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(57) ABSTRACT

A hybrid light emitting diode (LED) display and fabrication
method are provided. The method forms a stack of thin-film
layers overlying a top surface of a substrate. The stack
includes an LED control matrix and a plurality of pixels.
Each pixel is made up of a first subpixel enabled using an
inorganic micro LED (uLED), a second subpixel enabled
using an organic LED (OLED), and a third subpixel enabled
using an OLED. The first subpixel emits a blue color light,
the second subpixel emits a red color light, and the third
subpixel emits a green color light. In one aspect, the stack
includes a plurality of wells in a top surface of the stack,
populated by the LEDs. The uLEDs may be configured
vertical structures with top and bottom electrical contacts, or
surface mount top surface contacts. The uLEDs may also
include posts for fluidic assembly orientation.
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METHOD FOR FABRICATING A HYBRID
DISPLAY USING INORGANIC MICRO
LIGHT EMITTING DIODES (ULEDS) AND
ORGANIC LEDS (OLEDS)

RELATED APPLICATIONS

[0001] Any and all applications, if any, for which a foreign
or domestic priority claim is identified in the Application
Data Sheet of the present application are hereby incorpo-
rated by reference under 37 CFR 1.57.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] This invention generally relates to direct emission
displays and, more particularly, to hybrid emissive displays
made using both organic light emitting diodes (OLEDs) and
inorganic LEDs.

2. Description of the Related Art

[0003] The currently dominant direct emitting display
technology uses organic light emitting diodes (OLED) in an
active matrix array. The technology has several strengths
compared with liquid crystal display (LCD) technology
including high efficiency and very high contrast ratio. The
technology also has some notable weaknesses including a
relatively high cost, sensitivity to moisture and atmospheric
oxidation and, more importantly, the low efficiency and poor
lifetime of the blue emitting OLED devices. Typical blue
OLEDs may have a quantum efficiency of only 5% and a
limited lifetime of a few thousand hours before the efficiency
decreases to the point that blue emission is too low, as
compared to red and green OLEDs. This is especially
problematic where image burn-in may be caused by a static
image such as an icon or menu bar.

[0004] By contrast, inorganic blue LEDs fabricated using
gallium nitride (GaN) have a quantum efficiency upwards of
40%, lifetimes of 50-60,000 hours, and are impervious to
oxidation by water or air.

[0005] It would be advantageous to substitute robust blue
inorganic LEDs for the blue emitting OLED pixels in a
display to improve the display reliability.

SUMMARY OF THE INVENTION

[0006] Disclosed herein is a hybrid emissive display that
uses conventional organic light emitting diode (OLED)
technology to make red and green subpixels, and inorganic
micro LEDs (uLEDs) for the blue subpixels. The OLED
technology that can be integrated with the uLED technology
is described in the following patents, which are incorporated
herein by reference: U.S. Pat. Nos. 9,059,121, 8,278,664,
8,698,145, and 8,106,402. The active matrix drive scheme
that is currently used for OLED displays works equally well
to power a uLED based subpixel, so the interface and
electronic control circuits of the hybrid display is substan-
tially the same as for conventional OLED displays. The
uLLED subpixels may be made using the fluidic assembly
technology described in parent application SYSTEM AND
METHOD FOR THE FLUIDIC ASSEMBLY OF EMIS-
SIVE DISPLAYS, invented by Sasaki et al, Ser. No. 15/412,
731, filed Jan. 23, 2017. The blue emitters can be the surface
mount uLLEDs described in parent application DISPLAY
WITH SURFACE MOUNT EMISSIVE ELEMENTS,
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invented by Schuele et al., filed Jan. 19, 2017, Ser. No.
15/410,001, and the vertical uLEDs described in the parent
application entitled FLUIDIC ASSEMBLY TOP- CON-
TACT DISK, Ser. No. 14/680,618, invented by Zhan et al.,
and filed on Apr. 7, 2015.

[0007] The combined uLED and OLED display has a
higher efficiency and reliability as a result of using the blue
emitting GaN uL.EDs, but does not require color conversion
or the fluidic assembly of three different emitters, as in the
case of a red-green-blue (RGB) display made using only
ulLEDs. So, the hybrid displayed disclosed herein has the
strengths of both OLED and GaN technologies, while avoid-
ing the most difficult aspects of a display made either with
only OLEDs or with only inorganic uLEDs.

[0008] Accordingly, a method is provided for fabricating
a hybrid light emitting diode emissive display. The method
forms a stack of thin- film layers overlying a top surface of
a substrate. The stack includes an LED control matrix and a
plurality of pixels. One example of an LED control matrix
is an active matrix (AM) of control circuits, where each
control circuit selectively enables a corresponding LED.
Each pixel is made up of a first subpixel enabled using an
inorganic micro LED, a second subpixel enabled using an
OLED, and a third subpixel enabled using an OLED. The
first subpixel emits a blue color light, the second subpixel
emits a red color light, and the third subpixel emits a green
color light. The method forms an electrical interface matrix
layer overlying the stack, connected to each OLED. In one
aspect, the stack includes a plurality of wells in a top surface
of the stack, populated by the LEDs. The uLEDs may be
configured as vertical structures with top and bottom elec-
trical contacts, or as surface mount uLEDs with top surface
contacts. The uLEDs may also include posts, which are
useful in fluidic assembly.

