US 20180219051A1

a9y United States

12 Patent Application Publication o) Pub. No.: US 2018/0219051 A1

GHOSH et al.

43) Pub. Date: Aug. 2,2018

(54)

(1)

(72)

1)

22)

(60)

COLOR FILTER ARRAY ON DIRECTLY
PATTERNED AMOLED DISPLAYS AND
METHOD OF FABRICATION

Applicant: eMagin Corporation, Hopewell
Junction, NY (US)

Inventors: Amalkumar P. GHOSH, Hopewell
Junction, NY (US); Evan P.
DONOGHUE, Hopewell Junction, NY
(US); Ilyas I. KHAYRULLIN,
Hopewell Junction, NY (US); Qi
WANG, Hopewell Junction, NY (US);
Tariq ALI, Hopewell Junction, NY
(US)

Appl. No.: 15/882,364
Filed: Jan. 29, 2018
Related U.S. Application Data

Provisional application No. 62/451,747, filed on Jan.
29, 2017.

Publication Classification

(51) Int. CL
HOIL 27/32 (2006.01)
HOIL 51/56 (2006.01)
HOIL 21/66 (2006.01)
(52) US.CL
CPC vvoo HOIL 27/3211 (2013.01); HOIL 51/56

(2013.01); HOIL 2251/558 (2013.01); HOIL
27/322 (2013.01); HOIL 22/20 (2013.01)

(7) ABSTRACT

A method of fabricating an Organic Light Emitting Diode
(OLED) sub-pixel including providing an insulating struc-
ture upon which at least one color light emitter is directly
patterned between an anode and cathode pair, the anode and
cathode pair when energized being configured to cause the
at least one color light emitter to radiate visible light in an
emission spectrum, and patterning a color filter above the
anode and cathode pair and over the corresponding at least
one color light emitter. The radiated visible light in the
emission spectrum from the at least one color light emitter
is configured to pass through the color filter and radiate
visible light in a filtered spectrum, the radiated visible light
in the filtered spectrum being narrower in wavelength than
radiated visible light in the emission spectrum.
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COLOR FILTER ARRAY ON DIRECTLY
PATTERNED AMOLED DISPLAYS AND
METHOD OF FABRICATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/451,747 filed Jan. 29, 2017, which
is incorporated herein by reference.

BACKGROUND

1. Field of the Invention

[0002] The present invention relates to light emitting
devices. In particular, the present invention relates to a filter
design and filter patterning method for directly patterned
organic light emitting diode (“OLED”) devices.

2. Description of the Related Art

[0003] Currently, OLED display technology utilizes two
general approaches to deliver color images. The first
approach utilizes a color display that produces a white light
emission from a common white light OLED stack. The
white light emission is filtered through three single color
filter layers residing on three adjacent sub-pixels to produce
red, green and blue colors (alternatively referred to herein as
RGB colors). However, the three RBG color filters residing
on the corresponding three adjacent sub-pixels filter all but
one wavelength range from the white emissive OLED, and
thereby significantly attenuate the emissive intensity of each
OLED stack.

[0004] The second approach addresses the reduction in
intensity of the OLED by providing a color display that
includes three entirely different color OLED stacks residing
on three adjacent individually driven sub-pixels to produce
red, green, and blue (RGB) color emissions due to the
distinct configuration of organic layers within the individu-
ally designed OLED stacks.

[0005] Therefore, a need exists to color correct individu-
ally driven red, green, and blue color emitters to tune each
required RBG color emitter to expand the color gamut of
each sub-pixel of the plurality of sub-pixels that make up the
OLED display, particularly since generating deeply satu-
rated colors is currently limited by RGB OLED material
development

SUMMARY

[0006] It should be appreciated that this Summary is
provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed
Description. This Summary is not intended to be used to
limit the scope of the claimed subject matter.

[0007] In one embodiment disclosed herein, a method of
fabricating an Organic Light Emitting Diode (OLED) sub-
pixel including providing an insulating structure upon which
at least one color light emitter is directly patterned between
an anode and cathode pair, the anode and cathode pair when
energized being configured to cause the at least one color
light emitter to radiate visible light in an emission spectrum;
and patterning a color filter above the anode and cathode pair
and over the corresponding at least one color light emitter.
The radiated visible light in the emission spectrum from the
at least one color light emitter is configured to pass through
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the color filter and radiate visible light in a filtered spectrum,
the radiated visible light in the filtered spectrum being
narrower in wavelength than radiated visible light in the
emission spectrum.

[0008] The embodiment further includes fabricating the
OLED sub-pixel to include applying an adhesive layer
directly over the color filter above the anode and cathode
pair and over the corresponding at least one color light
emitter, and over second and third anode and cathode pairs
of the OLED sub-pixel, wherein the second and third anode
and cathode pairs are void of any patterned color filter.
[0009] The embodiment further includes fabricating the
OLED sub-pixel to including providing a plurality of color
light emitters each disposed between corresponding anode
and cathode pairs, each anode and cathode pair when
energized being configured to cause a corresponding color
light emitter to radiate visible light a discrete emission
spectrum. The radiated visible light particular in the emis-
sion spectrum from each of the plurality of color light
emitters is configured to pass through a discrete color filter
and radiate visible light in a discrete filtered spectrum.
[0010] The embodiment further includes fabricating the
OLED sub-pixel where each the plurality of color light
emitters includes one of a substantially red emission spec-
trum emitter centered on a substantially red wavelength, a
substantially green emission spectrum emitter centered on a
substantially green wavelength, or a substantially blue emis-
sion spectrum emitter centered on a substantially blue wave-
length. Furthermore, each corresponding color filter for the
plurality of color light emitters includes one of a red filtered
spectrum filter centered on the substantially red wavelength,
a green filtered spectrum color filter centered on the sub-
stantially green wavelength, and a blue filtered spectrum
color filter centered on the substantially blue wavelength.
[0011] The embodiment further includes fabricating the
OLED sub-pixel where patterning the color filter above the
anode and cathode pair and over the corresponding at least
one color light emitter further includes patterning one of the
red filtered spectrum filter, the green filtered spectrum filter,
or the blue filtered spectrum filter over a first of the plurality
of color light emitters disposed between a first anode and
cathode pair, and patterning another of the red filtered
spectrum filter, the green filtered spectrum filter, or the blue
filtered spectrum filter over a second of the plurality of color
light emitters disposed between a second anode and cathode
pair.

