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NANOSTRUCTURED-DOPED COMPOUND FOR
USE IN AN EL ELEMENT

FIELD OF THE INVENTION

[0001] The present invention relates to electroluminescent
(EL) devices, such as self-light-emitting elements, that can
be used as light sources for flat-type self-light-emitting
display devices for purposes such as communications and
illumination. For example, the flat-type self-light-emitting
elements of the present invention may be used in automotive
instrument display panels. More particularly, the present
invention relates to materials used in such EL devices.

BACKGROUND OF THE INVENTION

[0002] 1In general, an EL device is a spontaneously lumi-
nous element characterized by injecting electrons and elec-
tron holes into an inorganic or organic layer kept between
electrodes, and recombining them in a luminous layer. It is
important to efficiently recombine the carriers (electrons and
holes) in the luminous layer. EL devices are broadly divided
into two types: inorganic and organic.

[0003] The inorganic type EL device is further divided
into two types: dispersion and thin-film. In each of these
types, a high-voltage alternating current (AC) is disadvan-
tageously required to drive the devices. Additionally, the red
color is weak and the number of colors is small. Further,
although the dispersion type EL device can be manufactured
by a relatively easy and low-cost method, such as screen
printing, its useful life is short. Thus, it has been put to
practical use as a backlight in a wrist watch or the like. In
contrast to the dispersion type of EL device, the thin-film
type requires a dry manufacturing method, such as vacuum
deposition, having facilities similar to those for semicon-
ductor manufacture. Therefore, this type of EL device is
costly to produce. Nonetheless, Nippondenso Co., Ltd. has
putsuch an EL device to practical use in a vehicle, and Sharp
Corp. has put it to use in an electric scoreboard. Costs are
further increased for both types of inorganic EL devices
because they require a costly high-voltage AC drive circuit.

[0004] The organic type of EL device is also divided into
two types: low-molecular and high-molecular. In each of
these types, a low-voltage direct current (DC) is required to
drive the devices. Further, red, green, and blue, colors reach
levels that can be used practically. With respect to the
driving principles and the structures, no difference exists
between the low-molecular type EL device and high-mo-
lecular type EL device. However, the high-molecular type
EL device can be manufactured by a wet type technique,
such as spin coating, whereas the low-molecular type is
manufactured by vacuum deposition or the like as in the case
of the inorganic thin-film type EL device. Pioneer Electronic
Corp. has put the low-molecular organic EL device to
practical use as a display for a vehicle-mounted audio
system, whereas N. V. Philips’ Gloeilampenfabrieken has
put the high-molecular organic EL device to practical use as
a segment type display for a portable telephone.

[0005] Although each of these types of EL device has
achieved some practical use, there is room for improvement
with respect to driving voltage requirements, useful life,
brightness or luminous efficiency, and manufacturing tech-
niques. By luminous efficiency, it is meant the ratio of an
amount of input current to an amount of output light. If the
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current input to the EL device, i.e., the carriers, are all
converted into visible light, an internal efficiency is 100%.
However, the recombining of holes and electrons actually
takes place outside of the luminous layer so that much of the
carriers are converted into thermal vibrations or energy other
than visible light. Thus, the internal efficiency for most EL
devices is actually around several percent.

[0006] The main causes for deterioration of the organic EL
element are the following: penetration into, and attachment
to, the element by the active molecules of water, as well as
the change in properties of the element itself.

SUMMARY OF THE INVENTION

[0007] An object of the present invention is to decrease the
required driving voltage for EL devices. Another object of
the present invention is to increase the useful life of EL
devices. Still another object of the present invention is to
enhance the brightness, or luminous efficiency, of EL
devices. Another object of the present invention is to sim-
plify the manufacturing technique for EL devices. Yet
another object of the present invention is to more uniformly
disperse the doping nanostructures within the layers of EL
devices.

[0008] The above and other objects of the invention can be
achieved by doping nanostructures into the layers of EL
devices and, in particular, into the luminous layer of EL
devices. Further, the present invention uniformly distributes
the doping nanostructures through the various layers that
make up EL devices.

[0009] The nanostructures may be fullerenes, single
walled carbon nanotubes (SWNTs), multi-walled carbon
nanotubes (MWNTS), fullerenes, porphorines, metal filled
nanotubes, and the like. Further, the carbon nanotubes may
be shortened, long, doped with boron, doped with nitrogen,
or pure. Especially, B-doped carbon nanotubes and N-doped
carbon nanotubes can be used to better match the energy
levels of the polymer with the ionized potential (IP) of the
nanotube. In the present specification, the term “carbon
nanotube” includes carbon nanotubes and doped carbon
nanotubes and structures. Further, boron nitride nanotubes
may be used as the nanostructures of the present invention,
i.e., instead of, or in addition to, the carbon nanostructures.
As used herein, and in accordance with that well known in
the art, the term “fullerenes” includes carbon cluster com-
pounds represented by Cgg, Cog, Crs, Cag, Cany Caur Cops
Cys, and C, 5, for example.

