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Challenges in Blue and White OLED materials
Enhancing blue lifetime

Enhanced out-coupling through molecular design
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Heavy metal facilitated triplet emission
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« To get good efficiency you MUST collect both singlet and triplet excitons

« Strong spin-orbit-coupling mixes singlet and triplet states, M = Ir, Pt, Os, Re, etc.

« Mixing of triplet states with IMLCT makes phosphorescence a largely allowed transition
« Can lead to lifetimes in usec regime and high PL efficiency, esp. for M = Ir and Pt
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Organometallic Ir complexes in OLEDs

o

nitters m

» Optimized OLEDSs give external efficiency = 15-20%
= Internal eff = 70-100% (abs., waveguiding) External
« Luminance efficiency should provide an upper limit to OLED Efficiency

U§C 15-20%
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PHOLED Performance

DEEP RED 0.69, 0.31 14,000 250,000
|  RED | (0.66, 0.34) 25,000 600,000
——mp | (&0 | 30 | w0000 | o000

GREEN-YELLOW 0.46, 0.53 70,000 1,400,000

These results are for bottom-emitting structures (with no cavities). Lifetime data are based on accelerated current drive conditions at room
temperature without any initial burn-in.

Top-Emission Structures
ed for Mobile
(at 1000 cd/m?)

1931 CIE Color Luminous Efficiency Uperating .

Coordinates {cd/A)

Owur proprietary, patented materials are produced to exacting quality standards, and fully device-qualified using IS0 9001: 2008 compliant
guality management systems.

Performance for PHOLEDs made by VTE Process
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Color Mixing to Achieve White Emission

« Color mixing

« Side-by-side arrangement of RGB elements

« Transparent devices can be stacked
— Pixels on top of pixels with a common substrate

— Large sheets of transparent R, G and B OLEDS
can be stacked to achieve white

« Mixed emitters in a single device
— Simplifies device
— Color balance achieved automatically
— Several possible architectures

 |n all cases the White OLED lifetimes
will be limited by the blue components

USC

white

i




Intrinsic Lifetime of OLEDs

Dopants are typically stable under optical excitation, but degrade under
electrical excitation: the high energy exciton does not degrade alone
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Degradation Routes

Exciton Localization

energy

Exciton-Exciton Annihilation

S, /T,
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» Energetically Driven
- Lifetime: R>G>B

» Two particle interactions lead to

luminance loss

-Exciton on phosphor,
polaron on host
- Exciton-exciton also
possible

energy
transfer

Exciton-Polaron Annihilation
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W /‘T/ | Drive Voltage Drift with Aging
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Brighter with extended lifetime:

Phosghorescent SOLEDs

Requires less current for same luminance as a single unit device
* Longer lifetime at same luminance

Panel Single 5 Unit
— |0 . 2XV0 15cm x 15 cm Unit
_‘ | 829% fill factor | \WOLED WSOLED
I0 ! VO Luminance
L rcd/m?] 3,000 3,000
_ *J‘ Efficacy [m/W] | 49 48
v CRI 83 86
f+ —*' Voltage [V] 4.3 7.4
Y\/Z + g . :
(0.471, (0.454,
VL 1931 CIE 0.413) | 0.426)
0
2xL0v CCT [K] 2,580 2,908
Conventional OLED Stacked OLED (SOLED) LTy, [hrs] 4,000 13,000

Lifetime and efficiency of OLEDs can be increased by
vertically stacking multiple OLED units in series

USC

P.Levermore et al, SID Digest, 72.2, p.1060, 2011.




Spreading the recombination zone: Dopant/Host Grading

a
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USC Y. Zhang, et al., Nature Comm. (2014), DOI: 10.1038/ncomms6008



Performance of Graded Devices

D1= Conventional/Uniform doping Exciton Sensing:

D2= No HTL/Uniform doping « Very dilute red phosphor slab
D3= Graded doping e 1.5 nm thick

DxS=Stacked

 Placed at 5 nm intervals in EML
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Grading: 10 X Lifetime Improvement Over Standard
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USC Y. Zhang, et al., Nature Comm. (2014), DOI: 10.1038/ncomms6008



Summing it All Up

Conventional Graded

.
S

Position

Concentration

« To increase lifetime: decrease bimolecular collisions/processes
— Lower [exciton] and [polaron], but this increases voltage
« Grading is good, but how do we improve on it?
— New, more stable blue phosphors and host materials (on going)
( — Relax the hot-polaron before it decays (managers)
N\




