depos-
ited or otherwise disposed on, about, or across at least a
portion of the surface of the OLED display layer 120 such
that the nanoparticles achieve random physical orientations
(e.g., orientations in which the principal axis of each of at
least a portion of the nanoparticles are not aligned). In
embodiments, the nanoparticles 112 are deposited or other-
wise disposed on, about, or across at least a portion of the
surface of the OLED display layer 120 such that a substan-
tially uniform nanoparticle surface density is achieved
across the surface of the OLED display layer 120. In
embodiments, the nanoparticles 112 are deposited or other-
wise disposed on, about, or across at least a portion of the
surface of the OLED display layer 120 such that a non-
uniform surface density is achieved. In some instances, the
nanoparticles 112 are patterned on, about, or across at least
a portion of the surface of the OLED display layer 120 such
that a non-uniform surface density is achieved. In some
embodiments, the non-uniform nanoparticle surface density
may correspond to OLED pixels included in the OLED
display layer (e.g., a different nanoparticle surface densities
corresponding to red, green, and/or blue OLED pixels). In
embodiments, the nanoparticles 112 are deposited or other-
wise disposed on, about, or across at least a portion of the
surface of the OLED display layer 120 such that a substan-
tially uniform nanoparticle physical orientation is achieved.
In embodiments, the nanoparticles 112 are deposited or
otherwise disposed on, about, or across at least a portion of
the surface of the OLED display layer 120 such that the
physical orientation of the nanoparticles 112 selectively
aligns with one or more structures included in the OLED
display layer 120 (e.g., a first physical orientation corre-
sponding to red OLED pixels; a second physical orientation
corresponding to green OLED pixels, and a third physical
orientation corresponding to blue OLED pixels).

[0028] The nanoparticles 112 included in the light-scat-
tering layer 110 may have any composition and/or combi-
nation of compositions. Example compositions include but
are not limited to: film with randomly distributed, high-
index, nanostructures disposed proximate the OLED ele-
ment layer. Example, non-limiting materials for use as
nanoparticles 112 include but are not limited to: indium tin
oxide (ITO), silicon nitride (Si;N,), calcium oxide (CaO),
antimony oxide (Sb,0;), titanium oxide (Ti0,), zirconium
oxide (Zr0,), tantalum pentoxide (Ta,O;), hafnium oxide
(HfO,), niobium oxide (Nb,0,), magnesium oxide (MgO),
zine oxide (ZnO), indium oxide (In,0s), tin oxide (Sn,0;),
aluminum nitride (AIN), gallium nitride (GaN), or any other
high index materials on a substrate used in OLED fabrica-
tion or encapsulation. Subsequent application a low index
coating, such as Si0,, Al,O;, or polymeric materials over
the nanoparticles provides the index contrast needed for
scattering or diffraction efficiency and to planarize the
surface. In embodiments, the plurality of nanoparticles 112
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may have a uniform composition across all or a portion of
the surface of the OLED display layer 120. In embodiments,
the plurality of nanoparticles 112 may include nanoparticles
having two or more different compositions. For example,
nanoparticles having a first composition and/or physical
configuration may be patterned or otherwise disposed proxi-
mate one or more structures (e.g., red, green, or blue OLED
pixels) and nanoparticles having a second composition and/
or physical configuration may be patterned or otherwise
disposed proximate one or more structures (e.g., red, green,
or blue OLED pixels).

[0029] In embodiments, the some or all of the nanopar-
ticles 112 included in the light-scattering layer 110 may
include transparent nanoparticles 112. In embodiments,
some or all of the nanoparticles 112 included in the light-
scattering layer 110 may include asymmetric nanoparticles
112. In embodiments, the light-scattering layer 110 may
include randomly arranged, asymmetric, transparent nano-
particles 112.

[0030] In embodiments, the physical dimensions of each
of some or all of the plurality of nanostructures 112 may be
selected based on the wavelength of the electromagnetic
energy generated by the OLED display layer 120 that falls
incident upon the respective nanostructure(s) 112. In
embodiments, the physical dimensions of each of some or all
of the plurality of nanostructures may exceed 10% (i.e., ia)
of the wavelength of the incident electromagnetic energy
generated by the OLED display layer 120 to achieve inelas-
tic (i.e., anisotropic Mie scattering) of the incident electro-
magnetic energy generated by the OLED display layer 120.
For example, each of the plurality of nanoparticles may have
a principal physical dimension of from about 10 nanometers
(nm) to about 150 micrometers (um). In embodiments, each
of the plurality of nanoparticles may have a principal
physical dimension of: about 20% or more of the wave-
length of incident electromagnetic energy (i.e., 0.22) or
more; about 100% or more of the wavelength of incident
electromagnetic energy (i.e., A) or more; or about 1000% or
more of the wavelength of incident electromagnetic energy
(i.e., 10x) or more. In embodiments, the nanoparticles 112
may include generally spherical nanoparticles 112 having a
diameter of about 1000 nanometers or less. In embodiments,
the nanoparticles 112 may include generally spherical nano-
particles 112 having a diameter of from about 100 nanome-
ters to about 600 nanometers. In embodiments, each of the
plurality of nanoparticles 112 may have a substantially
uniform refractive index. For example, the plurality of
nanoparticles may have a refractive index of from about 1.0
to about 3.0. In embodiments, the light-scattering layer 110
may have a thickness of from about 50 nanometers (nm) to
about 500 nm.

[0031] Inembodiments, the encapsulant 114 may partially
or completely surround the plurality of nanoparticles 112. In
embodiments, the encapsulant 114 may include one or more
materials substantially transparent to electromagnetic
energy in the visible spectrum. In embodiments, the encap-
sulant 114 may include one or more materials having a
refractive index that differs from the refractive index of the
materials used to form the plurality of nanoparticles 112. In
at least some implementations, the encapsulant 114 may
have an index of refraction that is less than the index of
refraction of the material forming at least some of the
plurality of nanoparticles 112. The encapsulant may include
one or more chemically or thermally curable materials. In
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embodiments, the encapsulant may be planarized prior to
deposition of the one or more cover layers 130. In embodi-
ments, the encapsulant 114 may include one or more dielec-
tric or insulative materials.

[0032] The OLED display layer 120 includes any number
and/or combination of currently available and/or future
developed organic light emitting diode (OLED) sources
capable of emitting electromagnetic energy in the visible
spectrum. In addition, the OLED layer 120 includes the
various electronic components, semiconductor devices, and/
or logic elements to control the activation and illumination
intensity of each pixels included in the OLED layer 120. In
some embodiments, the OLED display layer 120 may
include an anode layer, semiconductor (e.g., thin film tran-
sistor (TFT)) devices to selectively control the voltage
applied to each of the OLED pixels, an OLED layer con-
taining a number of OLED pixels, and a transparent cathode
layer. In embodiments, the OLED display layer 120 may
include either a passive matrix OLED (PMOLED), an active
matrix OLED (AMOLED), or super AMOLED. The OLED
display layer 120 may have any size and/or pixel count. For
example, the OLED display layer 120 may have a pixel
matrix size of: 1280x720 (720p); 1920x1080 (1080p, full
HD); 2560x1440 (2K); 3840x2160 (4K Ultra); or 4096x
2160 (True 4K). The pixels forming the OLED display layer
120 may be disposed in any physical configuration to
provide a desired pixel density. For example, the pixels
forming the OLED display layer 120 may be disposed in a
physical configuration to provide a pixel density of: 300
pixels per inch (ppi) or greater; 400 ppi or greater; 500 ppi
or greater; 750 ppi or greater; or 1000 ppi or greater. In
embodiments, the OLED display layer 120 may include a
hinged substrate to permit folding the OLED display device
100. In embodiments, the OLED display layer 120 may
include a flexible substrate to permit folding the OLED
display device 100.