[0012] The embodiment further includes fabricating the
OLED sub-pixel where the one of the red filtered spectrum
filter, the green filtered spectrum filter, or the blue filtered
spectrum filter has a first color filter thickness, and where the
another of the red filtered spectrum filter, the green filtered
spectrum filter, or the blue filtered spectrum filter has a
second color filter thickness. Where the first color filter
thickness being substantially different than the second color
filter thickness.

[0013] The embodiment further includes fabricating the
OLED sub-pixel further including applying an adhesive
layer directly over the one of the red filtered spectrum filter,
the green filtered spectrum filter, or the blue filtered spec-
trum filter has a first color filter thickness, the another of the
red filtered spectrum filter, the green filtered spectrum filter,
or the blue filtered spectrum filter has a second color filter
thickness, and a third anode and cathode pair, wherein the
third anode and cathode pair is void of any color filter.
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[0014] The embodiment further includes fabricating the
OLED sub-pixel where patterning the color filter above the
anode and cathode pair and over the corresponding at least
one color light emitter further includes patterning the red
filtered spectrum filter over the substantially red emission
spectrum emitter, patterning the green filtered spectrum filter
over the substantially green emission spectrum emitter, and
patterning the blue filtered spectrum filter over the substan-
tially blue emission spectrum emitter.

[0015] The embodiment further includes fabricating the
OLED sub-pixel where at least two of the red filtered
spectrum filter, the green filtered spectrum filter, and the blue
filtered spectrum filter includes substantially different thick-
nesses.

[0016] The embodiment further includes fabricating the
OLED sub-pixel further including applying an adhesive
layer directly over the red filtered spectrum color filter, the
green filtered spectrum color filter, and the blue filtered
spectrum color filter, adhering a transparent protective layer
via the adhesive layer. Where the adhesive layer accommo-
dates for differences in thicknesses of the at least two of the
red filtered spectrum color filter, the green filtered spectrum
color and the blue filtered spectrum color filter with respect
to adjacent anode and cathode pairs.

[0017] In another embodiment disclosed herein, an
Organic Light Emitting Diode (OLED) device includes a
plurality of sub-pixels arranged in an array, each of the
plurality of sub-pixels including an insulating structure upon
which a plurality of color light emitters are directly pat-
terned between corresponding anode and cathode pairs, the
anode and cathode pairs when energized being configured to
cause each corresponding color light emitter to radiate
visible light in one of ared, green or blue emissive spectrum,
and at least one color filter disposed above at least one of the
anode and cathode pairs and over at least one of the
corresponding plurality of color light emitters, wherein the
radiated visible in one of the red, green or blue emissive
spectrum from the plurality of color light emitters is con-
figured to pass through the at least one color filter and radiate
visible light in a corresponding narrowed red, green or blue
filtered spectrum. The OLED device further including a
controller configured to address each of plurality of sub-
pixels in the array and configured to control the energizing
of each anode and cathode pair to cause a corresponding
color light emitter to radiate visible light in one of a red,
green or blue emissive spectrum.

[0018] The embodiment further includes an adhesive layer
disposed over the at least one color filter, and a transparent
protective layer disposed over the plurality of sub-pixels
arranged in the array, wherein the adhesive layer accommo-
dates for differences in total thicknesses of sub-pixels with
respect to adjacent anode and cathode pairs between the
anode and cathode pairs and the transparent protective layer.
[0019] The embodiment further includes at least two color
filters disposed above at least two corresponding anode and
cathode pairs and over at least two corresponding plurality
of color light emitters, where the radiated emissive spectrum
from each of the at least two corresponding plurality of color
light emitters is configured to pass through the correspond-
ing at least two color filters and radiate visible light in a
corresponding narrowed red, green or blue filtered spectrum.
[0020] The embodiment further includes the OLED device
where at least two color filters includes substantially differ-
ent thicknesses.
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[0021] The embodiment further includes the OLED device
further including a red color filter disposed above a first
corresponding anode and cathode pair and over a red emis-
sion spectrum color light emitter configured to emit a
corresponding narrowed red filtered spectrum, a green color
filter disposed above a second corresponding anode and
cathode pair and over a green emission spectrum color light
emitter configured to emit a corresponding narrowed green
filtered spectrum, and a blue color filter disposed above a
third corresponding anode and cathode pair and over a blue
emission spectrum color light emitter configured to emit a
corresponding narrowed blue filtered spectrum.

[0022] The embodiment further includes the OLED device
where at least two of the red color filter, the green color filter,
and the blue color filter includes substantially different
thicknesses.

[0023] The embodiment further includes the OLED device
where each of the plurality of color light emitters pixels is
less than or equal to 15 microns in size, and wherein the at
least one color filter includes a fluorescing quantum dot
material.

[0024] In another embodiment disclosed herein, a method
of fabricating an Organic Light Emitting Diode (OLED)
sub-pixel includes providing an insulating structure upon
which at least one color light emitter is directly patterned
between an anode and cathode pair, energizing the anode
and cathode pair to cause the color light emitter to radiate
visible light in the emission spectrum centered in one of a
substantially red, substantially green or substantially blue
wavelength, measuring a wavelength of the radiated visible
light in the emission spectrum of the at least one color light
emitter. The method further includes determining a color
filter thickness based on the measured wavelength of the
radiated visible light in the emission spectrum being com-
pared to a target emission spectrum, and patterning a color
filter having the color filter thickness above the anode and
cathode pair and over the at least one color light emitter. The
color filter is configured to cause the visible light in the
emission spectrum to radiate visible light in a filtered
spectrum, the filtered spectrum being narrower in wave-
length than the emission spectrum and being calibrated to a
predetermined color gamut value based on the color filter
thickness.

