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7) ABSTRACT

Devices, structures, materials and methods for vertical light
emitting transistors (VLETs) and light emitting displays
(LED:s) are provided. In particular, architectures for vertical
polymer light emitting transistors (VPLETs) for active
matrix organic light emitting displays (AMOLEDs) and
AMOLEDs incorporating such VPLETs are described.
Porous conductive transparent electrodes (such as from
nanowires (NW)) alone or in combination with conjugated
light emitting polymers (LEPs) and dielectric materials are
utilized in forming organic light emitting transistors
(OLETs). Combinations of thin films of ionic gels, LEDs,
porous conductive electrodes and relevant substrates and
gates are utilized to construct LETs, including singly and
doubly gated VPLETs. In addition, printing processes are
utilized to deposit layers of one or more of porous conduc-
tive electrodes, LEDs, and dielectric materials on various
substrates to construct LETs, including singly and doubly
gated VPLETs.
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DEVICES, STRUCTURES, MATERIALS AND
METHODS FOR VERTICAL LIGHT
EMITTING TRANSISTORS AND LIGHT
EMITTING DISPLAYS

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 14/550,656 filed Nov. 21, 2014, which appli-
cation claims priority to U.S. Provisional Application No.
61/907,324 filed Nov. 21, 2013, the disclosures of which are
incorporated herein by reference in their entireties.

FIELD OF THE INVENTION

[0002] Devices, structures, materials and methods for ver-
tical light emitting transistors and light emitting displays are
presented.

BACKGROUND OF THE INVENTION

[0003] Active Matrix Organic Light Emitting Diode
(AMOLED) displays have been highly anticipated by elec-
tronic consumers due to their well-recognized advantages in
power consumption, pixel brightness, viewing angle,
response time, and contrast ratio over liquid crystal displays
(LCD). (See, e.g., G. Guand S. R. Forrest, [EEE Journal of
Selected Topics in Quantum Electronics, vol. 4, pp. 83-99,
1998, the disclosure of which is incorporated herein by
reference.) However, the advances promised by AMOLEDs
have not been realized at least partially as the result of
limitations in conventional active matrix thin-film transistor
(TFT) backplanes. The current active matrix TFT back-
planes used to drive AM-LCD pixels are typically made of
amorphous silicon (a-Si), which has a low mobility (-1
em?V~s7) and poor stability, and is therefore unsuitable for
AMOLED pixels. (See, M. J. Powell, IEEE Transactions on
Electron Devices, vol. 36, pp. 2753-2763, 1989, the disclo-
sure of which is incorporated herein by reference.) As a
result of these deficiencies, currently AMOLED displays are
driven by low temperature polycrystalline silicon (poly-Si)
TFTs that suffer from high fabrication cost and time, and
device size, orientation, and inhomogeneity limitations, all
of which present a severe challenge to increasing display
size and production yield. (See, e.g., C.-P. Chang and Y.-C.
S. Wu, IEEE electron device letters, vol. 30, pp. 130-132,
2009; Y.-J. Park, M.-H. Jung, S.-H. Park and O. Kim,
Japanese Journal of Applied Physics, vol. 49, pp. 03CDO01,
2010; and P.-S. Lin, and T.-S. Li, IEEE electron device
letters, vol. 15, pp. 138-139, 1994, each of the disclosures of
which are incorporated herein by reference.)

[0004] Solution processible organic semiconductor mate-
rials are attractive alternatives to poly-Si because of their
homogeneity, low cost, and varied deposition methods. (See,
e.g., D. J. Gundlach, et al., IEEE Electron Device Letters,
vol. 18, pp. 87-89, 1997; H. Yan, et al., Nature, vol. 457, pp.
679-686, 2009; and A. L. Briseno, et al., Nature, vol. 444,
pp. 913-917, 2006, the disclosures of each of which are
incorporated herein by reference.) However, in a conven-
tional TFT architecture, the low-mobility of organic films
requires a large source-drain voltage (>20 V) to turn on the
OLED devices. (See, H. Sirringhaus, et al., Science, vol.
280, pp. 1741-1744, 1998, the disclosure of which is incor-
porated herein by reference.) Stable high-transconductance
organic thin-film electrochemical transistors using a high
capacitance electrolyte as the gate dielectric layer have been
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demonstrated. (See, e.g., . H. Cho et al., Nature Materials,
vol. 7, pp. 900-906, 2008; and Y. Xia, et al., Advanced
Functional Materials, vol. 20, pp. 587-594, 2010, the dis-
closures of each of which are incorporated herein by refer-
ence.) Using these devices it is possible to control a high
efficiency red, green and blue AMOLED with supply volt-
ages near 4 V and sub-1 V driving voltages. (See, e.g., D.
Braga, et al., Advanced Functional Materials, vol. 22, pp.
1623-1631, 2012, the disclosure of which is incorporated
herein by reference.) In addition, carbon nanotube enabled
vertical organic thin-film field effect transistors that give
on-currents sufficient to drive OLED pixels at low operating
voltages because of their intrinsic short channel lengths have
also been demonstrated. (See, e.g., M. A. McCarthy, et al.,
Science, vol. 332, pp. 570-573, 2011, the disclosure of which
is incorporated herein by reference.) Though these
approaches are promising, the required fabrication steps still
limit the simplicity of system architecture and consequently
production costs.

SUMMARY OF THE INVENTION

[0005] Devices, structures, materials and methods for ver-
tical light emitting transistors (LETs) and light emitting
displays (LEDs) are provided.
[0006] Some embodiments are direct to vertical light
emitting transistors, including:

[0007] a light emitting cell including a light emitting
layer formed of at least one light emitting material, the
light emitting layer having first and second sides in
conductive relation to a conductive drain electrode and
a conductive source electrode;

[0008] at least one capacitor including a dielectric layer
formed of at least one dielectric material, the at least
one dielectric layer having first and second sides in
conductive relation to one of either the conductive
source or drain electrodes, and a conductive gate elec-
trode; and

[0009] at least one substrate in supportive relation with
each of said drain/source and gate electrodes;

[0010] wherein the drain and source electrodes are the
cathode and anode of the light emitting cell; and

[0011] wherein at least the electrode disposed between
the light emitting layer and the dielectric layer is a
conductive porous electrode has sufficient open por-
tions to exhibit a surface coverage of no greater than
50%, such that the dielectric layer makes direct contact
with the light emitting layer through the open portions
of the conductive porous electrode.

[0012] In other embodiments the vertical light emitting
transistor includes:

[0013] at least two capacitors and two gate electrodes,
a first capacitor having a dielectric layer disposed
between the drain electrode and a first gate electrode
and a second capacitor disposed between the source
electrode and a second gate electrode; and

[0014] wherein the drain and source electrodes are
conductive porous electrodes that have sufficient open
portions to exhibit a surface coverage of no greater than
50%, such that both of the dielectric layers make direct
contact with the light emitting layer through the open
portions of the conductive porous electrodes.

[0015] In still other embodiments, the light emitting layer
is formed of a light emitting material selected from the group
consisting of a crystalline semiconductor selected from
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GaN, GaP, GaAs, AlGaAs, GaAsP, AIGalnP, ZnSe, InGaN
and AIN; a semiconductor nanowire selected from Si and
GaAs; a quantum wall; an organometallic complex; an Ir
organonetallic complex; a small organic conjugated mol-
ecule; porphyrin; pentacene; and a conjugated polymer
selected from PPV, PVK, MEH-PPV, PPF, PFO and PPP.
[0016] In yet other embodiments, at least one of the drain,
source, or gate electrodes comprise an electrode material
selected from graphene sheets, doped Si, ZTO, ITO, Au, Al,
Cu, Ni, Mo, Cr, Ag, metal nanowires, metal plate, metal
meshes, metal grids, holey copper, holey graphene, conduc-
tive polymers, and a low coverage network of a plurality of
nanowires.

[0017] In still yet other embodiments, the at least one
conductive porous electrode is formed from a plurality of
nanowires formed into one of the group of a random or
patterned network of a plurality of metal or graphene
nanowires, a nanowire metal mesh, a nanowire grid, and a
nanowire network encased within an elastomeric material.
In some such embodiments the plurality of nanowires are
formed from a plurality of metal nanowires selected from
Ag, Au and Cu having an aspect ratio of at least 1000. In
other such embodiments the plurality of metal nanowires
have a diameter less than about 200 nm and a length greater
than about 1 micron, and having a surface coverage less than
10%, a sheet resistance less than 100 Q/sq and a transmis-
sion greater than 75%.

[0018] Instill yet other embodiments, the dielectric mate-
rial is selected from the group of an oxides selected from
Si0,, Al,O,, HfO,, 7ZrO,; a nitride; Si,N,,; an inorganic salts
selected from LiF, CsF, BaTiO;, and SrTiO;; a dielectric
polymer selected from PMMA, Teflon, CYTOP, and Nafion;
and an ionic gel formed from the combination of a dielectric
polymer and an ionic liquid.

[0019] In still yet other embodiments, the vertical light
emitting transistors may include at least one additional light
emitting enhancement layer selected from the group con-
sisting of electron injection dipole layers, transportation
dipole layers, conjugate polyelectrolyte layers, and hole
injection layers.

[0020] In still yet other embodiments the substrate is
selected from the group consisting of flexible plastics, Si
wafer, glass, sapphire, and ITO.

[0021] Other embodiments are directed to methods of
forming vertical light emitting transistors, including:

[0022] forming a light emitting layer formed of at least
one light emitting material, the light emitting layer
having first and second sides;

[0023] forming at least one of a conductive drain elec-
trode and a conductive source electrode in conductive
relation with at least one side of said light emitting
layer;

[0024] forming a least one capacitor including a dielec-
tric layer formed of at least one dielectric material, the
at least one dielectric layer having first and second
sides in conductive relation to one of either the con-
ductive source or drain electrodes, and a conductive
gate electrode; and

[0025] encapsulating the formed layers using one of
either a glass or barrier film;

[0026] wherein at least the electrode disposed between
the light emitting layer and the dielectric layer is a
conductive porous electrode that has sufficient open
portions to exhibit a surface coverage of no greater than
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50%, such that the dielectric layer makes direct contact
with the light emitting layer through the open portions
of the conductive porous electrode.

