(19) United States
12y Reissued Patent

(10) Patent Number:

USOORE49016E

US RE49,016 E

Wang et al. 45) Date of Reissued Patent: Apr. 5, 2022
(54) BROADBAND LIGHT EMITTING DEVICE (51) Imt. CI.
WITH GRATING-STRUCTURED ggﬁ Zfé %882'8?
ELECTRODE (2006.01)
(Continued)
T . . (52) U.S. CL
(71) Applicants: Konica Minolta Business Solutions CPC ... HOIL 51/5225 (2013.01); HOIL 33/38
U.S.A., Inc., San Mateo, CA (US); The (2013.01); HOIL 33/505 (2013.01);
Board of Trustees of the Leland (Continued)

Stanford Junior University, Stanford,
CA (US)

(72) Inventors: Leiming Wang, Foster City, CA (US);
Mark Brongersma, Menlo Park, CA
(US); Majid Esfandyarpour, Stanford,
CA (US); Jun Amano, Hillsborough,
CA (US)

(73) Assignees: KONICA MINOLTA BUSINESS
SOLUTIONS U.S.A., INC., San
Mateo, CA (US); THE BOARD OF
TRUSTEES OF THE LELAND
STANFORD JUNIOR UNIVERSITY,
Stanford, CA (US)

(21)  Appl. No.: 16/199,607

(22) Filed: Nov. 26, 2018
Related U.S. Patent Documents

Reissue of:
(64) Patent No.: 9.865.836

Issued: Jan. 9, 2018

Appl. No.: 15/035,701

PCT Filed: Nov. 11, 2014

PCT No.: PCT/US2014/065016

§ 371 (c)(1),

(2) Date: May 10, 2016

PCT Pub. No.: WO02015/070217
PCT Pub. Date: May 14, 2015

U.S. Applications:
(60) Provisional application No. 61/902,734, filed on Nov.
11, 2013.

(58) Field of Classification Search
CPC ... HO1L 51/5225; HO1L 33/03; HO1L 33/503;
HO1L 51/5056; HO1L 51/5072;

(Continued)

(56) References Cited
U.S. PATENT DOCUMENTS

12/2003 Arnold et al.
3/2012 Barnes et al.

(Continued)

6,670,772 Bl
8,129,738 B2

FOREIGN PATENT DOCUMENTS

WO WO-2011125390 A1 * 10/2011 ........... HOSB 33/145
WO WO0-2012060404 Al * 5/2012 ... HO1L 51/5225

OTHER PUBLICATTIONS

International Search Report 1ssued in PCT/US2014/065016 dated
Feb. 6, 2015 (1 page).

(Continued)

Primary Examiner — Leonardo Andujar

(74) Attorney, Agent, or Firm — Osha Bergman Watanabe
& Burton LLP

(57) ABSTRACT

A hght emitting device includes a substrate layer, a first
clectrode layer, a light emitting layer, and a patterned second
clectrode layer. The patterned second electrode layer
includes a periodic grating structure having a grating period
A, less than or equal to 200 nm and the patterned second
clectrode layer and the light emitting layer are separated by
at most 100 nm.

5> Claims, 13 Drawing Sheets

1005

ANANANNANANNANANNNX

103

< 1003
e




US RE49,016 E

Page 2
(51) Int. CL 2010/0219427 Al* 9/2010 Fukuda ............... HO1L 51/5265
HOIL 51750 (2006.01) 2012/0229020 Al 9/2012 Yonehara et al 2T
) oncnara <L 4l.
HOIL 33/38 (2010.01) 2013/0015486 Al*  1/2013 Sekine ............... HO5B 33/145
HOIL 33/50 (2010.01) 257/98
HOIL 33/10 (2010.01) 2014/0001450 Al* 1/2014 Shinotsuka ........ HO1L 51/5275
(52) U.S. CL 257/40

CPC ...... HOIL 51/5056 (2013.01); HOIL 51/5072
(2013.01); HOIL 51/5268 (2013.01); HOIL
5175275 (2013.01); HOIL 33/405 (2013.01);

HOIL 2933/0091 (2013.01)

(58) Field of Classification Search
CPC ............. HOI1L 351/5268; HO1L 51/5275; HO1L
2933/0091; HO1L 33/405
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

8,390,008 B2
2005/0285127 Al
2009/0153029 Al

3/2013 Cok
12/2005 Noto et al.
6/2009 Khalfin

OTHER PUBLICATTONS

Wiritten Opinion of the International Searching Authority issued in
PCT/US2014/065016 dated Feb. 6, 2015 (5 pages).

Lupton, John M. et al; “Bragg scattering from periodically
microstructured light emutting diodes”; Applied Physics Letters;
vol. 77, No. 21; Nov. 20, 2000, p. 3340-3342 (3 pages).

Hobson, Peter A. et al; “Surface Plasmon Mediated Emission from
Organic Light-Emitting Diodes™; Advanced Maternials; vol. 14; No.
19; Oct. 2, 2002, p. 1393-1396 (4 pages).

