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Color-Stable, All-Phosphorescent White Organic Light
Emitting Diodes Using the Polariton-Enhanced Purcell Effect

Claire Ε. Arneson, Haonan Zhao, and Stephen R. Forrest*

The short operational lifetimes of high efficiency phosphorescent organic blue
light emitting devices (PHOLEDs) has limited their use in displays and
lighting. Previously, this problem has been avoided by using less efficient
fluorescent blue devices in separately biased red, green, and blue emissive
elements to achieve stable full color emission. However, the operational
lifetime of blue phosphorescent OLEDs has been significantly improved
through the utilization of the plasmon-exciton-polariton-enhanced (PEP)
Purcell effect. Here, a white emitting PHOLED comprising stacked red, green,
and blue elements is demonstrated that exploits PEPs to extend the
operational lifetime of the blue element such that all emissive layers degrade
at the same rate. The device features white light emission with an external
quantum efficiency of 19.1 ± 0.4%, luminous power efficiency of 13.3 ±
0.3 lm W−1 at a luminance of 1000 cd m−2 when measured over 4𝝅 solid
angle, with a color rendering index of 76 unchanged throughout the device
aging to 70% of its initial luminance, T70. A 2.9 times enhancement in the
operational lifetime of the Purcell-enhanced device is achieved to yield T70 =
2900 ± 100 h for an initial luminance of 1000 cd m−2, compared to devices
lacking this enhancement with T70 = 1000 ± 100 h.
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1. Introduction

Many attributes of phosphorescent organic
light emitting diodes (PHOLEDs), such as
a high internal quantum efficiency, wide
color gamut, and accurate color rendering
are desirable for both display and light-
ing applications.[1–3] Because white light
is generated by exciting a combination of
red, green, and blue emitting molecules,
it is necessary for the lifetime of each el-
ement to be stable and importantly, com-
parable such that the color quality of the
device does not noticeably change over its
lifetime. Currently, both phosphorescent
and fluorescent red and green OLEDs at
L = 1000 cd m−2 can achieve commer-
cially acceptable operational lifetimes of
>180 000 h before reaching 70% of their
initial luminance (T70).[3] However, the life-
times of blue phosphorescent emitters have
lagged relative to their lower energy emit-
ting red and green analogs, with light blue
emitters demonstrating commercial oper-
ational lifetimes of 20 000 when aged at
1 000 cd m−2 to T50.[3,4] Previous studies

have shown blue PHOLED lifetimes are limited by the genera-
tion of high energy excited states produced by triplet-triplet and
triplet-polaron annihilation. These states have energies greater
than the bond dissociation energies within the molecules, thus
leading to molecular fragmentation.[5,6] For this reason, im-
proved stability is achieved using less efficient fluorescent blue
coupled with phosphorescent red and green emitters in white
OLEDs (WOLEDs).[7–12] To achieve all-phosphorescent WOLEDs
it is necessary to compensate for the short blue emitter lifetime
through the choice of materials and emission layer (EML) design,
such as graded doping or hot excited state management.[13,14] De-
spite achieving high efficiencies while maintaining a high color
rendering index (CRI), to our knowledge a color-stable all phos-
phorescent WOLED has not yet been reported.[15–21] Recently,
Zhao, et al. demonstrated the improvement of blue PHOLED op-
erational lifetimes by more than a factor of four compared to con-
ventional devices through the plasmon-exction-polariton (PEP)-
enhanced Purcell effect. Here, PEPs result in an increase in the
Purcell factor and improved coupling of energy from the EML to
plasmonic modes on the metal cathode; both of which contribute
to an enhancement in device lifetime.[22]

The Purcell factor (PF) is defined as the cavity-enhanced triplet
emission rate via kr = PF · kr0 , where kr0 is the natural triplet
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Figure 1. a) Schematic illustration of the device structure. Coupling efficiencies to lossy, surface plasmon polariton, organic waveguide, substrate, and
air modes are calculated using Green’s function methods for the blue, b), and red/green, c), elements. The control devices are indicated by the shaded
areas and black lines, and Purcell-enhanced structures are indicated by the orange lines. The horizontal axis shows the results for various spacings
between the blue EML and the cathode, b), and the red/green EML and the CGL, c). The dotted vertical lines correspond to the structures used in this
work. The vertical axis shows the fractional coupling efficiency into each mode, where the total of all modes is equal to 1. The fraction of coupling to
each mode can be found by the vertical distance between black lines for the control, and orange lines for the Purcell-enhanced structure.

radiative rate. This phenomenon, known as the Purcell effect,
is used to increase the radiative optical density of states within
the PHOLED, thereby reducing the radiative lifetime of triplets.
This, in turn, reduces their density within the EML, and thus
the probability to produce high energy and damaging hot ex-
cited states. The Purcell effect is amplified by energy transfer
to PEP modes formed at the interface between the electron-
transporting layer (ETL) and the cathode. Coupling of plasmons
in the Ag cathode adjacent to polaritons in the ETL signifi-
cantly strengthens the Purcell effect compared to conventional
PHOLEDs with an Al cathode. Previously, we demonstrated
that the blue emissive element in a side-by-side WOLED de-
grades ≈2.5 times faster to T70 than the red/green pixel oper-
ated at the same current density.[23] This suggests that the PEP-
enhanced Purcell effect can stabilize the blue emission to the
point where its lifetime is comparable to the red and green
elements.