[0010] Examples of the host include PPV, MEH-PPV,
DOOHPPY, POMPV, PmPV, PFO, PFO-red, PFO-blue,
PANI, PP, and so forth.

[0011] More particularly, the present invention includes
doping carbon nanostructures into PPV, especially by first
combining the carbon nanostructures with a PPV derivative.
That is, a first substance is formed comprising carbon
nanostructures and PPV containing carbazole units, wherein
the carbon nanostructures and PPV containing carbazole
units are present in a 1:1 ratio. The PPV containing carba-
zole units preferably is poly [(2,5-di-pentoxyl-phenylenc)-
4-diylvinylene-3,6-(9-(1-azafulleroid-propyl)  carbazole-
nevinylene)], and the carbon nanostructures are preferably
fullerenes, whereby the first substance is PPV-AFCAR.

[0012] Then, an amount—ranging from greater than 0 wt
% to 3 wt %—of the first substance is then combined with
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a second PPV. More specifically, this second PPV preferably
is poly{ 1,4[2-(3,7-dimethyloctyloxy)3,5,6-trimethoxy] phe-
nylene vinylene} or POMPV, whereby a compound for use
as a layer of an EL device is formed. This compound
includes many advantages over the related art.

[0013] First, doping carbon nanostructures into the layers
of EL devices reduces the required driving voltage. Second,
doping carbon nanostructures into the layers of EL devices
leads to a longer useful life for the EL device. Third, doping
carbon nanostructures into the layers of EL devices enhances
the brightness of the EL devices. More specifically, the
present invention achieves a higher luminance and external
efficiency due to enhanced recombination dynamics. Fourth,
doping carbon nanostructures into the layers of EL devices
leads to simplified manufacturing techniques.

[0014] Further, although doping carbon nanostructures
into the layers of EL devices has many advantages, if the
carbon nanostructures aggregate, they can lead to current
leaks. Such current leaks degrade the performance of the EL
device as a whole. Therefore, it is important to uniformly
disperse the carbon nanostructures throughout the layer of
the EL device into which they are doped. In order to more
uniformly disperse the carbon nanostructures in a layer of an
EL device, as well as to obtain a good connection between
the dopant carbon nanostructures and the host material, the
carbon nanostructures are first compounded with, or
attached to, a derivative of the layer into which they will be
doped, thereby forming a first substance. This first sub-
stance, including the carbon nanostructures, is then doped
into the material that forms the desired layer in an EL device.
It is easy to form the desired layer of the EL device in this
manner, therefore EL devices of the present invention easily
can be synthesized in large quantities for industrial utiliza-
tion.

[0015] In particular, the above and other objects can be
achieved by providing a compound, for use in an EL device,
comprising from greater than 0 wt % to 3 wt % of a first
substance comprising about 50 wt % carbon nanostructures
and about 50 wt % of a PPV derivative, and the remainder
comprising a second PPV derivative.

[0016] Additionally, the above and other objects can be
achieved by providing a compound for use in an EL device,
comprising a first substance comprising a carbon nanostruc-
ture covalently linked to a PPV molecule containing a
carbazole unit; and a second substance comprising a PPV
derivative different from the PPV molecule containing a
carbazole unit.

[0017] Further, the above and other objects can be
achieved by providing an EL device comprising a cathode;
an anode; a light emitting layer disposed between the
cathode and the anode, whereby when a potential is applied
across the cathode and the anode, the light emitting layer
emits light, and wherein the light emitting layer comprises
a compound as set forth above.

[0018] Moreover, the above and other objects can be
achieved by providing a method of making an EL device,
comprising providing a substrate; covering the substrate
with a buffer layer; depositing a layer of a compound onto
the buffer layer, wherein the compound is as set forth above,
and acts as an emissive layer; disposing an electron transport
layer on the emissive layer; and disposing a cathode on the
electron transport layer.
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[0019] Other features and aspects of the present invention
are discussed in greater detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] A full and enabling disclosure of the present inven-
tion, including the best mode thereof to one of ordinary skill
in the art, is set forth more particularly in the remainder of
the specification, including reference to the accompanying
figures in which:

[0021] FIG. 1 is a representative reaction showing the
production of PPV-ACAR;

[0022] FIG. 2 is a representative reaction showing the
combination of C, and PPV-ACAR to form PPV-AFCAR;

[0023]

[0024] FIG. 4 is a graph showing voltage in relation to
current density, and showing current density in relation to
luminance for the EL devices of Example 1, Example 2, and
the Comparative Example.