[0027] In other embodiments the method includes one of
the following combination of steps:

[0028] disposing the light emitting material atop a
PEDOT coated 1TO substrate, disposing one of either
the drain or source electrode atop the light emitting
layer, disposing the dielectric layer atop the one of
either the drain or source electrode present atop the
light emitting layer, and disposing the gate electrode
atop the dielectric layer;

[0029] disposing a first dielectric layer atop a first gate
electrode, disposing one of either the drain or source
electrode atop the first dielectric layer, disposing the
light emitting layer atop the one of either the drain or
source electrode disposed atop the first dielectric layer,
disposing one of either the drain or source electrode
atop the light emitting layer; disposing a second dielec-
tric layer over the one of either the drain or source
electrode disposed atop the light emitting layer, and
disposing a second gate electrode atop the second
dielectric layer;

[0030] disposing the dielectric layer atop the gate elec-
trode, disposing one of either the drain or source
electrode atop the dielectric layer, and disposing the
light emitting layer atop a PEDOT coated ITO substrate
that is further laminated with the one of either the drain
or source electrode which is disposed atop the dielectric
layer; and

[0031] disposing the dielectric layer atop the gate elec-
trode, disposing one of either the drain or source
electrode disposed atop the dielectric layer, disposing
the light emitting layer atop the one of either the drain
or source electrode disposed atop the dielectric layer,
and disposing the light emitting layer that is laminated
with the one of either the drain or source electrode not
disposed atop the dielectric layer.

[0032] In still other embodiments, the light emitting layer
is formed by a deposition process selected from plasma
enhanced chemical vapor deposition, low pressure chemical
vapor deposition, molecular beam epitaxy, spin-coating,
spray coating, aerosol jet printing, inkjet printing, screen
printing, gravure printing, and flexograph printing. In some
such embodiments the method further includes thermal
annealing the light emitting material in an inert atmosphere
at a temperature range of from 60 to 140° C. for a duration
of about 10 to 60 minutes. In still other such embodiments
the light emitting layer is a conjugated polymer formed by
spin-coating the conjugated polymer in an organic solution
having a concentration of 1 to 10 mg/ml. with a speed range
from 800 to 5000 rpm followed by thermal annealing the
conjugated polymer in an inert atmosphere at a temperature
range of from 60 to 140° C. for a duration of about 10 to 60
minutes. In yet other such embodiments the light emitting
layer is a conjugated polymer formed by aerosol jet printing
the conjugated polymer in an organic solution using a sheath
gas flow of about 20 to 50 cubic centimeters per minute, a
carrier gas flow of about 10 to 20 cubic centimeters per
minute, a nozzle diameter of from about 60 to 300 um, and
an atomization selected from ultrasonic atomization at a
voltage that ranges from about 20 to 48 V, and pneumatic
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atomization with an atomizer flow of about 600 cubic
centimeters per minute, to generate an aerosol having a
diameter of about 1 to 5 pm.

[0033] Inyetother embodiments at least one of the source,
drain, and gate electrodes comprise a metal selected from Al,
Au, Ag, Cu, Ni, Cr, Mo, and their combination formed by
plasma enhanced chemical vapor deposition or low pressure
chemical vapor deposition.

[0034] In still yet other embodiments the at least one
conductive porous electrode is formed from a plurality of
nanowires formed into one of the group of a random or
patterned network of a plurality of metal or graphene
nanowires, a nanowire metal mesh, a nanowire grid, a
nanowire network encased within an elastomeric material,
holey copper and holey graphene. In some such embodi-
ments the conductive porous electrode comprises a silver
nanowire network with a surface coverage less than 10%, a
sheet resistance less than 15 €/sq, and a transmission greater
than 75%, and is formed by a process selected from spin-
coating, spray coating, aerosol jet printing, inkjet printing,
screen printing, gravure printing, and flexography printing
the silver nanowire network followed by thermal annealing
the silver nanowire network in an inert environment at a
temperature range of from about 60 to 160° C. for a duration
of about 10 to 60 minutes, and washing the silver nanowire
network with isopropanol. In other such embodiments the
conductive porous electrode is formed by spin-coating a Ag
nanowire isopropanol solution with a concentration range of
from about 0.1 mg/mL to 10 mg/ml with a spinning speed
range of from about 800 to 5000 rpm, and repeating said
spin-coating from about 1 to 20 times. In still other such
embodiments the conductive porous electrode is formed by
aerosol jet printing a Ag nanowire isopropanol solution with
a concentration range of from about 0.1 mg/ml.to 10 mg/mL
using a sheath gas flow of about 20 to 50 cubic centimeters
per minute, a carrier gas flow of about 10 to 20 cubic
centimeters per minute, a nozzle diameter of about 60 to 300
um, fiducial management with an overlay registration of
about 1 to 2 pm, and a pneumatic atomization with about a
600 cubic centimeters per minute atomizer flow to generate
an aerosol having diameter of from about 1 to 5 pm. In yet
other such embodiments the porous electrode is one of a
metal mesh, metal grid, holey copper and holey graphene
formed by a method selected from evaporating metal using
a metal frame mask, and patterning the metal using photo-
lithography.

[0035] In still yet other embodiments the dielectric layer
comprises a dielectric material selected from SiO,, Al,O;,
SizN,, HfO,, ZrO, and LiF having a thickness of from about
50 to 500 nm formed by a process selected from one of either
plasma enhanced chemical vapor deposition and low pres-
sure chemical vapor deposition.

[0036] In still yet other embodiments the dielectrics layer
comprises one of a dielectric polymer, an ionic gel, and a
dielectric polymer/nanoparticle composite having a thick-
ness of from about 100 to 5000 nm formed by a process
selected from spin-coating, spray coating, aerosol jet print-
ing, inkjet printing, screen printing, gravure printing, and
flexograph printing the dielectric material followed by ther-
mally annealing the dielectric layer in an inert atmosphere at
temperature range from about 60 to 160° C. for a duration
of from about 10 to 60 minutes.

[0037] Instill yet other embodiments the dielectric layer is
formed by spin-coating one of a dielectric polymer, an ionic
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gel, and a dielectric polymer/nanoparticle composite dis-
posed in an organic solution with a concentration range of
from about 0.1 mg/mL to 10 mg/ml at a spinning speed
range of from about 800 to 5000 rpm, and repeating for
about 1 to 20 times.

[0038] In still yet other embodiments the dielectric layer is
formed by aerosol jet printing one of a dielectric polymer, an
ionic gel, and a dielectric polymer/nanoparticle composite in
an organic solution having a concentration range of from
about 0.1 mg/mL to 10 mg/ml, using a pneumatic atomiza-
tion with about 600 cubic centimeters per minute atomizer
flow or ultrasonic atomization with power range from
20-48V to generate an aerosol in diameter of from about 1
to 5 um, a sheath gas flow of from about 20 to 50 cubic
centimeters per minute, a carrier gas flow of from about 10
to 20 cubic centimeters per minute, a nozzle diameter of
from about 60 to 300 pm, and a fiducial management with
an overlay registration of from about 1 to 2 um.

[0039] In still yet other embodiments the method includes
forming at least two capacitors and two gate electrodes,
including a first capacitor having a dielectric layer disposed
between the drain electrode and a first gate electrode and a
second capacitor disposed between the source electrode and
a second gate electrode, wherein at least the drain and source
electrodes are conductive porous electrodes having a surface
coverage of no greater than 50%, such that both of the
dielectric layers make direct contact with the light emitting
layer through the open portions of the porous electrodes.
[0040] Still other embodiments are directed to vertical
light emitting displays including a plurality of pixels com-
prising a plurality of vertical light emitting transistors elec-
tronically coupled into a thin film transistor backplane, each
vertical light emitting transistor including:

[0041] a light emitting cell including a light emitting
layer formed of at least one light emitting material, the
light emitting layer having first and second sides in
conductive relation to a conductive drain electrode and
a conductive source electrode;

[0042] a least one capacitor including a dielectric layer
formed of at least one dielectric material, the at least
one dielectric layer having first and second sides in
conductive relation to one of either the conductive
source or drain electrodes, and a conductive gate elec-
trode; and

[0043] at least one substrate in supportive relation with
each of said drain and gate electrodes;

[0044] wherein the drain and source electrodes are the
cathode and anode of the light emitting cell;

[0045] wherein at least the electrode disposed between
the light emitting layer and the dielectric layer is a
conductive porous electrode having sufficient open
portions to exhibit a surface coverage of no greater than
50%, such that the dielectric layer makes direct contact
with the light emitting layer through the open portions
of the conductive porous electrode;

[0046] wherein the light emitting layers emit one of
either a single color or a plurality of colors; and

[0047] wherein each pixel is formed of at least a first
transistor configured for switching and at least a second
transistor configured for scribing.

[0048] In other embodiments each of the vertical light
emitting transistors includes at least two capacitors and two
gate electrodes, a first capacitor having a dielectric layer
disposed between the drain electrode and a first gate elec-
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trode and a second capacitor disposed between the source
electrode and a second gate electrode, such that each pixel
is formed of a single transistor configured for both switching
and scribing, wherein the drain and source electrodes are
conductive porous electrodes that have sufficient open por-
tions to exhibit a surface coverage of no greater than 50%,
such that both of the dielectric layers make direct contact
with the light emitting layer through the open portions of the
conductive porous electrodes.

[0049] In still other embodiments, the light emitting layer
1s formed of a light emitting material selected from the group
consisting of a crystalline semiconductor selected from
GaN, GaP, GaAs, AlGaAs, GaAsP, AIGalnP, ZnSe, InGaN
and AIN; a semiconductor nanowire selected from Si and
GaAs; a quantum wall; an organometallic complex; an Ir
organometallic complex; a small organic conjugated mol-
ecule; porphyrin; pentacene; and a conjugated polymer
selected from PPV, PVK, MEH-PPV, PPF, PFO and PPP.

[0050] In yet other embodiments, the dielectric material is
selected from the group of an oxides selected from SiO,,
Al 0,4, HIO,, 7ZrO,; a nitride; Si;N,; an inorganic salts
selected from LiF, CsF, BaTiO;, and SrTiO;; a dielectric
polymer selected from PMMA, Teflon, CYTOP, and Nafion;
and an ionic gel formed from the combination of a dielectric
polymer and an ionic liquid.

[0051] In still yet other embodiments, the substrate is
selected from the group consisting of flexible plastics, Si
wafer, glass, sapphire, and ITO.