Here, we demonstrate an all-phosphorescent stacked WOLED
comprising a blue element adjacent to the cathode that is con-
nected via a charge generation layer to a red/green emitting el-
ement, shown in Figure 1a. We compare conventional devices
employing an Al cathode (the control), to devices in which the ra-
diative lifetime of the blue element is modified by PEPs through
use of a Ag cathode (the Purcell-enhanced device) and an exciton-
polariton coupling layer of BPyTP2. The BPyTP2 singlet emis-
sion spectrum overlaps the Ag plasmon absorption, and its ab-
sorption spectrum overlaps with the blue emission from the
EML. The resulting strongly-coupled polariton serves to decrease
the triplet density in the EML by enhancing energy transfer from
the EML to Ag plasmon modes. We achieved an initial external
quantum efficiency of EQE4𝜋 = 19.1 ± 0.4% measured at 4𝜋 sr
with a CRI = 76 and a correlated color temperature of CCT =
6100 K for the Purcell-enhanced device. This is compared with
EQE4𝜋 = 13.0 ± 0.4% with CRI = 74 at 6900K for the control. We
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Figure 2. a) Device external quantum efficiency for forward viewing in 2𝜋 solid angle (filled symbols) and 4𝜋 solid angle with an external microlens array
(open symbols) as a function of brightness. b) Current–voltage–luminance characteristics of the control and Purcell-enhanced devices.

observe no measurable change in the colorimetric values for both
devices at T70, maintaining 1960 Commission Internationale de
l’Eclairage (CIE) coordinates (u,v) = (0.17, 0.32) for the control
and (0.18, 0.33) for the Purcell-enhanced devices. These latter
WOLEDs exhibit an extrapolated T70 = 2900 ± 100 h at an initial
luminance of 1000 cd m−2, which is a 2.9 times improvement
over the control device lifetime, as predicted by simulations.[22]

By using the PEP-enhanced Purcell effect, we demonstrate a
WOLED with CRI >75 that shows a significant improvement
in the color stability during aging when compared to previ-
ously reported WOLEDs, summarized in Table S1 (Supporting
Information).

2. Results

The stacked WOLED in Figure 1a comprises two emissive lay-
ers, one red/green (R/G) and the other blue (B), separated by a
charge generation layer (CGL). The control structure employs an
Al, cathode, and the other a Purcell-enhanced, Ag, cathode. In
both structures, BPyTP2 is used as the ETL. See Methods for
IUPAC nomenclature for materials used. Overlap between the
blue triplet and the BPyTP2 singlet exciton absorption spectra in
Figure S1 (Supporting Information), and the BPyTP2 emission
and the Ag plasmon mode absorption enables efficient energy
transfer to PEPs, as shown previously.[22] This is not observed in
the control, where Al has only a weak plasmon resonance in the
blue.

The coupling efficiencies into various available WOLED
modes for photons emitted from the B and R/G elements calcu-
lated using Green’s function methods are shown in Figure 1b,c,
respectively.[24] The distances of the B EML to the cathode, and
the R/G EML to the CGL used in optimized devices are shown
by dashed vertical lines. The calculated weighted average PF =
0.95 and 1.7 for the R/G and B layers within the control device,
respectively, are compared with 0.91 and 2.2, respectively in the
Purcell-enhanced device. Details on the calculation of the PF are
included in Methods. The PF average, which depends on the

Figure 3. a) Device spectra measured at normal incidence for both control
and Purcell-enhanced devices before aging (fresh) and at T70. The differ-
ences between normalized spectra for control and Purcell-enhanced de-
vices are indicated on the right axis of the lower plot. Inset: Angular de-
vice emission profile. A Lambertian profile is indicated by the black line
for reference. b) Individual spectra for Ir(dmp)3 (blue), Ir(ppy)3 (green),
and PQIr (red) phosphors in thin films. Inset: Fitting using the individual
spectra for the fresh, white-emitting Purcell-enhanced device.
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Table 1. As-prepared Device Colorimetric Parameters.

1960 CIE (u, v) CRI CCT (K) Δuv

Control (0.17, 0.32) 74 6900 0.031

Purcell-enhanced (0.18, 0.33) 76 6100 0.025

position in the EML and the exciton concentration at each EML
position, is weighted by the distribution of dopants throughout
the EML. That is, dopant emission closer to the cathode has a
higher PF than emission near the hole transport layer/EML in-
terface. From Figure 1b,c, there is a negligible change in the peak
outcoupling efficiency between the control and Purcell-enhanced
structures, from 16% to 17% for R/G, and no change for B. Cou-
pling to plasmon modes is increased from 37% to 48% for B in
the control and Purcell-enhanced devices, respectively.