[0033] The one or more cover layers 130 may include any
number of layers having any composition. For example, the
one or more cover layers 130 may include one or more
polarizer layer 130A and/or more cover films 130B. Other
cover layers 130 may include but are not limited to: one or
more adhesive layers, one or more filter layers, one or more
mask layers, or combinations thereof.

[0034] FIG. 2 depicts a cross-sectional elevation of an
illustrative OLED display device 200 incorporating a light-
scattering layer 110 that includes a plurality of nanoparticles
112 arranged as a monolayer and disposed proximate at least
a portion of the surface of the OLED display layer 120, in
accordance with at least one embodiment described herein.
As depicted in FIG. 2, the OLED display layer may include
a number of components including but not limited to: a
substrate 210; TFT transistors 220A-220C; and a transparent
cathode layer 260. As depicted in the embodiment in FIG. 2,
TFT transistor 220A may control the operation of a red
OLED display pixel 230, TFT transistor 2208 may control
the operation of a green OLED display pixel 240, and TFT
transistor 220C may control the operation of a blue OLED
display pixel 250. The substrate 210 may include a rigid
substrate material, a flexible substrate material, a foldable
substrate material, or combinations thereof. The TFT tran-
sistors 220 may be deposited; disposed, patterned, or oth-
erwise formed on the surface of the substrate 210 using any
currently available or future developed semiconductor
device manufacturing process, method, or procedure.
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[0035] The OLED display pixels 230, 240, and 250 may
be disposed between the TFT transistors 220 and the trans-
parent cathode layer. The OLED display pixels 230, 240,
and 250 may include any currently available or future
developed organic light emitting diode technology. The
OLED display pixels 230, 240, and 250 may be deposited,
disposed or otherwise patterned onto the substrate using any
currently available or future developed deposition process,
procedure, or method. Example deposition processes
include but are not limited to: vacuum deposition, vacuum
thermal evaporation, organic vapor phase deposition, and
inkjet printing. The transparent cathode layer 260 may
include one or more transparent, electrically conductive,
materials such as indium tin oxide (I1TO).

[0036] The light-scattering layer 110 includes a nanopar-
ticle monolayer that includes a plurality of nanoparticles 112
disposed in one or more materials to form a thin-film
encapsulant 114. The light-scattering layer 110 may be
disposed, patterned, or otherwise distributed on, about, or
across at least a portion of the upper surface of the OLED
display layer 120. In embodiments, the upper surface of the
OLED display layer 120 may be planarized or similarly
finished prior to receiving the light-scattering layer 110. In
embodiments, the light-scattering layer 110 may include
nanoparticles 112 having a substantially uniform refractive
index. For example, in some embodiments, the nanoparticles
112 may have a refractive index of from about 1.0 to about
3.0. In embodiments, the light-scattering layer 110 may have
a thickness of from about 50 nanometers (nm) to about 500
nm.

[0037] The one or more cover layers 130 may include any
number of layers having any composition. For example, the
one or more cover layers 130 may include one or more
polarizer layers 130A and/or more cover and/or protective
films 130B. Other cover layers 130 may include but are not
limited to: one or more adhesive layers, one or more filter
layers, one or more mask layers, or combinations thereof.

[0038] FIG. 3 depicts a cross-sectional elevation of an
illustrative OLED display device 300 incorporating a light-
scattering layer 110 that includes a first nanoparticle mono-
layer 112A and a second nanoparticle monolayer 112B
disposed proximate at least a portion of the surface of the
OLED display layer 120, in accordance with at least one
embodiment described herein. As depicted in FIG. 3, the
OLED display layer 120 may include a number of compo-
nents including but not limited to: a substrate 210; TFT
transistors 220A-220C; and a transparent cathode layer 260.
As depicted in the embodiment in FIG. 2, TFT transistor
220A may control the operation of a red OLED display pixel
230, TFT transistor 220B may control the operation of a
green OLED display pixel 240, and TFT transistor 220C
may control the operation of a blue OLED display pixel 250.
The substrate 210 may include a rigid substrate material, a
flexible substrate material, a foldable substrate material, or
combinations thereof. The TFT transistors 220 may be
deposited; disposed, patterned, or otherwise formed on the
surface of the substrate 210 using any currently available or
future developed semiconductor device manufacturing pro-
cess, method, or procedure. Although only two nanoparticle
monolayers 112A, 112B are depicted in FI1G. 3, those of skill
in the relevant arts will readily appreciate that any number
of nanoparticle monolayers 112A-112» may be similarly
disposed on the surface of the OLED display layer 120.
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[0039] The OLED display pixels 230, 240, and 250 may
be disposed between the TFT transistors 220 and the trans-
parent cathode layer. The OLED display pixels 230, 240,
and 250 may include any currently available or future
developed organic light emitting diode technology. The
OLED display pixels 230, 240, and 250 may be deposited,
disposed or otherwise patterned onto the substrate using any
currently available or future developed deposition process,
procedure, or method. Example deposition processes
include but are not limited to: vacuum deposition, vacuum
thermal evaporation, organic vapor phase deposition, and
inkjet printing. The transparent cathode layer 260 may
include one or more transparent, electrically conductive,
materials such as indium tin oxide (ITO).

[0040] The light-scattering layer 110 includes a first nano-
particle monolayer 112A and a second nanoparticle mono-
layer 112B. The nanoparticles included in the first nanopar-
ticle monolayer 112A may have the same or a different
physical geometry than the nanoparticles include in the
second nanoparticle monolayer 112B. The nanoparticles
included in the first nanoparticle layer 112A may have the
same or different composition than the nanoparticles
included in the second nanoparticle layer 112B. In embodi-
ments, all or a portion of the first nanoparticle monolayer
112A may be patterned on, about, or across at least a portion
of the surface of the OLED display layer 110. In embodi-
ments, all or a portion of the second nanoparticle monolayer
112B may be patterned on, about, or across at least a portion
of the surface of the OLED display layer 110 and/or the first
nanoparticle monolayer 112A. In embodiments, the first
nanoparticle monolayer 112A and the second nanoparticle
monolayer 112B may be complimentarily patterned on,
about, or across all of a portion of the surface of the OLED
display layer 120. For example, the first nanoparticle mono-
layer 112A and the second nanoparticle monolayer 112B
may be complimentarily patterned in a checkerboard pattern
on, about, or across at least a portion of the surface of the
OLED display layer 120. In embodiments, the refractive
index of the nanoparticles included in the first nanoparticle
layer 112A may differ from the refractive index of the
nanoparticles included in the second nanoparticle layer
112B.

[0041] In embodiments, all or a portion of the first nano-
particle layer 112A and all or a portion of the second
nanoparticle layer 112B may be at least partially disposed in
one or more materials forming a thin-film encapsulant 114.
The light-scattering layer 110 may be disposed, patterned, or
otherwise distributed on, about, or across at least a portion
of the upper surface of the OLED display layer 120. In
embodiments, the upper surface of the OLED display layer
120 may be planarized or similarly finished prior to receiv-
ing the light-scattering layer 110. In embodiments, the
light-scattering layer 110 may have a thickness of from
about 50 nanometers (nm) to about 500 nm.

[0042] The one or more cover layers 130 may include any
number of layers having any composition. For example, the
one or more cover layers 130 may include one or more
polarizer layers 130A and/or more cover and/or protective
films 130B. Other cover layers 130 may include but are not
limited to: one or more adhesive layers, one or more filter
layers, one or more mask layers, or combinations thereof.