[0025] The embodiment further includes fabricating the
OLED sub-pixel to further include measuring a second
wavelength of radiated visible light in a second emission
spectrum of a second color light emitter, determining a
second color filter thickness based on the measured second
wavelength of the radiated visible light in the second emis-
sion spectrum of the second color light emitter being com-
pared to a second target emission spectrum, and patterning
a second color filter having a second color filter thickness
above a second anode and cathode pair and over the second
color light emitter. The second color filter is configured to
cause the visible light in the emission spectrum of the second
color light emitter to radiate visible light in a second filtered
spectrum, the second filtered spectrum being narrower in
wavelength than the emission spectrum of the second color
light emitter and being calibrated to a second predetermined
color gamut value based on the second color filter thickness.
[0026] The embodiment further includes the method of
fabricating the OLED sub-pixel further including measuring
a third wavelength of radiated visible light in third emission
spectrum of a third color light emitter, determining a third



US 2018/0219051 Al

color filter thickness based on the measured third wave-
length of the radiated visible light in the third emission
spectrum of the third color light emitter being compared to
a third target emission spectrum, and patterning a third color
filter having a third color filter thickness above a third anode
and cathode pair and over the third color light emitter. The
third color filter is configured to cause the visible light in the
emission spectrum of the third color light emitter to radiate
visible light in a third filtered spectrum, the third filtered
spectrum being narrower in wavelength than the emission
spectrum of the third color light emitter and being calibrated
to a third predetermined color gamut value based on the third
color filter thickness.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0027] The embodiments of the invention will be better
understood from the following detailed description with
reference to the drawings, which are not necessarily drawing
to scale and in which:

[0028] FIGS. 1A-1C illustrate a fabrication sequence of a
directly patterned OLED display;

[0029] FIG. 1A illustrates a first step in fabrication of a the
directly patterned OLED display where the anodes are
patterned upon a silicon backplane;

[0030] FIG. 1B illustrates a second step in fabrication of
a the directly patterned OLED display where a hole injection
layer, a hole transport layer and red, green and blue emissive
layers are patterned upon the partial build-up of FIG. 1A;
[0031] FIG. 1C illustrates a third step in fabrication of a
the directly patterned OLED display where an electron
transport layer, a cathode and a thin film encapsulation are
patterned upon the partial build-up of FIG. 1B;

[0032] FIGS. 2A-2D illustrates a first embodiment of the
OLED sub-pixel of the directly patterned OLED display;
[0033] FIG. 2A illustrates patterning a red, green and blue
color filter upon the partial build-up of FIG. 1C;

[0034] FIG. 2B illustrates patterning a transparent organic
layer on the partial build-up of FIG. 2A;

[0035] FIG. 2C illustrates patterning an adhesive layer on
the partial build-up of FIG. 2B;

[0036] FIG. 2D illustrates adjoining a cover glass layer on
the partial build-up of FIG. 2C, thereby illustrating a com-
pleted sub-pixel of the first embodiment;

[0037] FIGS. 3A-3D illustrates a second embodiment of
the OLED sub-pixel of the directly patterned OLED display;
[0038] FIG. 3A illustrates patterning a red, green and blue
color filter upon the partial build-up of FIG. 1C;

[0039] FIG. 3B illustrates patterning a transparent organic
layer on the partial build-up of FIG. 3A;

[0040] FIG. 3C illustrates patterning an adhesive layer on
the partial build-up of FIG. 3B;

[0041] FIG. 3D illustrates adjoining a cover glass layer on
the partial build-up of FIG. 3C, thereby illustrating a com-
pleted sub-pixel of the second embodiment;

[0042] FIG. 4 illustrates a color gamut calculation using
NTSC 1987 depicting an uncorrected/unfiltered directly
patterned OLED display:

[0043] FIG. 5 illustrates a color gamut calculation using
NTSC 1987 depicting an corrected/filtered directly pat-
terned OLED display;

[0044] FIG. 6A illustrates a wavelength vs. normalized
intensity chart for the color blue depicting spectra with and
without a blue color filter;
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[0045] FIG. 6B illustrates a wavelength vs. normalized
intensity chart for the color green depicting spectra with and
without a green color filter;

[0046] FIG. 6C illustrates a wavelength vs. normalized
intensity chart for the color red depicting spectra with and
without a blue red filter;

[0047] FIG. 6D illustrates a table showing a standard DP
(direct pattern) OLED 1931 CIE-x and 1931 CIE-y values
for unfiltered red, green and blue emissions;

[0048] FIG. 6E illustrates a table showing an enhanced
gamut DP (direct pattern) OLED 1931 CIE-x and 1931
CIE-y values for filtered red, green and blue emissions;
[0049] FIG. 7 illustrates a logic flow diagram of a first
embodiment of a method of fabrication an OLED sub-pixel;
[0050] FIG. 8 illustrates a logic flow diagram of a second
embodiment of a method of fabrication an OLED sub-pixel;
and

[0051] FIG. 9 illustrates a computer system according to
an exemplary embodiment configured to drive an OLED
array using the directly patterned OLED display of the first
and second embodiments depicted in FIGS. 1-3D.

DETAILED DESCRIPTION

[0052] FIGS. 1A-1C illustrate a fabrication sequence of a
directly patterned OLED display. An OLED device typically
may include a stack of thin layers, or films, formed on a
substrate backplane. A variety of technologies may be used
to fabricate OLED display backplanes including but not
limited to single crystal silicon and polysilicon wafers, glass
backplanes with layers of transparent conducting films, and
flexible organic or inorganic backplanes.

[0053] The thin layers or films of the OLED device may
be formed by evaporation, spin casting, other appropriate
polymer film-forming techniques, or chemical self-assem-
bly. Thicknesses typically may range from one monolayer to
a few thousand angstroms.

[0054] In the OLED stack, a light-emitting layer of a
luminescent organic solid, as well as adjacent semiconduc-
tor layers, is sandwiched between a cathode and an anode.
In a typical OLED, either the cathode or the anode is
transparent. The light-emitting layer may be selected from
any of a multitude of fluorescent organic solids. Any of the
layers, and particularly the light-emitting layer, may consist
of multiple sub-layers or a single uniform layer.

[0055] Protection of OLED stack against oxygen and
moisture may be achieved by encapsulation of the device.
The encapsulation may be obtained by means of a single
thin-film layer situated on the substrate, surrounding the
OLED.

[0056] FIG. 1A illustrates a first step in fabrication of a
directly patterned OLED display of the later described first
and second embodiments where each of the color specific
(red, green and blue, or “RGB”) electrode layers 20, 22 and
24 are patterned upon a silicon backplane 10 such that each
RGB color specific electrode layer is electrically insulated
from adjacent color specific electrode layers. For example,
a red electrode layer 20 may correspond to the red OLED
stack, a green electrode layer 22 may correspond to the
green OLED stack, and a blue electrode layer 24 may
correspond to the blue OLED stack. Each of these electrode
layers may be substituted for another color or may ordered
in a different manner as presented herein. The presentation
of this particular order is merely for representative purposes
and consistency for the remainder of this disclosure. RGB
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electrode layers 20, 22 and 24 may be an anode or a cathode,
and may be transparent, reflective or opaque.