[0009] Additional details of the above-described fabrica-
tion method, and well as a hybrid emissive display made
with both OLEDs and uLLEDs, are presented below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIGS. 1A and 1B are partial cross-sectional views
of a hybrid light emitting diode (LED) emissive display.
[0011] FIG. 2 is a partial cross-sectional view of a first
variation of the hybrid emissive display.

[0012] FIG. 3 is a schematic diagram depicting an LED
display enabled using an active matrix.

[0013] FIG. 4 is a partial cross-sectional view depicting an
exemplary OLED heterostructure.

[0014] FIG. 5 is a partial cross-sectional view depicting a
second variation of the hybrid emissive display

[0015] FIG. 6 depicts the view seen from the top surface
of a surface mount uLLED, with the SMuLED top surface
contacting the underlying uLLED well electrical interfaces.
[0016] FIGS. 7A, 7B, and 7C are, respectively, a partial
cross- sectional view of a SMuLED variation, an uLED well
variation, and the SMuLED seated in the uLED well.
[0017] FIG. 8 is a partial cross-sectional view of a top-
emitting OLED subpixel (prior art).

[0018] FIG. 9 is a schematic drawing of an exemplary
LED control (drive) circuit (prior art).

[0019] FIG. 10A is a partial cross-sectional view depicting
a vertical structure uLED, and FIG. 10B is a partial cross-
sectional view depicting an active matrix pixel made using
the vertical structure uLED.
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[0020] FIGS. 11A, 11B, and 11C are, respectively, partial
cross-sectional and plan views of a surface mount uLED,
and a partial cross- sectional view of active matrix pixel
made with the SMuLED.

[0021] FIGS. 12A through 12L are partial cross-sectional
views depicting steps in an exemplary hybrid OLED-uLED
display process flow using the vertical structure uLEDs.
[0022] FIG. 13 is a partial cross-sectional view of a hybrid
display, similar to the one fabricated in FIGS. 12A through
12L, using a surface

[0023] FIG. 14 is a flowchart illustrating a method for
fabricating a hybrid LED emissive display.

DETAILED DESCRIPTION

[0024] FIGS. 1A and 1B are partial cross-sectional views
of a hybrid light emitting diode (LED) emissive display. The
display 100 comprises a substrate 102 and a stack 104 of
thin-films overlying a top surface 106 of the substrate. As
described in more detail below, the stack 104 primarily
comprises electrically insulating layers, semiconductor
materials, and metals. A plurality of pixels is formed in the
stack 104. One pixel 108 is shown for simplicity, but it
should be understood that a typical large screen display may
be comprised of millions of pixels arranged in an array of
columns and rows. Using pixel 108 as an example, each
pixel comprises a first subpixel 110 enabled using an inor-
ganic micro LED (uLED) 112, a second subpixel 114
enabled using an organic LED (OLED) 116, and a third
subpixel 118 enabled using an OLED. The first subpixel 110
emits a blue color light, the second subpixel 114 emits a red
color light, and the third subpixel 118 emits a green color
light. In one aspect, the uLED 112 is a gallium nitride (GaN)
LED and the OLED 116 is a top-emitting OLED. If the
ulLED 112 is deposited using a fluidic assembly process, it
may further comprise a post extending from its bottom
surface, not shown in this figure, see FIGS. 2 and 5.

[0025] An LED control matrix is configured to selectively
enable the LEDs 112 and 116. An electrical interface matrix
layer 122 is formed overlying the stack 104, and is con-
nected to each OLED 116. In this example the LED control
matrix is a passive matrix (PM) where the LED control
voltages are supplied by row conductive traces 124, 126, and
128, respectively to subpixels 110, 114, and 118. Also in this
example, the uLED 112 is a vertical structure having a first
electrical contact 130 formed on its bottom surface 132 and
a second electrical contact 134 formed on its top surface
136. The designations of “top” and “bottom” are defined
with respect to the orientation of the uLED to the growth
substrate in the uLED fabrication process. In this case the
electrical interface matrix layer 122 supplies a reference
voltage (e.g., ground) to the OLED and to the second contact
132 of the vertical structure uLED 112 via traces 138, 140,
and 142. Note: the reference voltage for the uLED may be
different than the reference voltage for the OLEDs. Alter-
natively, the row conductive traces 124, 126, 128 may
supply the reference voltages and traces 138, 140, and 142
supply the LED control voltages. As described below, the
LED control matrix may also be an active matrix (AM). In
contrast to FIG. 1B, FIG. 1A depicts the electrical interface
matrix layer 122 as comprising a dielectric layer 144 imme-
diately overlying the stack 104.