[0052] In still yet other embodiments, at least one of the
drain, source, or gate electrodes comprise an electrode
material selected from graphene sheets, doped Si, ZTO, ITO,
Au, Al, Cu, Ni, Mo, Cr, Ag, metal nanowires, metal plate,
metal meshes, metal grids, holey copper, holey graphene,
conductive polymers, and a low coverage network of a
plurality of nanowires.

[0053] In still yet other embodiments, the at least one
conductive porous electrode is formed from a plurality of
nanowires formed into one of the group of a random or
patterned network of a plurality of metal or graphene
nanowires, a nanowire metal mesh, a nanowire grid, and a
nanowire network encased within an elastomeric material.
In some such embodiments the plurality of nanowires are
formed from a plurality of metal nanowires selected from
Ag, Au and Cu having a diameter less than about 200 nm and
a length greater than about 1 micron, and having a surface
coverage less than 10%, a sheet resistance less than 100
Q/sq and a transmission greater than 75%.

[0054] Additional embodiments and features are set forth
in part in the description that follows, and in part will
become apparent to those skilled in the art upon examination
of the specification or may be learned by the practice of the
invention. A further understanding of the nature and advan-
tages of the present invention may be realized by reference
to the remaining portions of the specification and the draw-
ings, which forms a part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0055] The description will be more fully understood with
reference to the following figures and data graphs, which are
presented as exemplary embodiments of the invention and
should not be construed as a complete recitation of the scope
of the invention, wherein:

Dec. 8, 2016

[0056] FIG. 1 provides a schematic diagram of a vertical
polymer light emitting transistor in accordance with embodi-
ments of the invention;

[0057] FIG. 2 provides an SEM image of an exemplary
random silver nanowire network in accordance with
embodiments of the invention;

[0058] FIG. 3 provides a schematic diagram of a vertical
polymer light emitting transistor incorporating nanowire
network electrodes in accordance with embodiments of the
invention;

[0059] FIG. 4 provides a schematic diagram of a singly
gated vertical polymer light emitting transistor in accor-
dance with embodiments of the invention;

[0060] FIG. 5 provides a schematic diagram of a doubly
gated vertical polymer light emitting transistor in accor-
dance with embodiments of the invention;

[0061] FIGS. 6a and 64 provide circuit diagrams of many
pixel containing light emitting displays comprising a plu-
rality of singly (6a) and doubly (6b) gated vertical light
emitting transistors in accordance with embodiments of the
invention;

[0062] FIG. 7 provides a flow chart of a process for
depositing vertical polymer light emitting transistors in
accordance with embodiments of the invention;

[0063] FIG. 8 provides a schematic diagram of a Ag NW
enabled vertical polymer light emitting transistor in accor-
dance with embodiments of the invention;

[0064] FIG. 9a provides a schematic diagram of a Ag NW
enabled vertical polymer light emitting transistor with an
ITO electrode on silicon wafer in accordance with embodi-
ments of the invention;

[0065] FIG. 95 provides an SEM of a Ag NW network on
a Si wafer (left) and an image of the printed MEH-PPV
polymer (right) of the vertical polymer light emitting tran-
sistor of FIG. 9a in accordance with embodiments of the
invention;

[0066] FIG. 10a provides a schematic diagram of a Ag
NW enabled vertical polymer light emitting transistor with
a Ag NW/PET electrode on silicon wafer in accordance with
embodiments of the invention;

[0067] FIG. 105 provides an SEM of a Ag NW/PET
electrode of FIG. 10a in accordance with embodiments of
the invention;

[0068] FIG. 11 provides a schematic diagram of a singly-
gated Ag NW enabled vertical polymer light emitting tran-
sistor with flexible electrodes, and a process diagram for its
manufacture in accordance with embodiments of the inven-
tion;

[0069] FIG. 12 provides a schematic diagram of a doubly-
gated Ag NW enabled vertical polymer light emitting tran-
sistor with flexible electrodes in accordance with embodi-
ments of the invention; and

[0070] FIG. 13 provides a schematic diagram of a VLET
display on ITO in accordance with embodiments of the
invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0071] Turning to the drawings, devices, materials and
methods for light emitting transistors (LETs) and light
emitting displays (LEDs) are provided. In particular
embodiments, architectures for vertical light emitting tran-
sistors (VLETs), and in particular vertical polymer light
emitting transistors (VPLETs) for active matrix organic light
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emitting displays (AMOLEDs) and AMOLEDs incorporat-
ing such VPLETs are described. Although many VLET
architectures are provided, in embodiments a novel doubly-
gated VLET architecture is described. In other embodi-
ments, porous transparent conductive electrodes, such as for
example nanowire (NW) electrodes (including silver (Ag)
NW networks) alone or in combination with conjugated
light emitting polymers (LEPs) and dielectric materials are
utilized in forming organic light emitting transistors
(OLETs). In some embodiments, combinations of thin films
of ionic gels, LEDs, NW electrodes and relevant substrates
and gates are utilized to construct LETs, including singly
and doubly gated VLETs. In many embodiments the VPLET
substrates are transparent and/or flexible, and can be made
of suitable materials such as PET. In other embodiments,
processes such as, for example, spin-coating and printing
processes are utilized to deposit layers of one or more of NW
electrodes, LEDs, and dielectric materials on various sub-
strates to construct LETSs, including singly and doubly gated
VLETs.

[0072] Active matrix organic light emitting displays
(AMOLEDs) are highly attractive due to their power saving,
ultra high definition, and broad viewing angles. In particular,
advances in organic light emitting transistors (OLETs)
exhibit improved external efficiency over organic light emit-
ting diodes (OLEDs) by directly modulating charge carriers
of light emitting materials. Further, inducing a vertical
structure in OLETs (as shown in FIG. 1) circumvents the
intrinsic low mobility of organic materials by providing
short channel length, thereby making it possible to achieve
high conductance at low power and low voltages, thus
enhancing the energy conversion efficiency, the lifetime and
stability of the organic materials. Moreover, combining thin
film transistor (TFT) switching and OLED light emitting
properties in a single device leads to a simplified fabrication
process and reduced cost. However, technical challenges in
forming the underlying TFT backplanes in these devices
limit display size variation and cost reduction. As will be
described below, the use of novel material and manufactur-
ing combinations, such as highly transparent porous con-
ductive electrodes (e.g., NW network electrodes), and flex-
ible materials enable the formation of VLETs that overcome
the limitations in display backplanes fabricated with amor-
phous/crystalline/poly silicon, metal oxides and organic
materials, and will be suitable for various needs.

Transparent Porous Conductive Materials

[0073] As previously discussed, OLETs have been dem-
onstrated to exhibit ON/OFF functionality of TFTs and the
electroluminescence of OLED:s in a single device. (See, e.g.,
J. Zaumsei, R. H. Friend and H. Sirringhaus, Nature mate-
rials, vol. 5, pp. 69-74, 2005; R. Capelli, et al., Nawre
Materials, vol 9, pp. 496-503, 2010; and M. Muccini, Nature
Materials, vol. 5, pp. 605-613, 2006, the disclosures of
which are incorporated herein by reference.) Vertical-type
OLETs have been reported on varied designs and operating
principles to operate in low-voltages with short channel
length. In particular, LEPs have been fabricated into PLETs
with noble metals as electrodes. (See, e.g., J. Zaumsei, R. H.
Friend and H. Sirringhaus, Nature materials, vol. 5, pp.
69-74, 2005, the disclosure of which is incorporated herein
by reference.) Various VPLETs were also reported that
demonstrated poor performance. (See, e.g., B. Park and H.
Takezoe, Applied Physics Letters, vol. 85, pp. 1280-1282,

Dec. 8, 2016

2004; H. Lechi, et al., Synthetic Metals, vol. 154, pp.
149-152, 2005; K. Kudo, Current Applied Physics, vol. 5,
pp. 337-340, 2005; S. Y. Oh, et al., Molecular Crystals and
Liquid Crystals, vol. 458, pp. 247-254, 2006; Z. Xu, et al.,
Applied Physics Letters, vol. 91, pp. 092911, 2007; and H.
Yamauchi, et al., Japanese Journal of Applied Physics, vol.
46, pp. 2678, 2007, the disclosures of each of which are
incorporated herein by reference.) In addition, severe mate-
rial limitations exist as to usable electrode materials. In
particular, electrodes of transmittance greater than 98%
across the visible spectrum window are required to allow for
the emission of light in these devices across their full
aperture. (See, e.g., B. Park and H. Takezoe, Applied Physics
Letters, vol. 85, pp. 1280-1282, 2004; H. Lechi, et al.,
Synthetic Metals, vol. 154, pp. 149-152, 2005; K. Kudo,
Current Applied Physics,vol. 5, pp. 337-340, 2005; S. Y. Oh,
et al., Molecular Crystals and Liquid Crystals, vol. 458, pp.
247-254, 2006; 7. Xu, et al., Applied Physics Letters, vol.
91, pp. 092911, 2007; H. Yamauchi, et al., Japanrese Journal
of Applied Physics, vol. 46, pp. 2678, 2007; and K. Naka-
mura, et al., Japanese Journal of Applied Physics, vol. 47,
pp. 1889, 2008, the disclosures of each of which are incor-
porated herein by reference.)

[0074] Transparent conductive electrodes are character-
ized by benchmark values for transparency and conductivity.
A good material for use in VPLET devices should have a
high transparency and a low sheet resistance. Currently the
state of the art in transparent conductive electrodes is ITO
(Indium titanium oxide), which has an excellent combina-
tion of high transparency and low sheet resistance. However,
ITO is made of low abundance elements, and thus increases
device cost. There are many fast-emerging transparent con-
ductive materials like TCO (Transparent conductive oxide),
PEDOTs (poly(3,4-ethylenedioxythiophene)) and other
highly doped conductive polymers, carbon nanotubes and
graphene. (See, e.g., C. Keplinger, et al., Science, vol. 341,
pp. 984-987, 2013, the disclosure of which is incorporated
herein by reference.) As shown in Table 1, below, under the
equivalent transmittance, the sheet resistances of most of
these new materials are about 3 to 6 times higher than that
of ITO.

