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(57) ABSTRACT

A display device with multiple low temperature diamond
coatings, including a substrate as a base; an anode layer
residing on the diamond substrate for emitting holes; a hole
drift layer that includes a doped diamond coating residing on
the anode layer; an emissive layer for emitting light and
residing on the hole drift layer. The display device also
includes an electron transport layer that includes a doped
diamond coating residing on the light emitting layer; a
cathode layer, residing on the electron transport layer, for
emitting electrons that will drift towards the light emitting
layer; and a diamond coated encapsulation layer for sealing
the display device from atmospheric moisture; wherein the
multiple low temperature diamond coatings are all formed
below 750° C. on the display device.
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METHOD FOR MANUFACTURING A DISPLAY
DEVICE WITH LOW TEMPERATURE DIAMOND
COATINGS

CROSS-REFERENCE T RELATED
APPLICATIONS

[0001] This is a divisonal of application Ser. No. 10/897,
603, filed on Jul. 23, 2004.

[0002] Reference is made to commonly assigned copend-
ing application Ser. No. 10/897,603, entitled “Method for
Manufacturing a Display Device with Low Temperature
Diamond Coatings”, which is filed on even date herewith in
the names of Andre D. Cropper, and Liya Regel.

FIELD OF THE INVENTION

[0003] The present invention relates to a display device
with multiple diamond coatings deposited by a chemical
vapor transport process at temperatures below 750° C. and
a method for the manufacture of such a display. This present
invention can be used for Organic Light Emitting Diodes
(OLED), back lights for Liquid Crystal Displays (LCD), flat
light sources, flat panel displays (FPD), etc.

BACKGROUND OF THE INVENTION

[0004] Organic light emitting devices (OLEDs) have been
known for approximately two decades. All OLEDs work on
the same general principles. One or more layers of a
semiconducting organic or polymer material is used to form
a light-emitting layer, which is sandwiched between two
electrodes and formed on a substrate such as soda-lime glass
or silicon. Once an electric field or potential difference is
applied across the device, electrons, which are negatively
charged, move from the cathode into the organic layer(s). At
the same time the positively charged holes move from the
anode into the organic layer(s) where they meet with the
electrons, combine, and produce photons (light). Depending
on the electronic makeup of the organic material, the emitted
wavelength (color) of the light can be varied. Additionally,
by controlling the selection of the organic material in
addition to the dopants within the structure, or by other
techniques known in the art precise colors of light can be
emitted by the OLED. Emitting red, blue, and green light
simultaneously can form white light.

[0005] 1In atypical OLED, the light-emitting layer may be
selected from any of a multitude of fluorescent organic
crystalline or polymeric solids. The light-emitting layer may
consist of a single layer, a single blended layer or multiple
sublayers blended together. Either the anode or the cathode
must be transparent in order to allow the emitted light to pass
out of the device. The cathode is typically constructed of a
low work-function material that allows electrons to be
ejected. The anode is typically constructed of a high work-
function material that allows holes to be injected into the
organic or polymer materials via transport layers.

[0006] The properties of diamond are well known in the
industry. It has excellent resistance to high temperature, a
large bandgap (5.45 ev), high carrier mobilities (electron
mobility of 2200 cm?/V's and hole mobility of 1600 cm?/Vs),
and a low dielectric constant of 5.5 to 5.7, which leads to a
small dielectric loss. It is the hardest of all known materials
(12000-15000 Kg/mm?); it has unsurpassed corrosion and

Aug. 24, 2006

ergsion resistance; it has an electrical resistivity of 10" to
10 Q-cm; and it has the highest elastic modulus, lowest
compressibility, and highest thermal conductivity at 300 K
(20 W/ecm'K) of all known materials. It has the highest
acoustic velocity, excellent optical transparency from infra-
red to ultraviolet (Transmittance from 0.22-2.5 to >6 um)
and a refractive index of 2.41.

[0007] As a semiconductor, diamond has a saturation
velocity much greater than do Si, GaAs and InP (2.7x107
cn/s for electrons and 1.0x107 cm/s for holes), and an
unusually high breakdown voltage (10”7 V/cm). Diamond has
also been estimated to be able to switch 100 kW of power
at MHz frequencies. When hydrogenated, diamond has a
negative electron affinity on the [111] surface enabling
electron emission at low voltages without high vacuum and
without degradation. Because of these characteristics, dia-
mond is considered to be an excellent material for use in
electronic devices and sensors that require high temperature
tolerances, high frequencies, high electric fields, and radia-
tion.