Summing it All Up

exciton-exciton annihilation: exciton-polaron annihilation:
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« To increase lifetime: decrease bimolecular collisions/processes
— Lower [exciton] and [polaron], but this increases voltage
« Grading is good, but how do we improve on it?
— New, more stable blue phosphors and host materials (on going)
( — Relax the hot-polaron before it decays (managers)
N\




The Problem of TTA or TPA

(1) Electrical excitation
(2) Blue Emission
B3) TTA/ TPA
T./Px (3) Vibronic relaxation
(4) Dissociative reaction (Bond cleavage)
(4) High energy particle management
(5)’ Non-radiative/radiative decay
« Desirable blue emission

v > @

So - Dissociative reaction (degradation)
Blue Excited state D> 3®> ®
Phosphor “manager” « High-energy states management

®>®> ®>®

@!

« To increase lifetime: decrease bimolecular collisions/processes
— Lower [exciton] and [polaron], but this increases voltage
« Grading is good, but how do we improve on it?
— New, more stable blue phosphors and host materials (on going)
( — Relax the hot-polaron before it decays (managers)
N\
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Manager
CTRL 18 - 8 5.4 9.1 207 1.18
S1 16-6/2 5.3 9.2 334 (+61%) 1.69
S2 18-8/5 5.5 8.5 301 (+45%) 1.10
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Phosphorescent OLED Efficiency:

O =Dy, yn,17,

@z ,p. luminescent quantum efficiencies
b4 fraction of usable excitons
n.  carrier recombination efficiency

n.  out coupling efficiency



Phosphorescent OLED Efficiency:

O = CDPLZU

- oy Cathode
- Phosphorescent emitter: @,y =1 Wavegude || %/ﬁ\&w | crsenciayers
Emission to = Anode
- good devices can have 7, — 1 JAIR —
[- QEL Iimited by ﬂe ] Emissiontoair/ y
Cathode
Organic /\ Ao

Glass/ ITO

A

Microlens array Scattering particles Grating



Non-Isotropic Emitter Orientation

Consider the orientation of * Anisotropy factor:
the transition dipole relative D, D,

0 = =
to the substrate. D, n Py + D, P|| + D,

== )l 00000%00

c‘:’ 4
®=0 0.33 1
60/‘ ’(s\o{ 4&?‘
= < <
%, 2, S
S

p, strongly couples to plasmon modes

USC— T.D. Schmidt et al., Appl. Phys. Lett. 99, 163302 (2011)



Light Outcoupling in OLEDs

Consider the orientation of
the transition dipole relative

Horizontal orientation

—_
Q
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—
o

5 0.8
to the substrate. 2
& 06
Dopant randomly oriented in the matrix. 5
W _5 04 Emission
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©
_ 08 r 02
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% 0.0 Emission to air
a 06
s (b) . Vertical orientation
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S 5
02 z
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0.0 2
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ETL thickness (nm) E

Emission to air

_ 50 100 150 200 250 300
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directly extracted to air!
U§C B. Scholz et al., Opt. Exp. 2012, 20, A205




Orientation and EQE

Isotropic non-isotropic
Ir(ppy)j Ir(ppy).(acac)
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S.-Y. Kim et al., Adv. Funct. Mater. 2013, 23 3896




Oriented Emitters: acac derivatives

Emitter Host Orientation ® (p,/(p,+p +p,) vertical)
Ir(dhfpy),(acac) NPD 0.25
Ir(ppy),(acac) CBP 0.23 (EQE reported = 19 and 25%)

CBP 0.23

TCTA/ B3PYMPM  0.24 (EQE reported = 30%) M
Ir(ppy),(tmd) TCTA/ B3PYMPM 0.22 (EQE reported = 32%)
Ir(MDQ),(acac) NPD 0.24 (EQE reported = 22%) acac

NPD/ BSPYMPM 0.20 (EQE reported = 33%)

NPD 0.24 I
Ir(bt),(acac) BPhen 0.22 M

Ir(mphmaq),(tmd) NPD/ BSPYMPM 0.18 (EQE reported = 37%) tmd
Ir(mphq),(acac) NPD/ BSPYMPM 0.23
Ir(bppo),(acac) CBP 0.21
r(ppy)s CBP 0.33
Ir(chpy)s CBP 0.22

All dopants reported here have ®, ~ 100% in doped films

Graf, A; Journal of Materials Chemistry C 2014, 2, 10298. Liehm, P; Applied Physics Letters 2012, 101. Kim, K.-H.; Advanced Materials 2014, 26,
3844. Kim, S.-Y.; Advanced Functional Materials 2013, 23, 3896. Kim, K.-H.; Nat Commun 2014, 5. Flammich, M.; Organic Electronics 2011, 12,
1663. Lee, J.-H.; Advanced Optical Materials 2014, 3, 211.



