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Abstract
Organi tting devices (OLEDs) are widely used for mobile displays, but the
relativel ifetime of blue OLEDs remains a challenge in many applications. Typically,

instability is viewed as a material-specific chemical degradation problem. It is known to be

alleviatedhing the operating current or otherwise decreasing the exciton density. We

show heris view 1s incomplete. For archetypical phosphorescent materials, we

observethﬁependence of photostability on the triplet exciton lifetime follows a cubic

power r than its dependence on exciton density. We demonstrate that the triplet

exciton li!time not only determines the energy stored within an OLED, it also determines the

loss in lumce by controlling the yield of quenching by defects. The dominant role of
the tripl on lifetime suggests that the stability of the best OLED materials can be
significantly 1 ved via rapid extraction of the energy stored in triplet excitons.
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OLEDs are presently the leading display technology for mobile devices, with growing
applications in televisions and solid-state lighting. Amidst this success, perhaps the greatest

remaining

enge is to resolve the poor stability of high-efficiency blue OLEDs.

Phosphor [1.2)

, which emit from the usually non-radiative triplet state, are the
leading-cgm_ercial high-efficiency technology in red and green, but blue phosphorescent
devices degradegto 90% of their initial luminance within 150 hours continuous operation at
1000 nits™"

MWHS have been made to understand OLED degradation behavior™> ¢+,
While extrinsic \egradation mechanisms have been identified and minimized"", routine
identificati rimary intrinsic degradation mechanisms has not been developed. Indeed,
diagnostiﬁscopy at the microscopic level is challenging given the exceedingly rare
processes m Red phosphorescent OLEDs, for example, exhibit a decay time to 95% of

initial LT95) of ~20,000 hours at an operating brightness of 1000 nits!'*!. Given

that the activ sphorescent dye is present at 3% loading in a 30-nm-thick emissive layer,
this yields more than 60 billion excitons per dye to L790. One approach to the experimental
challenges to build models that consider an array of possible phenomena that are then fit to
degradati@or a specific combination of materials in a specific device structure®*!*'*],

Due to the titude of fitting parameters, however, such models do not allow for an

unequivo and more importantly, generalized quantification of physical parameters

q

L

governi tion.

Given th@ challenges that confront the rational design of OLED materials, it is

Gl

important t rmine general characteristics of OLED failure processes by isolating

individua arameters in direct experimental probes. We focus on long-lived triplet

A

excitons, which are common to all OLEDs, and are hypothesized as an important energy

source for degradation processes. The total energy stored in triplet excitons is dependent on
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the triplet exciton density which, in turn, is determined by the triplet exciton generation rate,
G, and the triplet exciton lifetime, 7. Using these two key parameters, we construct a simple
model (hegradation based on three primary classes of known failure mechanisms.

A iilg Table 1, the first class (i) of degradation mechanisms is unimolecular
pathwa?s.Tmpﬂes include spontaneous degradation of a given molecule in its excited state,
or an impuritymassisted process such as photo-oxidation!'”. Unimolecular processes are
distinguisg the other classes because they scale linearly with the number of triplet
excited stme OLED. The second class (i7) of degradation mechanism is triplet-charge
interactionSHere, triplet excitons collide with a charged molecule, forming a high
energy stat ich initiates permanent damage to one of the molecules. Assuming that the
charge denSitimissglctermined by non-geminate recombination, these processes are expected to

scale as tmﬁon intensity to the power of 1.5 1. The final class (iii) of degradation

mechani iplet-triplet interactions”!. Here, two triplet excitons collide, forming a high

energy state g to permanent damage to a molecule. These processes scale quadratically
with the number of excited states in the OLED!?.

C(!ceptually, we can understand degradation in terms of the energy density stored in
the device, ergy density depends equally on the generation rate and the triplet exciton
lifetime. T ple analysis suggests that changes to the triplet exciton lifetime should be
roughl§‘ e&'valent to changes in an OLED’s luminance. Once formed, however, a damaged
molecuMy quench neighboring molecules, thereby amplifying the impact on an
OLED’s I@nce“&23 24 While the yield of exciton quenching at non-luminescent
defects is 1 dent of the exciton generation rate, it is dependent on the triplet exciton

lifetime. quenching is the crucial phenomenon that increases the dependence of

emitter stability on the triplet lifetime relative to its dependence on the exciton generation
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rate. The expected dependence of each class of degradation mechanism on the overall triplet
exciton lifetime 7, and the triplet exciton generation rate G is:

1/LT! 12 (i), 1/LT90 « G5¢2 (i),  1/LT90 « G273 (iii) #(1)

where the solutions for unimolecular, triplet-charge, and triplet-triplet cases are marked (i),
N
(if), and (Mectively. LT90 is the time required for the OLED to degrade to 90% of
initial IUIT@TI]G same dependencies are expected for L797 and L795, but in this study
we measu See Supplementary Note 1 for a detailed derivation of Eq. 1.
As arguéd conceptually above, Equation 1 predicts that, in each case, the dependence
of stability on let exciton lifetime is dramatic, stronger even than the dependence on

generatiOI:To test the predictions for triplet-triplet and triplet-charge induced
on, whi

degradati : i keeping the exciton generation rate constant, we systematically reduce the

triplet exc ime by engineering a competing decay into surface plasmon modes.
imentally, we consider optically pumped films of green and blue Ir-based
phosp nt dyes. Notably, this allows us to isolate the key parameter, 7, while leaving all

other experimental parameters such as emissive layer thickness and composition unchanged.

The gree&er is the well-studied phosphorescent dye fac-tris(2-phenylpyridine)

Iridium(1I @ )3). It is employed as a neat film, where it exhibits strong triplet-triplet

annihilati dwiched by the host material 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP).
The material  is  fac-tris[3-(2,6-dimethylphenyl)-7-methylimidazo(1,2-f)
phenanthridi ridium(IIl) (Ir(dmp);) doped at 10% by volume into 3,3’-bis(N-
methylcar -1,1°-biphenyl (mCBP) sandwiched by the host material mCBP. The lowest
unoccupi lecular orbital (LUMO) of mCBP is near in energy to the LUMO of Ir(dmp);

such that free Clfrge is generated under optical excitation of the system. The degradation
behavior of this system is dominated by triplet-charge interactions'*). The chemical structures

and energy levels of these materials are shown in Fig. 1a and 1b.
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To control the exciton lifetime of the phosphorescent dyes, we deposit them on films

of Ag with a host material spacer layer of variable thickness, d. As shown in Fig. 1c and 1d,

this approaleoits the well-known phenomenon of non-radiative energy transfer to
surface plmitons in the Ag film**?*. The combination of the guest-host systems of
Varying- C ce_ntration at a tunable spacer layer distance from an adjacent silver film allows us
to systemagicallyy vary the degradation mechanism and triplet exciton lifetime, without the
need to che y modify the materials to do so.

TWnt photoluminescence (PL) responses for varying spacer thicknesses are
shown in @nd 2b. To determine the impact of triplet exciton lifetime on stability, we
measure th stability of the samples under continuous excitation by a A =405 nm laser;
see Fig. Zﬂ. See Supplementary Note 2 for details of the data processing. As predicted

by Equatim find that the films with longer triplet exciton lifetimes degrade faster. For

ct the time required for the PL intensity to fall to 90% of its initial value

(LT790). Cared en to ensure that the optical generation rate of triplet excitons is identical
for all films. The pump power is corrected based on transfer-matrix calculation of
absorptiors9] and in accordance with experimentally determined pump-power dependencies
for each s he calculated absorption is verified by direct measurement of absorption in
an integrati ere; see Supplementary Note 3.

Usg the data in Fig. 2, we extract the measured dependence of phosphorescent dye
stabilit}leet exciton lifetime, 7. We summarize these results in Fig. 3 where we
show the@tion behaviors of both 10% Ir(dmp);:mCBP and neat Ir(ppy)s. The
dependence ility for each system on 7 is substantial, as predicted by Eq. 1. The stability
of 10%¢1CBP, which is dominated by triplet-charge interactions, exhibits a power
law dependence on 7 with an exponent of 2.9. For neat Ir(ppy)s, dominated by triplet-triplet

degradation events, the power law dependence of stability on 7 is 3.6. A seven-fold reduction
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in exciton lifetime thus leads to a /000-fold improvement in the photostability of neat
Ir(ppy)s. We note that all of the measured power law dependencies on 7 are larger than the
predictions i . 1. For the doped system, which generates charge, the discrepancy could be
partially d&'ssociation of triplet excitons into charge which yields 1/L790 « 7*°; see
 EE— . .
Suppleme!ary Note 1. The systematically steeper slopes may also suggest that additional

triplet dmay a role in the quenching process. For example, the contribution of triplet

exciton di to the quenching process can induce additional dependence on exciton
lifetime; wlementary Note 1. The experimental data nevertheless confirm that the
simple m@ Eq. 1 provides a conservative estimate for the potential stability
improveme ievable with changes in triplet lifetime.