Notification Concerning Transmittal of International Preliminary
Report for Application No. PCT/US2014/065016 dated May 26,
2016 (1 page).

International Preliminary Report on Patentability 1ssued in PCT/
US2014/065016 dated May 17, 2016 (6 pages).

* cited by examiner



U.S. Patent Apr. 5, 2022 Sheet 1 of 13 US RE49,016 E

101
'/

115a

FIG. 1



US RE49,016 E

Sheet 2 of 13

Apr. 5, 2022

U.S. Patent

7

¢ Ol4

. Z




U.S. Patent Apr. 5, 2022 Sheet 3 of 13 US RE49,016 E

flat
A, =300nm trapezoid; h=70nm, (0.9,0.3)

90%
209
706 1
60% -
c09 -
3
30% 1
205

10% A

400 500 600 700 800
A (nm)

100% 1

Plasmonic loss (%)

FIG. 3



US RE49,016 E

Sheet 4 of 13

(wu) Y (wu) ¥
00L 009 00S 00V 0C8 004 009 00S 00V
t 3 } i Mr m\m.ﬁ_
e e e Ty " m.sﬁo.—”

607

Apr. 5, 2022

U.S. Patent

X2 =
1) ul)
Wn 7]
= =
(= o
=4 =3
g ) £
=) o
N L
¥, ] LN
5 X
() ¥
008 00, 009 004§ 9.0)7;
m : e A %0
X
r
3
Q
- |
>
o
b
T




US RE49,016 E

Sheet 5 of 13

Apr. 5, 2022

U.S. Patent

Ty

A P R IR TR RN EET L R R Y

el = g =

0L

d9 ©Old

TANp
50 80 20 90 S0 ¥0 B0 20 0 00

>

u
&
5
i e H LS
B e
T e TR
: 3
¥
. a“

)
peaey ;
Sy
1 s p
= i
i “
L q
R e et e e
EEEEE- R R ] iE
Jl---f-:l--n-.unh-h-hfl.luu-ﬁ- L Nn"
E HErtoa =t a0
FR R AR S
uw uw..r.n...u. Lt e -
T P Tttty
FEr etk ]
IR Tt e % w.._..
"
Eap F
d
3
" .- T
x
- T - :
s o
L
r e ok
ey
| Bl | e WL .
L 3
3
v
. Rt
- . . B st
. . Wd%m. = =
At f ML
- H..r.o“..m,..n.......“,.mr.rv.nv H H . -
- = T
A e
, R :

H
e

: vy

=

by

=
o

o
el

TR

]
b

e
el

pabelane yiBuspeaem - sso] oluowsed JAILY 1IN

60 80 £0 20 S0 ¥0 €0 c0 1O

VS 9Ol
Bl AINp

TFIF. SFIFIA T

-

[

. ) .
0 .- 0 = -.
: . .
- -
.
- - =
- . -
T
e - -
-....u.... . . . .
e S . .
: -
I . . . .
. . e e e em
3 .
3 R
5 -
.- LY
Mol ekl

TR
ek

R
- S
. P
. - i
o R
0 0 0 H e
i

e

b

Sy
P T ]

HEd
i

. e
www". L
b o
it .,ﬁ.,m..nu.". R
S
r..,E..n.".r..,ﬂ,......J..Tu.r..u.l.lw.M.....,.. : s A
AR Rt b

L

i

e
B

=

o

=

R,

ai

e

-
1

Py
5
H

k]

T AT

SEE AR R R E
i

I..
u&%icsmfﬁwmw
i R

A
S

=

kS

. : i1 : PR SRR

o

-.r.-...u.-.-.rl.-ﬁ.ln-
- <od b i
. ,..ﬁ.n.ﬁm. EatosT
s :
- :
o
eItk
et :
FlrRlane
it
g
frgrie
.

B3R

e

001
OLl
0cl

pabelane yibusiaaem - ssoj owwowseid ALY 13N



US RE49,016 E

49 Dl3 9 ‘9|

uoL=Y ‘WupoE=
Suneis jepiozadels)

00¢g=
dunyes3 ijejndueldsy

Sheet 6 of 13

Apr. 5, 2022

U.S. Patent

Ot

00

b

L

W

6

D

g 8

=

0 4

i

0

90

S0 ¥0 ¢

i
-

P p ] 2 s Y e e

0 <

0

Lo 00

¥

o

=

%

&

ek i bt ekt e

\ - 5801 ouowseld ALY IS

oijes Ajnp

60 80 £0 90 §0 ¥0 £0

pobeiaae yibusoaem - SSOf DlUoWISE|d FALY 19




U.S. Patent Apr. 5. 2022 Sheet 7 of 13

N
L

601

V. Ol

A A a A




U.S. Patent Apr. 5, 2022 Sheet 8 of 13 US RE49,016 E

103
107 105
109
111
113

FIG. 8



U.S. Patent Apr. 5, 2022 Sheet 9 of 13 US RE49,016 E

FIG. 9



U.S. Patent Apr. 5, 2022 Sheet 10 of 13 US RE49,016 E

1005

AAAAAAAAAAANAANT

103

1003
QoL oRo Y3006 QR O0& 20808
OOO O OO OOOO OO0 O ORO O
05080 800800 OOOo O3B S 00000080880
105

107
109
111

3l
O‘é
8
O

11

FIG. 10



U.S. Patent Apr. 5,2022 Sheet 11 of 13 US RE49.016 E

FEREEEr
e e

.
P

L

e

s

R P

T
[ O R T T

T i

Trapezoid/Triangular:
(A h, duty_t, duty_b)

