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(57) ABSTRACT

Methods and apparatus for encapsulating organic light emit-
ting diode (OLED) structures disposed on a substrate using a
hybrid layer of material are provided. The processing param-
eters used during deposition of the hybrid layer of material
allow control of the characteristics of the deposited hybrid
layer. The hybrid layer may be deposited such that the layer
has characteristics of an inorganic material in some sublayers
of the hybrid layer and characteristics of an organic material
in other sublayers of the hybrid layer. Use of the hybrid
material allows OLED encapsulation using a single hard
mask for the complete encapsulating process with low cost
and without alignment issues present in conventional pro-

CESSEs.

Ll LLLLLLLLLL, ’p

/\\\i'\Q(\\\\\\\\\\\\Q«\

A",04Ph§ifi?h?5!$ﬂvc>"

KRR 7




Patent Application Publication Oct. 9,2014 Sheet1of 5 US 2014/0299859 A1

108 FIG. 1A
106b 107 106 (PRIOR ART)
% V777777, - ( 106a
Y100 7
= \'\x'\\\\/// Z ey 102
| | ) \.100
105 F“”O 104

FIG. 1B
(PRIOR ART)
} — /106
£ =X AL ALLLA AR UL ~ ™02
| | \.100
105 | 106a | 104
<112
116 FIG. 1C

( . (PRIOR ART)

..... R R R R R R

N

b’.'o'o'o'o"{%gf \ 106
) , RRRRRRRIRI PP -
€ NAFANAANANAANAANARANNN N T 02

\ ) ) \.100

105 104 106a



Patent Application Publication Oct. 9,2014 Sheet 2 of 5 US 2014/0299859 A1

200
/-

L 202
PROVIDE SUBSTRATE WITH
PREFORMED STRUCTURE

|
204
POSITION MASK T

Y

DEPOSIT FIRST INORGANIC  }—_ 206
LAYER
'
208
DEPOSIT HYBRID LAYER
! 210

DEPOSIT SECOND INORGANIC ™
LAYER

FIG. 2



Patent Application Publication Oct. 9,2014 Sheet 3 of 5 US 2014/0299859 A1

4308 FIG. 3A

/308b 307 308
v V777777, g ( 308a
IIIIIIIII
|
CRRRRRLAN ANAANANNS \\\\1 3102
\.100
305 104

g§§§§§§§§§§&\\
SN~ 308
KRR IO -

X = 102
\ \.100
314
314b 314 FIG. 3C

g/ 1111111771711 77777777 44,
QN&§§§N§&&&°§
A\\\\‘\\\\\\\\/ O30SOTOTOTOTITHITY, / NS
L

/ - 7777 MR 777~
N X ANAANAANRMANANRANNR 102
\ ( ) 100

305 308a 104



Patent Application Publication Oct. 9,2014 Sheet 4 of 5 US 2014/0299859 A1
400
/'
402
PROVIDE SUBSTRATE WITH
PREFORMED STRUCTURE
Y
POSITION MASK OVER 404
SUBSTRATE
Y
FORM FIRST HYBRID | 406
SUBLAYER
Y
FORM SECOND HYBRID |~ 408
SUBLAYER
! 410

FORM THIRD HYBRID
SUBLAYER

FIG. 4



Patent Application Publication Oct. 9,2014 SheetSof 5 US 2014/0299859 A1

FIG. 5A

512a 507
4 V7777, /g 512a
YOOI DY
D
RRARRLRS CRRRNRNNS ey 102
\.100
505 104

512 512¢ 314 FIG. 5C

512¢c

507

fi ,,,,,,,/§ L NGz
SSSI cdt i NSS
Ll LA AR RN /]
ALARRIRRN ARARRRRNRR N

W
\ ) \.100
512b

PN




US 2014/0299859 Al

METHOD FOR HYBRID ENCAPSULATION
OF AN ORGANIC LIGHT EMITTING DIODE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation application of U.S. patent
application Ser. No. 13/361,637, filed Jan. 30, 2012, now
allowed, which claims benefit of U.S. provisional patent
application Ser. No. 61/440,701, filed Feb. 8, 2011 and U.S.
provisional patent application Ser. No. 61/482,869, filed May
5, 2011, each of which is herein incorporated by reference.