[0008] Studies have been conducted on diamond for appli-
cations in photosensors and light-emitting elements in the
ultraviolet region based on its large bandgap, in heat sinks
based on its high thermal conductivity and low specific heat,
in surface acoustic wave devices based on its extremely high
hardness, and in X-ray windows and optical materials based
on its high transmittance and high refractive index.

[0009] To fully exploit all of the characteristics of dia-
mond in various applications, it is necessary to first synthe-
size high quality single crystal diamond with low structural
defects. At the present time single crystal diamond is mostly
obtained by natural mining or synthesis under high pressure
and high temperature. However, these diamond samples
only have a limited crystal surface area on the order of 1-2
cm? at the largest and are very expensive to produce. Thus
its applications are very limited.

[0010] Recently, Kobashi et al. in U.S. Pat. No. 6,198,218
issued in 2001 and Moyer et al. in U.S. Pat. No. 5,334,855
issued in 1994 made great strides in creating a one direc-
tional OLED device. Kobashi et al.’s device, as shown in
FIG. 1, which improved on Moyer et al’s semiconductor/
phosphor polycrystalline LED and display device, uses
diamond deposited at high temperatures (over 800° C.) by
chemical vapor deposition (CVD) and doped with boron to
form the hole drift layer (3) on top of the hole injection
electrode (2), which sits on top of the substrate (9). The
organic light-emitting layer (4) resides on top of the hole
drift layer (3). On top of the organic light-emitting layer (4)
are the electron drift layer (5) and the electron injection layer
(6). The device is completed with a transparent layer (8) on
top of the electron injection layer (6) and the emitted light
(7) is through the transparent layer (8). The OLED device
structure is completed with a transparent layer that allows
light to be emitted. Kobashi et al. indicated that the optimum
doping concentration of the diamond layer is 1.0x10" to
1.0x10*!/cm>. Kobashi et al. addressed some of the more
common problems with OLED display devices and
improved on the prior art by optimizing the doping of the
boron in the diamond hole drift layer to increase long term
operating stability by reducing thermal deterioration of the
hole drift layer of the OLED display device and thus
increase reliability. This improvement was possible because
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the diamond drift layer was more resistance to high tem-
peratures and because diamond’s increased hole mobility
improved the light conversion efficiency.

[0011] However, both prior arts used methods to create the
boron doped polycrystalline diamond (Moyer) and dia-
mond-like carbon (Kobashi) layers at temperatures above
800° C. and only addressed optimizing the hole side of the
OLED display device structure. Thus in the two step method
disclosed by Kobashi et al., only the hole drift layer was
created from a diamond film and thus the light conversion
efficiency is increased only slightly because only the hole
side of the device is improved. Also, the long term stability
problem still occurs because the organic layer may undergo
re-crystallization, form metal oxide impurities at the metal-
organic interface, and other structural change that adversely
affect the emissive properties of the device, due to exposure
to oxygen or moisture. In addition, because a high tempera-
ture CVD process (above 800° C.) was used to form the
diamond layer, manufacturing all layers for this device in a
single continuous process within the chamber requires the
device, including the light emissive layer, to be able to
withstand the high temperatures that are present within CVD
processing. However, the organic materials typically used to
make OLED display devices are intolerant to temperatures
above 200° C. Otherwise a multi-chambered, multi-step
process facility would have to be used in which, the diamond
drift layer would be created in one apparatus and then
transferred to another apparatus to create the OLED display
device. Also since only the cathode is transparent, a bi-
directional OLED display device cannot be made from this
structure.

[0012] Another approach aimed at improving the long-
term stability of OLED devices was taken by Jones in U.S.
Pat. No. 6,337,492 issued in 2002 and U.S. Pat. No. 5,920,
080 issued in 1999. Jones used diamond-like amorphous
carbon (DLC) material as a barrier layer and to function as
an electron-hole injector for the device. The DL.C acted as a
barrier to moisture transport within the device and as a heat
sink for heat generated during light emission. The DLC layer
was deposited by laser ablation from graphite or plasma
enhanced chemical vapor deposition (PECVD) and doped
with lithium for use as an electron injector and with palla-
dium for use as a hole injector. However, since the electron
and hole mobilities of DLC films are much smaller than
those of single crystal or polycrystalline diamond, the light
conversion efficiency would be much less than a device
made from diamond. In addition, since either the cathode or
anode can be transparent in Jones’ patent, a bi-directional
OLED display device cannot be made from this structure.
Also, since the thermal conductivity, chemical stability, and
impermeability of DLC are greatly inferior to those of
diamond such a device would become more susceptible to
thermal and moisture damage than a device made from
diamond.