H..
RS EE

e

>

Cap e
an

— o
st
R

el

.
% k
3 b A
i o . e
2 ! i ARtk A
- . - % : : Mk - - - 4 gt
. ; : ' . : A
- -1 - B B . - - - W N H
_ . o H : 3 A B .
r i arimhiiy rein n
3 SR RLimaan e . B TN R
. a2 H - : z CHEEE T B o " et - ss LA LT
. . . X : o : ot} .
; ; H " P . ; L L
K s ;
- -] Spcat . il : o s . -'\-
- 3 . - N [Ex]
. [} n. - T "- i Tt
H - > ’ b '\'-h\ - et -
. .
: " B - et ' W =
.

ak

.,_..
aatm
e

e e

N
-
"
"
v

-
e
s
e

S iane

e

-
5

et
I bt
R

EEEy

M

Semi-circular:
(A

Sy

Ml

o e

L S
R
o, ALy

LSOl L

L TR I VR

i
-

e

. et
IRl b e A L e
e Sl L4 : o TR g i P e

P
i

R

il L i
o)

-

-

L

e ey e}
>

- .'\. Taa bl [Tk
EY H M . H -
» . - - > L : K o
il ' - e s S I onest
. = . - - R e e h e T
: S e ¥ LS RTTEL :
+ L e R o friaRa . . Lk
- . e . MEEHEY A P st " H -
h g F I H : u sl . S PR AR T
L - Lk : e eniea SO Tl iUl "
\ - . 2 ; TR s . ik ; i
. : :
- naeh . 3

Vo

el

L
i

-

]
Lt Tt
X

e
e

P

.
¥y



U.S. Patent Apr. 5, 2022 Sheet 12 of 13 US RE49,016 E

FIG. 12



U.S. Patent

Plasmonic loss (%

Apr. 5, 2022

100%

%

o
-

c
0

00
-

%

~J
-

Q
0

o
Q

%

oy
-

Q
O

#
0

UJ
-

%

- N
o O

0

%

Sheet 13 of 13

el ——— —— w— ek

*-T..-..u_.—..—._.—.————-—--—--n- o —— —— e Te— PN S . m—

—-— e e s e et v -ricf-Sdy PR JEE SR EEN SN S SEE S

500 600
A (nm)

US RE49,016 E

FIG. 13



US RE49,016 E

1

BROADBAND LIGHT EMITTING DEVICE
WITH GRATING-STRUCTURED
ELECTRODE

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS REFERENCE 10 RELATED
APPLICATIONS

This application is a reissue application of U.S. Pat. No.
9,865,836, filed as U.S. patent application Ser. No. 16/199,

607 on Jul. 9, 2018 as a national stage entry of International
Patent Application No. PCT/US2014/065016, filed on Nov.
11, 2014, and claims priority from U.S. Provisional Patent
Application No. 61/902,734, filed on Nov. 11, 201 3.

BACKGROUND

Energy consumption of lighting systems 1s presently a
major societal concern. This concern has even led to some
governments to encourage the development of more energy
cilicient light sources and smart controls for those light
sources. Some methods of improving light efficiency rely on
improvements of the underlying materials and structures of
the lighting devices themselves. Other methods ivolve
designing customized spectral distributions that satisiy color
quality and luminous efficacy. Still other methods require
designing light management systems with sophisticated sen-
sors and algorithms to control the intensity of lights depend-
ing on ambient light, occupancy, and usage.

For the specific case of multi-layered surface light emait-
ting devices/diodes, including 1norganic light emitting
diodes (LEDs) and organic light emitting devices (OLEDs),
only a small fraction of the generated light often leaves the
device. This 1nefliciency 1s because much of the generated
light becomes trapped 1n the device, e.g., due to total internal
reflection at a layer interfaces as well as at output surface, in
addition to absorption of the light by the metal electrode. For
example, for a typical OLED comprised of several organic
material layers sandwiched by two electrode layers, anode
and cathode, only about 20% of the light may be directly
emitted into the air. The rest of the light 1s either trapped
inside the substrate (as a substrate mode), iside the organic
layers (as a waveguide mode), or absorbed by the metal
cathode (usually called a plasmon mode).