[0057] FIG. 1B illustrates a second step in fabrication of
a the directly patterned OLED display where a hole injection
layer 30, a hole transport layer 40, and red 50, green 52 and
blue 54 emissive layers are patterned upon the partial
build-up of FIG. 1A. Red emissive layer 50, green emissive
layer 52 and blue emissive layer 54 each comprise discrete
color wavelength emitters that have a narrower wavelength
than a broad spectrum white light emitter. Each of the color
(RGB) emissive layers’ color corresponds to the RGB
electrode layers 20, 22 and 24 that lies beneath it for the
purposes of this disclosure. Each of the RGB emissive layers
50, 52 and 54 may comprise phosphorescent or fluorescent
organic solids, and/or quantum dot materials. The RGB
emissive layers 50, 52 and 54 may be configured in a tandem
OLED structure where plural light-emitting units are stacked
in series between the corresponding electrode layers and an
electron injection layer.

[0058] FIG. 1C illustrates a third step in fabrication of a
the directly patterned OLED display where an electron
transport layer 60, a transparent electrode layer 70 and a thin
film encapsulation layer 80 are patterned upon the partial
build-up of FIG. 1B. Transparent electrode layer 70 may be
an anode or a cathode. Thin film encapsulation layer 80 may
be arranged over transparent electrode layer 70 to prevent
contamination, by for instance moisture, of RGB emissive
layers 50, 52 and 54 or other layers of the sub-pixel. The
partial subpixel build-up 1 illustrated in FIG. 1C is the
representative starting point for the two embodiments pre-
sented hereinafter, where the first embodiment is illustrated
by FIGS. 2A-2D, and the second embodiment is illustrated
by FIGS. 3A-3D.

[0059] FIGS. 2A-2D illustrates a first embodiment of the
OLED sub-pixel of the directly patterned OLED display.
FIG. 2A particularly illustrates patterning a corresponding
red color filter layer 90, a green color filter layer 92, and a
blue color filter layer 94 upon the partial subpixel build-up
1 illustrated in FIG. 1C. Particularly, the red color filter layer
90 is disposed above the transparent electrode layer 70 and
the red emissive layer 52; the green color filter layer 92 is
disposed above the transparent electrode layer 70 and the
green emissive layer 52; and, the blue color filter layer 94 is
disposed above the transparent electrode layer 70 and the
blue emissive layer 54. The RGB color filter layers 90, 92
and 94 may comprise pigment, dye or inorganic material.
[0060] In an alternative embodiment, the OLED sub-pixel
structure may substitute the above-disclosed top emitter type
configuration for a bottom emitter type configuration, (not
shown), where a color filter(s), (disclosed below), may be
patterned prior to the directly patterning a bottom emitter-
type RGB color emissive layers 50, 52 and 54.

[0061] FIG. 2A in the first embodiment further graphically
illustrates each RGB color filter layer 90, 92 and 94 being
substantially the same thickness. Two factors play a major
role in the transmissivity of the color filter material used in
the RGB color filter layers 90, 92 and 94. First, the chemical
and physical compositions of the color filter layers are
significant, and second, the thickness of each color filter
layer is also significant. The color filter layer thickness is
important from a display color saturation standpoint, in that
the thicker the color filter layer is, the better the performance
of the color filter layer. The RGB color filter layers 90, 92
and 94 may be patterned on top of the respective RBG color
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emissive layers 50, 52 and 54 array using photolithography,
a cover plate with a color filter, or any other equivalent
material deposition technique. As discussed below, in some
embodiments, thicknesses may different from color filter to
color filter on the same sub-pixel.

[0062] Opaque separating layers 95 may extend between
adjacent peripheral edges of each color filter layer a top edge
of a transparent organic layer 100, (see FIG. 2B). Opaque
separating layers 95 may function to prevent visible light
from one color sub-pixel from leaking into an adjacent pixel
and thereby causing the emission of light outside a desired
spectrum. Opaque separating layers 95 may be composed of
a filter material including all RGB color filter materials in
order to obtain an opaque material. Opaque separating layers
95 may be deposited in the same or similar process step as
the deposition of RGB color filter layers 90, 92 and 94.

[0063] FIG. 2B illustrates patterning a transparent organic
layer 100 on the partial build-up of FIG. 2A and over each
of the RGB color filter layers 90, 92 and 94. The transparent
organic layer 100 may include multilayer organic and/or
inorganic material layers.

[0064] FIG. 2C illustrates patterning an adhesive layer 110
on the partial build-up of FIG. 2B directly over the trans-
parent organic layer 100.

[0065] FIG. 2D illustrates adjoining a cover layer 120 on
the partial build-up of FIG. 2C directly over and adjoined to
the adhesive layer, thereby illustrating a completed sub-pixel
130 of the first embodiment. Cover layer 120 may be glass
layer, and/or may be scratch protection layer, non-reflective
layer, or a capacitive touch-screen layer. In an alternative
embodiment, an anti-reflective layer (not shown) may be
positioned on the back side of cover layer 120 or on the front
side of cover layer 120.

[0066] FIGS. 3A-3D illustrates a second embodiment of
the OLED sub-pixel of the directly patterned OLED display.
FIG. 3A particularly illustrates patterning a corresponding
red 190, green 192, and blue 194 color filter layer upon the
partial subpixel build-up 1 illustrated in FIG. 1C. Particu-
larly, the red color filter layer 190 is disposed above the
transparent electrode layer 70 and the red emissive layer 52;
the green color filter layer 192 is disposed above the
transparent electrode layer 70 and the green emissive layer
52; and, the blue color filter layer 194 is disposed above the
transparent electrode layer 70 and the blue emissive layer
54. The RGB color filter layers 190, 192 and 194 may
comprise pigment, dye or inorganic material.

[0067] FIG. 3A in the second embodiment further graphi-
cally illustrates each RGB color filter layer 190, 192 and 194
having a substantially different thickness from each other
color filter layer. The thickness of each color filter layer is
significant in the second embodiment since the color filter
layer thickness is important from a display color tuning
standpoint, in that the thickness of each color filter layer may
be adjusted to tune or trim a certain range of wavelength
emission from the color emission layers. Using the green
filter layer 192 as an example, the green filter layer 192 not
only blocks red and blue OLED emissive light that may be
bleed from adjacent color emissive layers, but the green
filter layer 192 may trim a certain portion of the green
spectrum emitted by the green emissive layer 52. This
trimming via the color filter layers of the individual red,
green or blue spectrum emitted by the corresponding color
emitter has benefits in both color balancing of the overall
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OLED display device and increasing the color gamut of each
sub-pixel in the OLED display device.