BACKGROUND

[0002] 1. Field

[0003] Embodiments of the invention generally relate to a
method and apparatus for encapsulating an organic light emit-
ting diode.

[0004] 2. Description of the Related Art

[0005] Organic light emitting diode (OLED) displays have
gained significant interest recently in display applications due
to their faster response time, larger viewing angles, higher
contrast, lighter weight, low power and amenability to flex-
ible substrates such as compared to liquid crystal displays
(LCD). However, OLED structures may have a limited life-
time, characterized by a decrease in electroluminescence effi-
ciency and an increase in drive voltage. A main reason for the
degradation of OLED structures is the formation of non-
emissive dark spots due to moisture or oxygen ingress. For
this reason, OLED structures are typically encapsulated by an
organic layer sandwiched between inorganic layers. The
organic layer is utilized to fill any voids or defects in the first
inorganic layer such that the second inorganic layer has a
substantially uniform surface or deposition.

[0006] FIGS. 1A-C illustrate a conventional process for
depositing the encapsulating layers, typically including a first
inorganic layer 106 (shown as 106a and 1065), an organic
layer 108 (shown as 1084 and 1085) and a second inorganic
layer 116 (shown as 116a and 1165). The process begins by
aligning a first mask 109 over a substrate 100 such that an
OLED structure 104 is exposed through an opening 107
unprotected by the mask 109, as shown in FIG. 1A. The first
mask 109 defines the opening 107 having a distance 110 from
the OLED structure 104 to the edge of the first mask 109. The
first mask 109 is typically made from a metal material, such as
INVAR®. As illustrated in FIG. 1A, the first mask 109 is
utilized to pattern the first inorganic layer 106 (shown as
106a, 1065), such as silicon nitride or aluminum oxide, over
the OLED structure 104. The first mask 109 is positioned
such that a portion 105 of a contact layer 102 adjacent to the
OLED structure 104 is covered by the first mask 109 so that
the inorganic layer 106 does not deposit on that portion 105.
As illustrated in FIG. 1B, the first mask 109 is removed and
replaced by a second mask 114 having an opening 111
smaller than the opening 107 of the first mask 109. The
second mask 114 defines the opening 111 having a distance
112, which is shorter than the distance 110 as defined by the
first mask 109, from the OLED structure 104 to the edge of the
second mask 114. By utilizing the second mask 114, an
organic layer 108 (shown as 1084, 1085) is deposited over the
first inorganic layer 106. As the second mask 114 has the
opening 111 smaller than the first mask 109, the organic layer
108 does not completely cover the underlying inorganic layer
106. The encapsulation of the OLED structure 104 is finished
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by depositing at least a second inorganic layer 116 (shown as
1164 and 1165) over the top of the exposed portion of the first
inorganic layer 106 and the organic layer 108 utilizing the first
mask 109 as illustrated in FIG. 1C. The second inorganic
layer 116 fully encapsulates the organic layer 108 with the
first inorganic layer 106, thereby encapsulating the OLED
structure 104 while leaving the portion 105 of the contact
layer 102 exposed.

[0007] The conventional process flow described above has
significant challenges preventing commercially viable scal-
ing for use with larger area substrates, such as substrates
having a top plan area greater than about 1,500 centimeters
square. For example, the two metal masks 109, 114 required
for implementing the above described process for such large
area substrates are very expensive, and may each exceed
$40,000.00 in cost. Additionally, very tight alignment toler-
ance of each metal mask 109, 114 to the OLED structure 104
is required, generally within 100 um. As these masks 109, 114
often exceed one meter in length, the masks 109, 114 undergo
significant thermal expansion when heated from ambient
temperatures to processing temperatures of about 80 degrees
Celsius. This significant thermal expansion provides a major
challenge for OLED {fabricators as to how to prevent align-
ment loss between the openings 107, 111 formed through the
masks 109, 114 and the OLED structure 104. Loss of align-
ment may result in incomplete encapsulation of the OLED
structure 104, which in turn leads to shortened life and dimin-
ished performance of the OLED device 104.