FIG. 3 is a schematic diagram of an EL device; and

[0025] Repeat use of reference characters in the present
specification and drawings are intended to represent same or
analogous features or elements.

DETAILED DESCRIPTION OF THE
REPRESENTATIVE EMBODIMENTS

[0026] It is to be understood by one of ordinary skill in the
art that the present discussion is a description of exemplary
embodiments only, and is not intended as limiting the
broader aspects of the present invention, which broader
aspects are embodied in the exemplary construction.

[0027] Although the present invention will mainly be
described with reference to the high-molecular type organic
EL device, the principles herein can be applied to any of the
above-described types of EL devices.

[0028] According to a first embodiment of the present
invention, there is provided a compound for use in an EL
device. The compound includes two parts: a first part
including dopant nanostructures and a PPV derivative; and
a second part including a second PPV substance. The
nanostructures are covalently linked to the PPV derivative to
form a first substance, and then the first substance is mixed
with the second PPV substance to form the compound.

[0029] In the first substance, the nanostructures may be
carbon nanostructures, fullerenes, single walled carbon
nanotubes (SWNT5s), multi-walled carbon nanotubes
(MWNTs), and the like. Further, the carbon nanotubes may
be shortened, long, doped with boron, doped with nitrogen,
or pure. Still further, the nanostructures may be boron nitride
nanotubes. As used herein, and in accordance with that well
known in the art, the term “fullerenes” includes carbon
cluster compounds represented by Cgg, Coo, Cr6, Crgy Cao,
Cgsr Cogs Cog, and C 0, for example.

[0030] These nanostructures are then combined with a
PPV derivative. Preferably, a first substance is formed
comprising the nanostructures and PPV containing carba-
zole units, wherein the nanostructures and PPV containing
carbazole units are present in a 1:1 ratio.

[0031] The PPV containing carbazole units preferably is
poly  [(2,5-di-pentoxyl-phenylene)-4-diylvinylene-3,6-(9-
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(1-azafulleroid-propyl) carbazolenevinylene)], and the car-
bon nanostructures are preferably fullerenes, whereby the
first substance is PPV-AFCAR. An exemplary process for
preparing the PPV-AFCAR relies on the cycloaddition reac-
tion of an azide group with C,,. This method provides a
simple, and versatile, manner for synthesizing polymers
containing a fullerene moiety due to the ease of preparation
of azide-containing polymers, the lack of cross-linking, and
the retention of the fullerenes’ electronic properties. The
exemplary method is as follows. Functionalized B-doped
and functionalized N-doped SWNTs can be functionalized
and used in the same way as that described for the C, below.

[0032] The starting polymer can be an azido-polymer
comprising poly[(2,5-di-pentoxyl-phenylene)-4-diylvi-
nylene-3,6-(9-(1-azido-propyl) carbazolenevinylene)],
(hereinafter PPV-ACAR). The PPV-ACAR may be synthe-
sized by the well-known Wittig reaction of compound 23
with compound 26 under sodium ethoxide in chloroform/
ethanol solvent (FIG. 1). Then, a mixture of PPV-ACAR
and one equivalent of C, may be reacted in chlorobenzene
reflux for about 24 hours (FIG. 2). After removal of the
solvent, the crude reaction mixture may be re-dissolved in
dichloroethane and filtered to remove unreacted Cg,. Pre-
cipitation into hexane will then yield the PPV-AFCAR as a
dark brown powder, which is the first substance of the
compound for use in an EL device.

[0033] An amount—ranging from greater than 0 wt % to
3 wt %—of the first substance is then combined with a
second PPV, whereby a compound for use as a layer of an
EL device is formed.

[0034] The second PPV can be pure PPV or various
derivatives thereof. Preferably, this second PPV is poly{1,
4[2+(3,7-dimethyloctyloxy)3,5,6-trimethoxy] ~ phenylene
vinylene} or POMPV. And this second PPV comprises the
remainder—i.e., from 97 wt % to less than 100 wt %—of the
compound for use in an EL device. An exemplary method
for making the POMPV is as follows.

[0035] The POMPV may be prepared by the reaction of
1,4-bis(chloromethyl)-3,5,6-trimethoxy-2-(3,7-dimethyl-
octyloxy)-benzene (BCM MOB) and potassium t-butoxide
under anhydrous tetrahydrofuran (THF).

[0036] The PPV unit containing carbazole, in the PPV-
AFCAR, led to good compatibility with the host POMPV
whereby they could form homogeneity in chloroform. Thus,
these blends had good processability for fabricating devices.