Among these many light loss channels, the plasmon loss
(may also be termed “plasmonic loss™) may amount to about
40% of the total emitted light and thus, the elimination of
plasmon loss represents an ongoing challenge 1n 1improving,
the light extraction of (O)LEDs. It 1s thought that plasmon
loss occurs mainly through the coupling of the emitted light
into surface plasmon polariton (SPP) waves. SPP waves are
surface waves confined to propagating along the interface
between the metal electrode layer and the emitting material
layer. Energy 1n the SPP waves 1s eventually absorbed by the
metal electrode and thus leads to ineflicient operation of the
(O)LED.

Plasmon loss 1n light emitting devices may be reduced by
using a periodic grating-structured electrode having a period
that 1s comparable to the wavelength of the emitted light so
as to induce Bragg scattering of the SPP wave 1nto free light.
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However, existing grating structures are only eflective for
plasmon loss reduction 1n a very narrow wavelength range
(1.e., monochromatic sources) and none are eflective for
broadband, 1.e., white light, sources such as white OLEDs.

SUMMARY OF INVENTION

In general, 1n one aspect, the mnvention relates to a light
emitting device that includes a substrate layer, a first elec-
trode layer, a light emitting layer, and a patterned second
clectrode layer. The patterned second electrode layer
includes a periodic grating structure having a grating period
A less than or equal to 200 nm, and the patterned second
electrode layer and the light emitting layer are separated by
at most 100 nm.

In general, 1n another aspect, the invention relates to a
light emitting device that includes a substrate layer, a first
clectrode layer, and a broadband light emitting layer that
emits a broadband light having a discrete spectral power
distribution of a plurality of emission peaks at a plurality of
emission wavelengths. The light emitting device also
includes a patterned second electrode layer that includes an
optimized periodic grating structure. A plasmonic loss spec-
trum of the light emitting device due to the patterned second
clectrode includes a plurality of plasmonic loss peaks at a
plurality of wavelengths and the plurality of emission peaks
are at different wavelengths from the plurality of wave-
lengths of the plurality of plasmonic loss peaks.

Other aspects of the invention will be apparent from the
following description and the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a multi-layered surface light emitting device
in accordance with one or more embodiments of the inven-
tion.

FIG. 2 shows a multi-layered surface light emitting device
in accordance with one or more embodiments of the inven-
tion.

FIG. 3 shows numerically simulated test data in accor-
dance with one or more embodiments of the invention.

FIGS. 4A-4C show numerically simulated test data in
accordance with one or more embodiments of the invention.

FIGS. 5A-5B show numerically simulated test data in
accordance with one or more embodiments of the invention.

FIGS. 6A-6B show numerically simulated test data in
accordance with one or more embodiments of the invention.

FIGS. 7A-7B show multi-layered surface light emitting
devices 1n accordance with one or more embodiments of the
invention.

FIG. 8 shows a multi-layered surface light emitting device
in accordance with one or more embodiments of the inven-
tion.

FIG. 9 shows a multi-layered surface light emitting device
in accordance with one or more embodiments of the inven-
tion.

FIG. 10 shows a multi-layered surface light emitting
device 1n accordance with one or more embodiments of the
invention.

FIG. 11 shows periodic grating structures in accordance
with one or more embodiments of the invention.

FIG. 12 shows periodic grating structures in accordance

with one or more embodiments of the invention.
FIG. 13 shows (0)LED light source spectral design in
accordance with one or more embodiments of the invention.

DETAILED DESCRIPTION

Specific embodiments of the mvention will now be
described 1n detail with reference to the accompanying
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figures. Like elements 1n the various figures are denoted by
like reference numerals for consistency. Further, the use of
“Fig.” 1n the drawings 1s equivalent to the use of the term
“Figure” 1n the description.

In the following detailed description of embodiments of
the mvention, numerous speciiic details are set forth in order
to provide a more thorough understanding of the invention.
However, 1t will be apparent to one of ordinary skill 1n the
art that the invention may be practiced without these specific
details. In other instances, well-known features have not
been described 1n detail to avoid unnecessarily complicating,
the description.

In general, embodiments of the invention relate to a light
emitting device with a periodic grating structure engineered
to 1impair the formation of surface plasmon polariton waves
across the entire range of the visible spectrum (e.g., 430
nm-700 nm). In one or more embodiments of the invention,
a multi-layered LED includes a periodic grating structure on
a metal electrode layer that inhibits the energy from coupling
into the electrode and forming surface plasmons in the metal
clectrode. In one or more embodiments, the periodic grating
structure may be one or two dimensional in nature. The
characteristics of the grating structure, such as the size and
shape of the grating, are selected to reduce coupling into
surface plasmons for a broad wavelength range. In accor-
dance with one or more embodiments of the invention, the
multi-layered LED may also include other grating structures
to inhibit losses 1n the LED device at boundaries other than
the metal electrode, for example to prevent total internal
reflection, formation of waveguide and/or substrate modes.