TABLE 1

Comparison of Current Transparent Conductive Materials

Material Type Typical Transparency  Typical Conductivity

ITO 85-95% 30-100 Q/sq
TCOs 80-93% 100-200 Q/sq
Conductive Polymers >85-90% 200-1000 Q/sq
Metal Grids <75% 3-100 Q/sq
Nano Silver Films >92% 100-300 Q/sq
Carbon Nanotube Films 70-90% 100-1000 Q/sq
Graphene >90% 100 Q/sq
Nanowire (Ag) 88-92% 10-300 Q/sq
[0075] Accordingly, in many embodiments a transparent

conductive electrode material is provided. In some embodi-
ments such electrodes are formed from conductive random
or patterned networks of nanowires (NW networks), includ-
ing NW networks formed into supporting materials, such as
supporting grids, meshes, plates, or other materials, such as
holey copper or holey graphite (graphene). In other embodi-
ments, the NW networks may be formed by embedding a
plurality of nanowires into an elastomeric material, such that
an electrically conductive stretchable electrode may be
formed. In some embodiments, a Ag nanowire network is
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embedded in an elastomeric material to form a stretchable
transparent electrode with a transmittance of 80-85% and a
sheet resistance of less than 100 €2/sqg, and in some embodi-
ments from 10 to 25 Q/sq.

[0076] In other embodiments, OLETs and VPLETs that
incorporate such transparent conductive electrode materials,
such as NW networks, for use, for example, as supportive
electrodes for the LETs and LEDs are provided. Embodi-
ments of such electrode materials have now been discovered
to exhibit equivalent or better figures of merit when com-
pared to state-of-the art materials, such as [TO. In particular,
as summarized in Table 1 above, in many embodiments NW
networks, for example, including grids, meshes, etc., may be
formed that demonstrate broad sheet resistances from 10
Q/sq to 300 Q/sq, in some embodiments less than 100 Q/sq,
and in some embodiments less than 15 Q/sq; and high
transmittance >75%, and in some embodiments >90%.
[0077] Beyond transmittance and resistance another
benchmark parameter that is often disregarded is the poros-
ity or surface coverage of the electrode material. Low
surface coverage values permit light emitting materials to
directly contact the dielectric layer allowing for direct gate
modulation, which in turn allows for optimized charge-
carrier balance, which is important for brightness, lifetime
and external quantum efficiency of OLED:s. (See, e.g., C. V.
Hoven, et al., Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, pp.
12730-12735, 2008, the disclosure of which is incorporated
herein by reference.) Accordingly, in many embodiments
suitable highly transparent conductive electrode materials
are formed into conductive porous electrodes such that they
have relatively low surface coverage <50%, in some cases
<25%, 1n some cases <10%, and in some cases as low as
<1%. In embodiments, such conductive porous electrodes
may be formed from a random or patterned network of a
plurality of metal or graphene nanowires, a nanowire metal
mesh, a nanowire grid, a nanowire network encased within
an elastomeric material, and/or such nanowires supported on
holey copper or holey graphene.

[0078] OLETs thus formed with such porous conductive
electrodes (e.g., formed of such NW network materials)
offer ideal structures to control the injection, transport and
recombination of electron and hole, especially in both cath-
ode and anode sides. These properties indicate that embodi-
ments of conductive porous electrodes formed from highly
transparent and porous materials, such as, for example, NW
networks in accordance with this disclosure, are superior
materials for vertical OLETs when compared to other cur-
rently developed transparent conductive materials. (Some
exemplary benchmark properties are disclosed in Tables 1
and 2.)

[0079] Although the above benchmarked properties have
been established for conductive porous electrode materials
formed from Ag NW nanowires, it should be understood that
any suitable conductive material capable of being formed
into conductive porous electrode materials having suitable
transmittance, resistivity and surface coverage properties
may be used in embodiments, including, for example, Ag,
Au, Cu and graphene. In many embodiments, the porous
conductive electrodes are formed from NW networks
formed from high aspect ratio nanowires having an aspect
ratio of, for example, >1000. In some embodiments the NW
networks are formed from a plurality of metallic nanowires,
such as for example, Ag having a diameter of less than
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around 200 nm, in some embodiments less than around 35
nm, and a length of greater than around 1 pm, in some
embodiments greater than 35 pum. Further, it should be
understood that the conductive porous electrode materials
may be formed of randomly deposited NW (such as that
shown in the SEM of an exemplary Ag NW conductive
network presented in FIG. 2) or engineered NW that are
arranged in grids or meshes or atop supportive materials
such as holey copper or holey graphene, and may also be
produced in any shape and dimension suitable for use within
a particular VPLET device. In some embodiments, the
conductive porous electrodes formed of NW networks are
produced as thin sheets or strips that are sized to provide a
supportive conductive surface to a particular PLED layer
within a VPLET device.

[0080] Finally, as will be described in greater detail below,
many embodiments are directed to OLETs and VPLETSs that
incorporate such conductive porous electrode materials,
such as NW networks, including Ag NW networks for use,
for example, as supportive electrodes for LET and LED
devices.

LED and LET Devices

[0081] Although embodiments of porous conductive elec-
trodes are described above, it should be understood that
many embodiments are directed to LET and LED devices
formed using such porous conductive electrode materials as
conductive elements within those devices. FIG. 3 provides a
schematic of an exemplary VPLET in accordance with
embodiments of the invention. As shown, the device gen-
erally a capacitor (C) and light emitting cells (LED) joined
by a common electrode. Three electrodes are required in a
VPLET, a common-source electrode, a gate electrode, and a
drain electrode, and associated contacts. A light emitting
material, such as a light emitting polymer (LEP) forms an
active layer between the source and drain electrodes, which
in many embodiments also function as the cathode/anode of
the LED. A high resistance dielectric layer is provided
between the source and gate electrodes to complete the
device.

[0082] Preferably the porous conductive electrodes (e.g.,
NW network electrodes) are formed with a surface coverage
of no more than 50%, in some embodiments less than 25%,
in some embodiments less than 10%, and in some further
embodiments less than 1%, such that the dielectric can make
direct contact with the LEP to allow for direct gate modu-
lation. In many embodiments, using such a vertical structure
and the transparent conductive low surface coverage elec-
trodes, VPLET devices may be fabricate that exhibit a
maximum external efficiency >5%, brightness >10,000
Cd/m? and full aperture at low power and low voltage, with
improved lifetime and stability. A full list of exemplary
performance metrics for devices constructed in accordance
with embodiments of the invention are provided in Table 2,
below.

TABLE 2

Performance Metrics for A NW Enabled VPLETs

Figures of Merits Units Values
Ag NW Concentration % >99
Ag NW Length pum >1
Ink Viscosity mPa - s <15
Ag NW Lifetime Days (free aggregation) >180
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TABLE 2-continued

Performance Metrics for Ag NW Enabled VPLETs

Figures of Merits Units Values
Ag NW thickness pum <10
Ag NW Printing Density Tubes/um? >30
Transmittance (Ag NW) % >90
Resistivity (Ag NW) Q/sq ~30
Ink Solution Type Au UT Dots
Line Width Minimum pm 10
Alignment Error +Um 5
Resistivity Au Q/sq ~1
Dielectric Thickness pum 10
Gate Leakage Current pA/em? >10

Polymer Emitter PFO/Super-yellow/ Supplier Merck
MEH-PPV
Mobility em?/Vs 1073107
On/Off Ratio Ratio >10%
Switch Rate Hz >100
Supply Voltage v <4
Operating Voltage v <1
Brightness Cd/im? 10000
Efficiency % >5
[0083] Accordingly, in many embodiments vertical light

emitting transistors are provided that include a light emitting
cell that includes a light emitting layer formed of at least one
light emitting material, a least one capacitor that includes a
dielectric layer formed of at least one dielectric material, and
at least one substrate in supportive relation with these
elements. These elements (light emitting cells and capaci-
tors) are placed into appropriate conductive relation to drain,
source and gate. In many embodiments, at least the electrode
disposed between the light emitting layer and the dielectric
layer 1s a conductive porous electrode, for example, formed
of a transparent network of a plurality of nanowires, wherein
the nanowires have an aspect ratio of at least 1000, such that
the porous electrode has sufficient open portions to exhibit
a surface coverage of no greater than 50%, such that the
dielectric layer makes direct contact with the light emitting
layer through the open portions of the porous electrode.

[0084] Although the above discussion focuses primarily
on single gate electrodes, as will be described VLET archi-
tectures incorporating multiple capacitors and gate elec-
trodes are provided to form doubly gated VLETs. Accord-
ingly, in some embodiments the vertical light emitting
transistor includes at least two capacitors and two gate
electrodes, disposed between the drain electrode and a first
gate electrode and between the source electrode and a
second gate electrode.

[0085] It should be understood that the materials and
methods used to form the required components of these
VPLET devices may take any form suitable for a desired
application. For example, the substrate layers may be
formed of either traditional rigid materials such as silicon
wafer, glass, ITO, or flexible materials such as PET, Kapton,
polyimides so long as the substrates allow for the deposition/
growth of the necessary functional layers of the devices
(dielectric, LEP, transparent conductive electrodes, etc.).

[0086] Likewise, any suitable PLED may be used in
association with embodiments of the VPLET devices
described herein. Some examples of suitable LEPs include,
poly(1,4-phenylene vinylene) (PPV), Poly(2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), poly
(1,4-phenylene) (PPP), polyfluorenes (PFO), nitrogen con-
taining polymers, such as, for example, poly(2.5-pyridine
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vinylene) or poly(9-vinylcarbazole) (PVK), poly(thio-
phenes), and water-soluble LEPs such as sulfonated PPV,
PPP and PF; and light emitting small molecules including
organometallic Iridium complexes, small conjugated
organic molecules such as porphyrin and pentacene for
example. It should also be understood that embodiments of
VLETs do not have to use LEPs, and can be formed with
other types of light emitting materials, including semicon-
ductor nanowires such as may be formed of Si or GaAs,
quantum walls such as GaN, and conventional semiconduc-
tor materials across the entire wavelength spectrum, such as,
for example, infrared emitters (GaAs), red emitters (AlGaAs
& GaP), orange emitters (GaAsP & GaP), yellow emitters
(AlGalnP & GaP), green emitters (GaN & GaP), blue
emitters (ZnSe), violet emitters (InGaN), ultraviolet emitters
(AIN), etc. And, these materials may be formed and/or
embedded within elastomeric materials such that they are
flexible allowing for the formation of flexible VLETs and
thus displays.

