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Hot excited state management for long-lived blue
phosphorescent organic light-emitting diodes
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Since their introduction over 15 years ago, the operational lifetime of blue phosphorescent

organic light-emitting diodes (PHOLEDs) has remained insufficient for their practical use in

displays and lighting. Their short lifetime results from annihilation between high-energy

excited states, producing energetically hot states (46.0 eV) that lead to molecular

dissociation. Here we introduce a strategy to avoid dissociative reactions by including a

molecular hot excited state manager within the device emission layer. Hot excited states

transfer to the manager and rapidly thermalize before damage is induced on the dopant

or host. As a consequence, the managed blue PHOLED attains T80¼ 334±5 h (time to 80%

of the 1,000 cd m� 2 initial luminance) with a chromaticity coordinate of (0.16, 0.31),

corresponding to 3.6±0.1 times improvement in a lifetime compared to conventional,

unmanaged devices. To our knowledge, this significant improvement results in the longest

lifetime for such a blue PHOLED.
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O
rganic light-emitting diodes (OLEDs) are an important
technology for attractive, high efficiency displays and
lighting. New applications enabled by OLEDs include

flexible1, wearable2, transparent3 and high-resolution displays4, as
well as efficient and high intensity illumination5. The primary
impediment to large-scale commercialization of OLEDs, however,
is the short operational lifetime of blue-emitting devices6. Red
and green OLEDs are almost universally based on
electrophosphorescent emission due to their 100% internal
quantum efficiency (IQE)7,8 and operational lifetimes of
T95410,000 h which are sufficient for most display and
lighting applications6. (Here, TX is the time elapsed for the
luminance to decrease to X % of its initial value of
L0¼ 1,000 cd m� 2 under constant current operation.)

In contrast, the realization of long-lived blue electropho-
sphorescent OLEDs (PHOLEDs) has not been achieved since its
first demonstration in 2001 (ref. 9). Surprisingly, T80 of the blue
PHOLEDs with 1931 Commission Internationale de l’Eclairage
(CIE) chromaticity coordinates of yo0.4 are o10 h10,11.
Even for greenish-blue devices with yZ0.4, T80 is o160 h,
which is still too small for practical use12–16. This has led to the
use of significantly less efficient fluorescent OLEDs for blue
emission. Even so, the lifetime of blue fluorescent OLEDs is
insufficient for many applications17 and are at least ten times less
than state-of-the-art red and green PHOLEDs18. In the same
vein, the lifetime of green thermally assisted delayed fluorescent
OLEDs is only T95¼ 1,300 h19, and considerably less for blue.

The short operational lifetime of blue PHOLEDs has been
convincingly attributed to annihilation between excited states
(that is, exciton–exciton or exciton–polaron) in the device
emission layer (EML)20–22 that result in a hot (that is, multiply
excited) exciton or polaron while the remaining state
nonradiatively transitions to the ground state. This process is
analogous to Auger recombination in inorganic semiconductor
light-emitting diodes and lasers that also has been found to
adversely affect device performance23. The hot state in the
PHOLED EML can attain up to double the energy of the initial
excited state (Z6.0 eV). Thus, there is a possibility that their
dissipation on dopant or host molecules can induce chemical
bond dissociation24. Indeed, there are no bonds in organic
molecules used in OLEDs that can tolerate the concentration of
such a high energy without inducing molecular dissociation. The
probability of this reaction increases with twice the excited state
energy, and hence is particularly dominant for blue PHOLEDs
compared with red and green-emitting analogues.

The key to realizing long-lived blue PHOLEDs is, therefore, to
prevent the hot state energies from ever leading to molecular
dissociation reactions in the first place. This can be accomplished
by reducing bimolecular annihilations, or by bypassing the
dissociative processes altogether. In this work, we demonstrate a
strategy to thermalize the hot states without damaging the dopant
or host molecules. For that purpose, we add an ancillary,
protective dopant called an excited state manager into the EML
whose triplet exciton energy is higher than the emitting triplets
on the dopant. Thus, the manager does not trap excited states, but
rather it efficiently returns them to the dopant where they can
emit light. Further, by providing exothermic energy transfer
pathways from the hot states to the manager, the probability of
direct dissociation of the active materials comprising the EML are
reduced, or possibly eliminated.

By locating the manager dopant in the region where the
triplet excitons have the highest density and thus bimolecular
annihilation is most probable, the longest-lived managed blue
PHOLEDs achieve T80¼ 334±5 h at L0¼ 1,000 cd m� 2 with
CIE coordinates of (0.16, 0.30), which is a 3.6±0.1 and 1.9±0.1
times improved lifetime compared to conventional and

graded-EML devices25 of T80¼ 93±9 and 173±3 h,
respectively. Indeed, the lifetime of managed blue PHOLEDs is
at least 30 times longer than previously reported blue PHOLEDs
with similar colour coordinates10,11. Our strategy contrasts with
previous methods that have employed third components19,26,27,
but none of which directly address the siphoning of energy from
the most vulnerable constituents of blue PHOLEDs; that is, the
dopant and host molecules in the EML. Based on our results, we
provide the selection criteria for ideal manager molecules that can
enable further improvement in the stability of blue PHOLEDs.