[0026] FIG. 2 is a partial cross-sectional view of a first
variation of the hybrid emissive display. In this aspect a
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plurality of wells is formed in a top surface 200 of the stack
104, and the wells are populated by the

[0027] LEDs 112 and 116. In this variation, the LED
control matrix is an active matrix (AM).

[0028] FIG. 3 is a schematic diagram depicting an LED
display enabled using an active matrix. The active matrix is
comprised of control or drive circuits 300. One simple
variation of a control circuit is shown, but it should be
understood that many types of control circuits exist in the
art. Each control circuit is connected to a corresponding
column trace (e.g., 302a) and a row trace (e.g., 304a), with
an output (e.g., 306a) connected to an electrical interface of
a corresponding well, and so to either an uLED 112 or an
OLED 116. A network of reference voltage (e.g., ground)
traces 312 are connected to the LEDs 112 and 116 through
either the electrical interface matrix layer (see FIG. 2) or in
the case of the surface mount uLEDs (described below), to
a second electrical interface of each well (see FIG. 5). FIGS.
2 and 5 depict just the final output transistor 308 of the
control circuit 300, which controls the output of a corre-
sponding

[0029] LED by changing the interposing variable resis-
tance between the dc power trace (Vdd) 310 and the LED.
[0030] Returning to FIG. 2, optionally, a light blocking
material 202, either a light absorbing material or a light
reflector material, overlies the well sidewalls. Each OLED
well 204 comprises a bottom surface 206, sidewalls 208, and
a first electrode 210 formed on the OLED well bottom
surface and connected to the LED control matrix.

[0031] FIG. 4 is a partial cross-sectional view depicting an
exemplary OLED heterostructure. The OLED heterostruc-
ture 400 comprises an organic emissive layer (EML) 402
sandwiched between a hole transport layer (HTL) 404 and a
hole injection layer (HIL) 406 on the anode side, with an
electron transport layer (ETL) 408 and an electron injection
layer (EIL) 410 on the cathode side. Electrical connections
to the diode are made by a metallic first electrode (anode)
210 at the bottom of the structure (also acting as a reflector)
and a transparent second electrode (cathode) 412 at the top
of the structure.

[0032] Returning to FIG. 2, each OLED 116 comprises the
OLED heterostructure shown in FIG. 4, the first electrode
210 from a corresponding OLED well 204, and a second
electrode 412 connected to the electrical interface matrix
layer 122. The display further comprises a plurality of uLED
wells 211 formed in the stack 104. Each uLED well com-
prises a bottom surface 212, sidewalls 214, and a first
electrical interface 216 formed on the uLED well bottom
surface and connected to the LED control matrix. As noted
above, the LED control matrix is an active matrix and the
output transistor 308 is shown. As in FIG. 1, the uLEDs 112
are vertical structure uLEDs with a bottom surface 132
overlying a corresponding uLLED well bottom surface 212, a
top surface 136, a first electrical contact 130 formed on the
ulLLED bottom surface and connected to a corresponding
uLED well first electrical interface 216, and a second
electrical contact 134 formed on the uLLED top surface and
connected to the electrical interface matrix layer 122 and
reference voltage trace 312. Optionally as shown, a post 218
may extend from the top surface 136 of the uLED 112,
which is useful if the uLED is deposited using a fluidic
assembly process.

[0033] FIG. 5 is a partial cross-sectional view depicting a
second variation of the hybrid emissive display. In this
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aspect the uLED is a surface mount uLED 500 (SMulLED)
with top surface contacts. The designations of “top” and
“bottom” are defined with respect to the orientation of the
ulLLED to the growth substrate in the uLLED fabrication
process. As in FIG. 2, a plurality of uLED wells 211 (one is
shown) is formed in the top surface 200 of the stack 104.
Each uLED well 211 comprises a bottom surface 212,
sidewalls 214, and a first electrical interface 216 formed on
the uLED bottom surface and connected to the LED control
matrix. A second electrical interface 502 is formed on the
uLLED well bottom surface 212 and connected to a reference
voltage (e.g., ground). The surface mount uLED 500 has a
top surface 132 overlying the uLED well bottom surface
212, and a first electrical contact 130 formed on the uLED
top surface and connected to the uLED well first electrical
interface 216. A second electrical contact 504 is formed on
the uLLED top surface 132 and connected to the uLED well
second electrical interface 502.

[0034] Optionally, a light blocking material 202, either a
light absorbing material or a light reflector material, overlies
the well sidewalls 208 and 214. Each OLED well 204
comprises a bottom surface 206, sidewalls 208, and a first
electrode 210 formed on the OLED well bottom surface and
connected to the LED control matrix. Each OLED 116
comprises an OLED heterostructure as shown in FIG. 4, the
first electrode 210 from a corresponding OLED well 204,
and a second electrode 412 connected to the electrical
interface matrix layer 122.