[0068] Incolor balancing, for example, if the green emitter
layer 52, without any color filter, has a higher intensity than
adjacent red 50 and blue 54 emitter layers without any color
filters, then the emitted green light will be stronger than the
emitted red and blue light, causing a green shifting in the
OLED display when mixing the emitted light of each OLED
stack. Color balancing an OLED display requires that the
relative transmittance of the three sub-pixels in an RGB
OLED display have comparable intensities. In particular, the
combination of the light emitted from an RGB display with
all three sub-pixels on should be close to a standard white
color, for instance point D65 on a 1931 CIE color coordinate
graph.

[0069] In the second embodiment, a single color filter
layer may be deposited to a predetermined thickness to
compensate for any unbalanced color emitter layer. If the
chemical and physical composition of the color filter layers
may be adjusted such that a thickness of a color filter layer
may corresponds to a particular degree of emitter intensity
attenuation, then individual color emitter layer intensities
may be adjusted with the application of a deposited color
filter layer having a corresponding thickness.

[0070] With respect to increasing the color gamut of each
sub-pixel in the OLED display device, the chemical and
physical compositions of the color filter layers may be
adjusted such that a thickness of a color filter layer may
correspond to a particular range of wavelength light allowed
to pass through the color filter layer from a wider emission
spectrum from the color emitter. In this manner, undesirable
wavelengths of light emission may be trimmed from the
original emitted light to increase the color gamut of each red,
green and blue color sub-pixel.

[0071] FIGS. 3A-3D illustrate a representative example of
different thicknesses of each RGB color filter layer 190, 192
and 194. However, not all color filter layer need be applied
to the intermediate pixel stack illustrated in FIG. 1C. If only
one color sub-pixel needs adjustment, for example, in inten-
sity or emission spectrum, then only one color filter layer
may be applied at the requisite thickness to the correspond-
ing color sub-pixel and the remainder of the color filter layer
is left without any deposited color filter layers. Additionally,
if two or more color sub-pixels need adjustment, for
example, in intensity or emission spectrum, then only two
color or more corresponding filter layers may be applied at
the requisite thickness to the corresponding color sub-pixels
in the same manner.

[0072] In an alternative embodiment, the color filter layers
may be comprised of quantum dot material composed of
very small semiconductor particles, (typically 2-10 nm in
size), that fluoresces light of specific the electromagnetic
spectrum frequencies when a current or particular wave-
length of light is applied to them. These emitted frequencies
can be precisely tuned by changing the quantum dots’ size,
shape and material. More particularly, when the color emit-
ters excite the quantum dot material, the quantum dots
generate a Stokes shift in the quantum dot emitted light
capable of achieving more color saturation and a wider color
gamut. For example, quantum dotes perform a red-shift of
the emitted frequency to a longer wavelength, i.e., a blue
wavelength to a green or red wavelength, a green wave-
length to a red wavelength, or a red wavelength to a more
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saturated red wavelength. Quantum dot material may also
shift and/or narrow the color spectrum of emitted light.
[0073] Opaque separating layers 195 may extend between
adjacent peripheral edges of each color filter layer a top edge
of a transparent organic layer 200, (see FIG. 3B). Opaque
separating layers 195 may function to prevent visible light
from one color sub-pixel from leaking into an adjacent pixel
and thereby causing the emission of light outside a desired
spectrum. Opaque separating layers 195 may be composed
of a filter material including all RGB color filter materials in
order to obtain an opaque material. Opaque separating layers
195 may be deposited in the same or similar process step as
the deposition of RGB color filter layers 190, 192 and 194.
[0074] FIG. 3B illustrates patterning a transparent organic
layer 200 on the partial build-up of FIG. 3A and over each
of the RGB color filter layers 190, 192 and 194. The
transparent organic layer 200 may include multilayer
organic and/or inorganic material layers. If one or more
color sub-pixels does not need the application of any color
filter layer for the reasons identified above, the transparent
organic layer 200 would be deposited directly on any
non-patterned portion of the thin film encapsulation layer 80
[0075] FIG. 3C illustrates patterning an adhesive layer 210
on the partial build-up of FIG. 3B directly over the trans-
parent organic layer 200. The adhesive layer 210 is config-
ured to fill in any unevenness in height resulting in differ-
ences in thickness of the RGB color filter layers 190, 192
and 194, or resulting in the lack of application of any color
filter layer on the thin film encapsulation layer 80 for the
reasons identified above.

[0076] FIG. 3D illustrates adjoining a cover layer 220 on
the partial build-up of FIG. 3C, thereby illustrating a com-
pleted sub-pixel 230 of the second embodiment. In an
alternative embodiment, an anti-reflective layer (not shown)
may be positioned on the back side of cover layer 220 or on
the front side of cover layer 220.

[0077] The OLED display described herein, in either the
first or second embodiments, may be of both active and
passive matrix with any dimension of completed sub-pixels
130 or 230. The display may have any type of a back plane
including but not limited to silicon or polysilicon wafer,
glass backplane coated with conducting film or films, flex-
ible organic and inorganic backplane or a backplane using
combination of both. The active or passive matrix OLED
color display may be emitting from either positive current
electrode side or negative current electrode side or both
sides simultaneously.

[0078] The active or passive matrix OLED color display
may utilize any type of organic material inside its organic
stack including but not limited to small molecule OLED
materials, polymer OLED materials, carbon nanotube mate-
rials, quantum dot type materials and other materials used to
produce light in visible optical band by passing electrical
current through the stack. The active or passive OLED color
display may utilize any organic or inorganic stack configu-
ration including but not limited to single unit OLED devices,
multiunit tandem type OLED devices, stacked OLED
devices, with any sequence of the transport and light emit-
ting layers. The active or passive OLED color display may
emit light in any color in the visible optical band including
but not limited to white, red, green, blue, and yellow.
[0079] FIG. 4 illustrates an unmodified, (i.e., no color
filter layer correction), subpixel color gamut chart 400 using
an NTSC 1987 standard gamut color space 410 overlaid
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with an unmodified sub-pixel gamut color space 420 of a
directly patterned OLED display. The unmodified sub-pixel
gamut color space 420 encompasses a total area of 88.82%
of the NTSC 1987 standard gamut color space 410 and has
an overlap area of 73.44% of the NTSC 1987 standard
gamut color space 410.