I entary Note 4, we also characterize neat Ir(dmp);, which exhibited green
excimer and was not studied further, and 10% Ir(ppy);:CBP, which was found to
behaveysiiai 10% Ir(dmp);:mCBP. Similar to Ir(dmp);:mCBP, where electron and hole
transport oc eferentially on the host and guest, respectively'*, the Ir(ppy);:CBP system
can separate charge under photoexcitation. This is confirmed experimentally; see
SupplemeM)te 5. The charging is exacerbated in the vicinity of the silver film, where it
is charact@ the onset of delayed luminescence in the transient PL. The presence of
multiple dis

lifetimes and the evidence of additional dynamics close to the silver causes

us to n les characterized by strong delayed luminescence; see Supplementary Note

th

The depeiience of photodegradation on the triplet exciton generation rate, G, offers

an addition of the predictions in Eq. 1. The relevant data for neat Ir(ppy); and 10%

is shown in Fig. 3, and the pump-power dependence of 10% Ir(ppy)s:CBP is

[21],[22

described in Supplementary Note 7. The results are consistent with expectations I for

triplet-charge and triplet-triplet induced degradation in the doped systems and neat Ir(ppy)s,
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respectively. We find that the power law governing the dependence of pump intensity has a

slope of approximately 1.5 for the 10% doped systems and 2.0 for neat Ir(ppy)s, as predicted

(11

by Eq. 1 1(ii1), respectively. Interestingly, doped Ir(ppy); in the absence of a silver
film and p)3 with large separation of 150 nm between the emission layer and the
N

silver filmgyield power law slopes of approximately 1. In both cases, the apparent charging in
the materigls ismgduced, yielding unimolecular power law dependencies. We note that these
systems ar ely to be relevant to OLEDs, given the substantial densities of charge

expected ws under bias. We also characterize photodegradation as a function of the

Ir(ppy); doping§ratio in CBP films, observing the expected transition to triplet-triplet

interactions ich doping densities; see Supplementary Note 7.
Cailsigdeiiing these results in the context of modern OLEDs, we note that the observed

dependen

Ul

bility on the triplet exciton lifetime should motivate the development of

d

new deid ns that apply Purcell enhancements to phosphorescent dyes, which are
unique in th long-lived states are radiative. OLEDs with high brightness and enhanced
stability could be realized by rapidly extracting energy via coupling to surface plasmons,
combined@yith an optical outcoupling mechanism to radiate the energy back into free space.
Faster tri@ton lifetimes also promise to reduce efficiency droop at high excitation
densities!”” ™" key secondary challenge for future OLED applications. The potential

improvement to droop can be quantified using the experimental probes developed here to

h

{

study st

To summ@rize, OLEDs store energy in excited states during the conversion of injected

U

charge into educing the stored energy density by expanding the exciton recombination

zone or the current density is known to alleviate degradation processes”® ®. The

A

triplet exciton lifetime is the other crucial determinant of the stored energy density, and it

additionally controls the yield of luminescence quenching by defects. By experimentally
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isolating this key parameter, we observe that it dominates the photostability of
phosphorescent dyes. We measure a cubic dependence of stability on the exciton lifetime.
Indeed,#change in triplet exciton lifetime yields up to a /000-fold improvement in
photostab&

triplet exciton lifetime can be engineered without incurring major non-

radiative !ss, the potential improvement is more than enough to stabilize phosphorescent

blue mate'@many applications.
Methods w

Photoluminescefig samples were grown via vacuum thermal evaporation. Prior to any organic
layer depositi coating, the soda-lime glass substrate was degreased with solvents, dried,
and then t

samples cated in high vacuum (< 10 Torr). The Ag layer was fabricated on a 10 A

thick

ith oxygen plasma for 1.5 minutes and ultra violet ozone for 5 minutes. The

dhesion layer followed by the specified thickness of Ag. All layers were

grown at a r. either 1 or 2 A/s. All samples were encapsulated with a glass lid and sealed
with an ultra violet cured epoxy in a nitrogen glove box (< 1 ppm of H,O and O,)
immediat& after fabrication. For doped layers, doping percentages are in volume percent.
All sampl repared at Universal Display Corporation.

Elli etry data was measured with a J.A. Woollam RC2 variable angle
ellipsomes: To accurately determine the optical constants and thicknesses of the metal
layers, Mof the metal were grown on a Si wafer with a ~1500 A thermal oxide.

FoEotodegradation measurement, a A =405 nm laser (CPS405, Thorlabs) was
used as the ex@if@tion source. The excitation power deviation was tracked with a 90:10 beam
splittermon photodetector (818-SL, Newport). A A =450 nm short pass filter was
used for the excitation power detection. Another silicon photodetector was used for PL

detection with a A =450 nm longpass filter and a A =700 nm shortpass filter. The
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photodetectors were connected to two lock-in amplifiers (SR830, Stanford Research

Systems) to reduce measurement noise. The sample was excited at 45-degree angle and

detection oﬁ were placed to normal direction. All measurements were done in an optical

enclosure. PL was measured with a streak camera (Hamamatsu C11200 and a

I
A=371 nmﬁser diode).