[0008] Therefore, an improved method and apparatus for
encapsulating an OLED structure is needed.

SUMMARY

[0009] In one embodiment of the present invention, a
method for forming an encapsulating layer on an organic light
emitting diode (OLED) substrate comprises forming a first
inorganic layer on a region of a substrate having an OLED
structure disposed thereon, forming a hybrid inorganic/or-
ganic layer on the first inorganic layer, and forming a second
inorganic layer on the hybrid inorganic/organic layer.

[0010] In another embodiment, a method for forming an
encapsulating layer on an organic light emitting diode
(OLED) substrate comprises forming a first inorganic sub-
layer of a hybrid layer on a region of a substrate having an
OLED structure disposed thereon, forming an organic sub-
layer of the hybrid layer on the first inorganic sublayer, and
forming a second inorganic sublayer of the hybrid layer on the
organic sublayer.

[0011] In yet another embodiment, an encapsulating layer
on an organic light emitting diode (OLED) substrate com-
prises a first inorganic sublayer of a hybrid layer formed on a
region of a substrate having an OLED structure disposed
thereon, an organic sublayer of the hybrid layer formed on the
first inorganic sublayer, and a second inorganic sublayer of
the hybrid layer formed on the organic sublayer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] So that the manner in which the above recited fea-
tures of the present disclosure can be understood in detail, a
more particular description of the disclosure, briefly summa-
rized above, may be had by reference to embodiments, some
of which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this disclosure and are therefore not
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to be considered limiting of its scope, for the disclosure may
admit to other equally effective embodiments.

[0013] FIGS. 1A-1C illustrate schematic cross-sectional
views of an OLED structure during different stages of a
conventional encapsulation sequence known in the art.
[0014] FIG. 2 is a flow diagram of a method for encapsu-
lating an OLED structure in accordance with one embodi-
ment of the present invention.

[0015] FIGS. 3A-3C illustrate schematic cross-sectional
views of an OLED structure during different stages of the
method of FIG. 2.

[0016] FIG. 4 is a flow diagram of a method for encapsu-
lating an OLED structure in accordance with another embodi-
ment of the present invention.

[0017] FIGS. 5A-5C illustrate schematic cross-sectional
views of an OLED structure during different stages of the
method of FIG. 4.

[0018] To facilitate understanding, identical reference
numerals have been used, where possible, to designate iden-
tical elements that are common to the figures. It is contem-
plated that elements and features of one embodiment may be
beneficially incorporated in other embodiments without fur-
ther recitation.

DETAILED DESCRIPTION

[0019] The present disclosure provides methods and appa-
ratus for encapsulating OLED structures disposed on a sub-
strate using a hybrid layer of material. The processing param-
eters used during deposition of the hybrid layer of material
allow control of the characteristics of the deposited hybrid
layer. The hybrid layer may be deposited such that the layer
has characteristics of an inorganic material in some sublayers
of the hybrid layer and characteristics of an organic material
in other sublayers of the hybrid layer. Use of the hybrid
material allows OLED encapsulation using a single hard
mask for the complete encapsulating process with low cost
and without alignment issues present in conventional pro-
cesses.

[0020] FIG.2 is a flow diagram of a method 200 for encap-
sulating an OLED structure disposed on a substrate. FIGS.
3A-3C llustrate schematic cross-sectional views ofan OLED
structure during different stages of the encapsulation method
200 of FIG. 2. The method 200 starts at process 202 by
providing a substrate 100 having a preformed OLED struc-
ture 104 disposed thereon. Similar to that discussed above,
the substrate 100 may have a contact layer 102 disposed
thereon, with an OLED structure 104 disposed on the contact
layer 102, as shown in FIG. 3A.