[0043] FIG. 4 is a schematic diagram of an illustrative
electronic, processor-based, device 400 that includes an
OLED display device 100 incorporating a light-scattering
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layer 110 such as described above in FIGS. 1, 2, and 3, in
accordance with at least one embodiment described herein.
The processor-based device 400 may additionally include
one or more of the following: a graphical processing unit
412, wireless input/output (I/O) interface circuitry 420,
wired 1/O interface circuitry circuitry 430, system memory
circuitry 440, power management circuitry 450, one or more
non-transitory storage devices 460, and network interface
circuitry 470. The following discussion provides a brief,
general description of the components forming the illustra-
tive processor-based device 400. Example, non-limiting
processor-based devices 400 may include, but are not lim-
ited to: smartphones, wearable computers, portable comput-
ing devices, handheld computing devices, desktop comput-
ing devices, blade server devices, workstations, and similar.
The OLED display device 100 may include a rigid display
device, a flexible display device, a foldable display device,
or any combination thereof.

[0044] In some embodiments, the processor-based device
400 includes graphics processor circuitry 412 capable of
executing machine-readable instruction sets and generating
an output signal capable of providing a display output to a
system user. Those skilled in the relevant art will appreciate
that the illustrated embodiments as well as other embodi-
ments may be practiced with other processor-based device
configurations, including portable electronic or handheld
electronic devices, for instance smartphones, portable com-
puters, wearable computers, consumer electronics, personal
computers (“PCs”), network PCs, minicomputers, server
blades, mainframe computers, and the like. The processor
circuitry 410 may include any number of hardwired or
configurable circuits, some or all of which may include
programmable and/or configurable combinations of elec-
tronic components, semiconductor devices, and/or logic
elements that are disposed partially or wholly in a PC,
server, or other computing system capable of executing
machine-readable instructions.

[0045] The processor-based device 400 includes a bus or
similar communications link 416 that communicably
couples and facilitates the exchange of information and/or
data between various system components including the
processor circuitry 410, the graphics processor circuitry 412,
the wireless 1/O interface circuitry 420, the wired 1/O
interface circuitry 430, the system memory circuitry 440, the
power management circuitry 450, the one or more non-
transitory storage devices 460, and/or the network interface
circuitry 470. The processor-based device 400 may be
referred to in the singular herein, but this is not intended to
limit the embodiments to a single processor-based device
400, since in certain embodiments, there may be more than
one processor-based device 400 that incorporates, includes,
or contains any number of communicably coupled, collo-
cated, or remote networked circuits or devices.

[0046] The processor circuitry 410 may include any num-
ber, type, or combination of currently available or future
developed devices capable of executing machine-readable
instruction sets. The processor circuitry 410 may include but
is not limited to any current or future developed single- or
multi-core processor or microprocessor, such as: on or more
systems on a chip (SOCs); central processing units (CPUs),
digital signal processors (DSPs); graphics processing units
(GPUs); application-specific integrated circuits (ASICs),
programmable logic units, field programmable gate arrays
(FPGAs), and the like. Unless described otherwise, the
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construction and operation of the various blocks shown in
FIG. 4 are of conventional design. Consequently, such
blocks need not be described in further detail herein, as they
will be understood by those skilled in the relevant art. The
bus 416 that interconnects at least some of the components
of the processor-based device 400 may employ any currently
available or future developed serial or parallel bus structures
or architectures.

[0047] The system memory circuitry 440 may include
read-only memory (“ROM”) circuitry 442 and random
access memory (“RAM”) circuitry 446. A portion of the
ROM circuitry 442 may be used to store or otherwise retain
a basic input/output system (“BIOS”) 444. The BIOS 444
provides basic functionality to the processor-based device
400, for example by causing the processor circuitry 410 to
load and/or execute one or more machine-readable instruc-
tion sets, such as the operating system instructions, and/or
one or more applications. In embodiments, at least some of
the one or more machine-readable instruction sets cause at
least a portion of the processor circuitry 410 to provide,
create, produce, transition, and/or function as a dedicated,
specific, and particular machine, for example a word pro-
cessing machine, a digital image acquisition machine, a
media playing machine, a gaming system, a communications
device, a smartphone, or similar. In embodiments, the RAM
circuitry 446 may include all or a portion of the system
memory circuitry 440.

[0048] The processor-based device 400 includes wireless
input/output (1/0) interface circuitry 420. The wireless /O
interface circuitry 420 may be communicably coupled to one
or more physical output devices 422 (tactile devices, video
displays, audio output devices, hardcopy output devices,
etc.). The wireless /O interface circuitry 420 may commu-
nicably couple to one or more physical input devices 424
(pointing devices, touchscreens, keyboards, tactile devices,
etc.). The wireless 1/0 interface circuitry 420 may include
any currently available or future developed wireless 1/O
interface circuitry. Example wireless I/O interface circuitry
420 may include but is not limited to: BLUETOOTH®, near
field communication (NFC), and similar.

[0049] The processor-based device 400 may include wired
input/output (I/O) circuitry 430. The wired I/O interface
circuitry 430 may be communicably coupled to one or more
physical output devices 422 (tactile devices, video displays,
audio output devices, hardcopy output devices, etc.). The
wired I/O interface circuitry 430 may be communicably
coupled to one or more physical input devices 424 (pointing
devices, touchscreens, keyboards, tactile devices, etc.). The
wired I/O interface circuitry 430 may include any currently
available or future developed I/O interface. Example wired
1/O interface circuitry 430 may include but is not limited to:
universal serial bus (USB), IEEE 1394 (“FireWire”), and
similar.

[0050] The processor-based device 400 may include one
or more communicably coupled, non-transitory, data storage
devices 460. The non-transitory data storage device 460 may
include one or more hard disk drives (HDDs) and/or one or
more solid-state storage devices (SSDs). The non-transitory
data storage device 460 may include any current or future
developed storage appliances, network storage devices, and/
or systems. Non-limiting examples of such non-transitory
data storage devices 460 may include, but are not limited to,
any current or future developed non-transitory storage appli-
ances or devices, such as one or more magnetic storage
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devices, one or more optical storage devices, one or more
electro-resistive storage devices, one or more molecular
storage devices, one or more quantum storage devices, or
various combinations thereof. In some implementations, the
non-transitory data storage devices 460 may include one or
more removable storage devices, such as one or more flash
drives, flash memories, flash storage units, or similar appli-
ances or devices capable of communicable coupling to and
decoupling from the processor-based device 400.

[0051] The non-transitory data storage device 460 may
include interfaces or controllers (not shown) communica-
tively coupling the respective storage device or system to the
bus 416. The non-transitory data storage device 460 may
store, retain, or otherwise contain machine-readable instruc-
tion sets, data structures, program modules, data stores,
databases, logical structures, and/or other data useful to the
processor circuitry 410 and/or graphics processor circuitry
412 and/or one or more applications executed on or by the
processor circuitry 410 and/or graphics processor circuitry
412. In some instances, the non-transitory data storage
device 460 may be communicably coupled to the processor
circuitry 410, for example via the bus 416 or via the wired
communications interface circuitry 430 (e.g., Universal
Serial Bus or USB); the wireless communications interface
circuitry 420 (e.g., Bluetooth®, Near Field Communication
or NFC); and/or the network interface circuitry 470 (IEEE
802.3 or Ethernet, IEEE 802.11, or WiFi®, etc.).

[0052] The non-transitory data storage device 460 stores
all or a portion of the instructions executed, at least in part,
by the processor circuitry 410. The non-transitory data
storage device 460 may store, include, or otherwise retain
operating system instructions. The operating system instruc-
tions may include but are not limited to any version up to the
latest release of: Windows®; OSx®; iOS®; Android®;
Linux®; and similar. The non-transitory data storage device
460 may store, include, or otherwise retain application
instructions executed by the processor circuitry 410. Such
applications may include but are not limited to: productivity
software; communications software; entertainment soft-
ware; audio and/or video playback software; or similar.
[0053] The processor-based device 400 may include
power management circuitry 450 that controls one or more
operational aspects of the energy storage device 452. In
embodiments, the energy storage device 452 may include
one or more primary (i.e., non-rechargeable) or secondary
(i.e., rechargeable) batteries or similar energy storage
devices. In embodiments, the energy storage device 452 may
include one or more supercapacitors or ultracapacitors. In
embodiments, the power management circuitry 450 may
alter, adjust, or control the flow of energy from an external
power source 454 to the energy storage device 452 and/or to
the processor-based device 400. The power source 454 may
include, but is not limited to, a solar power system, a
commercial electric grid, a portable generator, an external
energy storage device, or any combination thereof.