[0037] Compared with the PPV-ACAR, the FT-IR spec-
troscopy of PPV-AFCAR showed that a strong band at 2097
cm™ for the azide group had completely disappeared and a
new strong absorption at 527 cm™ for the C,, appeared. The
molecular weights of PPV-ACAR and PPV-AFCAR were
determined by a Waters 2410 gel permation chromatography
(GPC) instrument with polystyrene as a standard. The
weight-average molecular weights (M) were 2357 for
PPV-ACAR and 2307 for PPV-AFCAR; however, the poly-
dispersity index increased from 1.35 for PPV-ACAR to 2.04
for PPV-AFCAR. The polymer PPV-AFCAR was only
partially soluble in THEF, therefore its actual molecular
weight should be higher than the measured value because
the insoluble parts possessed higher molecular weights.
Nonetheless, PPV-AFCAR causes an even distribution of
C,, through the POMPV; i.c., there was no aggregation that
lead to current leaks.
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[0038] The weight percent of Cg, in PPV-AFCAR was
obtained using the quantitative UV-Vis method (comparison
PPV-ACAR with Cg), which was found to be 68.8%. The
thermal properties of PPV-AFCAR were investigated by
thermo-gravimetric analysis (TGA), which showed good
thermal stability up to 350° C., whereas a small amount of
weight loss occurred in the 380-460° C. The UV-Vis spectra
of PPV-AFCAR corresponded to the two components of Cg,
moiety and PPV units, and showed the three characteristic
absorption bands in 200-350 nm region as well as a very
weak band at 345 nm corresponding the w-mt* transition of
the PPV conjugated unit. In CHCL, precursor PPV-ACAR
displayed fluorescence maximums at 469 nm and 491 nm.
The PPV-AFCAR exhibited an emission spectrum with
characteristic features of the PPV unit, however, the lumi-
nescence was strongly quenched. This quenching may result
from the photo-induced energy or electron transfer from the
PPV units to the C, moiety.

[0039] Although, as described above, the nanostructures
and the PPV containing carbazole units are combined in a
1:1 ratio to form the first substance, such need not be the
case. That is, the important thing is to have the proper
amount of nanostructures present in the compound that will
be used as a layer in an EL device. Therefore, in general, if
less than 50 wt % of the first substance is nanostructures,
then more of the first substance can be used to make the
compound. Similarly, if there is more than 50 wt % of the
first substance is nanostructures, then less of the first sub-
stance can be used to make the compound.

[0040] Further, the amount of nanostructures that are
doped into a layer of an EL device can vary. However, if too
many nanostructures are doped into the layers including the
glass substrate to the luminescent layer, then they will
optically inhibit the luminous efficiency of the EL device
because the nanostructures absorb light. On the other hand,
if there are not enough nanostructures, there will not be a
sufficient hole trapping effect so that luminous efficiency
will not be improved. Therefore, because the optical influ-
ence is smaller on the side of the electron transfer layer, the
electron injection layer, and the metal electrode of the
cathode, it may be more effective to apply a larger amount
of nanostructures on such side of the EL device than on the
side having the hole injection, hole transportation, and
luminescent layers of the EL device. That is, it is more
effective, optically, to place the dopant nanostructures on the
side of the EL device opposite to that from which the
luminescent layer will be viewed.

[0041] Additionally, the amount of nanostructures may
vary depending on the type of nanostructure and on the
Iuminescent color of the EL device. That is, fullerenes in
solution have an absorption wavelength with peaks changing
between seven different colors as the fullerene changes from
Ceo to Cy 0. Thus, an appropriate fullerene and amount
thereof depend on the desired color of EL emission. Further,
there is a proper amount of nanostructures with respect to
their electrical effect on the EL device. That is, since the
band gap differs among luminescent materials having dif-
ferent luminescent colors, the optimum amount of nano-
structure dopant for enhancing the EL device’s electrical
characteristic will vary depending on the luminescent color.

[0042] The above-described compound—containing
nanostructures bonded with a PPV derivative, doped into



US 2004/0150328 Al

combination with a second PPV derivative—is then used as
one of the layers in an EL device. One embodiment of an EL
device is shown in FIG. 3. A glass layer 2 is used as a
substrate. An anode 4 is disposed on the glass layer 2. A
buffer layer 6 is disposed on the anode 4, and a hole
transportation layer 8 is disposed on the buffer layer 6.
Alternatively, the buffer layer 6 and hole transportation layer
8 may be formed as one layer. Then, an emitting layer 10 is
disposed on the hole transportation layer 8, whereas an
electron transportation layer 12 is disposed on the emitting
layer 10. Further, a cathode 14 is disposed on the electron
transportation layer 12.