In one or more embodiments of the invention, the layers
of the LED device may be selected based on a plasmonic
loss spectrum. For example, the emitting layer wavelength
emission may be selected to avoid any wavelengths 1n a
plasmonic loss spectrum. In other words, the size, shape, and
material of the layers 1n the multi-layered LED device may
be selected based on the size, shape, and material of one or
more grating structures i the LED device.

FIG. 1 shows a cross-section of a light emitting device,
¢.g., an OLED 1n accordance with one or more embodi-
ments. The light emitting device 101 1s a multi-layered
OLED structure having a substrate layer 103, an anode layer
105, a hole transport layer (HTL) 107, an emission layer
(EML) 109, an clectron transport layer (ETL) 111, and a
metal electrode (cathode) layer 113. In accordance with one
or more embodiments, the light 1s emitted from the EML and
a portion 115 of the emitted light will be transmitted through
the device 101 and will leave the device as emitted light
115a. Other portions of the light may be reflected at the
interfaces of the various layers due to the index of refraction
mismatch between the various layers, and/or absorbed by
the device 1n the form of various electromagnetic modes. For
example, light portion 117 may retlect from the air-substrate
interface and may be trapped as a substrate mode 117a.
Likewise, light portion 119 may reflect from the anode
substrate interface and may be trapped as a waveguide mode
119a. Furthermore, light portion 121 may interact with the
metal electrode-ETL interface and may excite surface plas-
mon modes 121a on the surface of the metal electrode layer
113. In accordance with one or more embodiments of the
invention, the surface of the metal electrode layer 113
includes a periodic pattern to reduce the effect of the surface
plasmons on the operational efliciency of the device.

One of ordinary skill will appreciate that the layers of the
device may be made from a number of different materials.
For example, the substrate layer may be made of glass and
the anode layer may be made of indium tin oxide (ITO). The
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4

hole transport layer may be made of NBP, the emission layer
may be made of fluorescent or phosphorescent maternial, and
the electron transport layer may be made of Alg,. Further-
more, one of ordinary skill will appreciate that the metal
clectrode may be made of any suitable metal, e.g., silver,
gold, aluminum, etc. In addition, one of ordinary skill will
appreciate that the EML layer may 1tsellf be formed of
several layers, each having a different band of emission
wavelength, e.g., a red emission layer, a green emission
layer, and a blue emission layer (not shown). Furthermore,
one of ordinary skill will appreciate that the multiple layers
in the device may be manufactured by any known OLED
manufacturing process. For example, vacuum deposition,
solution processes, or lithography techniques.

FIG. 2 shows a cross-section of a light emitting device,
¢.g., an OLED 1n accordance with one or more embodi-
ments. In this example, the layers of the device may be the
same as those described above 1n reference to FIG. 1 except
for the interface between ETL 111 and a metal electrode
(cathode) layer 113. In accordance with one or more
embodiments, the metal layer 113 may have a periodic
grating structure formed on 1ts surface. In general this
surface 1s formed by a series of protrusions as seen 1n the
inset. While the protrusions are shown as having trapezoidal
cross-section 1n the figure, one of ordinary skill in the art
having the benefit of this disclosure will appreciate that the
protrusions may take any shape. For example, FIG. 11 shows
several examples of protrusions including those having a
circular, semi-circular, and round-headed rectangular
shapes. Furthermore, the periodic grating structure may take
a one or two dimensional form, where the two dimensional
form may be arranged in either a square lattice or hexagonal
lattice arrangement. Examples, of these diflerent arrange-
ments for the periodic grating structure are shown (in top
views) 1 FIG. 12.

Returning to FIG. 2, the grating structure in accordance
with one or more embodiments may be formed from a series
of trapezoidal shapes. As shown in the nset, the trapezoidal
grating is characterized by the parameters L,, L, h, and A,
where L, 1s the length of the top portion of the trapezoid, L,
1s the length of the bottom portions of the trapezoids, h 1s the
depth of the trapezoid, and A, reterred to as the grating
period, 1s the distance between the periodic features, in this
case as measured at the top of the trapezoid. The ratio L, /A
referred to herein as duty_b and the ratio L/A, referred to
herein as duty_t are useful parameters to consider as will be
discussed 1n more detail below. Accordingly, when duty_t=0
the grating structure 1s triangular. In what follows, the results
of numerical simulations are presented for various values of
the parameters defined above. Furthermore, 1n what follows,
the variable d 1s defined, as shown in FIG. 2, to be the
distance between the emitter layer and the top surface of the
grating-structured electrode layer.

FIG. 3 shows an example of numerical simulation, e.g.,
using the commercial software COMSOL Multiphysics
showing the broadband behavior 1n accordance with one or
more embodiments. More specifically, FIG. 3 shows the
plasmonic loss ratio, defined as the power dissipated into
plasmon mode divided by the total emission power, as a
function of wavelength 1n a two layer system (EML+s1lver
clectrode) having a flat electrode structure (dataset 301) and
for a periodic grating-structured electrode (dataset 303). In
this example, the trapezoidal periodic grating structure 1s
characterized by A,=300 nm, h=70 nm, duty_b=0.9, and
duty_t=0.3. The periodic grating-structured electrode shows
a strongly wavelength dependent response 1n the plasmonic
loss spectrum having at least three separate resonances at
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three different wavelengths. In contrast, the flat electrode
architecture displays a relatively high plasmonic loss with
smooth wavelength dependence. In accordance with one or
more embodiments, the precise structure of the grating-
structured electrode 1s optimized to exploit the strong wave-
length dependence of the plasmonic loss spectrum thereby
achieving a light emitting device having improved broad-
band plasmonic loss reduction across the visible spectrum.