[0054] For convenience, the processor circuitry 410, the
graphics processor circuitry 412, the wireless I/O interface
circuitry 420, the wired I/O interface circuitry 430, the
system memory circuitry 440, the power management cir-
cuitry 450, the non-transitory data storage device 460, and
the network interface circuitry 470 are illustrated as com-
municatively coupled to each other via the bus 416, thereby
providing connectivity between the above-described com-
ponents. In alternative embodiments, the above-described
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components may be communicatively coupled in a different
manner than illustrated in FIG. 4. For example, one or more
of the above-described components may be directly coupled
to other components, or may be coupled to each other, via
one or more intermediary components (not shown). In
another example, one or more of the above-described com-
ponents may be integrated into the processor circuitry 410
and/or the graphics processor circuitry 412. In some
embodiments, all or a portion of the bus 416 may be omitted
and the components are coupled directly to each other using
suitable wired or wireless connections.

[0055] FIG. 5 is a high-level flow diagram of an illustra-
tive method 500 of producing an OLED display device that
includes a light-scattering layer 110 that beneficially
improves display output and advantageously reduces power
consumption, in accordance with at least one embodiment
described herein. The OLED display device includes a
plurality of organic light emitting diode picture elements, the
voltage to each controlled using a respective TFT transistor
220 disposed between an anode and a transparent cathode
layer. The light-scattering layer 110 is disposed between the
OLED display layer 120 and the device user to improve the
output of electromagnetic energy in the visible spectrum.
The method 500 commences at 502.

[0056] At 504, an organic light emitting diode layer is
disposed between an anode layer and a transparent cathode
layer to form an OLED structure. The OLED structure is
formed on a substrate 210. The substrate 210 may include a
rigid substrate, a flexible substrate, a foldable substrate or
any combination thereof. The OLED display layer 120
includes the substrate 210, the anode, that transparent cath-
ode layer, and the OLED structure. In embodiments, the
OLED display layer 120 may include a generally planar
member having an upper surface and a transversely opposed
lower surface.

[0057] At 506, a light-scattering layer 110 is disposed,
deposited, patterned, or otherwise formed on, across or
about at least a portion of the upper surface of the OLED
display layer 120. In embodiments, the light-scattering layer
110 may include one or more nanostructure monolayers
112A-112n at least partially surrounded by an encapsulant
114. In embodiments, the light scattering layer 110 may
include nanostructures 112 patterned on, across, or about the
upper surface of the OLED display layer 120. In some
implementations, the light scattering layer 110 may include
nanoparticles having two or more different refractive indi-
ces. In such implementations, the nanoparticles 112 having
differing refractive indices may be randomly disposed or
selectively patterned across the upper surface of the OLED
display layer 120. In some implementations, the light-
scattering layer 110 may include nanoparticles 112 having at
least two different physical geometries. In such implemen-
tations, the nanoparticles 112 having differing physical
geometries may be randomly disposed or selectively pat-
terned across the upper surface of the OLED display layer
120. In embodiments, the light-scattering layer 110 may
have a thickness of from about 50 nanometers to about 500
nanometers. The method 500 concludes at 508.

[0058] FIG. 6 is a high-level flow diagram of an illustra-
tive method 600 of forming an OLED display device that
includes a light-scattering layer 110, in accordance with at
least one embodiment described herein. The method 600
may be used in conjunction with the method 500 described
in detail above. The method 600 commences at 602.

Oct. 24, 2019

[0059] At 604, a polarizer layer 130A may be disposed at
least partially on, about, or across at least a portion of the
light-scattering layer 110. In embodiments, the polarizer
layer 130A may include a circular polarizer later. The
method 600 concludes at 606.

[0060] FIG. 7 is a high-level flow diagram of an illustra-
tive method 700 of forming an OLED display device that
includes a light-scattering layer 110, in accordance with at
least one embodiment described herein. The method 700
may be used in conjunction with the method 500 and/or the
method 600, both described in detail above. The method 700
commences at 702,

[0061] At 704, a cover and/or protective film 130B may be
disposed at least partially on, about, or across at least a
portion of the polarizer layer 130A. The method 700 con-
cludes at 706.

[0062] While FIGS. 5, 6. and 7 illustrate various opera-
tions according to one or more embodiments, it is to be
understood that not all of the operations depicted in FIGS.
5, 6, and 7 are necessary for other embodiments. Indeed, it
is fully contemplated herein that in other embodiments of
the present disclosure, the operations depicted in FIGS. 5, 6,
and 7, and/or other operations described herein, may be
combined in a manner not specifically shown in any of the
drawings, but still fully consistent with the present disclo-
sure. Thus, claims directed to features and/or operations that
are not exactly shown in one drawing are deemed within the
scope and content of the present disclosure.

[0063] As used in this application and in the claims, a list
of items joined by the term “and/or” can mean any combi-
nation of the listed items. For example, the phrase “A, B
and/or C” can mean A; B; C; A and B; A and C; B and C;
or A, B and C. As used in this application and in the claims,
a list of items joined by the term “at least one of” can mean
any combination of the listed terms. For example, the
phrases “at least one of A, B or C” can mean A; B; C; A and
B;Aand C;B and C; or A, B and C.

[0064] As used in any embodiment herein, the terms
“system” or “module” may refer to, for example, software,
firmware and/or circuitry configured to perform any of the
aforementioned operations. Software may be embodied as a
software package, code, instructions, instruction sets and/or
data recorded on non-transitory computer readable storage
mediums. Firmware may be embodied as code, instructions
or instruction sets and/or data that are hard-coded (e.g.,
nonvolatile) in memory devices.

[0065] As used in any embodiment herein, the term “cir-
cuitry” may comprise, for example, singly or in any com-
bination, hardwired circuitry, programmable circuitry such
as computer processors comprising one or more individual
instruction processing cores, state machine circuitry, and/or
firmware that stores instructions executed by programmable
circuitry or future computing paradigms including, for
example, massive parallelism, analog or quantum comput-
ing, hardware embodiments of accelerators such as neural
net processors and non-silicon implementations of the
above. The circuitry may, collectively or individually, be
embodied as circuitry that forms part of a larger system, for
example, an integrated circuit (IC), system on-chip (SoC),
desktop computers, laptop computers, tablet computers,
servers, smartphones, etc.

[0066] Any of the operations described herein may be
implemented in a system that includes one or more mediums
(e.g., non-transitory storage mediums) having stored therein,
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individually or in combination, instructions that when
executed by one or more processors perform the methods.
Here, the processor may include, for example, a server CPU,
a mobile device CPU, and/or other programmable circuitry.
Also, it is intended that operations described herein may be
distributed across a plurality of physical devices, such as
processing structures at more than one different physical
location. The storage medium may include any type of
tangible medium, for example, any type of disk including
hard disks, floppy disks, optical disks, compact disk read-
only memories (CD-ROMs), compact disk rewritables (CD-
RWs). and magneto-optical disks, semiconductor devices
such as read-only memories (ROMs), random access memo-
ries (RAMs) such as dynamic and static RAMs, erasable
programmable read-only memories (EPROMs), electrically
erasable programmable read-only memories (EEPROMs),
flash memories, Solid State Disks (SSDs), embedded mul-
timedia cards (eMMCs), secure digital input/output (SDIO)
cards, magnetic or optical cards, or any type of media
suitable for storing electronic instructions. Other embodi-
ments may be implemented as software executed by a
programmable control device.