[0043] Examples of the materials that may be used for the
various layers in the EL device are as follows. The anode 4
may be an iridium titanium oxide (ITO) layer, whereas the
buffer layer 6 may include polyethylenedioxythiophene
(PEDOT). When PEDOT is used, the buffer layer 6 and hole
transportation layer 8 may be combined into one layer that
is comprised of PEDOT. The emitting layer 10 can be made
of the above-described compound for use in an EL device.
The electron transportation layer 12 may include PBD,
which may be disposed on the emitting layer 10 by vacuum
evaporation. The cathode 12 may include LiF and alumi-
num. Although specific materials have been described for
the layers 4-8 and 12 of the EL device, these materials are
merely exemplary, and any other suitable material may be
substituted therefor. As for the emitting layer 10, its com-
position can vary according to the description for the com-
pound as set forth above.

[0044] A second glass 16 is supported on the anode 4 by
a sealant 18, so as to form—along with glass 2 and anode
4—a chamber around the layers 6, 8, 10, and 12 of the EL
device. During operation of the EL device, a potential 20 is
connected between the anode 4 and the cathode 14 so as to
cause light L to be emitted from the EL device. During
operation of the EL device, a cooling gas G, such as N2 may
be introduced into the chamber formed by the second glass
16, the sealant 18, and the anode 4/glass 2.

[0045] There follows specific examples of compounds,
and processes of making them into EL devices, in accor-
dance with embodiments of the present invention.

EXAMPLE 1

[0046] An OLED device was fabricated in accordance
with the following. An ITO substrate, acting as the anode,
was covered on one side thereof with a buffer layer by spin
coating. The buffer layer was 80 nm thick and was com-
prised of PEDOT. This buffer layer also acts as a hole-
transporting layer. C, fullerenes were covalently attached to
a PPV derivative, i.e., PPV including a carbazole unit, with
the Cg, concentration of about 50 wt % so as to form
PPV-AFCAR. This PPV-AFCAR was used as a dopant in
another PPV derivative, POMPYV, to give a POMPV nano-
composite doped by 1 wt % of PPV-AFCAR. This com-
pound of PPV-AFCAR and POMPV was then disposed onto
the PEDOT layer by spin coating to a thickness of 80 nm,
and was used as an emissive layer. PBD was then disposed
on the emissive layer by vacuum evaporation to a thickness
of 20 nm, for use as an electron transport layer. Next, LiF
was disposed on the PBD by vacuum evaporation to a
thickness of 0.5 nm. Lastly, Aluminum was disposed on the
LiF by vacuum evaporation to a thickness of 150 nm. The
LiF and Al layers are used as a cathode of the OLED device.
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[0047] The OLED device of this example emits a bright
yellow-green light with two main emission peaks at 502 nm
and 538 nm, and had a rapid increase in current after turn on,
as shown in FIG. 4. Also, the luminescent efficiency was up
to 0.20 Im/w with the maximum luminance of about 13,000
cd/m? at the turn on voltage of 5.0 V. No current leak was
detected.

EXAMPLE 2

[0048] An OLED was prepared in accordance with that of
Example 1, except the POMPV was doped with 3 wt % of
the PPV-AFCAR.

[0049] Again, the OLED emitted a bright yellow-green
light with two main emission peaks at 502 nm and 538 nm.
Because the OLED of this example had the same main EL
peaks as that of the device in Example 1, and the device of
the Comparative Example, infra, such implies that the
PPV-AFCAR additive in the host polymer POMPV did not
act as an excitation migration center. This may be due to too
little an amount of PPV-AFCAR compared to that of
POMPV.

[0050] Further, the OLED of this example had a higher
turn-on voltage, 7.0 V, but the rate of current increase was
about the same as that in Example 1 (FIG. 4). The maximum
luminance in this example was 9,400 cd/m*. No current leak
was detected.

COMPARATIVE EXAMPLE

[0051] An OLED was prepared in accordance with that of
Example 1, except the luminescent layer contained only
pure POMPYV; the luminescent layer included no dopant of
nanostructures.

[0052] The emission peaks for the OLED of this example
were the same as those for Examples 1 and 2, i.e., it emitted
a bright yellow-green light. Further, the OLED of this
example had a turn-on voltage of 5.0 V with a luminescent

efficiency of 0.12 Im/w and a maximum luminance of 8200
cd/m* (FIG. 4).