[0021] At process 204, a mask 309 is aligned over the
substrate 100 such that the OLED structure 104 is exposed
through an opening 307 unprotected by the mask 309, as
shown in FIG. 3A. The mask 309 is positioned such that a
portion 305 of the contact layer 102 adjacent the OLED
structure 104 is covered by the mask 309 so that the any
subsequently deposited material does not deposit on the por-
tion 305. The mask 309 may be made from a metal material,
such as INVAR®.

[0022] At process 206, a first inorganic layer 308 is depos-
ited on the substrate 100, as shown in FIG. 3A. The first
inorganic layer 308 has a first portion 3084 and a second
portion 3085. The first portion 308a of the first inorganic layer
308 is deposited through the opening 307 onto a region of the
substrate 100 exposed by the mask 309, which includes the
OLED structure 104 and a portion of the contact layer 102.
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The second portion 3084 of the first inorganic layer 308 is
deposited on the mask 309 covering a second region of the
substrate 100, which includes the portion 305 of the contact
layer 102. The first inorganic layer 308 is a dielectric layer,
such as SiN, SiON, SiO,, Al,O;, AIN, or other suitable
dielectric layers. The first inorganic layer 308 may be depos-
ited by a suitable deposition technique, such as CVD, PVD,
spin-coating, or other suitable technique.

[0023] At process 208, after the first inorganic layer 308 is
formed onthe substrate 100, ahybrid layer 312 is then formed
on the first inorganic layer 308 on the substrate 100, as shown
in FIG. 3B. A first portion 312a of the hybrid layer 312 may
be deposited on the substrate 100 through the opening 307 of
the mask 309 on the region of the substrate 100 exposed by the
mask 309, covering the first portion 308a of first the inorganic
layer 308. A second portion 3125 of the hybrid layer 312 is
deposited on the second portion 3085 of the first inorganic
layer 308 disposed on the mask 309, which covers the portion
305 of the contact layer 102.

[0024] The hybrid layer 312 is a layer of material that is
controlled through the deposition process, such as the flow
ratio of gases, to be organic and have properties of organic
materials, such as acrylate, methacrylate, acrylic acid, or the
like, or be inorganic and have properties of inorganic materi-
als, such as those used for the first inorganic layer 308
described above. When the hybrid material is in the inorganic
state, it has inorganic material properties, such as density and
porosity approximately the same as those of the listed inor-
ganic materials. When the hybrid material is in the organic
state, it has organic properties that may include characteris-
tics of organic materials including stress relief, particle con-
formality, and flexibility approximately the same as those of
the listed organic materials. Generally, a hybrid material in its
“organic” state is more flexible and less dense than the hybrid
material in its “inorganic” state.

[0025] An example of a material used in the hybrid layer
312 is plasma-polymerized hexamethyldisiloxane (pp-
HMDSO). Deposition of the pp-HMDSO material layer is
achieved by flowing an oxygen-containing gas and HMDSO
gas. During deposition of the pp-HMDSO layer, the ratio of
the flow of oxygen-containing gas to the flow of HMDSO gas
is controlled to control the organic/inorganic state and prop-
erties of the resulting pp-HMDSO layer.

[0026] In one example, the oxygen-containing gas is oxy-
gen gas (0,). A high O,/HMDSO flow ratio (e.g., greater than
10) may be maintained during processing to deposit an inor-
ganic pp-HMDSO layer having characteristics, such as the
high density and low porosity barrier properties associated
with inorganic films. A low O,/HMDSO flow ratio (e.g, less
than 2) may be maintained during processing to deposit an
organic pp-HMDSO layer having properties, such as the low
stress properties associated with organic films.