Results
Hot excited state management to extend PHOLED lifetime.
Figure 1a shows the Jablonski diagram of an EML containing
an excited state manager and the possible relaxation pathways
for excitons. The manager can enable the transfer of the
hot singlet/triplet state (Sn*/Tn*, where n441) resulting from
triplet–triplet annihilation (TTA, process 2) to the lowest excited
state of the manager (SM/TM) via process 30. The hot state can be
either an exciton or polaron state resulting from either TTA or
triplet–polaron annihilation, respectively20.

Figure 1b shows the calculated energy levels of Sn*/Tn* for EML
molecules used in this work (see below). When TTA occurs
between one or more molecular species in the EML28, either the
singlet or triplet state is promoted to Sn*/Tn*45.4 eV.
While most hot states rapidly relax to the lowest excited states
(S1/T1, process 20), those that have sufficient energy can lead to
the chemical bond dissociation via S*n/T*n-D (process 3), where
D represents dissociative states. Dissociation requires energy in
excess of the bond dissociation energy of the excited molecule.
For example, bond dissociation energies of weak bonds in the
host (D1,mCBP and D2,mCBP, Fig. 1b and Supplementary Note 1)
are at 3.5–5 eV above the ground state. TTA can readily supply
this energy, while that of the lowest triplet (T1) is insufficient to
induce the dissociation reactions.

By introducing a manager whose energy SM/TM is greater than
that of the dopant, excitons formed on, or transferred to the
manager can be returned to the dopant for emission. Also,
exothermic transfer from Sn*/Tn* to SM/TM is allowed, and
damage to these molecules via dissociative reactions (process 3) is
reduced provided that the rate for Sn*/Tn*-SM/TM is comparable
or higher than Sn*/Tn*-D. Since TTA can yield both hot singlets
and triplets29, the hot state resonantly transfers via a Förster
or Dexter process to the manager via process 3. A transferred
singlet undergoes vibrational relaxation and Förster transfer back
to the lowest dopant singlet state, provided that the manager
molecule has a high photoluminescence quantum yield30.
Alternatively, the thermalized singlet state intersystem crosses
to the triplet state (SM-TM via process 40), which subsequently
transfers back to the dopant or host (TM-T1) via process 50.
This leads to radiative recombination (process 1), or is recycled
back to Sn*/Tn* by a repeat process. It is also possible that the
high energy SM/TM state can result in dissociation of the manager
itself via SM/TM-DM (process 4), that is, where the manager
serves as a sacrificial additive to the EML. Process 4 is not optimal
since the number of effective managers decreases over time,
providing less protection for the host and dopant as the device
ages. Even in this case, however, the manager can still increase
device stability.

From the foregoing discussion, three primary criteria must be
met for effective molecular design of the manager: First, the
exciton energy of the manager should be higher than lowest
exciton states (S1/T1) of the dopant; second, the rate of transfer to
the manager (process 30) must be comparable to or higher than
that for dissociation (process 3); and third, the manager should be

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms15566

2 NATURE COMMUNICATIONS | 8:15566 | DOI: 10.1038/ncomms15566 | www.nature.com/naturecommunications

http://www.nature.com/naturecommunications


sufficiently stable such that it does not degrade on a time scale
short compared to that of the unmanaged device (process 4).

We introduce meridional-tris-(N-phenyl, N-methyl-pyridoimi-
dazol-2-yl)iridium (III) [mer-Ir(pmp)3] as the manager in the
PHOLED EML. The EML also consists of the blue dopant,
iridium (III) tris[3-(2,6-dimethylphenyl)-7-methylimidazo[1,2-f]
phenanthridine] [Ir(dmp)3] and the host, 4,40-bis[N-(1-
naphthyl)-N-phenyl-amino]-biphenyl (mCBP). Figure 2a shows
molecular formulae of Ir(dmp)3 and mer-Ir(pmp)3. The manager
is characterized by a relatively strong metal–ligand bond30 and a
glass transition temperature of 136 �C. The triplet energy of
mer-Ir(pmp)3 is 2.8 eV calculated from its peak phosphorescence
spectrum (l¼ 454 nm), while its onset is at ET1E3.1 eV, higher
than that of the dopant of ET1E2.8 eV (Fig. 3a).
Thus, mer-Ir(pmp)3 fulfills criterion (i), although both criteria
(ii) and (iii) are possibly not met by this molecule. Hence,
these complexes have not been optimized for rapid transfer via
process 30. This is a function of the intimate orbital overlap
between manager and dopant or host; a property controlled by
the steric and orbital characteristics of all molecules involved. Nor
is mer-Ir(pmp)3 particularly stable, which can lead to manager
depletion with time (process 4). In spite of these shortcomings,
we find significant lifetime improvements for blue PHOLEDs
using this manager molecule.