For example, FIGS. 4A-4C show several diflerent
numerical results for a number of diflerent geometries of the
grating-structured electrode surface. FIGS. 4A-4C show the
simulation results of systematically varying the structural
shape of a trapezoidal grating having A =100 nm FIG. 4A
the results for simulations comparing a flat electrode surtace
(dataset 401), with three different trapezoidal geometries.
Dataset 403 was obtained using A =100 nm, h=70 nm,
duty_b=0.6, and duty_t=0. Dataset 405 was obtained using
A,=100 nm, h=70 nm, duty_b=0.7, and duty_t=0. Dataset
407 was obtained using A,=100 nm, h=70 nm, duty_b=0.3,
and duty_t=0. One observation which can be made from the
behavior of the simulations 1s that as duty_b 1s increased
while holding all else fixed, the leftmost resonance benefi-
cially moves further to the blue edge (shorter wavelengths).
However, as can be seen 1n dataset 407, also as duty_b 1s
increased, a new resonance peak appears out of the back-
ground. Nevertheless, the simulation shows the unexpected
result that using a A, that 1s deep-subwavelength 1s beneficial
because the resonance behavior of the plasmonic loss spec-
trum 1n such a situation becomes less important in the
spectrum of 1nterest. In this case, the numerical simulations
are focused 1n a broadband region of the spectrum that
includes the visible spectrum of about 430 nm-700 nm.
Thus, as used herein the term deep-subwavelength refers to
a length scale that 1s much smaller than the low end of the
visible spectrum.

FI1G. 4B shows the results of varying h while keeping the
other parameters fixed. Dataset 409 was obtained using
A,=100 nm, h=70 nm, duty_b=0.7, and duty_t=0. Dataset
411 was obtained using A, =100 nm, h=60 nm, duty_b=0.7,
and duty_t=0. Dataset 413 was obtained using A =100 nm,
h=350 nm, duty_b=0.7, and duty_t=0. Dataset 413 shows a
very flat response over a broadband portion of the visible
spectrum, 1ndicating that parameters that are close to those
shown 1n the simulation may be used 1n accordance with one
or more embodiments to achieve a broadband light emitting
device with improved plasmonic loss characteristics.

FI1G. 4C shows the results of varying duty_t while keeping
the other parameters fixed. Dataset 415 was obtained using,
Kg:100 nm, h=70 nm, duty_b=0.7, and duty_t=0. Dataset
417 was obtained using A,=100 nm, h=70 nm, duty_b=0.7,
and duty_t=0.1. Dataset 419 was obtained using A_,=100 nm,
h=70 nm, duty_b=0.7, and duty_t=0.2. This simulation
turther points to dataset 413 as providing nearly optimal
results due to the fact that each of these loss spectra exhibit
relatively large loss peaks at approximately 500 nm. Fur-
thermore, this study shows that varying duty_t over this
range does not appear to dramatically affect the position of
the loss peaks at approximately 500 nm.

FIGS. SA-5B show further results of numerical simula-
tions for a rectangular grating and a trapezoidal grating,
respectively, over a two-dimensional parameter set for
A,=100 nm in accordance with one or more embodiments of
the mvention. The intensity (grayscale) plotted 1n these
figures 1s the value of the relative plasmonic loss ratio
defined as the plasmonic loss ratio of a grating-structured
clectrode normalized to a flat surface electrode. Darker
shading indicates a lower relative plasmonic loss ratio and
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thus, improved behavior over the flat surface geometry. FIG.
5A shows relative plasmonic loss ratio, averaged over three
wavelengths of 475 nm, 3535 nm and 625 nm, as a function
of both h and duty ratio for a rectangular grating having
A,=100 nm [for a rectangular grating, L ~=L,=L .. the duty
ratio 1s defined as L, /A ]. As can be seen 1in FIG. SA, the
minimum value of 0.37 for relative plasmonic loss 1s
achieved at h=120 nm and duty ratio of 0.1. FIG. 5B shows
relative plasmonic loss ratio, averaged over three wave-
lengths of 475 nm, 535 nm and 625 nm, as a function of
duty_t and duty_b for a trapezoidal architecture having
A,=100 nm and h=70 nm. As can be seen 1 FIG. 3B, the

minimum relative loss 01 0.33 1s achieved at duty_b=0.7 and
duty_t=0. Furthermore, FIG. 5B suggests that trapezoidal
geometry may exhibit improved plasmonic loss reduction
relative to a rectangular architecture.