[0027] Control of the oxygen gas used during deposition of
the pp-HMDSO layer can minimize potential reaction with
residual silane if present in the gas line or inlet of the depo-
sition chamber. The reaction between the oxygen gas and
residual silane can result in undesirable particle formation in
the pp-HMDSO layer, which has the potential for contami-
nating the final OLED device. One method of minimizing the
potential for reaction with silane is to perform a gas-line
purge between deposition processes. Alternatively, other
gases such as nitrous oxide, which are less reactive with silane
relative to oxygen gas, may be used. It has been found that the
use of nitrous oxide gas (N,O) as the oxygen-containing gas
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results in minimal reaction with residual silane, thereby
reducing, if not eliminating, the need to thoroughly purge the
gas lines and chamber after use of silane within the chamber.
Thus, a high-quality pp-HMDSO layer can be deposited with-
out any intervening purge process between the inorganic
layer deposition process 206 and the hybrid layer deposition
process 208.

[0028] Therefore, in one example the oxygen-containing
gas is nitrous oxide gas. A high N,O/HMDSO flow ratio (e.g.,
greater than 10) may be maintained during processing to
deposit a relatively inorganic pp-HMDSO layer having char-
acteristics, such as the high density and low porosity barrier
properties associated with inorganic films. A low N,O/
HMDSO flow ratio (e.g, less than 2) may be maintained
during processing to deposit an organic pp-HMDSO layer
having properties, such as the low stress properties associated
with organic films.

[0029] It has been found that inorganic pp-HMDSO pro-
vides an excellent moisture barrier due to its high density and
low porosity, even though its water contact angle is low (e.g.,
below 50 degrees, such as 10 to 30 degrees). It has further
been found that although such organic pp-HMDSO exhibits
excellent flexibility and stress relieving characteristics like
the organic materials listed above, the organic pp-HMDSO
also has good moisture resistance due to its high water contact
angle (e.g., greater than 50 degrees, such as 60 to 99 degrees).
In one example, the organic pp-HMDSO has an FTIR of less
than 20% of pp-HMDSO in a silicon dioxide network.
[0030] In an exemplary embodiment, the processing
parameters of the pp-HMDSO layer may include an HMDSO
flow rate between about 100 sccm and about 800 sccm, the
power density may be between about 0.15 W/cm? and about
0.75 W/cm?, the pressure may be between about 500 mTorr
and about 2000 mTorr, and the spacing may be between about
500 to 1200 mils.

[0031] At process 210, a second inorganic layer 314 is
formed on the substrate 100, covering the hybrid layer 312
and the first organic layer 308 formed on the OLED structure
104, as shown in FIG. 3C. The second inorganic layer 314
includes a first portion 314a deposited over the first portion
312a of the hybrid layer 312 and a second portion 3145
deposited over the second portion 3125 of the hybrid layer
312.

[0032] The second inorganic layer 314 may be a dielectric
layer similar to the first inorganic layer 308. The second
inorganic layer 314 is a dielectric layer such as SiN, SiON,
Si0,, or other suitable dielectric layers. The second inorganic
layer 314 may be deposited by a suitable deposition tech-
nique, such as CVD, PVD, spin-coating, or other suitable
technique.

[0033] Thesecondinorganiclayer 314 may be deposited on
the substrate 100 using the same mask 309 utilized to deposit
the first inorganic layer 308 and the hybrid layer 312. This is
possible due to the ability to control the properties, such as
hydrophobicity of the hybrid layer 312 to have both good
barrier properties (i.e., inorganic state) and good stress relief
properties (i.e., organic state). At the same time, the hybrid
layer 312, in all regions may be maintained to have adequate
hydrophobic properties to ensure good encapsulation of the
OLED structure 104 (i.e., density/porosity or water contact
angle). Thus, the mask 309 does not have to be changed or
removed during the encapsulation sequence.