Orientation Measurement

375nm cw laser .~ CBP (70nm)
Fortunately we do not need to /" |ozemensazaq EmitlerCBP 6wtk (120m)
1 - substrate (0.7 mm
rely on OLED measurements . u ( )
to determine the net \ % Fused silica half cylinder prism
orientation of the TDV. - Emission

i4.-/F’\‘\t:1t'.eiticm stage
(b)

10 Irl(ppy}a:I CBP (IB%] _ 10 [ : I I I I Ir(I\z1IDQ}2(e;cac): -:Ix—NF’DI(E%}_'
S 08 S 08} |
S 3 |
. 0.6 S 06f |
»m [ » .
% 0.4+ ® Measurement % 04+t Simwef\;}(ﬁ;surement
T - Simulation < I pp,=1:1
- 02 B px:pz=1:1 - 02 B _p p =10
I —px:pz=1'0 ] I ---p p,=1:0.6
o0t . - 0.0 R T S S S .
0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
Angle Angle
® =1.0/3.0=0.33 ® =0.6/2.6 =0.24

USC

J. Frischeisen, et. al., Org. Electron. 2011, 12, 1663




Mechanism 1: dopant dipole driven alignment

L [D] I [A] [f"l-j":r{f'z’:-r'_i?_UJ )3
Ir(ppy): @ 11.4 1.00
—

Ir(ppy).(acac) 11.0 0.08
Ir(chpy)s 11.6 0.09
Ir(dhfpy).(acac) 17.7 0.01
Ir(BT):(acac) 12.6 0.05
Ir(MDQ),(acac) 13.8 0.04

13.5 33

Ir(piq)s

Large dipole induces dopant aggregation =

Decreases dopant-host interaction =

Leads to isotropic orientation

PPy MDQ BT
_12/r3
USC [U(ur) oc -pé/r7] A. Graf, et. al., ] Mater Chem C, 2, 10298-10304, (2014)




Mechanism 2: electrostatic dopant-host interactions

B3PYMPM NPB Y=L o
: BBPYMPM ((< NPB
i B
. B Pt

Ir(mphq),acac Ir(MDQ),acac

*& o 2t~
B3PYMPM N -
Ir(mphmd)gtmd Ir(phq)s
NPB (host) T liee  B3PYMPM (host) i Hiliii

Dopant induces order in the host.
USC Kim, K.-H. et al. Nat. Commun. 2014, 5, 4769




New material design: polar dopant

A Bl |
>~ _N ~._N N
© Ir/0 1\> 0 Ir/
N L
o o o
B _2 B 2
(bppo).lr(acac) (bppo).Ir(ppy)
pn=6.2D n=8.4D

« Optical measurement DOESN'T measure molecular orientation directly, only TDV

 Orientation of the transition dipole moment vector (TDV) measured in (ppy)Re(CO),:
Re-N-TDV = 18.5° *

USC * Vanhelmont, F. W. M., et. al, J. Phys. Chem. A, 1997, 101, 2946-2952



New material design: polar dopant

R = ] i = ] AN i O
N N N O
o AN |/0 _\\) o AN |/ =
r , r
o) ~ o= (o) é / \
B |2 B 2 —N
“bppO”
(bppo).lr(acac) (bppo).Ir(ppy) (PPY).lr(bppo)
pn=6.2D n=84D n=8.2D

86° 78°,93° 68°
Angle(s) between the permanent (red)
and TDV (green), illustrated for 6 ~ 20°

USC

M.J. Jurow, et al., Nat. Mater., 2015, doi:10.1038/nmat4428




New material design: polar dopant

“bppou

(bppo),lr(acac) (bppo)2Ir(ppy) (pPpy)2Ir(bppo)

Similar
electrostatics,
varied # emissive
ligands

ﬁ . 26.53
electrostatic surface potentials (kcal/mol)

USC




Observed Anisotropy

 PL measurements for doped CBP films

* Only the acac species orients
— It orients just like all the other acac species
— Independent of doping concentration

a) __Ir(bppo),(acac) ) Ir(bppo)y(ppy) ¢ Ir(PPy).(bppPO)
Ir ol EBF:\L |_5‘l|3‘1 T 1 | T T T 1 T T 1 | T T T T T
. 375nm _ LASY
10 Q""\ wIS\A “"5‘.‘ "1-‘
Glass 5uhstra1e -