[0035] FIG. 6 depicts the view seen from the top surface
of a surface mount uLLED, with the SMuLED top surface
contacting the underlying uLLED well electrical interfaces.
The second electrical contact 504 of each SMuLED 500 may
be configured as a ring with a first diameter 600. The
SMuLED has a disk shape with a perimeter overlying the
second electrical contact 504 ring. The first electrical contact
130 of each SMuLED is formed within the second electrical
contact 504 ring perimeter. The uLED well second electrical
interface 502 is configured as a partial ring or circular
electrode with the first diameter, having a mouth opening
602 and connected to the first electrical interface 216
extending into the mouth 602 of second electrical interface
502 partial ring.

[0036] FIGS. 7A, 7B, and 7C are, respectively, a partial
cross- sectional view of a SMuLED variation, an uLED well
variation, and the SMuLED seated in the uLED well. In this
aspect the SMuLED 500 is bi- planar with a first level 700
and a second level 702. The first electrical contact 130 is
formed on the first level 700 of the top surface 132, and the
second electrical contact 504 is formed on the second level
702 of the top surface. Alternatively but not shown, the first
electrical contact 130 is formed on the second level of the
top surface, and the second electrical contact is formed on
the first level of the top surface. Likewise, each uLED well
211 bottom surface 212 is bi-planar with a first level 704 and
a second level 706. Thus, each well first electrical interface
216 is formed on the well bottom first level 704, and each
well second electrical interface 502 is formed on the well
bottom second level 706.

[0037] FIG. 8 is a partial cross-sectional view of a top-
emitting OLED subpixel (prior art). A thin-film transistor
(TFT) 808 overlies a substrate 800 and comprises a gate 802,
channel 804, and interconnect 806, which drives an OLED
116 having a first electrode 210 and a second electrode 412.
Current OLED display technology uses organic emission
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elements under the control of an active matrix TFT control
(drive) circuit to produce red, green, and blue light of
controlled intensity to make an RGB display. There are
many kinds of OLED devices, but the type most suitable for
integration with the fluidic assembly uLED process is the
top- emitting variety described herein. The fundamental
subpixel shown comprises a TFT that controls the amount of
current supplied to the OLED 116. The OLED 116 is
comprised of an organic emission structure consisting of
several functional layers positioned between two electrodes,
as described in FIG. 4. So a conventional OLED RGB
display consists of an array of pixels, each of which is
composed of three subpixels, which generate red, green, and
blue colors. The principal difference between the different
subpixels is the composition of the OLED material, each of
which is chosen for a specific band-gap that corresponds to
the wavelength of optical emission required by that sub-
pixel.

[0038] FIG. 9 is a schematic drawing of an exemplary
LED control (drive) circuit (prior art). Emissive displays
may use a variety of different active matrix circuit designs
to control the amount of emission, by controlling the bias
across the emissive element. The simplest such circuit
shown in FIG. 9, which comprises an access gate transistor
900 (T2), a storage capacitor 902 (Cs), and the power
transistor 308 (T1) that drives the LEDs 112, 116, 500. In
operation, a control voltage is set on the data (column) line
302 and transistor 308 (T1) is turned on by biasing the row
line 304 so that the storage capacitor 902 (Cs) is charged to
the data line voltage. When the access gate is turned off, the
gate voltage of 308 (T1), set by the charge stored on 902
(Cs), determines the effective resistance of 308 (T1), which
in turn determines the bias across the LED. This circuit is
suitable for any type of LED whether OLED, or an inorganic
uLED such as blue LEDs made from GaN or red LEDs made
from aluminum gallium indium phosphide (InAlGaP), so
long as the transistor 308 (T1) has sufficient current carrying
capacity and the power source on line 310 (Vdd) has the
compliance to fully power the LED.

[0039] There are many circuit variants with more than two
transistors, which can compensate for threshold voltage
variation or set a constant current. The drive circuit transis-
tors can be made using low temperature poly silicon (LTPS)
or conductive oxide such as indium gallium zinc oxide
(IGZO) depending on the current requirements of the LED.
The interconnect metals can be aluminum, tungsten, tita-
nium, or gold. The top of the OLED device (second elec-
trode 412) must be a transparent material such as indium tin
oxide (ITO) so the light generated is transmitted to the
viewer. The OLED electrode must also be chosen to have the
proper work function and chemical compatibility with the
OLED materials. All of these details are well known and
facile choices can be made by those who are skilled in the
art. To make a large area display, pixels are arranged in an
array of rows and columns with three color subpixels
grouped to form one RGB pixel as shown schematically in
FIG. 3.

[0040] Unlike the OLED, which is fabricated directly on
the display substrate using conventional thin-film processes,
the uLED is fabricated on a sapphire substrate, and then
harvested for assembly on a display substrate. Two possible
ulLED device structures have been presented herein: a sur-
face mount structure where the anode and cathode contacts
are formed on the top surface of the device, and vertical
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structure where the cathode contact is on the bottom surface
and the anode contact is on the top surface. Exemplary
fabrication processes have been described for surface mount
uLEDs in Ser. No. 15/410,001, and for vertical uLEDs in
Ser. No. 14/680,618, both of which are incorporated herein
by reference. A brief description of each structure is given
below for the sake of completeness.