[0034] In one embodiment, the deposition of the hybrid
layer 312 is controlled such that deposition of a sublayer
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adjacent the first inorganic layer 308 and another sublayer
adjacent the second inorganic layer 314 is controlled such that
the hybrid material in those respective sublayers is inorganic,
which enables good adhesion to the first and second inorganic
layers 308, 314, respectively. In this embodiment, the hybrid
layer 312 is controlled to have a central sublayer that is
organic to provide good stress relief between the inorganic
sublayers. For example, the deposition of the hybrid layer 312
onto the first inorganic layer 308 is controlled to be inorganic
having properties closely matching that of the first inorganic
layer (e.g., O,/HMDSO or N,O/HMDSO flow ratio greater
than 10). Proceeding upward, the deposition is controlled to
have a gradual gradient, wherein the material is increasingly
organic (e.g, decreasing O,/HMDSO or N,O/HMDSO flow
ratio to less than 2). Continuing upward, the deposition is
controlled to have a gradual gradient, wherein the material is
increasingly inorganic (e.g., increasing O,/HMDSO or N,O/
HMDSO flow ratio) until the material is inorganic having
properties closely matching that of the second inorganic layer
(e.g., O,/HMDSO or N,O/HMDSO flow ratio greater than
10) are achieved. The deposition gradient may be controlled
by analog mode (i.e., continuous modulation), digital mode
(i.e., stepwise modulation), or alternating modulation.
[0035] FIG. 4 is a flow diagram of a method 400 for encap-
sulating an OLED structure disposed on a substrate. FIGS.
5A-C illustrate schematic cross-sectional views of an OLED
structure using the encapsulation method 400 of FIG. 4. The
method 400 starts at process 402 by providing a substrate
having a preformed OLED structure 104 disposed on a sub-
strate 100. Similar to that discussed above, the substrate 100
may have a contact layer 102 disposed thereon, with an
OLED structure 104 disposed on the contact layer 102, as
shown in FIG. 5A.

[0036] At process 404, a mask 509 is aligned over the
substrate 100 such that the OLED structure 104 is exposed
through an opening 507 unprotected by the mask 509, as
shown in FIG. 5A. The mask 509 is positioned such that a
portion 505 of the contact layer 102 adjacent to the OLED
structure 104 is covered by the mask 509 such that the any
subsequently deposited material does not deposit on the por-
tion 505. The mask 509 may be made from a metal material,
such as INVAR®.

[0037] At processes 406-410, a hybrid layer 512 is depos-
ited on the substrate 100, as shown in FIG. 5C. The hybrid
layer 512 is deposited in sublayers 512a-c through the open-
ing 507 onto a region of the substrate 100 exposed by the
mask 509, which includes the OLED structure 104 and a
portion of the contact layer 102. The hybrid layer 512 is also
deposited on the mask 509 covering a second region of the
substrate 100, which includes the portion 505 of the contact
layer 102.

[0038] As previously described with respect to the hybrid
layer 312, the hybrid layer 512 is a layer of material that is
controlled through the deposition process, such as the flow
ratio of gases, to be organic and have properties of organic
materials, such as acrylate, methacrylate, acrylic acid, or the
like, or inorganic and have properties of inorganic materials,
such as those used for the first inorganic layer 308 described
above. An example of a material used in the hybrid layer 512
is plasma-polymerized hexamethyldisiloxane (pp-HMDSO).
During deposition of the pp-HMDSO film, the ratio of oxy-
gen-containing gas (e.g., O, or N,O) flow to HMDSO flow
may be controlled to control the organic/inorganic properties
of the resulting pp-HMDSO film sublayers.
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[0039] In process 406, a first sublayer 512a of the hybrid
layer 512 is deposited as shown in FIG. SA. During deposi-
tion of the first sublayer 512a, the process parameters are
controlled such that deposition of the first sublayer 512a is
relatively inorganic having material properties matching
those of the inorganic materials described above to provide
good barrier properties to the hybrid layer 512. For example,
the first sublayer 5124 of the hybrid layer 512 may be depos-
ited with a high O,/HMDSO or N,O/HMDSO flow ratio
(e.g., greater than 10) to provide a pp-HMDSO layer with
good barrier properties (e.g., high density, low porosity).
[0040] Inprocess 408, asecond sublayer 5125 of the hybrid
layer 512 is deposited as shown in FIG. 5B. During deposition
of'the second sublayer 5125, the process parameters are con-
trolled such that deposition of the second sublayer 5125 is
organic having properties matching those of the organic
materials described above to provide good stress relief
between sublayers 512a and 512¢. For example, the second
sublayer 5125 of the hybrid layer 512 may be deposited with
alow O,/HMDSO or N,O/HMDSO flow ratio (e.g., less than
2) to provide a pp-HMDSO layer that is organic with organic
properties and high water contact angle (e.g., greater than 50
degrees).