3 08t . . NZREER \
- \ : ; -
E"‘ 06} : B Emission| i \ \
2 N [ 4[ o %,
g Measurement ‘&) ‘-_ Measurement "-_ Measurement
o 04f *6% ~L.'.' L * 6% 4 L *6%
- 20% o 2% 2%
= Simulation . Simulation \ Simulation

0.2 | — isotropic (6=1/3) | | —isotropic (©=1/3) VR | —isotropic (©=1/3)

— horizontal (@=0) — horizontal (©=0) v — horizontal (©=0)
Fu (o 0. 219} - -Fit m 0.324)
0 L 1 1 1 i | 1 L. N L. i . i . i o 1 ', i . 4 . 4 , 1
0° 10 20 30 40 50 GU 70 Bﬁ 90° 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 0° 10" 20 30° 40° 50° 60° 70° 80° 90°
Angle Angle Angle

USC ®=0.22 ® =0.33 ®=0.32




Mechanism of alignment

« Dipole-aggregation?
— Orientation independent

of dipole moment and
degree of aggregation

78°,93° 68°

 Electrostatics?

— acac-like heteroleptics
do not orient

(bppo)zlr(acac)  (bppo).Ir(ppy)  (ppYy)2lir(bppo)
®=.22 ®=.33 ®=.32

CBP is amorphous, some host materials are anisotropic and some are not,
but they all give nearly identical levels of alignment of (C*N),Ir(acac) based
emitters. HOW???

USC

M.J. Jurow, et al., Nat. Mater., 2015, doi:10.1038/nmat4428




Hypothesis: C, axis L by aliphatic/aromatic discrimination

Vapor Deposition of ¥, . 9?;15

|
O N N‘\Ir/o'\)
O - \O__,' +

2

& <2
Substrate

» Vacuum/Organic boundary induces molecular orientation with C, axis
perpendicular to substrate

* the aromatic ligands prefer the organic material/film, the acac is left
exposed to the vacuum

USC— M.J. Jurow, et al., Nat. Mater., 2015, doi:10.1038/nmat4428



Oriented Emitters: tris

Emitter Host
Ir(dhfpy),(acac) NPD
Ir(ppy),(acac) CBP

CBP

TCTA/ B3BPYMPM
TCTA/ B3PYMPM

Ir(ppy),(tmd) TCTA/ BAPYMPM
Ir(MDQ),(acac) NPD

NPD/ B3PYMPM

NPD
Ir(bt),(acac) BPhen
Ir(chpy)s* NPD
Ir(mphmq),(tmd) NPD/ BSPYMPM
Ir(mphq),(acac) NPD/ BSPYMPM
Ir(phq);* NPD/ B3PYMPM
Ir(piq)s* NPD
Ir(bppo),(acac) CBP
Ir(ppy)s CBP

CBP

Orientation (% vertical)

25%
23%
23%
24%
23%
22%
24%
20%
24%

22%

23%

18%
23%
30%

22%

22%
31%
33%

Ir(ppy)s

va * Graf, A. et al., J. Mater. Chem. C, 2014, 2, 10298-10304




Conclusions: Ideal Orientations

05— T T T T T T
(C*N),Ir(0"0O)
fac-Ir(C*N),

0.4 1

0.3
@ . |
0.2 *  With our mechanism the
most planar possible host
film is needed
0.14 « Substitute ligands to
achieve high
0 aromatic/aliphatic contrast
O 10 20 30 40 50 60 70 80 90 in metal complex
6  Lower values of 6 are
Plot of § vs 6 assuming C, and C, axes possible!
oriented perpendicular to the substrate. v/ acac: move TDV to Ir-N
®=0 = EQE 2 >40% bond axis

v' tris;: move TDV to 45°
M.J. Jurow, et al., Nat. Mater., 2015, doi:10.1038/nmat4428
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Conclusions: Ideal Orientations

fac-Ir(C"N), (C”N),lIr(acac)
Sa N So I
=z \Ir K\r
N . C/

 With our mechanism the

T de, r_nos_t planar possible host
C3 | film is needed
Y. P « Substitute ligands to

achieve high
aromatic/aliphatic contrast
In metal complex

* Lower values of 6 are

Plot of § vs 6 assuming C, and C, axes possible!
oriented perpendicular to the substrate. v’ acac: move TDV to Ir-N
®=0 = EQE 2 >40% bond axis

v' tris;: move TDV to 45°
M.J. Jurow, et al., Nat. Mater., 2015, doi:10.1038/nmat4428
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