[0087] A variety of dielectric materials may also be used
in embodiments, such as for example, ionic gels formed of
dielectric polymers and ionic liquids, such as, for example,
polystyrene-co-poly(methyl methacrylate)-co-polystyrene
(PS-PMMA-PS)/1-ethyl-3-methylimidazolium (trifluorom-
ethylsulfonyl)imide (EMIM TFSI), BaTiO3/PMMA|PE-
DOT/PSS, n-octadecylphosphonic acid SAM|PEDOT/PSS,
and CYTOP, and other printable or thermal vapor deposited
dielectric materials such as dielectric polymers including
PMMA, Teflon, CYTOP, Nafion and the like; oxides includ-
ing, Si0,, Al,O,, ZrQ,, HfO,, Ti0,, and the like; inorganic
salts including, LiF, CsF, SrTiO,, BaTiO; and the like; and
nitrides including Si;N,, etc.

[0088] A variety of additional layers might also be
included in embodiments of the devices. For example,
electron injection and transportation layers incorporating
dipole molecules for PLEDs may also be included. Such thin
layers of such dipole molecules function by correcting the
orientation of the dipole leading to an increase in the
effective work function and the improvement of electron
injection in PLED devices. In particular, it has been found
that a spin-coated thin layer with 0.1% weight 1-(3-hexa-
decylimidazolyl)-tris(1-imidazolyl)borate (C,4-Blm,) in
methanol solution improved the performance of PLEDs.
(See, e.g., H. P. Lj, et al., Journal of the American Chemical
Society, vol. 131, pp. 8903-8912, 2009; and H. P. Li, et al.,
U.S. patent application Ser. No. 12/592,761, 2009, the
disclosures of which are incorporated herein by reference.)

[0089] Likewise, in some embodiments conjugated poly-
electrolytes (CPE) may be used to improve the efficiency of
PLEDs, polymer solar cells, and thin-film transistors. These
improvements have been ascribed to the enhanced electron
injection ability of CPE. (See, e.g., R. Yang, et al., Journal
of the American Chemical Society, vol. 128, pp. 14422-
14423, 2006; J. H. Seo, et al., Journal of the American
Chemical Society, vol, 133, pp. 8416-8419, 2011; and J. H.
Seo, et al., Journal of the American Chemical Society, vol.
131, pp. 18220-18221, 2009, the disclosures of each of
which are incorporated herein by reference.) Recently, it was
demonstrated that by introducing a CPE layer between gold
electrodes (Drain/Source) and light emitting polymers, the
performance of PLETs were remarkably improved, again as
aresult of enhanced electron injection again. (See, e.g., J. H.
Seo, et al., Advanced Functional Materials, vol. 21, pp.
3667-3672, 2011, the disclosure of which is incorporated
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herein by reference.) Alternatively or in addition, organic
species, such as propionylethyleneimine-co-ethyleneimine
(PEI-EI) may be introduced to improve the electron injec-
tion of the LEPs.

[0090] Finally, for hole injection layers, polyanilines,
PEDOTs and polythiophene derivatives, as well as small
molecules like cyano carbons such as, for example tetra-
fluoro-tetracyanoquinodimethane  (F4-TCNQ), TCNQ,
trichloroethylene (TCE), and others may be used. With gate
modulation, the induced increase of charge carriers (includ-
ing electron or hole) can improve both charge injection and
charge transportation.

[0091] In addition, although the above has assumed that
the conductive electrodes would be formed of conductive
porous electrode materials, such as, for example, NW net-
work materials, it should be understood that the devices may
also have other electrode types. For example, in some
embodiments, one or more conductive porous source and
drain electrodes may be incorporated with gate electrodes
formed from materials such as, for example, graphene
sheets, ITO, Au, Al, Cu, Ni, Mo, Cr, Ag, metal nanowires,
metal meshes, metal grids, holey copper and holey gra-
phene, and conductive polymers such as, poly(3,4-ethylene-
dioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS).
Likewise, although the electrode layers may be made of NW
networks or other suitable materials, the contacts associated
with those electrode layers may be made of any suitable
materials, such as, for example, Mo, Ni, Cr, Al, Cu, and Au.
[0092] Finally, although a generalized device structure has
been described, it should be understood that the materials
and layers discussed above may be combined in a variety of
different configurations, including in singly gated VLETs
(FIG. 4). For example, as shown in FIG. 4 a singly gated
VLET in accordance with embodiments would generally
include at least drain, source and gate conductive porous
electrode, such as a NW network conductive electrodes
surrounding a light emitting layer (such as formed by a
PLED), and a dielectric layer (such as an ionic gel) sand-
wiched between the light emitting layer and a further gate
electrode (which could again be formed of a conductive
porous electrode, such as, a NW network electrode). In these
embodiments the singly-gated VLET may be supported by
any suitable material, such as, for example, a flexible
polymer such as PET. A few exemplary singly gated VLET
device material architectures contemplated in accordance
with embodiments would include:

[0093] a conductive porous electrode (e.g.. NW net-
work) on a Au (Al) supported dielectrics layer (LiF,
ionic gel) with ITO supported polymer emitters to form
NW enabled VPLETs gated by a dielectrics layer (such
as, e.g., LiF, ionic gel).

[0094] a conductive porous electrode (e.g., Ag NW
network) on a silicon wafer with ITO supported poly-
mer emitters to form Ag NW enabled VPLETs gated by
Si0,.

[0095] a conductive porous electrode (e.g., Ag NW
network) on a silicon wafer with a conductive porous
electrode supported polymer emitter to form NW
enabled VPLETs gated by SiO,.

[0096] a conductive porous electrode (e.g., Ag NW
network) on flexible substrates (PET) to form a NW
electrode, a dielectrics layer (ionic gel, LiF) atop a NW
conductive porous electrode, a NW conductive porous
electrode again atop of the dielectrics layer, and a
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NWidielectrics layerlNW electrode with a NW con-
ductive porous electrode supported polymer emitter to
form singly gated NW enabled VPLETs on NW elec-
trodes.
[0097] In addition, although the above has described con-
ventional singly gated architectures VLETs using novel
combinations of materials in accordance with some embodi-
ments, other embodiments are directed to novel architec-
tures allowing for doubly gated VLETs. Embodiments of
such doubly gated VLETs are shown schematically in FIG.
5. As shown, the doubly gated VLETS in accordance with
embodiments include two gate electrodes and two layers of
dielectric material (such as ionic gels) sandwiching the drain
and source electrodes and in turn the light emitting layer
(such as a PLED). An exemplary construction of such a
doubly gated VLET might include, for example, a NW
conductive porous electrode on flexible substrates (such as,
e.g., PET) to form NW gate electrodes, then a dielectric
layer (such as an ionic gel, LiF) atop of a NW conductive
porous drain electrode, NW conductive porous electrodes
again atop of a dielectric layer, and a NWldielectric lay-
erINW electrode with a NW electrodeldielectrics layerINW
supported polymer emitter to form doubly-gated NW
enabled VPLETs on NW conductive porous electrodes.
[0098] Circuit diagrams comparing the construction of the
singly and doubly gated VLETS are provided in FIGS. 6a
and 6b. As shown in FIG. 6a, in a singly gated VLET there
is a single gated transistor interconnected with the gate
electrode along the data line. The source electrode is in turn
connected to the V,,, and the drain electrode is connected
to the LE layer. The TFT turns on when a voltage pulse is
applied to the gate electrode. As a result, the signal voltage
can be transmitted to the drain, and subsequently, the light
emitting layer (EL), which is connected as load to the TFT.
[0099] While this is a well-known architecture, in some
embodiments, a second gate electrode and “gate line” is
introduced into the circuits. As shown in FIG. 65, in this
embodiment, the light emitting layer is interconnected to the
drain electrode through this second gate electrode (labeled
as gate bottom in FIG. 65). This doubly gated VLET
architecture allows for the adjustment of the charge carrier
from the top and bottom electrodes, and for the control of the
transportation, injection and recombination of charge carri-
ers to reach charge carrier balance for maximum efficiency
and brightness. Moreover, whereas in a singly gated VLET
an additional transistor is required to perform switching and
scribing, in a doubly gated VLET a single device can serve
both functions simultaneously.
[0100] More detailed descriptions of these exemplary
structures, their construction and performance is provided in
the Exemplary Embodiments provided below. However,
although examples of specific structures and combinations
of materials and layers have been discussed, it should be
understood that the various components described herein
may be combined and arranged in a variety of device
architectures contemplated within the disclosed embodi-
ments.

Methods for Manufacturing LET and LED Devices

[0101] Some embodiments are directed to methods of
depositing NW conductive materials for conductive porous
electrodes to enable VPLETs and AMOLEDs generally.
Although any suitable method of deposition may be used
with the current invention including, for example, additive
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manufacturing, molecular beam epitaxy (MBE) chemical
vapor deposition (CVD), atomic layer deposition (ALD),
and plasma enhanced using low cost printing, spin-coating,
spray coating methods, in many embodiments, printing,
such as aerosol jet printing, may be used to deposit one or
more of the layers of the LET and LED devices, including
LEP inks as active light emitting materials and NW inks as
transparent conductive porous electrodes of VPLETs on
substrates. In particular, it has been found that printing
methods, such as aerosol, roll to roll, screen and ink jet, for
example, may be used to form NW networks, nanoparticles,
polymer emitters, ionic gels, and conjugated polyelectro-
lytes that can be used to improve PLET performance, and to
produce NW porous conductive electrode supported poly-
mer light emitting devices.

[0102] Printing is one of the most promising techniques
for inexpensive large area fabrication of plastic and nano-
materials electronics. In particular, aerosol-jet printing
enables finer feature sizes than traditional ink-jetting and
screen printing technologies. Aerosol jet printing utilizes an
innovative direct-writing and aerodynamic focusing tech-
nology that produces electronics and physical structures
with feature sizes down to 10 microns line width and 20 nm
thickness. These systems can also print a wide variety of
materials including conductive nanoparticle inks, screen
printing pastes, polymers insulators, adhesives, etchants,
and even biological matter onto various substrates like
non-planar surfaces. As a result, the range of possible
components that can be printed include transistors, inte-
grated circuits, photovoltaics, LED’s, displays and sensors.
Also, direct aerosol-jet printing simplifies the printing pro-
cess as the material is deposited as a pre-defined pattern.
Another aspect of current printing is its low-cost, precise
deposition, low environmental impact and large area fabri-
cation due to the small number of process steps, small
amount of materials and high through-put. (See, e.g., I.-U.
Park, et al., Nature Materials, Vol. 6, pp. 782-789, 2007, the
disclosure of which is incorporated herein by reference.)