FIGS. 6A-6B show further results of numerical simula-
tions for a rectangular grating and a trapezoidal grating,
respectively, over a two-dimensional parameter set for
A,=300 nm. The mtensity (grayscale) plotted in these figures
1s the value of the relative plasmonic loss ratio defined as the
plasmonic loss ratio of a grating-structured electrode nor-
malized to a flat surface electrode. Darker shading indicates
a lower relative plasmonic loss ratio and thus, improved
behavior over the flat surface geometry. FIG. 6 A shows
relative plasmonic loss ratio, averaged over three wave-
lengths 01 475 nm, 3535 nm and 625 nm, as a function of both
h and duty ratio for a rectangular grating having A_=300 nm
[for a rectangular grating, L =L, =L the duty ratio 1s

itch?
defined as L ;. ,/A.]. As can be seen in FIG. 6A, the

minimum loss of 0.41 1s achieved at h=80 nm and duty ratio
of 0.3. FIG. 6B shows relative plasmonic loss ratio, aver-
aged over three wavelengths of 475 nm, 535 nm and 6235 nm,
as a function of duty_t and duty_b for a trapezoidal archi-
tecture having A =300 nm and h=70 nm. As can be seen 1n
FIG. 5B, the minimum loss of 0.31 1s achieved at
duty_b=0.9 and duty_t=0.3. Again, FIG. 5B suggests that
trapezoidal geometry exhibits improved plasmonic loss
reduction relative to a rectangular architecture.

FIGS. 7A-7TB show a cross-section of a light emitting
device, e.g., an OLED 1n accordance with one or more
embodiments. In particular, FIGS. 7A-7B are 1dentical to the
embodiment shown 1n FIG. 2 except that the ETL layer 111
does not fully mesh with the metal electrode layer 113. For
example, 1n FIG. 7A, the metal electrode layer 113 1ncludes
the periodic grating structure while the E'TL layer 111 1s
planar. This type of arrangement results 1n voids 703 being
present in the structure. Likewise, FIG. 7B shows an
example where the ETL layer 111 1s patterned, but the metal
clectrode layer 113 1s not patterned. This configuration also
results 1n voids 705 being present.

FIG. 8 shows a cross-section of a light emitting device,
e.g., an OLED 1n accordance with one or more embodi-
ments. In particular, FIG. 8 shows an architecture having the
same grating structure carried conformally through all the
layers. This arrangement may be advantageous for certain
fabrication processes that rely on specific depositions.

FIG. 9 shows a cross-section of a light emitting device,
¢.g., an OLED 1n accordance with one or more embodi-
ments. In particular, FIG. 9 shows an architecture having a
grating-structured metal electrode and also a diflerent grat-
ing structure employed throughout the other layers. This
type ol architecture may be beneficial because the deep-
subwavelength grating structure may be employed on the
clectrode for reducing plasmonic loss as described above
and other grating structures may also be applied above the
metal layer for other purposes. For example, gratings may be
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applied at the upper layers for extracting the waveguide and
substrate modes 1n accordance with one or more embodi-
ments.

FIG. 10 shows a cross-section of a light emitting device,
¢.g., an OLED 1in accordance with one or more embodi-
ments. In particular, FIG. 10 shows an architecture having a
deep-subwavelength grating-structured metal electrode 113
in combination with a high index internal extraction struc-
ture (IES) layer 1003 that includes a light scattering particles
and also in combination with an upper layer having a
microlens array 1005. In accordance with one or more
embodiments, the IES layer 1003 and microlens array 1005
may be optimized for outcoupling of the waveguide and
substrate modes, respectively.

While the above examples were focused on the optimi-
zation of the shape of the grating structure one or more
embodiments of the invention may also be implemented by
employing a light source design that 1s optimized per a
particular plasmon loss spectrum of a particular grating-
structured electrode.

FIG. 12 shows periodic grating structures in accordance
with one or more embodiments of the invention. As shown
in FIG. 12, one or more embodiments of the invention may
include a 1 dimensional (1D) or 2 dimensional (2D) grating
structure. One or more embodiments of the mmvention may
include a 2D square lattice structure or a 2D hexagonal
lattice structure. The individual islands that form the 2D
structure may include trapezoidal or cone type frustum, as
shown 1 FIG. 12. One or more embodiments of the mven-
tion may include a 2D lattice structure similar 1n shape to the
geometries shown in FIG. 11.

FIG. 13 shows an example of a light source emission
spectrum design combined with a trapezoid grating-struc-
tured electrode having A =300 nm in accordance with one or
more embodiments of the mnvention. In particular, the spiked
spectral power distribution shown 1n the bottom of FIG. 13
shows wavelength peaks 1301 associated with the source of
the light used i the LED. The spiked spectral power
distribution may be used 1n conjunction with an electrode
grating that possesses a strong wavelength dependence so
long as the source peaks of the spectral power distribution do
not overlap significantly with any loss peaks in the plas-
monic loss spectrum.