[0053] In both Examples 1 and 2, the emitting layer (host
polymer) accumulated the holes so that after the OLED
device was turned on, the current increased very rapidly.
This also affects the luminance of the device¥supporting a
higher current density meant the higher recombination rate
of the polaronic excitation. However, in Example 2, there
may be an emission quenching effect by C,, so the quench-
ing is dominant with PPV-AFCAR concentrations approach-
ing the 3 wt % after the competition between increasing of
the recombination rate and the quenching. This was why the
luminance decreased for the Example 2 device (having 3 wt
% of the PPV-AFCAR concentration) compared to that of
the Example 1 device (having 1 wt % of PPV-AFCAR).
Additionally, the higher turn on voltage of the Example 2
device (having a higher concentration of Cy), as compared
to the Example 1 device, implies the higher hole trapping by
the nano-dispersed Cg,, so the device needs a higher electric
field to carry the same amount of current as the device of
Example 1. However, the rates of current increase for the
devices of both Examples 1 and 2 are about the same after
the devices are turned on. This is, again, due to the rapid
flow of the accumulated charges (holes) after turn on.

[0054] For all of the above examples (Examples 1 and 2,
as well as the Comparative Example), the exciting wave-
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length was found to be 425 nm. The absorption wavelength
did not change for both pure polymer POMPV and the
POMPYV doped with PPV-AFCAR (the polymer nano-com-
posite), except a little decrease in intensity. Further, the
nano-composite has relatively lower photoluminescence
(PL) intensity than that of the pure polymer. This may be due
to hole trapping effects by the Cg, particles, or by light
scattering out of the layer. That is, in the latter case, the
exciting light source is scattered by the nano-particle, thus
there is less energy transfer to the polymer. However, the
decrease in PL was observed with C, as the dopant, which
particle is much smaller than the exciting wavelength so that
it is not effective as a light scattering particle. Thus, the C,
acts as a hole trap. Such hole trapping effect could help to
increase the OLEDs efficiency because the hole mobility can
be controlled, thereby increasing the charge balance ratio
(number of minority charge/number of majority charge) at
the emissive layer. Therefore, it is important to include the
dopant, Cg, in the above examples, in the emissive layer.

[0055] The present invention achieves many advantages
by doping carbon nanostructures into the material layers that
make up EL devices and, further, by uniformly distributing
the doping carbon nanostructures through the various layers
that make up EL devices. More particularly, doping carbon
nanostructures into PPV, especially by first combining the
carbon nanostructures with a PPV derivative, gives rise to
many advantages.

[0056] First, doping carbon nanostructures into the layers
of EL devices reduces the required driving voltage. Because
the carbon nanostructures have excellent electrical conduc-
tivity, when they are doped into the layers of the EL device,
they reduce the required driving voltage for the EL device as
a whole. Also, because the carbon nanostructures are not
degraded in the presence of water, they maintain their
electrical conductivity, and the electrical conductivity of the
EL device as a whole, even as the surrounding materials are
degraded.

[0057] Second, doping carbon nanostructures into the lay-
ers of EL devices leads to a longer useful life for the EL
device. Because the carbon nanostructures reduce the
required driving voltage, and are excellent in electrical
conductivity, they reduce the amount of resistance heating
within the EL device, thereby increasing the device’s
lifespan. Also, due to the increased electrical conductivity,
the films that make up the EL device can be made thicker.
And thicker films have better resistance to water penetration,
which is a cause of degradation in EL devices.

[0058] Third, doping carbon nanostructures into the layers
of EL devices enhances the brightness of the EL devices.
Because of the excellent electrical conductivity of the car-
bon nanostructures, they have a homogenizing effect on the
conductivity of the EL device as a whole. This homogenized
conductivity improves the brightness of the EL device.
Further, the carbon nanostructures act as hole trapping
elements so, when they are present (especially in the lumi-
nescent layer), they increase the luminous efficiency by
causing greater re-combination of holes and electrons in the
luminous layer. That is, more specifically, without carbon
nanostructures in the EL device (especially the luminous
layer), the supply of electrons to the luminescent layer is
inhibited due to: a low recombination frequency thereof with
positive holes in the luminescent layer; leaking of positive
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holes into the cathode side, because the holes travel too
quickly through the luminescent layer, so that the recombi-
nation occurs outside the luminescent layer; too many
positive holes accumulate near the cathode so that the supply
of electrons to the luminescent layer is reduced. This is an
especially large problem when the luminescent layer is PPV.
However, in the present invention, carbon nanostructures are
doped into the EL device, especially the luminescent layer,
so as to improve the recombination frequency thereof with
the electrons by: slowing the traveling speed of the holes
through the luminescent layer; and/or by increasing the
supply of electrons to the luminescent layer because of a
decrease in the leakage of positive holes to the cathode side.
This controlled carrier mobility leads to better device per-
formance. More specifically, the present invention achieves
a higher luminance and external efficiency due to enhanced
recombination dynamics.

[0059] Fourth, doping carbon nanostructures into the lay-
ers of EL devices leads to simplified manufacturing tech-
niques. Because the carbon nanostructure-doped films in the
EL devices can be made thicker, as described above, the
films are easier to produce and can be produced with less
costly processes.