Performance of managed PHOLEDs. Figure 2b shows the
energy level diagram of the managed devices. The lower energy
(41 eV) of the HOMO of the dopant compared with that of
the host suggests that hole transfer is predominantly supported by
the dopant molecules and only slightly by the manager, while
electrons are transported by both the host and the manager
having nearly identical lowest unoccupied molecular orbital
(LUMO) energies (Supplementary Fig. 2). The EML doping
schemes of the control and managed PHOLEDs are given in
Fig. 2c (denoted as GRAD and M0, respectively; see Methods).
For GRAD, the concentration of the dopant is linearly graded

from 18 to 8 vol% from the hole transport layer (HTL) to the
electron transport layer interfaces to enable a uniform distribu-
tion of excitons and polarons throughout the EML. This structure
was previously shown25 to reduce bimolecular annihilation, and
thereby achieve an extended lifetime compared to conventional,
non-graded-EML devices (denoted CONV; see Methods). In
device M0, 3 vol% of the manager is uniformly doped across the
EML, and the concentration of the dopant is graded from 15 to
5 vol%. To investigate the lifetime dependence on the manager
position, the manager is doped at 3 vol% into 10 nm-thick zones
at various locations within the 50 nm-thick EML of devices M1–
M5, shown in Fig. 2d. Except for the zone with the manager, the
remainder of the EMLs for M1–M5 are identical to that of
GRAD, keeping the total doping concentrations of all devices the
same.

Figure 3a shows the electroluminescence (EL) spectra of GRAD,
M0, M3 and M5 measured at a current density of J¼ 5 mA cm� 2.
The GRAD and managed PHOLEDs exhibit nearly identical EL
spectra with CIE chromaticity coordinates of (0.16, 0.30). This
confirms that radiative recombination in managed devices occurs
solely on the dopant, while triplets formed on the manager
efficiently transfer back to the dopant via process 50 in Fig. 1.

Figure 3b,c shows the current density–voltage (J–V) and
external quantum efficiency (EQE)–J characteristics of GRAD,
M0, M3 and M5. Table 1 summarizes properties of their EL
characteristics at L0¼ 1,000 cd m� 2. The initial operating
voltages (V0) of the managed PHOLEDs (M0–M5) are higher
than GRAD by B1 V and the voltage at J¼ 5 mA cm� 2 shows a
similar trend. This is due to a reduced fraction of the dopant
in managed PHOLED EMLs compared to that of GRAD, and due
to the manager acting as a hole trap with its HOMO energy
of 5.3±0.1 versus 4.8±0.1 eV for the dopant. For example, when
a small concentration (o5 vol%) of the manager is added as a
substitute of the same amount for the dopant, the device
resistance marginally increases (Supplementary Note 2). The EQE
for all devices is 9–10%, consistent with the PLQY of the dopant
of 44±1% when doped in mCBP at 13 vol%. The EQE of the
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managed PHOLEDs at L0¼ 1,000 cd m� 2 is slightly (o1.0%)
higher than that of GRAD, leading to the maximum difference in
drive current density of J0o0.6 mA cm� 2 needed to achieve the
same L0.

Figure 4a shows the time evolution of the increase in operating
voltage, DV(t)¼V(t)–V0, and normalized luminance loss, L(t)/L0

(L0¼ 1,000 cd m� 2) of CONV, GRAD, M0 and M3 under
constant current. Table 1 includes the lifetime characteristics
(T90, T80 and DV(t)) for all the managed PHOLEDs. Managed
PHOLEDs M0–M5 have increased T90 and T80 relative to those
of GRAD. For example, the longest-lived device M3 attains
T90¼ 141±11 h and T80¼ 334±5 h, corresponding to a
3.0±0.1 and 1.9±0.1 times improvement from those of GRAD
and a 5.2±0.2 and 3.6±0.1 times improvement compared with
CONV, respectively. Here, T90 and T80 are used to determine the
short- and long-term effectiveness of the excited state
management.

The upper panel of Fig. 4b shows the measured triplet density
profile, N(x), in the GRAD EML at J¼ 5 mA cm� 2, where x is the
distance from the EML/HTL interface (see Methods,
Supplementary Note 3). The T90 and T80 of M1–M5 versus
manager position in the EML are given in the lower panel of
Fig. 4b. Note that the variation in lifetime qualitatively follows the
exciton density profile. For example, M3 includes the manager at
20 nmoxo30 nm, which is at the point of highest exciton
density relative to those of other managed devices. Hence, the
effectiveness of the manager at this position should be largest, as
is indeed observed. Finally, the change in operating voltage,
DV(t), required to maintain a constant current is larger for
M0–M5 than that of GRAD, while their rate of luminance
degradation is reduced. This suggests the formation of polaron
traps that have no effect on the luminance.