[0103] In embodiments of the current invention printing
system capable of printing over complex conformal sur-
faces, in deep trenches, and in high dense vertical intercon-
nects for high performance of multi-chip packages may be
used. One exemplary process utilizes a jet aerosol system
such as the 3-D Optomec Aerosol Jet™ printer.

[0104] One advantage of the described depositions meth-
ods is that the different electrical and electronic components
can be printed on top of each other, saving space and
increasing reliability and sometimes they are all transparent.
Accordingly, in some embodiments, deposition techniques
for nonplanar surfaces, such as spin-coating or printing may
be used to deposit the conductive porous NW network
electrodes as well as coat LEPs or ionic gels atop of the NW
network conductive porous electrodes to form integrated
NW enabled VPLETs, which can be defined as display
products and components manufactured using deposition
methods and electrically functional materials, such as prink-
ing with electrically conductive inks. A flow chart of such a
process is provided in FIG. 7. As shown, using a deposition
technique in accordance with embodiments, it is possible,
provided a suitable substrate is present, to deposit the
supportive porous electrodes (NW) and then directly deposit
atop these electrodes the necessary LEP layers (for light
emitting structures) or dielectric materials (for capacitor
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structures), and to repeat this deposition process as neces-
sary to form singly or doubly gated devices as described
above.

[0105] In certain specific embodiments, aerosol jet print-
ing can be utilized, where the aerosol jet printing is carried
out using the following parameters; ultrasonic atomization at
a voltage that ranges from about 20 to about 48 V, or
pneumatic atomization with about 600 cubic centimeters per
minute atomizer flow to generate aerosol in a diameter of
about 1 to 5 um, a sheath gas flow of about 20 to 50 cubic
centimeters per minute, a cartier gas flow of about 10 to 20
cubic centimeters per minute, a nozzle diameter of from
about 50 to 350 um, such as, for example, 60 pm, 100 pum,
150 pm, 200 pm, 250 pm, or 300 pum, and a fiducial
management with overlay registration of from about 1 to 2
um. In certain embodiments, the carrier gas may be inert,
including ultra-pure nitrogen, argon or combinations
thereof. Utilizing such a printing technique it is possible to
manufacture single and doubly gated VLETs that exhibit a
maximum external efficiency >5%, brightness >10,000
Cd/m* and full aperture at low power and low voltage, with
improved lifetime and stability.

EXEMPLARY EMBODIMENTS

[0106] Additional embodiments and features are set forth
in part in the exemplary embodiment that follow, and in part
will become apparent to those skilled in the art upon
examination of the specification or may be learned by the
practice of the invention. None of the specific embodiments
are proposed to limit the scope of the remaining portions of
the specification and the drawings, and they are provided as
exemplary of the devices, methods and materials disclosed
herein. In particular, although specific structures and par-
ticular combinations of materials are recited, it should be
understood that these are merely provided as examples, and
any suitable alternative architectures and materials may be
substituted.

Example 1

Spin Coating Ag NW Enabled VPLETs with
Evaporated Dielectrics and Metal Gate Electrode
on [TO

[0107] In one exemplary embodiment, shown schemati-
cally in FIG. 8, ITO was used as an anode and the trans-
mission layer from which light from the light emitting cell
may be emitted. A PEDOT/PSS (PH1000) was spin coated
on the ITO at 2,000 rpm to serve as a drain electrode (D).
After annealing at 140° C. for 10 minutes, super yellow THF
solution was spin-coated at 5,000 rpm to form the PLED
layer. On the top of super yellow layer (PLED), a 2 mg/mL
Ag NW isopropanol solution was spin-coated at 2,000 rpm
and reapplied for at least >5 times to form a conductive
source electrode (S). Then a 200 nm thick silicon oxide was
evaporated using low pressure chemical vapor deposition to
form a dielectric layer. On top of the silicon oxide dielectric
layer, 150 nm Al was sputter deposited using an electrode
mask to form a gate electrode (G). The formed Ag NW
enabled VPLETs were then characterized with a Keithley
4200 Semiconductor Characterization System (SCS).
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Example 2

Printing Ag NW Enabled VPLETs with ITO on
Silicon Wafer

[0108] In one exemplary embodiment, printed Ag NW
enabled VPLETs comprised of ITO as transparent porous
conductive electrodes and light emitting polymers as chan-
nel materials on silicon wafer are provided. This process
includes printing a uniform Ag NW network on silicon
wafer, LEPs, and laminating PEDOT/PSS coated ITO with
printed LEPs to achieve printed Ag NW enabled VPLETs
with gate modulated brightness and external efliciency
higher than PLEDs. Using aerosol jet printing technologies
it is possible to print Ag NW networks on any substrate
layer-by-layer allowing for the printing of a Ag NW enabled
VPLET on silicon wafers of various SiO, thickness.

[0109] LEPs (blue: PFO, green: super-yellow, red: MEH-
PPV) have been fabricated into typical OLETs using thermal
evaporated gold electrodes (70 nm thickness) with 20 pm
channel length and 1000 pum channel width, and show a
maximum power conversion efficiency of 0.002-0.005
Cd/A, an external quantum efficiency of 10-3, and a bright-
ness <1000 Cd/m2 at supply and driving voltages of 150 V.
Zwitteronic electron injection layers have also been devel-
oped for MEH-PPV OLEDs with a maximum power con-
version efliciency of 1.1 Cd/A, and a brightness >12,000
Cd/m2. (See, e.g., H. P. Li, Y. Xu, 2009; and H. P. i, Y. Xu,
and G. C. Bazan, 2009, cited above.) VPLETs were also
fabricated with LiF as a dielectric layer between two Al
electrodes showing gate modulation, but no detailed infor-
mation was provided on the VPLET’s characterization. (See,
e.g., Z. Xu, S. H. Li, L. Ma, G. Li and Y. Yang 2007, cited
above.)

[0110] As shown in FIG. 9a, in this exemplary embodi-
ment, a printed Ag NW enabled VPLET is proposed com-
prised of printed Ag NW networks as a porous conductive
Source electrode, LEPs (blue: PFO, green: super yellow, red:
MEH-PPV) as channel materials (PLED), PEDOT/PSS
coated ITO as a Drain electrode, and SiO, as the dielectric
layer for gate modulation. Using aerosol jet printing, uni-
form and thin-layer Ag NW networks and 200 nm LEPs
(blue: PFO, green: super-yellow, red: MEH-PPV) may be
printed in various substrates. The sheet resistance of printed
Ag NW networks is about 15 €2/sq. Its SEM image is shown
in FIG. 9, exhibiting great uniformity. The porous structure
of Ag NW networks permits the direct contact between LEPs
and SiO, dielectric layer. FIG. 95 also shows a photograph
of a printed MEH-PPV polymer with a uniform surface that
is essential for organic devices. In this embodiment, by
laminating PEDOT/PSS coated ITO with printed MEH-PPV
on Silicon wafer, Ag NW enabled VPLETs with an ITO
electrode on silicon wafer may be fabricated. Alternatively,
printed Ag NW networks can be laminated with MEH-PPV
fabricated on ITO by slight pressing and thermal treatment.
To improve the performance of Ag NW enabled VPLETS, it
is also possible to coat the SiO, layer with octyltriethox-
ysiliane (OTS) to improve the gate modulation and treating
Ag NW network with CPE or polyethylimine (PEI) to
enhance electron injection. The printed Ag NW enabled
VPLETs may be characterized in a glovebox using a
Keithley 4200 Semiconductor Characterization System
(SCS). Using such process it is possible to fabricate Ag NW
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enabled VPLETs with characteristics outperforming those of
PLEDs, with low supply and driving voltages, and full
aperture ratio.

Example 3

Printing Ag NW Enabled VPLETs with Ag NW
Electrode on Si Wafer

[0111] In another embodiment, an aerosol jet printing
technique is provided for printing Ag NW on flexible
plastics such as polyethylene terephthalate (PET) to fabri-
cate flexible transparent porous conductive electrodes. Print-
ing uniform Ag NW on PET allows one to replace ITO. In
a particular embodiment, printed Ag NW porous conductive
electrodes will be spin-coated with PEDOT/PSS and then
will be laminated with printed LEPs on Ag NW covered
silicon wafer to achieve Ag NW enabled VPLETs with a Ag
NW electrode on silicon wafer. Alternatively, it is possible
to use the Ag NW stretchable electrode fabrication method
described above. In one such method Ag NW is printed on
the top of a substrate such as glass, and then in-situ polym-
erization is performed atop the Ag NW networks. The
peeled-off polymer films are porous, transparent and con-
ductive with the embedded Ag NWs.

[0112] As shown in FIGS. 10a and 106, in this embodi-
ment Ag NW networks are printed on PET plastic. The sheet
resistance and transmittance of printed Ag NW electrodes
are 15 €2/sq and 90%, respectively. The SEM image (FIG.
105) shows good uniformity and consistency. Following the
lamination method in Example 1, the printed Ag NW porous
conductive electrodes can be laminated with printed LEPs
on Ag NW network covered silicon wafer with the assistance
of pressure and heating. LEPs can also be printed on Ag NW
porous conductive electrodes and laminated with printed Ag
NW on silicon wafer. Also, on the top of the printed LEPs
on Ag NW covered silicon wafer, Ag NWs can be further
printed to fabricate fully printed Ag NW enabled VPLETs
with Ag NW porous conductive electrode on silicon wafer,
as shown schematically in FIG. 10a. To achieve better
performance, the silicon wafer may be treated with OTS,
and the printed silver NW electrodes may be treated with
CPE or PEL As before, the fabricated devices may be
characterized with a Keithley 4200 SCS in a glovebox
having a N, atmosphere. The characteristics of Ag NW
enabled VPLETs with Ag NW porous conductive electrode
on silicon wafer are anticipated to be similar to those of Ag
NW enabled VPLETs with ITO electrode on silicon wafer,
but much better than those of PLEDs with Ag NW porous
conductive electrodes. In particular, it is anticipated that the
Ag NW porous conductive electrodes will have transmit-
tance and conductivity greater than ITO.