[0080] FIG. 5 illustrates a color filter modified color
gamut chart 500 using the same NTSC 1987 standard gamut
color space 410 but now overlaid with a color filter modified
sub-pixel gamut color space 510 of a directly patterned
OLED display. The color filter modified sub-pixel gamut
color space 510 encompasses a total area of 142.5% of the
NTSC 1987 standard gamut color space 410 and has an
overlap area of 99.84% of the NTSC 1987 standard gamut
color space 410.

[0081] FIG. 6A illustrates a blue wavelength vs. normal-
ized intensity chart 600 depicting an unmodified blue emis-
sion spectrum 610 (without any blue color filter layer), and
a filtered blue emission spectrum 620 with a blue color filter
layer.

[0082] FIG. 6B illustrates a green wavelength vs. normal-
ized intensity chart 630 depicting an unmodified green
emission spectrum 640 (without any green color filter layer),
and a filtered green emission spectrum 650 with a green
color filter layer.

[0083] FIG. 6C illustrates a red wavelength vs. normalized
intensity chart 660 depicting an unmodified red emission
spectrum 670 (without any red color filter layer), and a
filtered red emission spectrum 680 with a red color filter
layer.

[0084] FIG. 6D illustrates a standard direction pattern
OLED color gamut table 690 displaying color space 1931
CIE-x and 1931 CIE-y coordinates values for unfiltered red,
green and blue emission spectrums of a representative
sub-pixel RGB. Table 690 shows 1931 CIE-x values 691 for
red-x, green-x, and blue-x coordinates, and 1931 CIE-y
values 692 for red-y, green-y, and blue-y coordinates. The
same unfiltered red, green and blue emission spectrums
generate a DCI-P3 color space value 693 of 63.6% based on
the following DCI-P3 standard coordinate values:

[0085] Rx, Gx, Bx: (0.680, 0.265, 0.150); and

[0086] Ry, Gy, By: (0.320; 0.690; 0.060).

The same unfiltered red, green and blue emission spectrums
generate a sSRGB color space value 694 of 86.3% based on
the following sRGB standard coordinate values:

[0087] Rx, Gx, Bx: (0.640, 0.300, 0.150); and
[0088] Ry, Gy, By: (0.330, 0.600, 0.060).
[0089] FIG. 6E illustrates an enhanced, (i.e., color filtered)

direct pattern OLED color gamut table 695 showing color
space 1931 CIE-x and 1931 CIE-y coordinates values for
filtered red, green and blue emission spectrums of a color
filter modified sub-pixel. Table 695 shows 1931 CIE-x
values 696 for red-x, green-x, and blue-x coordinates, and
1931 CIE-y values 697 for red-y, green-y, and blue-y coor-
dinates. The same filtered red, green and blue emission
spectrums generate a DCI-P3 color space value 698 of
98.0% (demonstrating a 54.8% improvement over the unfil-
tered DCI-P3 value 693 of FIG. 6D), based on the above-
identified DCI-P3 coordinate values. The same filtered red,
green and blue emission spectrums generate a sSRGB color
space value 699 of 133.0% (demonstrating a 54.1%
improvement over the unfiltered sSRGB value of FIG. 6D)
based on the above-identified sSRGB coordinate values.
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[0090] FIG. 7 illustrates a logic flow diagram of a first
embodiment of a method of fabricating an OLED sub-pixel.
The method includes providing 700 an insulating structure
upon which at least one color light emitter is directly
patterned between an anode and cathode pair, the anode and
cathode pair when energized being configured to cause the
at least one color light emitter to radiate visible light in an
emission spectrum, and patterning 702 a color filter above
the anode and cathode pair and over the corresponding at
least one color light emitter. The method further includes
providing 704 a plurality of color light emitters each dis-
posed between corresponding anode and cathode pairs, each
anode and cathode pair when energized being configured to
cause a corresponding color light emitter to radiate visible
light a discrete emission spectrum.

[0091] The method further includes patterning 706 one of
the red filtered spectrum filter, the green filtered spectrum
filter, or the blue filtered spectrum filter over a first of the
plurality of color light emitters disposed between a first
anode and cathode pair, and patterning 708 another of the
red filtered spectrum filter, the green filtered spectrum filter,
or the blue filtered spectrum filter over a second of the
plurality of color light emitters disposed between a second
anode and cathode pair.

[0092] The method further includes applying 710 an adhe-
sive layer directly over the one of the red filtered spectrum
filter, the green filtered spectrum filter, or the blue filtered
spectrum filter has a first color filter thickness, the another
of the red filtered spectrum filter, the green filtered spectrum
filter, or the blue filtered spectrum filter has a second color
filter thickness, and a third anode and cathode pair, wherein
the third anode and cathode pair is void of any color filter.
[0093] FIG. 8 illustrates a logic flow diagram of a second
embodiment of a method of fabricating an OLED sub-pixel.
The method includes providing 800 an insulating structure
upon which at least one color light emitter is directly
patterned between an anode and cathode pair, and energizing
810 the anode and cathode pair to cause the color light
emitter to radiate visible light in the emission spectrum
centered in one of a substantially red, substantially green or
substantially blue wavelength.

[0094] The method further includes measuring 804 a
wavelength of the radiated visible light in the emission
spectrum of the at least one color light emitter, and deter-
mining 806 a color filter thickness based on the measured
wavelength of the radiated visible light in the emission
spectrum being compared to a target emission spectrum. The
method further includes patterning 808 a color filter having
the color filter thickness above the anode and cathode pair
and over the at least one color light emitter, and measuring
810 a second wavelength of radiated visible light in a second
emission spectrum of a second color light emitter.

[0095] The method further includes determining 812 a
second color filter thickness based on the measured second
wavelength of the radiated visible light in the second emis-
sion spectrum of the second color light emitter being com-
pared to a second target emission spectrum, and patterning
814 a second color filter having a second color filter thick-
ness above a second anode and cathode pair and over the
second color light emitter.

[0096] FIG. 9 illustrates a computer system according to
an exemplary embodiment configured to drive an OLED
array using the directly patterned OLED display comprised
of the completed color filtered sub-pixels 130 and 230
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depicted in FIG. 2D and FIG. 3D. Computer 900 can, for
example, operate OLED driver circuit 960 that controls and
OLED device 970 comprised of a plurality of the completed
OLED sub-pixels of the first embodiment 130 or the com-
pleted OLED sub-pixels of the second embodiment 230.