[0067] Thus, the present disclosure is directed to systems
and methods of improving the efliciency and reducing the
power consumption of organic light emitting diode (OLED)
display devices. The OLED display device includes an
OLED display layer that includes a substrate, an anode layer,
a transparent cathode layer, and a plurality of OLED display
pixels disposed between the anode and the cathode layers. A
light-scattering layer is selectively or randomly disposed on,
across, or about at least a portion of the surface of the OLED
display layer. The light-scattering layer includes one or more
monolayers, each of which includes a plurality of nanopar-
ticles.

[0068] The following examples pertain to further embodi-
ments. The following examples of the present disclosure
may comprise subject material such as at least one device,
amethod, at least one machine-readable medium for storing
instructions that when executed cause a machine to perform
acts based on the method, means for performing acts based
on the method and/or a system for detecting side-channel
attacks on a system using KASLR by detecting TLB misses
and determining whether a physical memory address corre-
sponding to the virtual memory address causing the TLB
miss contains a privileged object or a secret object.

[0069] According to example 1, there is provided a display
apparatus. The display apparatus may include: an organic
light emitting diode (OLED) display device that includes
one or more layers of organic light emitting elements
disposed between a first electrode and a transparent second
electrode; and a light-scattering layer deposited proximate at
least a portion of the transparent second electrode, the
light-scattering layer including at least one monolayer of
light-scattering nanoparticles.

[0070] Example 2 may include elements of example 1
where the at least one monolayer of light-scattering nano-
particles comprises a monolayer of light-scattering nanopar-
ticles having a first index of refraction disposed across at
least a portion of the transparent second electrode.

[0071] Example 3 may include elements of any of
examples 1 or 2 where the light-scattering nanoparticles
comprise transparent light-scattering nanoparticles.
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[0072] Example 4 may include elements of any of
examples 1 through 3 where the light-scattering nanopat-
ticles comprise asymmetric, transparent, light-scattering
nanoparticles.

[0073] Example 5 may include elements of any of
examples 1 through 4 where the first monolayer of light-
scattering nanoparticles comprises a monolayer of randomly
oriented, asymmetric, transparent, light-scattering nanopar-
ticles.

[0074] Example 6 may include elements of any of
examples 1 through 5 where the at least one monolayer
comprises a first monolayer of light-scattering nanoparticles
optically coupled to the transparent second electrode.
[0075] Example 7 may include elements of any of
examples 1 through 6 where the light-scattering nanopar-
ticles comprise generally spherical light-scattering nanopar-
ticles having a diameter of less than 1000 nanometers (nm).
[0076] Example 8 may include elements of any of
examples 1 through 7 where the light-scattering nanopar-
ticles comprise generally spherical light-scattering nanopar-
ticles having a diameter of between 100 nanometers (nm)
and 600 nm.

[0077] Example 9 may include elements of any of
examples 1 through 8 where the light-scattering nanopar-
ticles include at least one of: rutile particles, silicon nitride
(81,N,), titanium dioxide (TiO2), magnesium oxide (MgO),
zine oxide (Zn0O), aluminum oxide (Al,O;), silicon oxide
(58i0,), indium oxide (In,0;), magnesium fluoride (MgF.,),
hafnium oxide (HfO,), zirconium oxide (ZrO,), zirconium
silicate (ZrSi0,).

[0078] Example 10 may include elements of any of
examples 1 through 9, and the display apparatus may further
include: an encapsulant layer disposed across at least a
portion of the light-scattering layer, the encapsulant having
a second index of refraction, the second index of refraction
less than the first index of refraction of the light-scattering
nanoparticles.

[0079] Example 11 may include elements of any of
examples 1 through 10, and the display apparatus may
further include: a circular polarizer layer disposed proximate
and at least partially across the encapsulant layer.

[0080] Example 12 may include elements of any of
examples 1 through 11, and the display device may further
include: a cover film layer disposed proximate and at least
partially across the circular polarizer layer.

[0081] Example 13 may include elements of any of
examples 1 through 12 where the cover film includes a first
surface and a second surface, the first disposed proximate
the circular polarizer layer and the second surface includes
a textured surface.

[0082] Example 14 may include elements of any of
examples 1 through 13 where the cover film comprises a
titanium dioxide (Ti0,) monolayer proximate the surface of
the cover film.

[0083] Example 15 may include elements of any of
examples 1 through 14 where the at least one monolayer of
light-scattering nanoparticles comprises: a first monolayer
of light-scattering nanoparticles deposited proximate at least
a portion of the transparent second electrode; and a second
monolayer of light-scattering nanoparticles deposited proxi-
mate at least a portion of the first monolayer of light-
scattering nanoparticles.

[0084] Example 16 may include elements of any of
examples 1 through 15 where the first monolayer of light-
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scattering nanoparticles includes nanoparticles having a first
physical geometry; and where the second monolayer of
light-scattering nanoparticles includes nanoparticles having
a second physical geometry, the second physical geometry
different than the first physical geometry.

[0085] Example 17 may include elements of any of
examples 1 through 16 where the first monolayer comprises
generally spherical nanoparticles having a diameter of from
about 100 nanometers (nm) to about 600 nm; and where the
second monolayer comprises generally spherical nanopar-
ticles having a diameter of from about 100 nanometers (nm)
to about 600 nm.

[0086] According to example 18, there is provided a
method of manufacturing an organic light emitting diode
display device. The method may include: disposing one or
more layers of organic light emitting elements between a
first electrode and a transparent second electrode; and depos-
iting a light-scattering layer proximate at least a portion of
the transparent second electrode, the light-scattering layer
including at least one monolayer of light-scattering nano-
particles.

[0087] Example 19 may include elements of example 18
where depositing the light-scattering layer proximate at least
the portion of the transparent second electrode further com-
prises: depositing a monolayer of light-scattering nanopar-
ticles having a first index of refraction proximate at least a
portion of the transparent second electrode.

[0088] Example 20 may include elements of any of
examples 18 or 19 where depositing the monolayer of
light-scattering nanoparticles having the first index of refrac-
tion proximate at least the portion of the transparent second
electrode further comprises: depositing a monolayer of
transparent light-scattering nanoparticles having a first index
of refraction proximate at least a portion of the transparent
second electrode.

[0089] Example 21 may include elements of any of
examples 18 through 20 where depositing a monolayer of
transparent light-scattering nanoparticles having a first index
of refraction proximate at least a portion of the transparent
second electrode further comprises: depositing a monolayer
of asymmetric, transparent, light-scattering nanoparticles
having a first index of refraction proximate at least a portion
of the transparent second electrode.

[0090] Example 22 may include elements of any of
examples 18 through 21 where depositing the monolayer of
asymmetric, transparent, light-scattering nanoparticles hav-
ing the first index of refraction proximate at least the portion
of the transparent second electrode further comprises:
depositing a monolayer of randomly oriented, asymmetric,
transparent, light-scattering nanoparticles having the first
index of refraction proximate at least the portion of the
transparent second electrode.

[0091] Example 23 may include elements of any of
examples 18 through 22, and the method may further
include: optically coupling the at least one monolayer of
light-scattering nanoparticles to the transparent second elec-
trode.

[0092] Example 24 may include elements of any of
examples 18 through 23 where depositing the light-scatter-
ing layer proximate at least the portion of the transparent
second electrode further comprises: depositing a light-scat-
tering layer that includes generally spherical, light-scatter-
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ing, nanoparticles having a diameter of less than 1000
nanometers (nm) proximate at least the portion of the
transparent second electrode.