Example 4

Printing Singly-Gated Ag NW Enabled VPLETs
with Ag NW Electrode on Ionic Gel Coated Ag
NW Substrate

[0113] Inyet another exemplary embodiment, methods for
replacing silicon wafer with Ag NW porous conductive
electrodes and a PS-PMMA-PS/EMIM TFSI ionic gel
dielectric layer are disclosed. Of particular note in this
embodiment is the requirement to print a second layer of Ag
NW networks on the top of PS-PMMA-PS/EMIM TFSI
ionic gel. One of the critical issues in such a device is the



US 2016/0359144 Al

problem of short currents between the two layers of Ag NW
networks. One method of addressing this issue is to embed
Ag NW networks with PS-PMMA-PS/EMIM TFSI ionic
gel, and then laminate ionic gel imbedded Ag NW networks
with Ag NW electrodes (Ag NW networks imbedded in
polymer films). LEPs will then be printed on the fabricated
Ag NW networks atop the PS-PMMA-PS/EMIM TFST ionic
gel on Ag NW electrode, and then be laminated with
PEDOT/PSS coated Ag NW electrode to form printed sin-
gly-gated Ag NW enabled VPLETs with Ag NW electrode
on PS-PMMA-PS/EMIM TFSI ionic gel coated Ag NW
substrate.

[0114] As shown in FIG. 11, in this embodiment a printing
technique is used to print a PS-PMMA-PS/EMIM TFSI
ionic gel on the top of printed Ag NW porous conductive
electrodes and further print Ag NW networks to fabricate Ag
NW networks sandwiched ionic gel dielectric layers. LEPs
may then be printed on the Ag NW porous conductive
electrodes or on the Ag NW porous conductive electrodes
sandwiched ionic gel and laminated with Ag NW electrodes
sandwiched ionic gel or Ag NW electrodes to achieve singly
gated Ag NW enabled VPLETs with a Ag NW electrode on
ionic gel coated Ag NW substrate.

[0115] As discussed above, the major challenge to such a
printed Ag NW porous conductive electrode sandwiched
PS-PMMA-PS/EMIM TFSI ionic gel device is cross con-
nection between the two Ag NW porous conductive elec-
trodes, and also in controlling the thickness of PS-PMMA-
PS/EMIM TFSI ionic gel. Material diffusion, printing
parameter optimization, baking thermal budgets and mate-
rial stability parameters are key concerns. To address this
challenge it is possible to use Ag NW electrodes in which the
Ag NW networks are embedded in in-situ polymerized
transparent plastics. (See, e.g., J. Liang, et al., Nature
Photonics, vol. 7, pp. 817-824, 2013, the disclosure of which
is incorporated herein by reference.) In some such embodi-
ments, Ag NW networks will be printed on glass slides, and
will be coated with the mixture solution of a siliconized
urethane acrylate oligomer (UA) and an ethoxylated bisphe-
nol A dimethacrylate (EBA). The mixture solution will be
in-situ polymerized to form transparent films. After peeling
the film off glass slide, the transparent conductive Ag NW
electrode is characterized to be of 90% transmittance and 15
Q/sq sheet resistance with Ag NW networks embedded in
the film (FIG. 8). UA and EBA are chosen for the high
transparency and excellent stretchability of the homopoly-
mer of UA and the good bonding force between the homopo-
lymer of EBA and AgNWs, although other suitable materials
may also be used.

[0116] FIG. 11 exhibits the obtained transparent conduc-
tive Ag NW PUA film. As shown, a PS-PMMA-PS/EMIM
TFSI ionic gel will be printed on the fabricated Ag NW
transparent conductive film (TCF) to act as the dielectric
layer. PS-PMMA-PS/EMIM TFSI has demonstrated high
conductance from P3HT (poly(3-hexylthiophene)) TFTs for
driving OLEDs at 4 V support voltage and sub-1 V driving
voltage. (See, e.g., I. H. Cho, et al., Nature Materials, vol. 7,
pp. 900-906, 2008; Y. Xia, et al., Advanced Functional
Materials, vol. 20, pp. 587-594, 2010; and D. Braga, et al.,
Advanced Functional Materials, vol. 22, pp. 1623-1631,
2012, the disclosures of which are incorporated herein by
reference.) The ionic liquid can penetrate into the active
layer, which will behave as a light emitting electrochemical
cell (LEC). (See, e.g., Q. Pei, et al., Science, vol. 269, pp.
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1086-1088, 1993, the disclosure of which is incorporated
herein by reference.) Printed PS-PMMA-PS/EMIM TESI
ionic gel on Ag NW TCF will be stacked on printed Ag NW
networks on a glass slide. After drying PS-PMMA-PS/
EMIM TFSI ionic gel, Ag NW TCF will be peeled off from
the glass slide to obtain a Ag NW electrodes sandwiched
ionic gel. PEDOT/PSS will be printed on another fabricated
Ag NW transparent conductive film. After drying a PEDOT/
PSS coated Ag NW film under vacuum, 200 nm thick LEPs
(blue: PFO, green: super-yellow, red: MEH-PPV) will be
printed to serve as the active layers.

[0117] By laminating a Ag NW electrodes sandwiched
ionic gel with printed LEPs on a Ag NW electrode, singly-
gated Ag NW enabled VPLETs with Ag NW electrode on
ionic gel covered Ag NW substrate will be achieved (as
shown in the process diagram of FIG. 11). The obtained
devices may be characterized in a glovebox with a Keithley
4200 SCS, and are anticipated to have a maximum external
efficiency >5%, a brightness >10,000 Cd/m2, and a full
aperture ratio at 4 V supply voltage and sub-1 V driving
voltage. Further, with >90% transmittance in the Ag NW
electrodes, the light can emit from both the top and bottom
of the device with full aperture.

Example 5

Printing Doubly-Gated Ag NW Enabled VPLETs
with Ag NW Electrode on Ionic Gel Coated Ag
NW Substrate

[0118] In still yet another embodiment, method and
devices for printed doubly-gated Ag NW enabled VPLETs
with Ag NW electrode on ionic gel gated Ag NW substrate
are provided. In particular embodiments laminating Ag NW
embedded PS-PMMA-PS/EMIM TFSI ionic gel atop of Ag
NW electrode with printed LEPs on Ag NW embedded
PS-PMMA-PS/EMIM TFSI ionic gel atop of Ag NW sub-
strate are used to achieve doubly-gated Ag NW enabled
VPLETs with a Ag NW electrode on ionic gel coated Ag NW
substrate. Many of the same technical challenges arise as
with Example 4. The advantage is that, in addition to low
power, low voltage and high aperture ratio advantages, with
doubly-gated Ag NW enabled VPLETs by PS-PMMA-PS/
EMIM TFSI ionic gel, the charge carrier can be controlled
with the two gate electrodes to reach the best performance
without the requirement of adding additional transistors.

[0119] As shown in FIG. 12, embodiments of these doubly
gated devices are based on printing Ag NW electrode
sandwiched PS-PMMA-PS/EMIM TFSI ionic gels, such as
are describe in detail in Example 4, above. In some embodi-
ments, on one Ag NW electrodes sandwiched PS-PMMA-
PS/EMIM TFSI ionic gel, 200 nm thick LEPs are also
printed and laminated with another Ag NW electrodes
sandwiched PS-PMMA-PS/EMIM TFSI ionic gel to obtain
doubly-gated Ag NW enabled VPLETs with Ag NW elec-
trodes on ionic gel coated Ag NW substrate (as shown in
FIG. 12). By adjusting the charge carrier from the top and
bottom Ag NW electrodes, the transportation, injection and
recombination of charge carriers can be controlled to reach
the charge carrier balance for the maximum efficiency and
brightness. As in the singly-gated Ag NW enabled VPLETSs,
doubly-gated Ag NW enabled VPLETs are expected to have
>5% external efficiency, >10,000 Cd/m2 brightness, and a



US 2016/0359144 Al

full aperture ratio at 4V supply voltage and sub-1 driving
voltage when characterized in a glovebox with a Keithley
4200 SCS.

Example 6

VLET Displays

[0120] Finally, although the above exemplary embodi-
ments and discussion has focused on methods, architectures
and structures for individual devices, it will be understood
that the same architectures and structures may be combined
as pixels into a VLET display device as shown schematically
in FIG. 13. In such an embodiment, a plurality of VLETs as
described herein may be combined and interconnected as is
well-known by those skilled in the art, such as by electroni-
cally coupling the VLETs into addressing electrode lines, to
form a TFT-backplane for a display, such as an AMOLED
display.

SUMMARY

[0121] The market desire for high quality, large-size and
low-cost displays are driving a need for improved display
products. The current disclosure provides embodiments
describing, among other things:

[0122] Simple, scalable, reproducible, and environmen-
tal robust techniques for printing porous conductive
electrodes, semiconducting channel (LEPs), and
organic gating materials;

[0123] Printed porous conductive electrode enabled
vertical polymer light emitting transistors on silicon
wafer with high conductance at lower power and low
voltage;

[0124] Printed transparent porous conductive electrodes
from NW films;

[0125] Singly-gated or doubly-gated porous conductive
electrode enabled vertical polymer light emitting tran-
sistors with porous conductive electrodes on
PS-PMMA-PS/EMIM TFSI ionic gel coated NW sub-
strate to achieve >5% external efficiency, 10,000
Cd/m2 brightness and full aperture at 4 V supply
voltage and sub 1 V driving voltage.

[0126] The vertical structure, porous conductive elec-
trodes (such as, for example, Ag NW networks), and high
capacitance of dielectric materials described herein remark-
ably improve the performances of VPLETs such that they
are superior to current AMOLED combinations. Moreover,
embodiments directed to spin-coating, aerosol jet printing
technologies to implement printing LEPs, porous conductive
electrodes, and dielectric materials for VPLET devices uti-
lize the innovative direct-write and aerodynamic focusing
technology to produce high resolution features down to 10
um on non-planar substrates without the need for the masks
or other high cost techniques. The spin-coating/printing
technologies also reduce the manufacturing cost and envi-
ronmental impact, and increases fabrication size with high
throughput. Printed porous conductive electrodes (e.g., Ag
NW) enabled VPLETs are expected to operate at low supply
voltage (<4V) and sub-1V driving voltage with negligible
signal delay (<50 ps), to generate enormous contrast ratio
and power savings. In addition, printed porous conductive
electrodes (e.g., Ag NW) enabled VPLETs on flexible sub-
strates can expedite a shift to printed flexible devices.