[0041] FIG. 10A s a partial cross-sectional view depicting
a vertical structure uLED, and FIG. 10B is a partial cross-
sectional view depicting an active matrix pixel made using
the vertical structure uLED. The vertical structure uLED 112
of FIG. 10A comprises a GaN LED stack consisting of a
thick (2-5 micron (um)) n-GaN layer 1000, a multiple
quantum well structure 1002 consisting of interleaved thin
layers of GaN and indium gallium nitride (InGaN), and a
thin (100-300 nanometers (nm)) p-GaN layer 1004. The top
(overlying) surface of the device has a transparent electrode
stack 134 designed to make contact with an electrical
interface 312 (see FIG. 2) that may be a nickel oxide (NiO)
layer plus a thin (100-200 nm) ITO current spreading layer.
The bottom (underlying) surface of the device has a metallic
electrode stack 130 designed to make contact with an
electrical interface in the bottom of a well, and to bond with
the substrate electrode when annealed. Possible stacks
include a T1 interface layer plus a low melting temperature
alloy 1006 such as gold/germanium (Au/Ge) eutectic or an
indiunv/tin (In/Sn) alloy. An active matrix pixel made with
the vertical structure uLED 112 is shown in FIG. 10B.
[0042] FIGS. 11A, 11B, and 11C are, respectively, partial
cross- sectional and plan views of a surface mount uLED,
and a partial cross- sectional view of active matrix pixel
made with the SMuLED. An alternate uLED configuration
is the surface mount structure shown in these figures, and
described in greater detail in Ser. No. 15/410,001. In this
configuration the anode 130 and cathode 504 contacts are
both fabricated on the top surface of the uLED such that they
are isolated from each other and are coplanar, so that both
can contact the matching coplanar electrode structures fab-
ricated in the bottom of the uLED well structure. The
emission area is defined as a mesa structure smaller than the
disk diameter under the anode electrode 130. For the surface
mount structure, the anode 130 and cathode 504 electrodes
are both metallic to act as reflectors for the top emitting
SMuLED pixel. A non-conductive dielectric material 1100
may fill the trench between electrical contacts 130 and 504.
The size and height of the electrodes are designed so both
match the electrodes fabricated in the bottom of the display
well structure, with the connections made between the
SMuLED and well structure made using solder 1102. For
example, if the anode and cathode electrodes are coplanar as
shown in FIG. 11A, then the cathode electrode 504 on the
SMuLED are built so that the cathode and anode contacts on
the uLED are also coplanar.

[0043] The uLED shapes are shown for convenience as
flat circular disks but other shapes such as squares, triangles,
or hexagons are possible, and light extraction features such
as etched prisms or lenses could also be incorporated in the
ulLED structure. uLEDs made for fluidic assembly are
generally 2 to 6 um thick and 10 to 100 pm in diameter, and
the post used for oriented assembly is generally 2 to 6 pum tall
and 2 to 10 um in diameter.

[0044] FIGS. 12A through 12L are partial cross-sectional
views depicting steps in an exemplary hybrid OLED-uLED
display process flow using the vertical structure uLEDs.
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FIG. 12A starts with a suitable substrate 102 which may be
glass or plastic, or a metal foil such as stainless steel, which
is coated with an insulating base coat (not shown). Suitable
TFTs for the control circuits are fabricated using a low
temperature polysilicon (LTPS) or indium gallium zinc
oxide (IGZO) process to make transistor 308 (T1), T2 (not
shown), and the storage capacitor Cs (not shown). The TFT
shown is an example is a top gate PMOS LTPS device
suitable for the drive transistor 308. The TFT 308 consists of
an active region of poly crystalline silicon (Si) 1200 covered
by dielectric 1202 with the active channel 1204 formed by
a gate electrode 1206 patterned over the active region. A
bottom gate IGZO device would serve as well but is not
shown.

[0045] In FIG. 12B metal electrodes are deposited and
patterned for the bottom (first) electrical interface 216 of the
uLLED and the bottom (first) electrode 210 of the OLED.
Some or all of the bottom electrodes could, alternatively, be
deposited and patterned prior to the fabrication of the TFT.
[0046] In FIG. 12C an interlayer dielectric 1208 (SiO, or
SiNOx) is deposited. In FIG. 12D the interlayer dielectric
1208 is patterned and etched to make contact openings to the
TFT active area 1200 and the LED bottom electrodes 210
and 216.

[0047] InFIG. 12E a metal interconnected layer is depos-
ited and patterned to form interconnect structures 306a and
3065. The metal may be aluminum, tungsten, titanium, or
other conductive metals.

[0048] InFIG. 12F the well layer 1210 is deposited, which
may be a material such as silicon dioxide (SiO,), spin-on
glass (SOG), or photo- patternable polyimide. The layer
thickness 1212 is chosen to be about the thickness of the
ul.ED disk, excluding the post. In FIG. 12G the uLED well
211 is patterned and etched. The diameter 1214 of the well
(or the extent of the shape if it is not round) is larger than the
ulLLED disk diameter. Wells are only opened in the blue
subpixels and the OLED subpixels are covered and pro-
tected by the well material.