[0093] Example 25 may include elements of any of
examples 18 through 24 where depositing the light-scatter-
ing layer that includes generally spherical light-scattering
nanoparticles having a diameter of less than 1000 nanome-
ters (nm) proximate at least the portion of the transparent
second electrode further comprises: depositing a light-scat-
tering layer that includes generally spherical, light-scatter-
ing, nanoparticles having a diameter of between 100 nano-
meters (nm) and 600 nm proximate at least the portion of the
transparent second electrode.

[0094] Example 26 may include elements of any of
examples 18 through 25 where depositing the light-scatter-
ing layer proximate at least the portion of the transparent
second electrode further comprises: depositing a light-scat-
tering layer proximate at least the portion of the transparent
second electrode, the light-scattering layer including a
monolayer of light-scattering nanoparticles that includes at
least one of: rutile particles, silicon nitride (Si;N,,), titanium
dioxide (Ti02), magnesium oxide (MgO), zinc oxide (ZnO),
aluminum oxide (AlL,O,), silicon oxide (S10,), indium oxide
(In,05), magnesium fluoride (MgF,), hafnium oxide
(HfO,), zirconium oxide (Zr0,), zirconium silicate (Zr-
Si0,).

[0095] Example 27 may include elements of any of
examples 18 through 26, and the method may further
include: depositing an encapsulant layer proximate at least a
portion of the light-scattering layer, the encapsulant having
a second index of refraction, the second index of refraction
less than the first index of refraction of the light-scattering
nanoparticles.

[0096] Example 28 may include elements of any of
examples 18 through 27, and the method may further
include: depositing a circular polarizer layer proximate at
least a portion of the encapsulant layer.

[0097] Example 29 may include elements of any of
examples 18 through 28, and the method may further
include: depositing a cover film layer proximate at least a
portion of the circular polarizer layer.

[0098] Example 30 may include elements of any of
examples 18 through 29 where depositing the cover film
layer proximate at least a portion of the circular polarizer
layer further comprises: depositing a cover film that includes
a first surface and a second surface proximate at least a
portion of the circular polarizer layer, the first surface
disposed proximate the circular polarizer layer and the
second surface includes a textured surface.

[0099] Example 31 may include elements of any of
examples 18 through 30 where depositing a light-scattering
layer proximate at least a portion of the transparent second
electrode, the light-scattering layer including at least one
monolayer of light-scattering nanoparticles comprises:
[0100] depositing a light-scattering layer proximate at
least a portion of the transparent second electrode, the
light-scattering layer including: a first monolayer of light-
scattering nanoparticles deposited proximate at least a por-
tion of the transparent second electrode; and a second
monolayer of light-scattering nanoparticles deposited proxi-
mate at least a portion of the first monolayer of light-
scattering nanoparticles.

[0101] Example 32 may include elements of any of
examples 18 through 31 where depositing the first mono-
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layer of light-scattering nanoparticles proximate at least a
portion of the transparent second electrode comprises:
depositing a first monolayer of light-scattering nanoparticles
that includes nanoparticles having a first physical geometry;
and where depositing the second monolayer of light-scat-
tering nanoparticles proximate at least a portion of the first
monolayer of light-scattering nanoparticles comprises
depositing a monolayer of light-scattering nanoparticles that
includes nanoparticles having a second physical geometry,
the second physical geometry different than the first physical
geometry.

[0102] Example 33 may include elements of any of
examples 18 through 32 where depositing a first monolayer
of light-scattering nanoparticles that includes nanoparticles
having a first physical geometry comprises: depositing a first
monolayer that includes generally spherical nanoparticles
having a diameter of from about 100 nanometers (am) to
about 600 nm; and depositing a second monolayer that
includes generally spherical nanoparticles having a diameter
of from about 100 nanometers (nm) to about 600 nm.

[0103] Example 34 may include elements of any of
example 18 through 33 where depositing a light-scattering
layer proximate at least a portion of the transparent second
electrode comprises: depositing, via liquid phase atomic
layer deposition, the light-scattering layer proximate at least
the portion of the transparent second electrode.

[0104] According to example 35, there is provided an
electronic device. The electronic device may include: a
display, including: an organic light emitting diode (OLED)
display device that includes one or more layers of organic
light emitting elements disposed between a first electrode
and a transparent second electrode; and a light-scattering
layer deposited proximate at least a portion of the transpar-
ent second electrode, the light-scattering layer including at
least one monolayer of light-scattering nanoparticles.

[0105] Example 36 may include elements of 35 where the
at least one monolayer of light-scattering nanoparticles
comprises a monolayer of light-scattering nanoparticles hav-
ing a first index of refraction disposed across at least a
portion of the transparent second electrode.

[0106] Example 37 may include elements of any of
examples 35 or 36 where the light-scattering nanoparticles
comprise transparent light-scattering nanoparticles.

[0107] Example 38 may include elements of any of
examples 35 through 37 where the light-scattering nanopat-
ticles comprise asymmetric, transparent, light-scattering
nanoparticles.

[0108] Example 39 may include elements of any of
examples 35 through 38 where the first monolayer of
light-scattering nanoparticles comprises a monolayer of ran-
domly oriented, asymmetric, transparent, light-scattering
nanoparticles.

[0109] Example 40 may include elements of any of
examples 35 through 39 where the at least one monolayer
comprises a first monolayer of light-scattering nanoparticles
optically coupled to the transparent second electrode.

[0110] Example 41 may include elements of any of
examples 35 through 40 where the light-scattering nanopar-
ticles comprise generally spherical light-scattering nanopar-
ticles having a diameter of less than 1000 nanometers (nm).

[0111] Example 42 may include elements of any of
examples 35 through 41 where the light-scattering nanopar-
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ticles comprise generally spherical light-scattering nanopar-
ticles having a diameter of between 100 nanometers (nm)
and 600 nm.

[0112] Example 43 may include elements of any of
examples 35 through 42 where the light-scattering nanopar-
ticles include at least one of: rutile particles, silicon nitride
(S1,N,,), titanium dioxide (TiO2), magnesium oxide (MgO),
zinc oxide (Zn0), aluminum oxide (Al,O,), silicon oxide
(810,), indium oxide (In,O;), magnesium fluoride (MgF,),
hafnium oxide (HfO,), zirconium oxide (ZrQ,), zirconium
silicate (ZrSi0O,).

[0113] Example 44 may include elements of any of
examples 35 through 43, and the electronic device may
further include: an encapsulant layer disposed across at least
a portion of the light-scattering layer, the encapsulant having
a second index of refraction, the second index of refraction
less than the first index of refraction of the light-scattering
nanoparticles.

[0114] Example 45 may include elements of any of
examples 35 through 44, and the electronic device may
further include: a circular polarizer layer disposed proximate
and at least partially across the encapsulant layer.

[0115] Example 46 may include elements of any of
examples 35 through 45, and the electronic device may
further include: a cover film layer disposed proximate and at
least partially across the circular polarizer layer.

[0116] Example 47 may include elements of any of
examples 35 through 46 where the cover film includes a first
surface and a second surface, the first disposed proximate
the circular polarizer layer and the second surface includes
a textured surface.

[0117] Example 48 may include elements of any of
examples 35 through 47 where the cover film comprises a
titanium dioxide (Ti0,) monolayer proximate the surface of
the cover film.

[0118] Example 49 may include elements of any of
examples 35 through 48 where the at least one monolayer of
light-scattering nanoparticles comprises: a first monolayer
of light-scattering nanoparticles deposited proximate at least
a portion of the transparent second electrode; and a second
monolayer of light-scattering nanoparticles deposited proxi-
mate at least a portion of the first monolayer of light-
scattering nanoparticles.