[0060] Although doping carbon nanostructures into the
layers of EL devices has many advantages, if the carbon
nanostructures aggregate, they can lead to current leaks.
Such current leaks degrade the performance of the EL device
as a whole. Therefore, the present invention uniformly
disperses the carbon nanostructures throughout the layer of
the EL device into which they are doped. In order to more
uniformly disperse the carbon nanostructures in a layer of an
EL device, as well as to obtain a good connection between
the dopant carbon nanostructures and the host material, the
carbon nanostructures are first compounded with, or
attached to, a derivative of the layer into which they will be
doped. The compound, including the carbon nanostructures,
is then doped into the material that forms the desired layer
in an EL device. It is easy to form the desired layer of the
EL device in this manner, therefore EL devices of the present
invention easily can be synthesized in large quantities for
industrial utilization. Further, such manner of forming the
EL leads to excellent “batch-to-batch” stability and, finally,
to excellent nano-compositing potential or dispersive abili-
ties.

[0061] It is contemplated that numerous modifications
may be made to the fullerene doped EL device of the present
invention without departing from the spirit and scope of the
invention as defined in the claims. For example, although the
EL device has been described as including discrete layers
that perform specific functions, such subdivision is formal
and need not be the case. That is, each layer may perform a
plurality of functions, and each function may be performed
by a plurality of layers. Further, the plurality of materials
making up the EL device may be mixed into one layer so that
all of the above described functions are concurrently borne
on the electrodes, i.e., there is an EL device of the so-called
single layer type. For example, very generally, Alg, func-
tions as an electron injection layer, an electron transportation
layer, and an emission layer which issues green light,
whereas the PPV-AFCAR doped POMPYV acts as a luminous
layer, and pure POMPYV acts as a hole injection layer, a hole
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transportation layer, and an emission layer. If red emission
is desired, the EL layer can be doped with a compound
including coumarine.

[0062] Further, although the above-described examples
relate to fullerenes, similar results can be achieved with
carbon nanotubes that are: SWNTs; MWNTs; shortened;
long; doped with boron; doped with nitrogen; and pure.
Further, the present invention applies to the use of boron
nitride nanotubes.

[0063] These and other modifications and variations of the
present invention may be practiced by those of ordinary skill
in the art, without departing from the spirit and scope of the
present invention, which is set forth in the appended claims.
In addition, it should be understood that aspects of the
various embodiments may be interchanged both in whole or
in part. Furthermore, those of ordinary skill in the art will
appreciate that the foregoing description is by way of
example only, and is not intended to limit the invention so
further described in such appended claims.

What is claimed is:

1. A compound, for use in an EL device, comprising: from
greater than 0 wt % to 3 wt % of a first substance comprising
about 50 wt % carbon nanostructures and about 50 wt % of
a PPV derivative; and the remainder comprising a second
PPV derivative.

2. The compound according to claim 1, wherein the
carbon nanostructures are single-walled nanotubes or multi-
walled nanotubes.

3. The compound according to claim 1, wherein said first
substance comprises 1 wt % of said compound.

4. The compound according to claim 1, wherein said first
substance comprises a fullerene covalently linked to a PPV
molecule containing a carbazole unit.

5. The compound according to claim 3, wherein said
fullerene comprises Cgp.

6. The compound according to claim 3, wherein the PPV
molecule containing a carbazole unit comprises poly [(2,5-
di-pentoxyl-phenylene)-4-diylvinylene-3,6-(9-(1-azaful-
leroid-propyl) carbazolenevinylene)].

7. The compound according to claim 1, wherein said
second PPV derivative comprises poly{1,4[2-(3,7-dimethy-
loctyloxy)3,5,6-trimethoxy] phenylene vinylene}.

8. A compound for use in an EL device, comprising:

a first substance comprising a carbon nanostructure
covalently linked to a PPV molecule containing a
carbazole unit; and

a second substance comprising a PPV derivative different

from said PPV molecule containing a carbazole unit.

9. The compound according to claim 8, wherein said
carbon nanostructure is a fullerene.

10. The compound according to claim 8, wherein the PPV
containing a carbazole unit is poly [(2,5-di-pentoxyl-phe-
nylene)-4-diylvinylene-3,6-(9-(1-azafulleroid-propyl) car-
bazolenevinylene)].

11. The compound according to claim 8, wherein said first
substance comprises from greater than 0 wt % to 3 wt % of
said compound, and said second substance comprises the
remainder.