Discussion
The degraded molecular products (or defects) can be formed in
any and all layers of aged PHOLEDs, but those located in the
EML play a dominant role in affecting the device luminance.
On the other hand, changes in the operating voltage can arise
from defects generated both within and outside the EML.
To model the time evolution of the device performance, we
consider that two types of charge traps, A and B, with volume
densities of QA and QB, respectively, are generated by the
hot states within the EML. Using thermally stimulated
current measurements, we observe an increase in the rate of
generation of charge traps and a decreased density of the original
transport sites compared to unmanaged devices (Supplementary
Note 4). When hot states are generated in blue-emitting devices,
all molecular bonds are potentially vulnerable to dissociation
by high energy (ES*/T*B5.4–6 eV) focused momentarily on a
single bond. Dissociated molecular fragments either become
neutral species by disproportionation, or they participate in
radical addition reactions with neighbouring molecules to form
high-molecular-mass products31.

To detect degraded molecular products in the aged device, we
use laser desorption (LDI)/ionization mass spectroscopy (MS) on
fresh and photo-degraded materials. Mer-Ir(pmp)3 shows
lower mass defects compared to the parent Ir complex, which
are found even in the fresh sample. In degraded mer-Ir(pmp)3,
additional higher mass defects are also observed. Similar high and
low mass species have also been reported for degraded mCBP.
High mass defects have a smaller energy gap than the parent
molecule, while the small mass defects show the opposite trend32.
Details of these investigations will be reported elsewhere.

The small- and large-energy gap defects (relative to the dopant)
are identified as the hole traps, QA and QB, in Fig. 5a. Both traps
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are charged when filled, leading to an increase in voltage, DV(t).
Shockley–Read–Hall (SRH) nonradiative recombination occurs
for holes trapped on QA. Likewise, exciton quenching via triplet
states at QA results in a decrease in luminance (Fig. 5a). On the
other hand, large-energy-gap QB defects can capture excited states
that are subsequently transferred to the dopant, and thus do not
affect the PHOLED luminance. Note that triplets on the dopant
(at energy ET,dop) are transferred from exciplex states originally
formed between the hole on the dopant and the electron on the

host (ET,ex)25, as well as from excitons directly formed on the
manager (ET,M).

Based on these considerations, we developed a lifetime
model20 for fitting both L(t)/L0 and DV(t) of CONV, GRAD,
and managed PHOLEDs (‘Methods’ section). The best fit is
provided by assuming that defects generated in the EML
are the result of TTA in the devices studied here
(Supplementary Note 5). A comparison of lifetime among
devices tested at L0¼ 1,000 cd m� 2 results in nearly identical
initial and steady-state exciton populations, provided that
their natural triplet lifetimes and bimolecular annihilation
rates are also similar. When GRAD and M3 are driven
at J0¼ 5.3±0.1 mA cm� 2, the initial luminance levels are
1,000 cd m� 2 versus 930 cd m� 2 for M3 and GRAD,
respectively. These conditions lead to a slight overestimation of
o40 h for T80¼ 173±3 h for GRAD at L0¼ 1,000 cd m� 2.

The model also includes polaron traps generated outside of the
EML with a density of Qext, resulting in the increase of
the operating voltage without affecting luminance (‘Methods’
section). These traps originate from the degradation of charge
transport and blocking layers, all of which are commonly
observed in aged devices24,33,34.

Table 2 summarizes the parameters used for fitting the lifetime
data for CONV, GRAD and the managed PHOLEDs. The defect
generation rates kQA and kQB are similar for most devices,
yielding nearly similar QA and QB in managed PHOLEDs, which
are smaller than those in the GRAD and CONV over the same
operational period, t. For example, QA and QB in M3 at t¼ 100 h
are (4.9±0.1) and (5.0±0.1)� 1015 cm–3, while those in GRAD
are (5.5±0.2) and (5.7±0.1)� 1015 cm–3, and those in CONV
are (6.6±0.2) and (7.5±0.1)� 1015 cm–3, respectively.
Compared to CONV and GRAD, the reduction in SRH
recombination (kQnQAn) and direct exciton quenching (kQNQAN)
leading to a reduced rate of luminance loss in managed
PHOLEDs that is attributed to their lower QA. Here, kQn and
kQN are the reduced Langevin and defect-exciton recombination
rates, respectively, and n and N are the steady-state densities of
electrons and excitons, respectively.