Dec. 8, 2016

DOCTRINE OF EQUIVALENTS

[0127] Having described several embodiments, it will be
recognized by those skilled in the art that various modifi-
cations, alternative constructions, and equivalents may be
used without departing from the spirit of the invention.
Additionally, a number of well-known processes and ele-
ments have not been described in order to avoid unneces-
sarily obscuring the present invention. Accordingly, the
above description should not be taken as limiting the scope
of the invention.

[0128] Those skilled in the art will appreciate that the
presently disclosed embodiments teach by way of example
and not by limitation. Therefore, the matter contained in the
above description or shown in the accompanying drawings
should be interpreted as illustrative and not in a limiting
sense. The following claims are intended to cover all generic
and specific features described herein, as well as all state-
ments of the scope of the present method and system, which,
as a matter of language, might be said to fall there between.

What is claimed is:

1. A vertical light emitting transistor, comprising:

a light emitting cell comprised of a light emitting layer
formed of at least one light emitting material, the light
emitting layer having first and second sides in conduc-
tive relation to a conductive drain electrode and a
conductive source electrode;

at least one capacitor comprised of a dielectric layer
formed of at least one dielectric material, the at least
one dielectric layer having first and second sides in
conductive relation to one of either the conductive
source or drain electrodes, and a conductive gate elec-
trode; and

at least one substrate in supportive relation with each of
said drain and gate electrodes;

wherein the drain and source electrodes are the cathode
and anode of the light emitting cell; and

wherein at least the electrode disposed between the light
emitting layer and the dielectric layer is a conductive
porous electrode has sufficient open portions to exhibit
asurface coverage of no greater than 50%, such that the
dielectric layer makes direct contact with the light
emitting layer through the open portions of the con-
ductive porous electrode.

2. The vertical light emitting transistor of claim 1, wherein
the vertical light emitting transistor comprises at least two
capacitors and two gate electrodes, a first capacitor having
a dielectric layer disposed between the drain electrode and
a first gate electrode and a second capacitor disposed
between the source electrode and a second gate electrode;
and

wherein the drain and source electrodes are conductive
porous electrodes that have suflicient open portions to
exhibit a surface coverage of no greater than 50%, such
that both of the dielectric layers make direct contact
with the light emitting layer through the open portions
of the conductive porous electrodes.

3. The vertical light emitting transistor of claim 1, wherein
the light emitting layer is formed of a light emitting material
selected from the group consisting of a crystalline semicon-
ductor selected from GaN, GaP, GaAs, AlGaAs, GaAsP,
AlGalnP, ZnSe, InGaN and AIN; a semiconductor nanowire
selected from Si and GaAs; a quantum wall; an organome-
tallic complex; an Ir organometallic complex; a small
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organic conjugated molecule; porphyrin; pentacene; and a
conjugated polymer selected from PPV, PVK, MEH-PPV,
PPF, PFO and PPP.

4. The vertical light emitting transistor of claim 1, wherein
at least one of the drain, source, or gate electrodes comprise
an electrode material selected from graphene sheets, doped
Si, ZTO, ITO, Au, Al, Cu, Ni, Mo, Cr, Ag, metal nanowires,
metal plate, metal meshes, metal grids, holey copper, holey
graphene, conductive polymers, and a low coverage network
of a plurality of nanowires.

5. The vertical light emitting transistor of claim 1, wherein
the at least one conductive porous electrode is formed from
a plurality of nanowires formed into one of the group of a
random or patterned network of a plurality of metal or
graphene nanowires, a nanowire metal mesh, a nanowire
grid, and a nanowire network encased within an elastomeric
material.

6. The vertical light emitting transistor of claim 5, wherein
the plurality of nanowires are formed from a plurality of
metal nanowires selected from Ag, Au and Cu having an
aspect ratio of at least 1000.

7. The vertical light emitting transistor of claim 6, wherein
the plurality of metal nanowires have a diameter less than
about 200 nm and a length greater than about 1 micron, and
having a surface coverage less than 10%, a sheet resistance
less than 100 €/sq and a transmission greater than 75%.

8. The vertical light emitting transistor of claim 1, wherein
the dielectric material is selected from the group of an oxides
selected from SiO,, Al,O;, HfO,, ZrO,; a nitride; Si;N,; an
inorganic salts selected from LiF, CsF, BaTi0;, and SrTiOs;;
a dielectric polymer selected from PMMA, Teflon, CYTOP,
and Nafion; and an ionic gel formed from the combination
of a dielectric polymer and an ionic liquid.

9. The vertical light emitting transistor of claim 1, further
comprising at least one additional light emitting enhance-
ment layer selected from the group consisting of electron
injection dipole layers, transportation dipole layers, conju-
gate polyelectrolyte layers, and hole injection layers.

10. The vertical light emitting transistor of claim 1,
wherein the substrate is selected from the group consisting
of flexible plastics, Si wafer, glass, sapphire, and ITO.

11. A method to form vertical light emitting transistors,
comprising:

forming a light emitting layer formed of at least one light

emitting material, the light emitting layer having first
and second sides;
forming at least one of a conductive drain electrode and
a conductive source electrode in conductive relation
with at least one side of said light emitting layer;

forming a least one capacitor comprised of a dielectric
layer formed of at least one dielectric material, the at
least one dielectric layer having first and second sides
in conductive relation to one of either the conductive
source or drain electrodes, and a conductive gate elec-
trode;

encapsulating the formed layers using one of either a glass

or barrier film; and

wherein at least the electrode disposed between the light

emitting layer and the dielectric layer is a conductive
porous electrode that has sufficient open portions to
exhibit a surface coverage of no greater than 50%, such
that the dielectric layer makes direct contact with the
light emitting layer through the open portions of the
conductive porous electrode.
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12. The method of claim 11, comprising one of the
following combination of steps:
disposing the light emitting material atop a PEDOT
coated ITO substrate, disposing one of either the drain
or source electrode atop the light emitting layer, dis-
posing the dielectric layer atop the one of either the
drain or source electrode present atop the light emitting
layer, and disposing the gate electrode atop the dielec-
tric layer;
disposing a first dielectric layer atop a first gate electrode,
disposing one of either the drain or source electrode
atop the first dielectric layer, disposing the light emit-
ting layer atop the one of either the drain or source
electrode disposed atop the first dielectric layer, dis-
posing one of either the drain or source electrode atop
the light emitting layer; disposing a second dielectric
layer over the one of either the drain or source electrode
disposed atop the light emitting layer, and disposing a
second gate electrode atop the second dielectric layer;

disposing the dielectric layer atop the gate electrode,
disposing one of either the drain or source electrode
atop the dielectric layer, and disposing the light emit-
ting layer atop a PEDOT coated ITO substrate that is
further laminated with the one of either the drain or
source electrode which is disposed atop the dielectric
layer; and

disposing the dielectric layer atop the gate electrode,

disposing one of either the drain or source electrode
disposed atop the dielectric layer, disposing the light
emitting layer atop the one of either the drain or source
electrode disposed atop the dielectric layer, and dis-
posing the light emitting layer that is laminated with the
one of either the drain or source electrode not disposed
atop the dielectric layer.

13. The method of claim 11, wherein the light emitting
layer is formed by a deposition process selected from plasma
enhanced chemical vapor deposition, low pressure chemical
vapor deposition, molecular beam epitaxy, spin-coating,
spray coating, aerosol jet printing, inkjet printing, screen
printing, gravure printing, and flexograph printing.

14. The method of claim 13, further comprising thermal
annealing the light emitting material in an inert atmosphere
at a temperature range of from 60 to 140° C. for a duration
of about 10 to 60 minutes.

15. The method of claim 13, wherein the light emitting
layer is a conjugated polymer formed by spin-coating the
conjugated polymer in an organic solution having a concen-
tration of 1 to 10 mg/mL with a speed range from 800 to
5000 rpm followed by thermal annealing the conjugated
polymer in an inert atmosphere at a temperature range of
from 60 to 140° C. for a duration of about 10 to 60 minutes.

16. The method of claim 13, wherein the light emitting
layer is a conjugated polymer formed by aerosol jet printing
the conjugated polymer in an organic solution using a sheath
gas flow of about 20 to 50 cubic centimeters per minute, a
carrier gas flow of about 10 to 20 cubic centimeters per
minute, a nozzle diameter of from about 60 to 300 um, and
an atomization selected from ultrasonic atomization at a
voltage that ranges from about 20 to 48 V, and pneumatic
atomization with an atomizer flow of about 600 cubic
centimeters per minute, to generate an aerosol having a
diameter of about 1 to 5 pm.

17. The method of claim 11, wherein at least one of the
source, drain, and gate electrodes comprise a metal selected
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from Al, Au, Ag, Cu, Ni, Cr, Mo, and their combination
formed by plasma enhanced chemical vapor deposition or
low pressure chemical vapor deposition.

18. The method of claim 11, wherein the at least one
conductive porous electrode is formed from a plurality of
nanowires formed into one of the group of a random or
patterned network of a plurality of metal or graphene
nanowires, a nanowire metal mesh, a nanowire grid, a
nanowire network encased within an elastomeric material,
holey copper and holey graphene.

19. The method of claim 18, wherein the conductive
porous electrode comprises a silver nanowire network with
a surface coverage less than 10%, a sheet resistance less than
100 Q/sq, and a transmission greater than 75%, and is
formed by a process selected from spin-coating, spray
coating, aerosol jet printing, inkjet printing, screen printing,
gravure printing, and flexograph printing the silver nanowire
network followed by thermal annealing the silver nanowire
network in an inert environment at a temperature range of
from about 60 to 160° C. for a duration of about 10 to 60
minutes, and washing the silver nanowire network with
isopropanol.

20. The method of claim 19, wherein the conductive
porous electrode 1s formed by spin-coating a Ag nanowire
isopropanol solution with a concentration range of from
about 0.1 mg/mL to 10 mg/mL with a spinning speed range
of from about 800 to 5000 rpm, and repeating said spin-
coating from about 1 to 20 times.
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