12. The compound according to claim 8, wherein said first
substance comprises 1 wt % of said compound, and said
second substance comprises the remainder.
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13. The compound according to claim 8, wherein said
PPV derivative of said second substance comprises poly{1,
4[2-(3,7-dimethyloctyloxy)3,5,6-trimethoxy] ~ phenylene
vinylene}.

14. An EL device comprising:

a cathode;
an anode;

a light emitting layer disposed between said cathode and
said anode, whereby when a potential is applied across
said cathode and said anode, said light emitting layer
emits light,

wherein said light emitting layer comprises the compound
set forth in claim 1.

15. The EL device according to claim 14, wherein the
light emitting layer comprises one or more sublayers, at least
one of the sublayers including the compound set forth in
claim 1.

16. The EL device according to claim 15, wherein one of
the at least one of the sublayers including the compound is
an emitting layer, the compound of the emitting layer in an
amount to allow for a recombination zone to be formed at
the emitting layer.

17. The EL device according to claim 14, wherein the
light emitting layer comprises a buffer layer disposed on the
anode, a hole transport layer disposed on the buffer layer, an
emitting layer disposed on the hole transport layer, and an
electron transport layer disposed on the emitting layer.

18. The EL device according to claim 17, wherein the
buffer layer and the hole transport layer are combined as a
single layer.

19. An EL device comprising:

a cathode;
an anode;

a light emitting layer disposed between said cathode and
said anode, whereby when a potential is applied across
said cathode and said anode, said light emitting layer
emits light,

wherein said light emitting layer comprises the compound
set forth in claim 8.

20. The EL device according to claim 19, wherein the
light emitting layer comprises one or more sublayers, at least
one of the sublayers including the compound set forth in
claim §&.

21. The EL device according to claim 20, wherein one of
the at least one of the sublayers including the compound is
an emitting layer, the compound of the emitting layer in an
amount to allow for a recombination zone to be formed at
the emitting layer.

22. The EL device according to claim 19, wherein the
light emitting layer comprises a buffer layer disposed on the
anode, a hole transport layer disposed on the buffer layer, an
emitting layer disposed on the hole transport layer, and an
electron transport layer disposed on the emitting layer.

23. The EL device according to claim 22, wherein the
buffer layer and the hole transport layer are combined as a
single layer.
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24. A method of making an EL device, comprising:
providing a substrate;
covering said substrate with a buffer layer;

depositing a layer of a compound onto said buffer layer,
wherein said compound is as set forth in claim 1, and
acts as an emissive layer;

disposing an electron transport layer on said emissive
layer; and

disposing a cathode on said electron transport layer.

25. The method according to claim 24, wherein said step
of providing a substrate includes providing a substrate of
ITO.

26. The method according to claim 24, wherein said step
of providing a buffer layer includes spin coating an 80-na-
nometer thick layer of PEDOT onto said substrate.

27. The method according to claim 24, wherein said step
of disposing a compound on said buffer layer includes spin
coating said compound onto said buffer layer so as to form
a layer of 80 nanometers in thickness.

28. The method according to claim 24, wherein said step
of disposing an electron transport layer on said emissive
layer includes disposing a 20-nanometer thick layer of PBD
onto said emissive layer by vacuum evaporation.

29. The method according to claim 24, wherein said step
of disposing a cathode on said electron transport layer
includes:

disposing LiF onto said electron transport layer to a
thickness of 0.5 nanometers by vacuum evaporation,
and

disposing an aluminum layer on said LiF by vacuum
evaporation, wherein aid aluminum layer has a thick-
ness of 150 nanometers.
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30. A method of making an EL device, comprising:
providing a substrate;
covering said substrate with a buffer layer;

depositing a layer of a compound onto said buffer layer,
wherein said compound is as set forth in claim 8, and
acts as an emissive layer;

disposing an electron transport layer on said emissive
layer; and

disposing a cathode on said electron transport layer.

31. The method according to claim 29, wherein said step
of providing a substrate includes providing a substrate of
ITO.

32. The method according to claim 29, wherein said step
of providing a buffer layer includes spin coating an 80-na-
nometer thick layer of PEDOT onto said substrate.

33. The method according to claim 29, wherein said step
of disposing a compound on said buffer layer includes spin
coating said compound onto said buffer layer so as to form
a layer of 80 nanometers in thickness.

34. The method according to claim 29, wherein said step
of disposing an electron transport layer on said emissive
layer includes disposing a 20-nanometer thick layer of PBD
onto said emissive layer by vacuum evaporation.

35. The method according to claim 29, wherein said step
of disposing a cathode on said electron transport layer
includes:

disposing LiF onto said electron transport layer to a
thickness of 0.5 nanometers by vacuum evaporation,
and

disposing an aluminum layer on said LiF by vacuum
evaporation, wherein aid aluminum layer has a thick-
ness of 150 nanometers.
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