The rate of defect formation within the EML is given
by PðtÞ ¼ 1

dEML

R
EML

dQðx;tÞ
dt dx. Figure 5b shows the rates for

generating QA and QB, and QAþQB (PA(t), PB(t), and Ptot(t),
respectively) at t¼ 100 h. For example, for CONV,
Ptot¼ (1.3±0.1)� 1014 cm–3 h–1 is reduced to Ptot¼ (1.0±0.1)
� 1014 cm–3 h–1 for GRAD, and decreases further to
Ptot¼ (0.8±0.1)� 1014 cm–3 h–1 for M3. It is remarkable that
only a 15% decrease in the defect formation rate for managed
versus graded doping devices leads to a nearly twofold
improvement in T80. This result suggests that even a small
change in the probability of dissipation of excess energy and the
resulting defect density can have large effects on device lifetime,
consistent with previous work20,31,35,36.

Note that since the luminance loss is primarily due to QA,
the high PA of CONV and GRAD of (6.1±0.4) and
(4.9±0.3)� 1013 cm–3 h–1 leads to a luminance of o800 and
850±10 cd m� 2, respectively, as opposed to that of
M3¼ 920±10 cd m� 2 with PA¼ (4.0±0.1)� 1013 cm–3 h–1 at
t¼ 100 h. On the other hand, M3, M4 and M5 have similar PA,
yielding a luminance of 915±5 cd m� 2, while PB are (4.2±0.1),
(4.3±0.2) and (4.7±0.1)� 1013 cm–3 h–1, respectively. This
larger variation in PB is because QB can return excitons to the
dopants where they have a renewed opportunity to luminesce,
and thus its effect is small compared to PA.

The percentage contributions of kQnQAn to the luminance
degradation (that is, kQnQAnþ kQNQAN) is 90±2% for most
devices. This indicates that SRH recombination is the dominant
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mechanism due to the large density of injected polarons that are
lost prior to exciton formation.

The diverse defects with different, distributed energetic
characteristics can lead to somewhat larger uncertainties in the
hole trapping rate (kQp) compared with other parameters
extracted from the model (Table 2). Nevertheless, we note that
kQp is generally higher for the managed PHOLEDs than that for
CONV or GRAD, resulting from energy levels arising from
multiple species (Supplementary Note 4). This is offset by the
relatively small density of QA in the managed PHOLEDs,
additional exciton generation via QB, and reduced exciton loss
due to the smaller kQN.

Compared to CONV and GRAD, the managed PHOLEDs have
a lower rate of exciton-defect interactions (kQN), indicating that
fewer excitons are eliminated due to the quenching by QA

(Fig. 5b). Now, kQND2.0� 10–11 cm3 s� 1 of the aged PHOLEDs
is larger by nearly two orders of magnitude than the TTA rate of
kTTD1.0� 10–13 cm3 s� 1 obtained from the transient PL of the
as-grown PHOLED EML. Thus, the reduction of luminance is
severely impacted by defect-related exciton loss compared to
increased TTA, while the latter process still plays a critical role in
triggering molecular dissociation reactions.

Figure 5c shows DVEML(t)/V0 and DVext(t)/V0 for CONV,
GRAD and managed PHOLEDs. These are the relative contribu-
tions to the total voltage rise induced by defects within
and outside of the EML (that is, QAþQB and Qext,
respectively) at t¼ 100 h with respect to V0. CONV and GRAD
have relatively high DVEML(t) compared to the managed devices
due to the higher defect densities in the EML. The generation rate
of Qext that produces DVext(t) is kQext, which is generally higher
for the managed PHOLEDs than CONV and GRAD. This results
from the higher resistivity of the devices due to thick EML, as well
as the low hole conductivity in the managed EML. Using an
approximation based on space-charge-limited transport37,
the mobility in the managed EML is reduced by B20%
compared to that of the GRAD EML. Polaron-induced
degradation in the transport layers is accelerated in the
managed devices due to the increased polaron density arising
from lower hole mobilities24,38. Thus, while the EML defects (QA

and QB) are sufficient to accurately model L(t)/L0, those formed
in other non-luminescent layers of the PHOLEDs (Qext) were also
included to fully account for DV(t).

The reduced lifetime improvement from 3.0±0.1 to 1.9±0.1
times increases in T90 and T80, respectively, for M3 versus

Table 1 | Electroluminescent and lifetime characteristics for CONV, GRAD and managed PHOLEDs (M0–M5) at
L0¼ 1,000 cd m� 2.