[0049] In FIG. 12H the uLED wells 211 are populated by
ulLEDs 112 using either fluidic assembly or pick-and-place
processes. If necessary, the repair methods described in Ser.
No. 15/416,882 are used to deal with defects. An annealing
is then performed to form the electrical connections between
ulLEDs 112 and the substrate electrical interfaces (cathodes)
216. Since organic materials are quite sensitive to high
temperature, in one aspect (as shown) the uLED fabrication
takes place before OLED fabrication, so that the OLED
materials are not subjected to the annealing step. Alterna-
tively, the uLEDs may be cold-welded using, for example,
an indium conductor exposed to sonication, to make elec-
trical connections without using a high heat. This approach
permits the OLEDs to be formed before the deposition of
ul.EDs. Cold welding can also be used in display designs not
using wells, such as shown in FIGS. 1A and 1B. As another
alternative, the uLEDs can be bonded to the substrate using
low temperature ultrasonic bonding techniques.

[0050] In Step 121 a passivation layer 1216 is deposited,
which may be plasma-enhanced chemical vapor deposition
(PECVD) Si0, or silicon SiNOx, or a polyimide, to seal the
ulLLED cavity 211 and protect it from the following pro-
cesses.

[0051] InFIG. 12] the bank structure for the OLED device
(i.e. the OLED well) is patterned and etched by opening the
passivation 1216 and ILD 1210 layers down to the OLED
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electrode 210. This step may also open a contact 1218 for the
anode electrode of the vertical structure uLED 112. In the
case of the surface mount uLED this contact is not neces-
sary, and the SMuLED stays fully covered by the passivation
layer 1216.

[0052] In FIG. 12K the OLED heterostructures 400 for
both red and green subpixels are formed using conventional
processes. In Step 121 the structure is completed by depos-
iting and patterning the top electrode interconnect for the
uLED 112 and the second electrode 412 for the OLED 116
subpixels.

[0053] FIG. 13 is a partial cross-sectional view of a hybrid
display, similar to the one fabricated in FIGS. 12A through
12L, using a surface mount uLED. The primary difference is
that the uLED well bottom surfaces includes two electrical
interfaces, 216 and 502, for each SMuLED, and that no
contact vias need be opened through the passivation layer
1216 for a connection to the electrical interface matrix layer.
Note: the bottom electrode/interface structures for the sur-
face mount uLED and OLED can be of two different
materials.

[0054] FIG. 14 is a flowchart illustrating a method for
fabricating a hybrid LED emissive display. Although the
method is depicted as a sequence of numbered steps for
clarity, the numbering does not necessarily dictate the order
of' the steps. It should be understood that some of these steps
may be skipped, performed in parallel, or performed without
the requirement of maintaining a strict order of sequence.
Generally however, the method follows the numeric order of
the depicted steps. The method starts at Step 1400.

[0055] Step 1402 provides a substrate. Step 1404 forms a
stack of thin-film layers overlying a top surface of the
substrate. The stack comprises an LED control matrix and a
plurality of pixels. The LED control matrix may be either a
passive matrix or an active matrix of control circuits, where
each control circuit is electrically connected to a correspond-
ing LED (uLEDs and OLEDs). Each pixel comprises a first
subpixel enabled using an inorganic uLED (e.g., GaN)
emitting a blue color light, a second subpixel enabled using
an OLED emitting green color light, and a third subpixel
enabled using an OLED emitting a red color light. Step 1406
forms an electrical interface matrix layer overlying the stack,
connected to each OLED. Typically, forming the stack of
thin-films includes the following substeps. Step 1404a forms
a plurality of wells in a top surface of the stack, and Step
1404¢ populates the wells with LEDs, using fluidic, printing,
or pick-and-place processes, or a combination of these
processes. In one aspect, Step 14045 forms a light blocking
material over sidewalls of the wells, where the light blocking
material is either a light absorbing material or a light
reflector material. As noted above, the uLEDs may be
configured with vertical structure contacts or surface mount
top surface contacts, and optionally the uLEDs include a
post.

[0056] In one aspect, Step 14044 includes the following
substep. Step 1404a1 forms a plurality of uLED wells in a
top surface of the stack, where each uLED well comprises:
a bottom surface, sidewalls, a first electrical interface
formed on the uLED bottom surface and connected to the
LED control matrix, and a second electrical interface formed
on the uLED well bottom surface and connected to a
reference voltage. Then, Step 1404c¢ fluidically deposits
surface mount uLEDs into the uLED wells. Each surface
mount ULLED comprises a top surface deposited overlying a

Nov. 21, 2019

corresponding uLED well bottom surface, and a uLED
bottom surface. A first electrical contact is formed on the
ulLED top surface, and a second electrical contact is formed
on the uLLED top surface. Step 1404d anneals the substrate
to electrically connect each uLLED first electrical contact to
a corresponding uLED well first electrical interface, and to
electrically connect each uLED second electrical contact to
a corresponding uLLED well second electrical interface.