[0041] In process 410, a third sublayer 512¢ of the hybrid
layer 512 is deposited as shown in FIG. 5C. During deposition
of the third sublayer 512¢, the process parameters are con-
trolled such that deposition of the third sublayer 512¢ is
inorganic and has properties matching those of the inorganic
materials described above to provide good barrier properties
to the hybrid layer 512. For example, the third sublayer 512¢
of the hybrid layer 512 may be deposited with a high
O,/HMDSO or N,O/HMDSO flow ratio (e.g., greater than
10) to provide a relatively inorganic pp-HMDSO layer with
good barrier properties and with a low contact angle (less than
50 degrees).

[0042] Although deposition of the hybrid layer 512 is
depicted and described above in three distinct sublayers, the
deposition of the hybrid layer may be controlled more
smoothly to deposit the hybrid layer 512 in a single layer with
a gradient starting as inorganic at the first sublayer 512a. The
deposition parameters may then be gradually changed to pro-
vide a smooth (continuous or stepwise) gradient of material
with increasingly organic properties (e.g., by decreasing the
O,/HMDSO or N,O/HMDSO flow ratio) until the sublayer
5125 is organic. Then, the deposition parameters may be
gradually changed to provide a smooth (continuous or step-
wise) gradient of material with increasingly that is increasing
inorganic (e.g., by increasing the O,/HMDSO or N,O/
HMDSO flow ratio) until the sublayer 512¢ is inorganic.
[0043] In an exemplary embodiment, the processing
parameters of the pp-HMDSO layer may include an HMDSO
flow rate between about 100 sccm and about 800 sccm, the
power density may be between 0.15 W/cm?® and about 0.75
W/cm?, the pressure may be between about 500 mTorr and
about 2000 mTorr, and the spacing may be between about 500
to 1200 mils.

[0044] Thus, methods and apparatus for forming encapsu-
lation layers on an OLED structure are provided. By utilizing
a hybrid layer during the encapsulation formation process, a
single mask may be used, thereby advantageously lowering
the manufacture cost as compared to the conventional two
hard mask deposition processes while increasing the manu-
facture throughput. It should be noted that although the
embodiments described herein depict a single stack of encap-
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sulation layers/sublayers, multiple stacks of encapsulation
layers/sublayers may be used without deviating from the
scope of the invention.

[0045] While the foregoing is directed to embodiments of
the present disclosure, other and further embodiments of the
disclosure may be devised without departing from the basic
scope thereof, and the scope thereof is determined by the
claims that follow.

1. A method for forming an encapsulating structure on an
organic light emitting diode (OLED) substrate, comprising:

forming a first inorganic layer on a region of a substrate

having an OLED structure disposed thereon;

forming a hybrid layer on the first inorganic layer, wherein

the hybrid layer is formed by supplying a processing gas
comprising a HMDSO (hexamethyldisiloxane) gas dur-
ing the formation of the hybrid layer; and

forming a second inorganic layer on the hybrid layer.