Device J0 (mA cm� 2) EQE (%) V0 (V) CIE* T90 (h) T80 (h) DV(T90) (V) DV(T80) (V)

CONV 6.7±0.1 8.0±0.1 6.6±0.0 [0.15, 0.28] 27±4 93±9 0.3±0.1 0.4±0.1
GRAD 5.7±0.1 8.9±0.1 8.0±0.0 [0.16, 0.30] 47±1 173±3 0.6±0.1 0.9±0.1
M0 5.5±0.1 9.4±0.1 9.2±0.0 [0.16, 0.30] 71±1 226±9 0.9±0.1 1.2±0.1
M1 5.4±0.1 9.5±0.1 8.8±0.1 [0.16, 0.29] 99±3 260±15 1.2±0.1 1.6±0.1
M2 5.4±0.1 9.3±0.0 8.9±0.1 [0.16, 0.31] 103±0 285±8 0.7±0.1 1.0±0.1
M3 5.3±0.1 9.6±0.0 9.0±0.1 [0.16, 0.30] 141±11 334±5 1.1±0.1 1.5±0.2
M4 5.2±0.1 9.6±0.2 8.6±0.0 [0.16, 0.31] 126±7 294±16 1.0±0.1 1.3±0.1
M5 5.1±0.1 9.9±0.1 8.6±0.0 [0.16, 0.31] 119±6 306±3 0.9±0.1 1.2±0.1

EQE, external quantum efficiency.
*Measured at current density of J¼ 5 mA cm� 2.
Errors for the measured values are s.d. from at least three devices.
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Figure 4 | Lifetime and modelling of the PHOLEDs. (a) Lifetime characteristics of CONV, GRAD, managed PHOLEDs M0 and M3. Top and bottom show

the time evolution of the operating voltage change, DV(t)¼V(t)–V0, and the normalized luminance degradation, L(t)/L0, respectively. Solid lines are fits

based on the model in Methods (see fitting parameters in Table 2). (b) (Top) Exciton density profile, N(x), of the PHOLED emission layer (EML) as a

function of position, x, and operating voltages of the devices using delta-doped sensing layer at J¼ 5 mA cm� 2 (Supplementary Note 3). The origin of the

x-axis is at the HTL/EML interface. The operating current density results in a luminance of L0¼ 1,000 cd m� 2. (Bottom) Lifetimes (T90 and T80) of

managed devices (M1–M5) as functions of the position of the managed EML zones. T90 and T80 of the managed devices are compared with those of the

GRAD (dotted lines). Note that the variation in lifetime qualitatively follows the exciton density profile, suggesting that placing the manager at the point of

highest exciton density results in the longest device lifetime. Error bars represent 1 s.d. for at least three devices.
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GRAD is due to the degradation of the manager molecules
themselves via process 5. Thus, to achieve further increased
efficiency, reduced luminance degradation and smaller voltage
increase of the devices, manager molecules with improved
stability and hole mobility compared with mer-Ir(pmp)3 are
required.

We demonstrate a strategy to dissipate the energy of hot
excited states that otherwise lead to dissociative reactions and
deteriorate the operational stability of blue PHOLEDs. By
introducing excited state manager molecules into the PHOLED
EML, we achieve to our knowledge the longest lifetime reported
thus far for blue-emitting devices (Supplementary Table 1). We
also developed a phenomenological model that establishes the
roles and characteristics of defects present in the device. Our
findings emphasize the importance of excited state management
or similar approaches to further improve the lifetime of blue
PHOLEDs. While such approaches based on an understanding of
the fundamental underlying processes leading to device failure are
essential, they must be accompanied by the development of

highly stable dopants, managers, hosts and transport materials; a
challenge made all the more difficult by the very wide energy gaps
required for blue PHOLEDs.

Methods
Device fabrication and characterization. PHOLEDs were grown by vacuum
sublimation in a chamber with a base pressure of 4� 10� 7 Torr on pre-patterned
indium-tin-oxide (ITO) glass substrates (VisionTek Systems Ltd., United
Kingdom). The device and the structures of GRAD and managed PHOLEDs
are as follows: 70 nm ITO anode/5 nm dipyrazino[2,3,-f:20 ,30-h]quinoxaline
2,3,6,7,10,11-hexacarbonitrile (HATCN) hole injection layer/10 nm N,N0-Di(phe-
nyl-carbazole)-N,N0-bis-phenyl-(1,10-biphenyl)-4,40-diamine (CPD) HTL/50 nm
EML/5 nm mCBP:Ir(dmp)3 8 vol% exciton blocking layer/5 nm mCBP hole
blocking layer/25 nm tris-(8-hydroxyquinoline)aluminium (Alq3) electron
transport layer/1.5 nm hydroxyquinolato-Li (Liq) electron injection layer/100 nm
Al cathode. The conventional PHOLED (CONV) has the following structure20,25:
5 nm HATCN/30 nm CPD/35 nm 13 vol% Ir(dmp)3 uniformly doped in
mCBP/5 nm mCBP/25 nm Alq3/1.5 nm Liq/100 nm Al. The device area is 2 mm2

defined by the intersection of a 1 mm wide ITO strip and an orthogonally
positioned 2 mm wide metal cathode patterned by deposition through a
shadow mask. HATCN and Alq3 were purchased from Luminescence Technology
Corporation (Taiwan), CPD was from P&H Technology (South Korea), mCBP and
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Figure 5 | Analysis of the effectiveness of the manager. (a) (Left) Energy level diagram of the doped EML along with proposed positions of QA and QB.