Author Manusc
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@ Unimolecular process | @0 Triplet-Charge nteraction | i) Triplet-Triplet Interaction
Defect generation . . . . . ¢ . . . . .
mechanism . * . m .19, k\m

006 00

Defect generation rate % (71 = (L5 = (322

| ..000009.00.0
Excrtg:sdgfl_éi?sched . . . . . . . . . .
0000000 OOV O

Auenching loss % 1

14 £790 x i [ « G152 ] (23

Table 1. classes of degradation mechanisms that generate defects within an OLED
and their neration rate as a function of triplet exciton-generation rate (G) and triplet

exciton lif€time (7). The dependence of the OLED lifetime to 90% of initial lifetime (L790)

n

on the tri 1ton lifetime is significant because 7 not only contributes to the triplet
exciton d ut also influences quenching losses at defect sites. The details of the

derivation upplementary Note 1.

M

Author
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Cptical pump
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. Ir{dmp); mCEF
MEBP & gy : i
_t 6.0 e d| mcse )
Irjdimp}, mCEBP = Quenching
Cptical pump
(b} {d)
1.68eV 1 gey
I
2 - cpp IMODY): PL
. a2 ey
3
: G0 ey
Ir{ppvls CEBP = )

zuenching

Figure I.Bemical structures and energy levels of (a) blue, and (b) green material

combinatiﬁs. The energy levels of the highest occupied molecular orbitals were determined

[4,31,32

by photoemission spectroscopy for Ir(ppy)s, CBP, Ir(dmp)s;, and mCBP 1. The lowest
unoccupie ular orbitals of Ir(ppy)s, CBP and mCBP were determined by inverse
photoe i@, spectroscopy!® 2. The lowest unoccupied molecular orbital level of Ir(dmp)s
was d rom the optical gap and assuming identical exciton binding energy of

Ir(ppy)s. The sample structure for the blue system (¢) is Ag(34 nm)/mCBP(10, 20, 45, 150
nm)/Emis (10 nm)/mCBP(10 nm) and the green system (d) is Ag(20 nm)/CBP(0, 5,

10, 20, 45 @ )/Emission layer(10 nm)/CBP(10 nm).

Author
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Transient Photoluminescence

10% Ir(dmp),:mCBP b Ir(ppy)s
a
(a) 100f — d=10nm } (b) 100 — d=0nm
E- : ::ignm E —— d=5nm
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o —— d=150nm 9
£ 10" 1 £ 101 d=20nm
_-é’ é\ —— d=45nm
% 8 —— d=100nm
ot D
= 102 = 102
| —
o o
0% 1 > 3 4 5 10 1 2 3 4 5
Time (us) Time (us)
Photodegradation
10% Ir(dmp),:mCBP Ir(ppy),
() (d)
€ 0.8} € 0.98
o) O
Z pd
= 0.96} =0.96
£ 2
g 0.94 g 0.94
g 2
£ £
~, 0.92} —,0.92
o o
0-% 5 10 15 20 25 2% 5 _ 10 15
Time (mins) Time (mins)

Figure 2. iransient PL decay of (a) 10% Ir(dmp);:mCBP and (b) neat Ir(ppy)s, as a function
of varying thickness d. As expected, reducing the distance between the emission layer
mponds to increasingly fast exciton decay due to strong coupling to the non-

and the A

radiative Srface plasmonic modes in Ag. The PL degradation curves for the (¢) blue and (d)

green systems agja function of d. Samples with emission layers closer to Ag experience a

stabilizinﬁ. e. slower PL degradation. The data for doped Ir(ppy); samples are shown
m

in Supplemen afFig. 3 and 4.
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10t X d=0nm neatlr(ppy); € d=10nm4 9
1

Normalized Exciton Lifetime

Figure 3. The stability in both green and blue systems as a function of the generation rate of

triplet excw, and the triplet exciton lifetime, 7. Differing symbols correspond to the

to obtain each data point. Values for L790 are extracted from the data
and plotted on a normalized logarithmic scale against (top) triplet exciton
) and (bottom) triplet exciton lifetime (7). See Supplementary Note 2 for

generaiigi

details on he normalization of data points plotted against exciton generation rate.

-
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To understand the stability of organic light-emitting devices (OLEDs), the exciton lifetime is
experithed and systematically varied. A 7-fold change in triplet exciton lifetime yields up
to a 1000-folddiaprovement in photostability. The exciton lifetime plays a dominant role by

controlling of quenching by defects as well as the energy stored within an OLED.
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