[0119] Example 50 may include elements of any of
examples 35 through 49 where the first monolayer of
light-scattering nanoparticles includes nanoparticles having
a first physical geometry; and where the second monolayer
of light-scattering nanoparticles includes nanoparticles hav-
ing a second physical geometry, the second physical geom-
etry different than the first physical geometry.

[0120] Example 51 may include elements of any of
examples 35 through 59 where the first monolayer com-
prises generally spherical nanoparticles having a diameter of
from about 100 nanometers (nm) to about 600 nm; and
where the second monolayer comprises generally spherical
nanoparticles having a diameter of from about 30 nanome-
ters (nm) to about 600 nm According to example 52, there
is provided a system for manufacturing an organic light
emitting diode display device. The system may include:
means for disposing one or more layers of organic light
emitting elements between a first electrode and a transparent
second electrode; and means for depositing a light-scattering
layer proximate at least a portion of the transparent second
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electrode, the light-scattering layer including at least one
monolayer of light-scattering nanoparticles.

[0121] Example 53 may include elements of example 52
where the means for depositing the light-scattering layer
proximate at least the portion of the transparent second
electrode further comprises: means for depositing a mono-
layer of light-scattering nanoparticles having a first index of
refraction proximate at least a portion of the transparent
second electrode.

[0122] Example 54 may include elements of any of
examples 52 or 53 where the means for depositing the
monolayer of light-scattering nanoparticles having the first
index of refraction proximate at least the portion of the
transparent second electrode further comprises: means for
depositing a monolayer of transparent light-scattering nano-
particles having a first index of refraction proximate at least
a portion of the transparent second electrode.

[0123] Example 55 may include elements of any of
examples 52 through 54 where the means for depositing a
monolayer of transparent light-scattering nanoparticles hav-
ing a first index of refraction proximate at least a portion of
the transparent second electrode further comprises: means
for depositing a monolayer of asymmetric, transparent,
light-scattering nanoparticles having a first index of refrac-
tion proximate at least a portion of the transparent second
electrode.

[0124] Example 56 may include elements of any of
examples 52 through 55 where the means for depositing the
monolayer of asymmetric, transparent, light-scattering
nanoparticles having the first index of refraction proximate
at least the portion of the transparent second electrode
further comprises: means for depositing a monolayer of
randomly oriented, asymmetric, transparent, light-scattering
nanoparticles having the first index of refraction proximate
at least the portion of the transparent second electrode.
[0125] Example 57 may include elements of any of
examples 52 through 56, and the system may further
include: means for optically coupling the at least one mono-
layer of light-scattering nanoparticles to the transparent
second electrode.

[0126] Example 58 may include elements of any of
examples 52 through 57 where the means for depositing the
light-scattering layer proximate at least the portion of the
transparent second electrode further comprises: means for
depositing a light-scattering layer that includes generally
spherical, light-scattering, nanoparticles having a diameter
of less than 1000 nanometers (nm) proximate at least the
portion of the transparent second electrode.

[0127] Example 59 may include elements of any of
examples 52 through 58 where the means for depositing the
light-scattering layer that includes generally spherical light-
scattering nanoparticles having a diameter of less than 1000
nanometers (nm) proximate at least the portion of the
transparent second electrode further comprises: means for
depositing a light-scattering layer that includes generally
spherical, light-scattering, nanoparticles having a diameter
of between 100 nanometers (nm) and 600 nm proximate at
least the portion of the transparent second electrode.
[0128] Example 60 may include elements of any of
examples 52 through 59 where the means for depositing the
light-scattering layer proximate at least the portion of the
transparent second electrode further comprises: means for
depositing a light-scattering layer proximate at least the
portion of the transparent second electrode, the light-scat-
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tering layer including a monolayer of light-scattering nano-
particles that includes at least one of? rutile particles, silicon
nitride (Si;N,), titanium dioxide (TiO2), magnesium oxide
(MgO), zinc oxide (Zn0O), aluminum oxide (Al,0,), silicon
oxide (Si0,), indium oxide (In,0,), magnesium fluoride
(MgF',), hafnium oxide (HfO,), zirconium oxide (ZrO,),
zirconium silicate (ZrSi0,).

[0129] Example 61 may include elements of any of
examples 52 through 60, and the system may further
include: means for depositing an encapsulant layer proxi-
mate at least a portion of the light-scattering layer, the
encapsulant having a second index of refraction, the second
index of refraction less than the first index of refraction of
the light-scattering nanoparticles.

[0130] Example 62 may include elements of any of
examples 52 through 61, and the system may further
include: means for depositing a circular polarizer layer
proximate at least a portion of the encapsulant layer.
[0131] Example 63 may include elements of any of
examples 52 through 62, and the system may further
include: means for depositing a cover film layer proximate
at least a portion of the circular polarizer layer.

[0132] Example 64 may include elements of any of
examples 52 through 63 where the means for depositing the
cover film layer proximate at least a portion of the circular
polarizer layer further comprises: means for depositing a
cover film that includes a first surface and a second surface
proximate at least a portion of the circular polarizer layer,
the first surface disposed proximate the circular polarizer
layer and the second surface includes a textured surface.
[0133] Example 65 may include elements of any of
examples 52 through 64 where the means for depositing a
light-scattering layer proximate at least a portion of the
transparent second electrode, the light-scattering layer
including at least one monolayer of light-scattering nano-
particles comprises: means for depositing a light-scattering
layer proximate at least a portion of the transparent second
electrode, the light-scattering layer including: a first mono-
layer of light-scattering nanoparticles deposited proximate
at least a portion of the transparent second electrode; and a
second monolayer of light-scattering nanoparticles depos-
ited proximate at least a portion of the first monolayer of
light-scattering nanoparticles.

[0134] Example 66 may include elements of any of
examples 52 through 65 where the means for depositing the
first monolayer of light-scattering nanoparticles proximate
at least a portion of the transparent second electrode com-
prises: means for depositing a first monolayer of light-
scattering nanoparticles that includes nanoparticles having a
first physical geometry; and where the means for depositing
the second monolayer of light-scattering nanoparticles
proximate at least a portion of the first monolayer of
light-scattering nanoparticles comprises: means for depos-
iting a monolayer of light-scattering nanoparticles that
includes nanoparticles having a second physical geometry,
the second physical geometry different than the first physical
geometry.

[0135] Example 67 may include elements of any of
examples 52 through 66 where the means for depositing a
first monolayer of light-scattering nanoparticles that
includes nanoparticles having a first physical geometry
comprises: means for depositing a first monolayer that
includes generally spherical nanoparticles having a diameter
of from about 100 nanometers (nm) to about 600 nm; and
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means for depositing a second monolayer that includes
generally spherical nanoparticles having a diameter of from
about 100 nanometers (nm) to about 600 nm.
[0136] According to example 68, there is provided a
system to reduce power consumption and improve the
efficiency of OLED display devices, the system being
arranged to perform the method of any of examples 18
through 33.
[0137] According to example 69, there is provided a
chipset arranged to perform the method of any of examples
18 through 33.
[0138] According to example 70, there is provided at least
one machine readable medium comprising a plurality of
instructions that, in response to be being executed on a
computing device, cause the computing device to carry out
the method according to any of examples 18 through 33.
[0139] According to example 39, there is provided a
device configured to reduce power consumption and
improve the efficiency of OLED display devices, the device
being arranged to perform the method of any of examples 18
through 33.
[0140] The terms and expressions which have been
employed herein are used as terms of description and not of
limitation, and there is no intention, in the use of such terms
and expressions, of excluding any equivalents of the features
shown and described (or portions thereof), and it is recog-
nized that various modifications are possible within the
scope of the claims. Accordingly, the claims are intended to
cover all such equivalents. Various features, aspects, and
embodiments have been described herein. The features,
aspects, and embodiments are susceptible to combination
with one another as well as to variation and modification, as
will be understood by those having skill in the art. The
present disclosure should, therefore, be considered to
encompass such combinations, variations, and modifica-
tions.
[0141] As described herein, various embodiments may be
implemented using hardware elements, software elements,
or any combination thereof. Examples of hardware elements
may include processors, microprocessors, circuits, circuit
elements (e.g., transistors, resistors, capacitors, inductors,
and so forth), integrated circuits, application specific inte-
grated circuits (ASIC), programmable logic devices (PLD),
digital signal processors (DSP), field programmable gate
array (FPGA), logic gates, registers, semiconductor device,
chips, microchips, chip sets, and so forth.
[0142] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment.
Thus, appearances of the phrases “in one embodiment” or
“in an embodiment” in various places throughout this speci-
fication are not necessarily all referring to the same embodi-
ment. Furthermore, the particular features, structures, or
characteristics may be combined in any suitable manner in
one or more embodiments.
What is claimed:
1. An apparatus, comprising;
an organic light emitting diode (OLED) display device
that includes one or more layers of organic light emit-
ting elements disposed between a first electrode and a
transparent second electrode; and
a light-scattering layer deposited proximate at least a
portion of the transparent second electrode, the light-
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scattering layer including at least one monolayer of
light-scattering nanoparticles.