In other words, the wavelength peaks 1n the source
spectral power distribution should not be at the same wave-
lengths as the peaks in the plasmonic loss spectrum in
accordance with one or more embodiments of the mnvention.
Such designer sources may be manufactured according to
known methods, for example using quantum dots or optical
microcavities, and when used in conjunction with that
disclosed herein may operate at increased efliciency when
compared to standard broadband (O)LED systems.

While the imnvention has been described with respect to a
limited number of embodiments, those skilled 1n the art,
having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the
scope of the mvention as disclosed herein. Accordingly, the

scope of the invention should be limited only by the attached
claims.

What 1s claimed 1s:

[1. A light emitting device comprising:

a substrate layer;

a first electrode layer;

a light emitting layer that emits light in the wisible
spectrum; and
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a patterned second electrode layer comprising a periodic
grating structure having a grating period A less than or
equal to 200 nm, and

wherein the patterned second electrode layer and the light
emitting layer are separated by at most 100 nm.}

[2. The light emitting device of claim 1, wherein the
periodic grating structure of the patterned second electrode
layer comprises a plurality of trapezoidal protrusions.]

[3. The light emitting device of claim 2, wherein each one
of the plurality of trapezoidal protrusions comprises:

a top portion having a length L ;

a bottom portion having a length L,; and

a height h, wherein:

h 1s greater than or equal to 30 nm and less than or equal
to 70 nm;

L /A, 1s greater than or equal to 0 and less than or equal
to 0.4; and
L,/A, 1s greater than 0.5 and less than 1.}

[4. The light emitting device of claim 3, wherein:

?xg 1s less than 120 nm,

h 1s greater than or equal to 40 nm and less than or equal
to 60 nm,

L,/A, 1s greater than or equal to 0 and less than or equal
to 0.2, and

L,/A, 1s greater than or equal to 0.6 and less than or equal
to 0.8.]

[5. The light emitting device of claim 1, wherein the

grating structure comprises periodicity in two dimensions.}

[6. The light emitting device of claim 5, wherein the
grating structure is arranged in a square lattice structure.]

[7. The light emitting device of claim 5, wherein the
grating structure is arranged in a hexagonal lattice structure.}

[8. The light emitting device of claim 1, wherein the
grating structure comprises periodicity in only one dimen-
sion. ]

[9. The light emitting device of claim 1, wherein the
periodic structure of the patterned second electrode layer
comprises a plurality of conical protrusions.]

[10. The light emitting device of claim 1, wherein the
periodic structure of the patterned second electrode layer
comprises a plurality of circular protrusions.}

[11. The light emitting device of claim 1, wherein the
periodic structure of the patterned second electrode layer
comprises a plurality of rectangular protrusions.]

[12. The light emitting device of claim 1, wherein the
periodic structure of the patterned second electrode layer
comprises a plurality of square protrusions.]

[13. The light emitting device of claim 1, wherein the light
emitting layer comprises a red light emitting layer, a green
light emitting layer, and a blue light emitting layer.]

14. A light emitting device comprising:

a substrate layer;

a first electrode layer;

a broadband light emitting layer configured to emit broad-
band light having a discrete spectral power distribution
comprising a plurality of emission peaks at a plurality
of emission wavelengths;

a patterned second electrode layer comprising an opti-
mized periodic grating structure,

wherein a plasmonic loss spectrum of the light emitting
device due to the patterned second electrode comprises
a plurality of plasmonic loss peaks at a plurality of
wavelengths, and

wherein the plurality of emission peaks are at different
wavelengths from the plurality of wavelengths of the
plurality of plasmonic loss peaks.
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15. The light emitting device of claim 14, wherein the
plurality of emission wavelengths are within a range of 430

nm to 700 nm.

16. The light emitting device of claim 14, wherein the
plurality of emission wavelengths comprises a red wave-
length, a green wavelength, and a blue wavelength.

17. A light emitting device comprising:
a substrate layer,
a first electrode layer,

a light emitting laver that emits light in the visible
spectrum,; and

a patterned second electrode layer comprising a periodic
grating structure having a grating period A, less than
or equal to 200 nm, wherein

the patterned second electrode layer and the light emitting
laver are separated by at most 100 nm, and

the periodic grating structure of the patterned second
electrode layer comprises a plurality of trapezoidal
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protrusions, wherein each one of the plurality of trap-
ezoidal protrusions comprises:

a top portion having a length L ;

a bottom portion having a length L,; and

a height h, wherein.:

h is greater than or equal to 30 nm and less than or

equal to 70 nm;

L/ is greater than or equal to 0 and less than or equal

to 0.4; and
L,/h, is greater than 0.5 and less than 1.

18. The light emitting device of claim 17, wherein:

7\5, is less than 120 nm,

h is greater than or equal to 40 nm and less than or equal
to 60 nm,

L/\, is greater than or equal to 0 and less than or equal

to 0.2, and
L,/\ is greater than or equal to 0.6 and less than or equal

to 0.65.
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