[0097] High resolution active matrix displays may include
millions of pixels and sub-pixels that are individually
addressed by the OLED drive circuit 960. Each sub-pixel
can have several semiconductor transistors and other IC
components. Each OLED may correspond to a pixel or a
sub-pixel, and these terms are used interchangeably herein.

[0098] Additionally, computer 900 can perform the steps
described above (e.g., with respect to FIG. 4). Computer 900
contains processor 910 which controls the operation of
computer 900 by executing computer program instructions
which define such operation, and which may be stored on a
computer-readable recording medium. The computer pro-
gram instructions may be stored in storage 920 (e.g., a
magnetic disk, a database) and loaded into memory 930
when execution of the computer program instructions is
desired. Thus, the computer operation will be defined by
computer program instructions stored in memory 930 and/or
storage 920 and computer 900 will be controlled by proces-
sor 910 executing the computer program instructions. Com-
puter 900 also includes one or more network interfaces 940
for communicating with other devices, for example other
computers, servers, or websites. Network interface 940 may,
for example, be a local network, a wireless network, an
intranet, or the Internet. Computer 900 also includes input/
output 950, which represents devices which allow for user
interaction with the computer 900 (e.g., display, keyboard,
mouse, speakers, buttons, webcams, etc.). One skilled in the
art will recognize that an implementation of an actual
computer will contain other components as well, and that
FIG. 9 is a high-level representation of some of the com-
ponents of such a computer for illustrative purposes.

[0099] In summary, the inclusion of a color filter layer
matching a corresponding color emitter layer has several
benefits, namely, the resultant emission spectrum may be
more saturated, and the color gamut significantly increased
to meet improve device gamut specifications; any undesired
portion of the emissive spectrum may be filtered out. Since
the color filter layer matches the color of the OLED layer,
the emissive light lost is minimized. For example, only
non-green light will be filtered from the green pixel, so the
bulk of the light is transmitted by the color filter layer
lessens any color intensity attenuation by the color filter
layer. Further, the thickness of the color filter can be
optimized to tune the emissive spectrum color performance
which allows a great degree of control over color gamut
performance of the OLED device. Additionally, not all color
subpixels need to receive a color filter layer, that is, for
example, if the performance for two colors is adequate but
only one color needs improvement, then only one color in
the color filter layer may be applied.

[0100] While only a limited number of preferred embodi-
ments have been disclosed for purposes of illustration, it is
obvious that many modifications and variations could be
made thereto. This disclosure intends to cover all of those
modifications and variations which fall within the scope of
the present invention, as defined by the following claims.
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What is claimed is:

1. A method of fabricating an Organic Light Emitting
Diode (OLED) sub-pixel comprising:

providing an insulating structure upon which at least one

color light emitter is directly patterned between an
anode and cathode pair, the anode and cathode pair
when energized being configured to cause the at least
one color light emitter to radiate visible light in an
emission spectrum; and

patterning a color filter above the anode and cathode pair

and over the corresponding at least one color light
emitter,

wherein the radiated visible light in the emission spectrum

from the at least one color light emitter is configured to
pass through the color filter and radiate visible light in
a filtered spectrum, the radiated visible light in the
filtered spectrum being narrower in wavelength than
radiated visible light in the emission spectrum.

2. The method of fabricating the OLED sub-pixel accord-
ing to claim 1, further comprising:

applying an adhesive layer directly over the color filter

above the anode and cathode pair and over the corre-
sponding at least one color light emitter, and over
second and third anode and cathode pairs of the OLED
sub-pixel,

wherein the second and third anode and cathode pairs are

void of any patterned color filter.
3. The method of fabricating the OLED sub-pixel accord-
ing to claim 1, further comprising:
providing a plurality of color light emitters each disposed
between corresponding anode and cathode pairs, each
anode and cathode pair when energized being config-
ured to cause a corresponding color light emitter to
radiate visible light a discrete emission spectrum; and

wherein the radiated visible light particular in the emis-
sion spectrum from each of the plurality of color light
emitters is configured to pass through a discrete color
filter and radiate visible light in a discrete filtered
spectrum.

4. The method of fabricating the OLED sub-pixel accord-
ing to claim 3, wherein each the plurality of color light
emitters comprises one of:

a substantially red emission spectrum emitter centered on

a substantially red wavelength;

a substantially green emission spectrum emitter centered

on a substantially green wavelength; or

a substantially blue emission spectrum emitter centered

on a substantially blue wavelength,

wherein each corresponding color filter for the plurality of

color light emitters comprises one of:

a red filtered spectrum filter centered on the substantially

red wavelength;

a green filtered spectrum color filter centered on the

substantially green wavelength; and

a blue filtered spectrum color filter centered on the

substantially blue wavelength.

5. The method of fabricating the OLED sub-pixel accord-
ing to claim 4, wherein patterning the color filter above the
anode and cathode pair and over the corresponding at least
one color light emitter further comprises:

patterning one of the red filtered spectrum filter, the green

filtered spectrum filter, or the blue filtered spectrum
filter over a first of the plurality of color light emitters
disposed between a first anode and cathode pair;
patterning another of the red filtered spectrum filter, the
green filtered spectrum filter, or the blue filtered spec-
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trum filter over a second of the plurality of color light
emitters disposed between a second anode and cathode
pair.

6. The method of fabricating the OLED sub-pixel accord-
ing to claim 5, wherein the one of the red filtered spectrum
filter, the green filtered spectrum filter, or the blue filtered
spectrum filter has a first color filter thickness,

wherein the another of the red filtered spectrum filter, the

green filtered spectrum filter, or the blue filtered spec-

trum filter has a second color filter thickness, and
wherein the first color filter thickness being substantially

different than the second color filter thickness.

7. The method of fabricating the OLED sub-pixel accord-
ing to claim 5, further comprising:

applying an adhesive layer directly over

the one of the red filtered spectrum filter, the green
filtered spectrum filter, or the blue filtered spectrum
filter has a first color filter thickness,

the another of the red filtered spectrum filter, the green
filtered spectrum filter, or the blue filtered spectrum
filter has a second color filter thickness, and

a third anode and cathode pair, wherein the third anode
and cathode pair is void of any color filter.