Here, QA and QB are assumed to be hole traps, with QA deeper in the energy gap than QB. Holes are transported by the dopant and the manager, and are

potentially trapped by QA and QB. Electrons are transported by the host and the manager. (Right) Energy diagram of the triplet exciton states in the EML.

The sources of triplet excitons in the as-grown device due to charge recombination are twofold: triplet exciplexes (ET,ex) generated between the host and

the dopant, and triplet excitons directly formed on the manager (ET,M). Both can exothermically transfer to the dopant (ET,dop). QA, the deep hole trap, has a

low-energy triplet state that results in exciton quenching (ET,QA), while QB, the shallow trap (ET,QB), transfers excitons to the lower energy sites. (b) Average

QA and QB generation rates in the EML, PA(t) and PB(t), from hot states in CONV, GRAD, and managed PHOLEDs. The total defect generation rate is Ptot(t)

where t¼ 100 h. (c) Relative contributions to the voltage rise with respect to V0 induced by defects within and outside the EML (that is, QAþQB and Qext,

respectively) at t¼ 100 h. The separate contributions to the voltage rise, DVEML(t)/V0 and DVext(t)/V0, along with V0 are shown. Error bars represent one

s.d. for at least three devices.

Table 2 | Model parameters for the lifetime model for CONV, GRAD and managed PHOLEDs.

Device kQN (10� 11 cm3 s� 1) kQp (10� 7 cm3 s� 1) kQA (10� 21 cm3 s� 1) kQB (10� 21 cm3 s� 1) kQext (10� 21 cm3 s� 1)

CONV 3.3±0.4 0.7±0.2 0.9±0.1 1.0±0.1 0.06±0.01
GRAD 2.3±0.2 0.9±0.2 0.9±0.1 1.0±0.1 0.2±0.01
M0 2.3±0.1 1.3±0.2 1.0±0.1 1.0±0.1 0.5±0.1
M1 2.1±0.1 1.6±0.2 0.9±0.1 1.0±0.1 0.8±0.1
M2 1.9±0.1 3.0±0.7 0.9±0.1 0.9±0.1 0.5±0.1
M3 1.9±0.1 3.0±0.8 0.9±0.1 0.9±0.1 1.0±0.3
M4 2.1±0.1 2.1±0.5 0.9±0.1 1.0±0.1 0.8±0.2
M5 2.0±0.1 0.9±0.1 0.9±0.1 1.0±0.1 0.3±0.1

Errors for the model parameters are the 95% confidence interval for fit.
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Ir(dmp)3 were provided by Universal Display Corporation (Ewing, NJ, USA)
and mer-Ir(pmp)3 was synthesized following previous methods30. The J–V–L
characteristics of the PHOLEDs were measured39 using a parameter
analyzer (Hewlett-Packard, HP4145) and a calibrated Si-photodiode (Thorlab,
FDS1010-CAL). The PHOLED emission spectra were recorded using a calibrated
spectrometer (OceanOptics, USB4000). For lifetime tests, PHOLEDs were operated
at constant current (Agilent, U2722) and the luminance and voltage data were
automatically collected (Agilent, 34972A). Errors quoted for the measured
electroluminescent and lifetime characteristics (J0, V0, EQE, T90, T80 and DV(t))
are s.d.’s taken from a population of from three devices.

Exciton profile measurement. The exciton density profile, N(x), was measured
across the EML by inserting ultrathin (B1 Å) red phosphorescent (iridium (III) bis
(2-phenylquinolyl-N, C20) acetylacetonate (PQIr)) sensing layers at different
locations within the EML in a series of blue PHOLEDS40,41. The integrated
emission intensities of PQIr and Ir(dmp)3 at J0 are converted into the number of
excitons at x via:

Isens l; xð Þ ¼ aPQIr xð ÞIPQIr lð Þþ aIr dmpð Þ3 xð ÞIIr dmpð Þ3 lð Þ ð1Þ

where Isens(l, x) is the emission intensity consisting of the combined spectra of
Ir(dmp)3 (IIr(dmp)3(l)) and PQIr (IPQIr(l)). The relative weights of aPQIr(x) and
aIr(dmp)3(x), respectively, were used. Then, the outcoupled exciton density,
Zout(x)N(x), is equal to the relative number of excitons emitting on the PQIr at x as:

Zout xð ÞN xð Þ ¼ A � EQE xð Þ

� aPQIr xð Þ
R

IPQIr lð Þ=ldl
aPQIr xð Þ

R
IPQIr lð Þ=ldlþ aIr dmpð Þ3 xð Þ

R
IIr dmpð Þ3 lð Þ=ldl

ð2Þ

Here, EQE(x) is external quantum efficiency of the device with the sensing layer at
x; thus the right-hand side of equation (2) gives the relative number of excitons
at position x. Also,

R
EML N xð Þdx ¼ 1, and Zout(x) is the outcoupling efficiency

calculated as the fraction of outcoupled light emitted at x based on Green’s function
analysis42. The Förster transfer length of B3 nm25 limits the spatial resolution of
the measurement.