[0013] There remains a need for a low temperature depo-
sition process of a bi-directional device having high light
conversion efficiencies and long-term stability and reliabil-
ity in a continuous manufacturing process. None of the
above-described processes have sufficiently met this specific
need.
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SUMMARY OF THE INVENTION

[0014] The aforementioned need is addressed according to
the present invention by providing a display device with
multiple low temperature diamond coatings, including:

[0015] a) a substrate as a base upon which the display
device is built;

[0016] b)ananode layer residing on the diamond substrate
for emitting holes;

[0017] c¢) a hole drift layer that includes a doped diamond
coating residing on the anode layer;

[0018] d) an emissive layer for emitting light and residing
on the hole drift layer;

[0019] e) an electron transport layer that includes a doped
diamond coating residing on the light emitting layer;

[0020] ) a cathode layer, residing on the electron transport
layer, for emitting electrons that will drift towards the light
emitting layer; and

[0021] g)adiamond coated encapsulation layer for sealing
the display device from atmospheric moisture; wherein the
multiple low temperature diamond coatings are all formed
on the display device below 750° C. in a single apparatus.

[0022] Another aspect of the present invention provides
for a method for fabricating a display device with multiple
low temperature diamond coatings, including the following
steps:

[0023]

[0024] b) depositing a substrate as a base upon the back-
plane;

[0025] c¢) depositing an anode layer on the substrate for
emitting holes;

a) preparing a backplane for the display device;

[0026] d) depositing a hole transport layer that includes a
doped diamond coating residing on the anode layer;

[0027] e) depositing an emissive layer residing on the hole
transport layer;

[0028] ) depositing an electron transport layer upon the
emissive layer;

[0029] ¢g) depositing a cathode layer upon the electron
transport layer for emitting electrons that will drift towards
the light emitting layer; and

[0030] h)depositing a diamond coated encapsulation layer
for sealing the display device from atmospheric moisture;
wherein the multiple low temperature diamond coatings are
all formed on the display device below 750° C.

ADVANTAGEOUS EFFECT OF THE
INVENTION

[0031] The present invention has the advantages in that for
the first time it is possible to fabricate an OLED display
device at a low temperature that is more heat tolerant, that
has higher power, that is faster operating, that has longer
lifetime, that is bi-directional, that is more resistant to
abrasion, and that has higher light conversion efficiency.
Such an OLED display device can be fabricated on existing
ridged amorphous, poly, continuous-grain or single crystal
silicon Thin Film Transistor (TFT) backplanes [1], on the
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new flexible backplanes using semiconductor or organic
TFT [2,3], and on flexible metal or plastic substrates [4,5].
As aresult of this new OLED device structure, multiple low
temperature diamond layers can be used to create a more
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efficient, higher power, longer lifetime device for flat panel
displays, backlights and flat light sources.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIG. 1 is a schematic side view of the prior art
OLED Display device.

[0039] FIG. 2 is a schematic side view of the new OLED
Display device.
[0040] FIG. 3 is a schematic side view of the Deposition

Chamber for the OLED Display Device.

[0041] FIG. 4 is a schematic side view of the Deposition
Chamber for the OLED Display Device with moving sub-
strate.

[0042] FIG. 5 is a schematic side view of a roll-to-roll
Deposition Chamber for the OLED Display Device.
[0043] FIG. 6 is a schematic side view of a roll-to-roll
Deposition Chamber for the OLED Display Device with
moving substrate.

[0044] FIG. 7 is a Flow Chart showing the manufacturing
steps of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0045] The present invention relates to an innovative
method of fabricating a bi-directional OLED display device



US 2006/0189026 Al

with multiple diamond layers deposited by a chemical vapor
transport process at temperatures below 750° C. that would
significantly increase the light conversion efficiencies and
long term reliability and that can be manufactured in a
continuous process.

[0046] The performance of OLEDs in display devices has
been known to be highly susceptible to degradation by
moisture and oxygen. For this reason, it is necessary to limit
or control the amount of moisture the organic materials are
exposed to, usually by encapsulating the diodes within a
metal can or by sandwiching with another glass substrate
containing a drying substance, thereby ensuring the contin-
ued performance of the OLED as a display. This invention
provides for an OLED with transparent thin film encapsu-
lation formed by the low-temperature deposition of diamond
onto either a transparent or opaque cathode or anode contact,
the formation of an OLED display on a substrate, which
could be diamond, and the inclusion of a diamond hole and
electron drift layer deposited at low temperature.