[0057] In one aspect, fluidically depositing the surface
mount uLLEDs in Step 1404c¢ includes each surface mount
ulLED having the first electrical contact configured as a ring
with a first diameter, and the second electrical contact
formed within a first electrical contact ring perimeter. In that
case, forming the uLED wells in Step 140441 includes
forming each uLED well first electrical interface as a partial
ring with the first diameter, and having a mouth opening.
Then, each uLED well second electrical interface is formed
as a trace extending into the mouth of a corresponding first
electrical interface partial ring.

[0058] In a different aspect, fluidically depositing the
surface mount uLLEDs in Step 1404c¢ includes each surface
mount uLLED top surface being bi-planar with a first level
and a second level, with the first electrical contact formed on
the first level of the top surface, and the second electrical
contact being formed on the second level of the top surface.
In this case, forming the uLED wells in Step 1404al
includes forming bi-planar uLED well bottom surfaces, with
a first level and a second level, with the first electrical
interface formed on the uLED well bottom first level, and
the second electrical interface formed on the uLED well
bottom second level.

[0059] Step 1404e forms a plurality of OLED wells in the
top surface of the stack. Each OLED well comprises a
bottom surface, sidewalls, and a first electrode formed on the
OLED well bottom surface and connected to the LED
control matrix. Step 1404f forms an OLED heterostructure
overlying the first electrode in each OLED well. Typically,
Step 1404f'is performed after Step 14044. Then, forming the
electrical interface matrix layer in Step 1406 includes form-
ing a second electrode overlying each OLED heterostruc-
ture, connected to a reference voltage. In some aspects, Step
1404¢ may be performed concurrently with Step 1404a. In
other aspects, portions of Steps 1404/ (e.g., the formation of
the well bottom (first) electrode)) are performed concur-
rently with Step 1404a.

[0060] In one aspect, Step 1404a includes an alternative
substep. Step 140442 forms a plurality of uLED wells in a
top surface of the stack, where each uLED well comprising
a bottom surface, sidewalls, and a first electrical interface
formed on the uLED well bottom surface connected to the
LED control matrix. Step 1404¢ fluidically deposits vertical
structure uLEDs in the uLED wells. The vertical structure
ulLLED comprise a bottom surface deposited overlying a
corresponding uLED well bottom surface and a top surface.
A first electrical contact is formed on the uLED top surface,
and a second electrical contact is formed on the uLED
bottom surface. Step 1406 anneals the substrate to electri-
cally connect each uLED first electrical contact to a corre-
sponding uLLED well first electrical interface, and Step
1404¢ through 1404f are performed as described above.
Then, forming the electrical interface matrix layer in Step
1406 includes forming a second electrode overlying each
OLED heterostructure connected to a reference voltage.
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Step 1406 also forms a reference voltage connection to the
second electrical contact of each uLED.

[0061] A hybrid LED display and associated fabrication
method have been provided. Examples of particular process
steps, materials, and circuitry have been presented to illus-
trate the invention. However, the invention is not limited to
merely these examples. Other variations and embodiments
of the invention will occur to those skilled in the art.

We claim:

1-14. (canceled)

15. A method for fabricating a hybrid light emitting diode
(LED) emissive display, the method comprising:

providing a substrate;

forming a stack of thin-film layers overlying a top surface

of' the substrate, with a plurality of wells formed in a top
surface of the thin film stack, and with adjacent wells
separated by well sidewalls, the stack comprising an
LED control matrix and a plurality of pixels populating
the wells with LEDs;

wherein each pixel comprises:

a first subpixel enabled using an inorganic micro LED
(uLED) populating a well;

a second subpixel enabled using an organic LED
(OLED) populating a well;

a third subpixel enabled using an OLED populating a
well; and,

the method further comprising:

forming an electrical interface matrix layer overlying the

stack, connected to each OLED.

16. (canceled)

17. The method of claim 15 wherein the first subpixel
emits a blue color light;

wherein the second subpixel emits a red color light; and,

wherein the third subpixel emits a green color light.

18. The method of claim 15 wherein the uLEDs are
gallium nitride (GaN) LEDs.

19. The method of claim 15 wherein the uLEDs are
configured with an electrical connection interface selected
from the group consisting of vertical structure contacts and
surface mount top surface contacts.

20. The method of claim 15 wherein each uLED includes
a post.

21. The method of claim 15 wherein the LED control
matrix is an active matrix (AM) of control circuits, each
control circuit electrically connected to a corresponding
LED.

22. The method of claim 15 wherein forming the stack of
thin films includes

forming a light blocking material over the well sidewalls.

23. The method of claim 22 wherein the light blocking
material is selected from the group consisting of a light
absorbing material and a light reflector material.