2. The method of claim 1, wherein the hybrid layer com-
prises plasma-polymerized hexamethyldisiloxane (pp-
HMDSO).

3. The method of claim 1, wherein the hybrid layer com-
prises a first sublayer formed by providing an oxygen-con-
taining gas to the HMDSO gas at a flow ratio of about 10 or
greater.

4. The method of claim 3, wherein the hybrid layer com-
prises a second sublayer formed on the first sublayer, the
second sublayer is formed by providing the oxygen-contain-
ing gas to the HMDSO gas at a flow ratio of less than about 2.

5. The method of claim 4, wherein the hybrid layer com-
prises a third sublayer formed on the second sublayer, the
third sublayer is formed by providing the oxygen-containing
gas to the HMDSO gas at a flow ratio of about 10 or greater.

6. The method of claim 5, wherein the oxygen-containing
gas comprises oxygen gas and/or nitrous oxide gas.

7. The method of claim 1, wherein the first and second
inorganic layers are a dielectric material.

8. The method of claim 7, wherein the dielectric material
comprises silicon nitride, silicon oxynitride, silicon dioxide,
aluminum oxide, or aluminum nitride.

9. An encapsulating structure on an organic light emitting
diode (OLED) substrate, comprising:

a first barrier layer formed on a region of a substrate having

an OLED structure disposed thereon;

ahybrid layer formed on the first barrier layer, wherein the

hybrid layer have properties of organic materials and/or
and properties of inorganic materials; and

a second barrier layer formed on the hybrid layer.

10. The encapsulating structure of claim 9, wherein the
hybrid layer comprises plasma-polymerized hexamethyldisi-
loxane (pp-HMDSO).

11. The encapsulating structure of claim 9, wherein the
hybrid layer comprises:

afirst sublayer having a majority of inorganic materials and

a minority of organic materials;

a second sublayer having a majority of organic materials

and a minority of inorganic materials; and

a third sublayer having a majority of inorganic materials

and a minority of organic materials.

12. The encapsulating structure of claim 11, wherein the
first sublayer is formed by providing an oxygen-containing
gas to a HMDSO gas at a flow ratio of about 10 or greater
during the formation of the first sublayer.

13. The encapsulating structure of claim 12, wherein the
second sublayer is formed by providing the oxygen-contain-



US 2014/0299859 Al

ing gas to the HMDSO gas at a flow ratio of less than about 2
during the formation of the second sublayer.

14. The encapsulating structure of claim 13, wherein the
third sublayer is formed by providing the oxygen-containing
gas to the HMDSO gas at a flow ratio of about 10 or greater
during the formation of the third sublayer.

15. The encapsulating structure of claim 14, wherein the
oxygen-containing gas comprises oxygen gas and/or nitrous
oxide gas.

16. The encapsulating structure of claim 9, wherein the first
and second barrier layers have properties of inorganic mate-
rials.

17. An encapsulating structure on an organic light emitting
diode (OLED) substrate, comprising:

a hybrid layer formed over a substrate having an OLED
structure disposed thereon, wherein the hybrid layer
comprises:

a first sublayer having a majority of inorganic materials
and a minority of organic materials;
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a second sublayer having a majority of organic materials
and a minority of inorganic materials; and

athird sublayer having a majority of inorganic materials
and a minority of organic materials.

18. The encapsulating structure of claim 17, further com-
prising:

a first inorganic layer formed relatively below the first

sublayer; and

a second inorganic layer formed relatively above the third

sublayer.

19. The encapsulating structure of claim 17, wherein the
first and third sublayers are formed by providing an oxygen-
containing gas to a HMDSO gas at a flow ratio of about 10 or
greater during the formation of the first and third sublayers.

20. The encapsulating structure of claim 19, wherein the
second sublayer is formed by providing the oxygen-contain-
ing gas to the HMDSO gas at a flow ratio of less than about 2
during the formation of the second sublayer.
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