Since the thickness of delta-doped PQIr is less than a monolayer, PQIr
molecules are spatially dispersed to avoid emission loss by concentration
quenching. A delta-doped sensing layer only slightly affects the charge transport as
opposed to previously used 1–2 nm-thick, doped layers25. This leads to a variation
in operating voltages at J0 of o0.5 V among all sensing devices (see also the upper
panel of Fig. 4b and Supplementary Note 3).

Mass spectrometry measurement. Materials used in the PHOLEDs were
prepared in N2-filled encapsulated vials. They were photodegraded by the laser
irradiation at l¼ 442 nm for 45 h. For the LDI–MS measurement, the material
was dissolved in toluene/THF, and the solution is placed onto the target plate and
subsequently evaporated. The Bruker Autoflex Speed mass spectrometer is run in
reflection mode. The spectrometer was calibrated with a series of known peptides
and matrix peaks. Mass spectra of degraded materials were compared to those of
their pristine counterparts.

Lifetime degradation model. The rate equations for holes (p), electrons (n) and
excitons (N) are:

dp x; t; t0ð Þ
dt0

¼ G xð Þ� gn x; t; t0ð Þp x; t; t0ð Þ � kQp QA x; tð ÞþQB x; tð Þ½ �p x; t; t0ð Þ;

dn x; t; t0ð Þ
dt0

¼ G xð Þ� gn x; t; t0ð Þp x; t; t0ð Þ� kQn QA x; tð ÞþQB x; tð Þ½ �n x; t; t0ð Þ;

dN x; t; t0ð Þ
dt0

¼ gn x; t; t0ð Þp x; t; t0ð Þ þ kQnQB x; tð Þn x; t; t0ð Þ

� 1
tN
þ kQNQA x; tð Þ

� �
N x; t; t0ð Þ:

ð3Þ

There are two different time scales: t’ is the duration of charge transport and energy
transfer (Bms) and t is the device degradation time (Bh) due to the formation
of defects, QA(x,t) and QB(x,t). The triplet decay lifetime is tN¼ 1.4±0.1 ms,
obtained from the transient PL decay of thin-film EMLs of the GRAD and
managed PHOLEDs. Also, G xð Þ ¼ J0 � N xð Þ

�
e �
R

EML N xð Þdx is the generation rate
of excitons due to charge injection at current J0, g ¼ eðmpþ mnÞ=:ere0 is the
Langevin recombination rate, where e is the elementary charge, mn and mp are the
electron and hole mobilities in the EML, respectively, and e0 and erB3 are the
vacuum and relative permittivities, respectively. It follows that kQn ¼ emn=ere0 is
the reduced Langevin recombination rate describing the recombination of
immobile trapped holes and mobile electrons.

The trap densities, QA and QB, resulting from the TTA increase at rates kQA and
kQB are given by:

dQA x; tð Þ
dt

¼ kQA N x; tð Þf g2;

dQB x; tð Þ
dt

¼ kQB N x; tð Þf g2:

ð4Þ

Equation (3) is solved in steady state (t0-N), yielding lim
t0!1

n x; t; t0ð Þ; p x; t; t0ð Þ
and N(x,t,t0)¼ n(x,t), p(x,t) and N(x,t), respectively. This set of equations is
numerically solved with QA(x,t) and QB(x,t) to fit both the luminance loss and voltage
rise as a function of t using:

L tð Þ L 0ð Þ ¼
Z

N x; tð ÞZB xð Þdx

�
ð5Þ

and

DV tð Þ ¼ e
ee0

Z
EML

xQ x; tð Þdxþ
Z
ext

x0Qext x0; tð Þdx0

0
@

1
A ð6Þ

Here, ZB(x) is the outcoupling efficiency of the excitons emitted at x and
Qext(x0 ,t) is introduced to account for the voltage rise caused by traps present
outside the EML. The uniqueness of the fit that yields parameters, kQN, kQp, kQA,
kQB and kQext, has been tested, with results in Supplementary Note 5.

Note that when extracting kQext and thus DVext(t) from the fits, the polaron
densities in the EML at J0 are used. However, kQext should more accurately reflect
the polaron densities in the transport layers due to charge trapping by Qext, and
thus, a reduction in layer conductivity. This simplifying assumption leads to its
large variation among devices compared with other parameters. Initial values of
QA, QB and Qext are set at 1015 (cm–3), which accurately traces the time evolution
of DV(t) and converge to their final values after the iteration of the least-square
algorithm.

Data availability. The data that support the findings of this study are available
from the authors upon request.
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