24. The method of claim 15 wherein forming the stack of
thin films includes:

forming each uLED well comprising a bottom surface,

sidewalls, a first electrical interface formed on the
uLED bottom surface and connected to the LED con-
trol matrix, and a second electrical interface formed on
the uLED well bottom surface and connected to a
reference voltage;

fluidically depositing surface mount ulLEDs into the

uLED wells, where each surface mount uLED com-
prising;
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a top surface deposited overlying a corresponding
uLED well bottom surface;

a bottom surface;

a first electrical contact formed on the ulLED top
surface; and,

a second electrical contact formed on the uLED top
surface; and,

annealing the substrate to electrically connect each
ulLED first electrical contact to a corresponding
uLED well first electrical interface, and to electri-
cally connect each uLLED second electrical contact to
a corresponding uLED well second electrical inter-
face.

25. The method of claim 24 wherein forming the stack of
thin films includes:

forming each OLED well comprising a bottom surface,

sidewalls, and a first electrode formed on the OLED
well bottom surface and connected to the LED control
matrix;

forming an OLED heterostructure overlying the first

electrode in each OLED well; and,

wherein forming the electrical interface matrix layer

includes forming a second electrode overlying each
OLED heterostructure, connected to a reference volt-
age.

26. The method of claim 25 wherein the OLED hetero-
structures are formed subsequent to annealing the substrate.

27. The method of claim 24 wherein fluidically depositing
the surface mount uLEDs includes each surface mount
ulLLED comprising:

the first electrical contact configured as a ring with a first

diameter;

the second electrical contact formed within a first elec-

trical contact ring perimeter;

wherein forming the uLED wells includes:

forming each uLLED well first electrical interface as a
partial ring with the first diameter, and having a
mouth opening; and,

forming each uLED well second electrical interface as
a trace extending into the mouth of a corresponding
first electrical interface partial ring.

28. The method of claim 24 wherein fluidically depositing
the surface mount uLEDs includes each surface mount
ulLED top surface being bi-planar with a first level and a
second level, and comprising:

the first electrical contact being formed on the first level

of the top surface;

the second electrical contact being formed on the second

level of the top surface;

wherein forming the uLED wells includes forming bi-

planar uLED well bottom surfaces, with a first level and

a second level, and including:

forming each first electrical interface on the uLED well
bottom first level; and,

forming each second electrical interface on the uLED
well bottom second level.

29. The method of claim 15 wherein forming the stack of
thin films includes:

forming each uLED well comprising a bottom surface,

sidewalls, and a first electrical interface formed on the

uLED well bottom surface connected to the LED
control matrix;

fluidically depositing vertical structure uLEDs in the

uLED wells, each vertical structure uLED comprising;
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a bottom surface deposited overlying a corresponding
uLED well bottom surface;
a top surface;
a first electrical contact formed on the uLED bottom
surface;
a second electrical contact formed on the uLED top
surface;
annealing the substrate to electrically connect each uLED
first electrical contact to a corresponding uLED well
first electrical interface;
forming a plurality of OLED wells in the top surface of
the stack, each OLED well comprising a bottom sur-
face, sidewalls, and a first electrode formed on the
OLED well bottom surface and connected to the LED
control matrix;
forming an OLED heterostructure overlying the first
electrode of each OLED well; and,
wherein forming the electrical interface matrix layer
includes forming a second electrode overlying each
OLED heterostructure connected to a reference volt-
age, and forming reference voltage connection to the
second electrical contact of each uLED.
30. The method of claim 29 wherein the OLED hetero-
structures are formed subsequent to annealing the substrate.
31. The method of claim 15 wherein populating the wells
with LEDs includes populating the wells with LEDs having
a flat circular disk shape.
32. A method for fabricating a hybrid light emitting diode
(LED) emissive display, the method comprising:
providing a substrate;
forming a stack of thin-film layers overlying a top surface
of' the substrate, with a plurality of wells formed in a top
surface of the thin film stack, and with adjacent wells
separated by well sidewalls;
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using a fluidic deposition method, populating a first
plurality of wells with inorganic micro LEDs (WLEDs);

fabricating organic LEDs (OLEDs) in a second plurality
of wells; and,

forming an electrical interface matrix layer overlying the

stack, connected to each LED.

33. The method of claim 32 wherein the step of fabricat-
ing the OLEDs occurs before the step of fluidically depos-
iting the uLLEDs; and,

the method further comprising:

electrically connecting each pLED to at least one electri-

cal interface formed on a well bottom surface using a
process selected from the group consisting of cold
welding and low temperature ultrasonic bonding.

34. The method of claim 32 wherein the step of fabricat-
ing the OLEDs occurs after the step of fluidically depositing
the uLEDs; and,

the method further comprising:

electrically connecting each pLED to at least one electri-

cal interface formed on a well bottom surface using an
annealing process.

35. The method of claim 32 wherein the step of fabricat-
ing the OLEDs occurs before the step of fluidically depos-
iting the uLEDs; and,

the method further comprising:

electrically connecting each uLLED to the electrical inter-

face matrix layer overlying the stack.

36. The method of claim 32 wherein the uLEDs are
configured with an electrical connection interface selected
from the group consisting of vertical structure contacts and
surface mount top surface contacts.

#* #* #* #* #*
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