8. The method of fabricating the OLED sub-pixel accord-
ing to claim 4, wherein patterning the color filter above the
anode and cathode pair and over the corresponding at least
one color light emitter further comprises:

patterning the red filtered spectrum filter over the sub-

stantially red emission spectrum emitter;

patterning the green filtered spectrum filter over the

substantially green emission spectrum emitter; and
patterning the blue filtered spectrum filter over the sub-
stantially blue emission spectrum emitter.
9. The method of fabricating the OLED sub-pixel accord-
ing to claim 8, wherein at least two of the red filtered
spectrum filter, the green filtered spectrum filter, and the blue
filtered spectrum filter comprises substantially different
thicknesses.
10. The method of fabricating the OLED sub-pixel
according to claim 9, further comprising:
applying an adhesive layer directly over the red filtered
spectrum color filter, the green filtered spectrum color
filter, and the blue filtered spectrum color filter;

adhering a transparent protective layer via the adhesive
layer,

wherein the adhesive layer accommodates for differences

in thicknesses of the at least two of the red filtered
spectrum color filter, the green filtered spectrum color
and the blue filtered spectrum color filter with respect
to adjacent anode and cathode pairs.

11. An Organic Light Emitting Diode (OLED) device
comptrising:

a plurality of sub-pixels arranged in an array, each of the

plurality of sub-pixels including:

an insulating structure upon which a plurality of color
light emitters are patterned between corresponding
anode and cathode pairs, the anode and cathode pairs
when energized being configured to cause each cor-
responding color light emitter to radiate visible light
in one of a red, green or blue emissive spectrum; and

at least one color filter disposed above at least one of
the anode and cathode pairs and over at least one of
the corresponding plurality of color light emitters,
wherein the radiated visible in one of the red, green
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or blue emissive spectrum from the plurality of color
light emitters is configured to pass through the at
least one color filter and radiate visible light in a
corresponding narrowed red, green or blue filtered
spectrum; and

a controller configured to address each of plurality of
sub-pixels in the array and configured to control the
energizing of each anode and cathode pair to cause a
corresponding color light emitter to radiate visible light
in one of a red, green or blue emissive spectrum.

12. The OLED device according to claim 11, further

comprising:

an adhesive layer disposed over the at least one color
filter; and

a transparent protective layer disposed over the plurality
of sub-pixels arranged in the array,

wherein the adhesive layer accommodates for differences
in total thicknesses of sub-pixels with respect to adja-
cent anode and cathode pairs between the anode and
cathode pairs and the transparent protective layer.

13. The OLED device according to claim 11, further
comprising at least two color filters disposed above at least
two corresponding anode and cathode pairs and over at least
two corresponding plurality of color light emitters,

wherein the radiated emissive spectrum from each of the
at least two corresponding plurality of color light
emitters is configured to pass through the correspond-
ing at least two color filters and radiate visible light in
a corresponding narrowed red, green or blue filtered
spectrum.

14. The OLED device according to claim 13, wherein at
least two color filters comprises substantially different thick-
nesses.

15. The OLED device according to claim 11, further
comprising:

a red color filter disposed above a first corresponding
anode and cathode pair and over a red emission spec-
trum light emitter configured to emit a corresponding
narrowed red filtered spectrum;

a green color filter disposed above a second correspond-
ing anode and cathode pair and over a green emission
spectrum light emitter configured to emit a correspond-
ing narrowed green filtered spectrum; and

a blue color filter disposed above a third corresponding
anode and cathode pair and over a blue emission
spectrum light emitter configured to emit a correspond-
ing narrowed blue filtered spectrum.

16. The OLED device according to claim 15, wherein at
least two of the red color filter, the green color filter, and the
blue color filter comprises substantially different thick-
nesses.

17. The OLED device according to claim 11, wherein
each of the plurality of color light emitters pixels is less than
or equal to 15 microns in size.

18. The OLED device according to claim 11, wherein the
at least one color filter comprises a fluorescing quantum dot
material.

19. A method of fabricating an Organic Light Emitting
Diode (OLED) sub-pixel comprising:

providing an insulating structure upon which at least one
color light emitter is directly patterned between an
anode and cathode pair;

energizing the anode and cathode pair to cause the color
light emitter to radiate visible light in the emission
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spectrum centered in one of a substantially red, sub-
stantially green or substantially blue wavelength;

measuring a wavelength of the radiated visible light in the
emission spectrum of the at least one color light emit-
ter;

determining a color filter thickness based on the measured
wavelength of the radiated visible light in the emission
spectrum being compared to a target emission spec-
trum; and

patterning a color filter having the color filter thickness
above the anode and cathode pair and over the at least
one color light emitter;

wherein the color filter is configured to cause the visible
light in the emission spectrum to radiate visible light in
a filtered spectrum, the filtered spectrum being nar-
rower in wavelength than the emission spectrum and
being calibrated to a predetermined color gamut value
based on the color filter thickness.

20. The method of fabricating the OLED sub-pixel

according to claim 19, further comprising:

measuring a second wavelength of radiated visible light in
a second emission spectrum of a second color light
emitter;

determining a second color filter thickness based on the
measured second wavelength of the radiated visible
light in the second emission spectrum of the second
color light emitter being compared to a second target
emission spectrum; and

patterning a second color filter having a second color filter
thickness above a second anode and cathode pair and
over the second color light emitter,

Aug. 2,2018

wherein the second color filter is configured to cause the
visible light in the emission spectrum of the second
color light emitter to radiate visible light in a second
filtered spectrum, the second filtered spectrum being
narrower in wavelength than the emission spectrum of
the second color light emitter and being calibrated to a
second predetermined color gamut value based on the
second color filter thickness.

21. The method of fabricating the OLED sub-pixel
according to claim 19, further comprising:

measuring a third wavelength of radiated visible light in
third emission spectrum of a third color light emitter;

determining a third color filter thickness based on the
measured third wavelength of the radiated visible light
in the third emission spectrum of the third color light
emitter being compared to a third target emission
spectrum; and

patterning a third color filter having a third color filter
thickness above a third anode and cathode pair and over
the third color light emitter,

wherein the third color filter is configured to cause the
visible light in the emission spectrum of the third color
light emitter to radiate visible light in a third filtered
spectrum, the third filtered spectrum being narrower in
wavelength than the emission spectrum of the third
color light emitter and being calibrated to a third
predetermined color gamut value based on the third
color filter thickness.

* ok %k
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