[0047] Current practice utilizes an epoxy seal to a metal
can or glass plate, thereby protecting the OLED structure
from moisture, oxygen, and abrasion. Application of this
epoxy must be done in a chamber separate from that used to
form the OLED, thereby risking the exposure of the OLED
to moisture and oxygen in the atmosphere in the transfer.
The diamond coating described here is envisioned as being
applied in the same chamber or a connected chamber to that
used to form the OLED, thereby eliminating the risk of
exposure to the environment (FIG. 3). Furthermore, the
unique properties of diamond provide several advantages,
including superior protection from moisture, oxygen and
abrasion; and heat dissipation so that the OLED can be
operated at higher power or extended lifetime. Being opti-
cally transparent over a wide frequency range, diamond also
permits light emission through the top and bottom of the
device with the use of a transparent cathode. This would
yield a larger pixel area than is currently possible with
current bottom-emitting displays or with metal encapsula-
tion.

[0048] The diamond coating described here can be used to
encapsulate the OLED, thereby ecliminating the risk of
exposure to the environment. In addition, a low temperature
diamond coating process, performed at a temperature lower
than the destructive temperature of the organics, allows for
OLED displays to be fabricated on both glass (rigid) and
polymeric (flexible) substrates.

[0049] Also, with the low temperature diamond coating
being doped, e.g. with boron, hydrogen, palladium or sili-
con, a p-type semiconducting layer can be created to form a
hole drift layer. In addition, an n-type semiconducting layer
can be achieved by doping with sulfur, phosphorus, lithium,
bromine, iodine, sodium, nitrogen or a refractory metal
(thenium, tungsten, tantalum, molybdenum, niobium and
vanadium). This doped structure allows for higher hole
transport from the hole injection area and higher electron
transport from the electron injection area to the recombina-
tion centers, because diamond has higher hole and electron
mobility than organic materials, thus giving higher emission
efficiencies. In addition, since the bandgap of diamond is
much larger than the energy of the electron-hole recombi-
nation pairs created, these pairs cannot be reabsorbed into
the diamond layer, thereby further increasing the light
conversion efficiency.
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[0050] The above applications take advantage of the
exceptional properties of diamond, including hardness,
chemical inertness, and thermal conductivity. Such an appli-
cation has not been possible in the past because high
temperatures were required for the deposition of diamond.
This invention relates to a method for the manufacture of a
display device having an Organic Light Emitting Diode
(OLED) with internal components formed from doped and
undoped diamond layers deposited by a chemical vapor
transport process at temperatures below 750° C.

[0051] Specifically, the earlier described prior art were not
able to take advantage of diamond’s exceptional properties,
because in some cases a diamond-like carbon having explicit
different properties from diamond were used. Secondly,
deposition occurred at above 800° C. which is detrimental to
the organic material found in OLED devices. Thirdly, only
one half of the organic structure had a diamond-like carbon
coating (DLC) deposited on it, thus unwanted recombination
could occur on the electron-injection side of the structure,
thus reducing light conversion efficiency of the device. As
shown in FIG. 1, hole drift layer 3 is coated with DLC by
chemical vapor deposition (CVD), whereas electron injec-
tion layer 6 is not coated , thereby, causing unwanted
electron-hole recombination to form in electron drift layer 5,
which turns into heat and is therefore not resistant to high
temperature degradation/deterioration.

[0052] 1In order to more fully appreciate the construction
of'an OLED display device with multiple diamond coatings
in the present invention, the following description is in
reference to FIG. 2. One exemplary structure of the OLED
display device includes, in sequence, a diamond substrate
(600), an anode (610), a hole injection layer (HIL) (620), a
hole transport layer (HTL) (630), an emissive layer (EL)
(640), an electron transport layer (ETL) (650), and a cathode
(660). Since the OLED display device is sensitive to mois-
ture or oxygen, or both, it is sealed within an encapsulation
layer (670).

[0053] In this embodiment, the OLED display device is
connected to a voltage/current source (680) through electri-
cal conductors. The OLED display device is operated by
applying an electric potential generated by a voltage/current
source (680) between the pair of electrical conductors con-
nected to anode (610) and cathode (660), such that the anode
(610) is at a more positive potential with respect to the
cathode (660). The electrical potential across the OLED
display device causes holes (positively charged carriers) to
be injected from the anode (610) into the EL (640), and
causes electrons (negatively charged carriers) to be injected
from the cathode (660) into the EL (640). Subsequently,
these electrons and holes recombine in the EL (640) to
produce light emissions (690), which are observed via the
transparent anode (610) and cathode (660) electrode or
electrodes. The properties of the EL (640) in the OLED
display device can be optimized to achieve the desired
performance of any feature; for example, light transmission
through the device, driving voltage, luminance efficiency,
light emission color, manufacturability, device stability, and
so forth. While not shown in FIG. 2, the OLED display
device can optionally include an electron injection layer
(EIL) between the ETL (650) and the cathode (660).

[0054] The ETL (650) and the HTL (630) of this invention
are n-type doped and p-type doped, with the n-typed doped
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