2. The apparatus of claim 1 wherein the at least one
monolayer of light-scattering nanoparticles comprises a
monolayer of light-scattering nanoparticles having a first
index of refraction disposed across at least a portion of the
transparent second electrode.

3. The apparatus of claim 2 wherein the light-scattering
nanoparticles comprise transparent light-scattering nanopar-
ticles.

4. The apparatus of claim 3 wherein the light-scattering
nanoparticles comprise asymmetric, transparent, light-scat-
tering nanoparticles.

5. The apparatus of claim 4 wherein the first monolayer of
light-scattering nanoparticles comprises a monolayer of ran-
domly oriented, asymmetric, transparent, light-scattering
nanoparticles.

6. The apparatus of claim 3 wherein the at least one
monolayer comprises a first monolayer of light-scattering
nanoparticles optically coupled to the transparent second
electrode.

7. The apparatus of claim 3 wherein the light-scattering
nanoparticles comprise generally spherical light-scattering
nanoparticles having a diameter of less than 1000 nanome-
ters (nm).

8. The apparatus of claim 3 wherein the light-scattering
nanoparticles comprise generally spherical light-scattering
nanoparticles having a diameter of between 30 nanometers
(nm) and 600 nm.

9. The apparatus of claim 3 wherein the light-scattering
nanoparticles include at least one of: rutile particles, silicon
nitride (S1;N,), titanium dioxide (Ti02), magnesium oxide
(MgO), zinc oxide (Zn0), aluminum oxide (Al,O,), silicon
oxide (Si0,), indium oxide (In,0;), magnesium fluoride
(MgF,), hafnium oxide (HfO,), zirconium oxide (ZrO,),
zirconium silicate (ZrSiO,).

10. The apparatus of claim 3, further comprising:

an encapsulant layer disposed across at least a portion of
the light-scattering layer, the encapsulant having a
second index of refraction, the second index of refrac-
tion less than the first index of refraction of the light-
scattering nanoparticles.

11. The apparatus of claim 10, further comprising:

a circular polarizer layer disposed proximate and at least
partially across the encapsulant layer.

12. The apparatus of claim 11, further comprising:

a cover film layer disposed proximate and at least partially
across the circular polarizer layer.

13. The apparatus of claim 12 wherein the cover film
includes a first surface and a second surface, the first
disposed proximate the circular polarizer layer and the
second surface includes a textured surface.

14. The apparatus of claim 10 wherein the cover film
comprises a titanium dioxide (TiO,) monolayer proximate
the surface of the cover film.

15. The apparatus of claim 1 wherein the at least one
monolayer of light-scattering nanoparticles comprises:

a first monolayer of light-scattering nanoparticles depos-
ited proximate at least a portion of the transparent
second electrode; and

a second monolayer of light-scattering nanoparticles
deposited proximate at least a portion of the first
monolayer of light-scattering nanoparticles.
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16. The apparatus of claim 15:

wherein the first monolayer of light-scattering nanopar-
ticles includes nanoparticles having a first physical
geometry; and

wherein the second monolayer of light-scattering nano-

particles includes nanoparticles having a second physi-
cal geometry, the second physical geometry different
than the first physical geometry.

17. The apparatus of claim 15:

wherein the first monolayer comprises generally spherical

nanoparticles having a diameter of from about 30
nanometers (nm) to about 600 nm; and

wherein the second monolayer comprises generally

spherical nanoparticles having a diameter of from about
30 nanometers (nm) to about 600 nm.

18. A method of manufacturing an organic light emitting
diode display device, comprising:

disposing one or more layers of organic light emitting

elements between a first electrode and a transparent
second electrode; and

depositing a light-scattering layer proximate at least a

portion of the transparent second electrode, the light-
scattering layer including at least one monolayer of
light-scattering nanoparticles.

19. The method of claim 18 wherein depositing the
light-scattering layer proximate at least the portion of the
transparent second electrode further comprises:

depositing a monolayer of light-scattering nanoparticles

having a first index of refraction proximate at least a
portion of the transparent second electrode.

20. The method of claim 19 wherein depositing the
monolayer of light-scattering nanoparticles having the first
index of refraction proximate at least the portion of the
transparent second electrode further comprises:

depositing a monolayer of transparent light-scattering

nanoparticles having a first index of refraction proxi-
mate at least a portion of the transparent second elec-
trode.

21. The method of claim 19 wherein depositing a mono-
layer of transparent light-scattering nanoparticles having a
first index of refraction proximate at least a portion of the
transparent second electrode further comprises:

depositing a monolayer of asymmetric, transparent, light-

scattering nanopatrticles having a first index of refrac-
tion proximate at least a portion of the transparent
second electrode.
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22. The method of claim 21 wherein depositing the
monolayer of asymmetric, transparent, light-scattering
nanoparticles having the first index of refraction proximate
at least the portion of the transparent second electrode
further comprises:

depositing a monolayer of randomly oriented, asymmet-

ric, transparent, light-scattering nanoparticles having
the first index of refraction proximate at least the
portion of the transparent second electrode.

23. The method of claim 21, further comprising;

optically coupling the at least one monolayer of light-
scattering nanoparticles to the transparent second elec-
trode.

24. The method of claim 21 wherein depositing the
light-scattering layer proximate at least the portion of the
transparent second electrode further comprises:

depositing a light-scattering layer that includes generally
spherical, light-scattering, nanoparticles having a diam-
eter of less than 1000 nanometers (nm) proximate at
least the portion of the transparent second electrode.

25. The method of claim 24 wherein depositing the
light-scattering layer that includes generally spherical light-
scattering nanoparticles having a diameter of less than 1000
nanometers (nm) proximate at least the portion of the
transparent second electrode further comprises:

depositing a light-scattering layer that includes generally
spherical, light-scattering, nanoparticles having a diam-
eter of between 30 nanometers (nm) and 600 nm
proximate at least the portion of the transparent second
electrode.

26. The method of claim 18 wherein depositing the
light-scattering layer proximate at least the portion of the
transparent second electrode further comprises:

depositing a light-scattering layer proximate at least the
portion of the transparent second electrode, the light-
scattering layer including a monolayer of light-scatter-
ing nanoparticles that includes at least one of: rutile
particles, silicon nitride (Si;N,), titanium dioxide
(Ti02), magnesium oxide (Mg0), zinc oxide (Zn0O),
aluminum oxide (Al,0,), silicon oxide (Si0,), indium
oxide (In,0,), magnesium fluoride (MgF,), hafhium
oxide (HfO,), zirconium oxide (ZrO_,), zirconium
silicate (ZrSi0O,).
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