The external quantum efficiencies in the forward viewing and
4𝜋 viewing directions are shown in Figure 2a. We approximate
the operating conditions of a white lighting fixture by account-
ing for emission from 4𝜋 sr and adding an external microlens
array. Under these conditions, EQE4𝜋 = 12.8 ± 0.1% and 19.1 ±
0.3%, and LPE4𝜋 = 7.8 ± 0.1 and 10.8 ± 0.2 lm W−1 for control
and Purcell-enhanced devices, respectively, corresponding to L =
3300 ± 20 and 4330 ± 60 cd m−2 at J = 10 mA/cm2.

The L–V characteristics of the control and Purcell-enhanced
devices are nearly identical, as shown in Figure 2b. Similarly,
there are no significant changes in the J–V characteristics be-
tween devices employing an Ag or Al cathode, whose turn on
voltages are ≈5.3 V. This is nearly double the voltage observed for
single junction devices, since the B subelement, with a turn-on of
3 V, and R/G, with a turn-on of 2.5 V, are connected in series.[23]

The emission spectra and spatial emission profiles both be-
fore and after aging at J = 10 mA cm−2, are shown in Figure 3a.
The control and Purcell-enhanced devices cover 92% and 94% of
the Lambertian profile, respectively, resulting in a shift in 1960
CIE (u, v) chromaticity coordinates of (Δu, Δv) = (0.04, 0.01) be-
tween viewing angles of 0° and 80°, as the effective cavity length
decreases with increasing viewing angle.[25] The colorimetric co-
ordinates, CRI, CCT, and the distances from the Planckian locus
(Δuv) for the devices are provided in Table 1.

The devices were aged at J = 10 mA cm2, with results shown
in Figure 4. We obtain the times to reach 70% of their initial
luminance of T70 = 1030 ± 20 and 2900 ± 100 h, with a corre-
sponding increase in voltage at a constant J of ΔV = 1.36 ± 0.03
and 1. 13 ± 0.01 V for the control and Purcell-enhanced devices,
respectively.

At T70 there is no measurable change in device (u, v) chromatic-
ity coordinates and CRI for either device, although the control
electroluminescence spectrum exhibits a small change in wave-
length dependence with aging corresponding to a red shift in
CCT, ΔCCT = 100K, while there is no measurable wavelength
or CCT shift for the Purcell-enhanced device (see Figure 3a). The
wavelength changes are characterized by fitting the white spec-
trum to the sum of the individual spectra of the separate red,
green, and blue emitting materials provided in Figure 3b, cor-
responding to three peaks from Ir(dmp)3 and Ir(ppy)3, and two
from PQIr. A representative fit for the Purcell enhanced device
is shown inset of Figure 3b, with a summary of all fit parame-

ters found in Table 2. Using these fits, we determine the change
in spectra from their differences also shown in Figure 3b. The
Purcell-enhanced devices show a nearly uniform <6% change in
peak magnitude across all wavelengths, while the control exhibits
a 47% decrease in the 524 nm vibronic of Ir(dmp)3, and a >8%
change across red and green.

The lifetime is normalized to an initial luminance of L0 =
1000 cd m−2 using:[3]

TX

(
L0

)
= TX

(
L0,test

) (
L0,test∕L0

)n
(1)

where TX is the device lifetime at a fraction, x, of the initial lu-
minance. The acceleration factor, n = 1.3 ± 0.1 for the control
and n = 1.5 ± 0.1 for the Purcell-enhanced device is found by
solving Equation (1) using the lifetime and initial luminance of
devices aged at J = 5 and J = 10 mA cm−2, with data compiled in
Table 3. We find that for L0 = 1000 cd m−2, the operational life-
time is T70 = 1030 ± 40 h for the control and 2900 ± 60 h for the
Purcell-enhanced devices, demonstrating a 2.9 times enhance-
ment. Raw data for devices aged at equivalent current densities
before normalizing to constant luminance are shown in Figure
S2 (Supporting Information).

3. Discussion

The device stack in Figure 1a employs a 17 nm thick BPyTP2
ETL to optimize coupling between the blue EML and plasmonic
modes formed on the metal cathode surface and outcoupling to
air modes of emission from both the B and R/G EMLs. A thinner
ETL suppresses outcoupling to air modes as shown in Figure 1b,
while a thicker ETL decreases coupling to the SPP modes formed
at the control ETL/Al interface and PEP modes at the ETL/Ag
interface.[22] The outcoupling efficiency of the R/G element is
optimized for a 100 nm thick ETL; in this work, we use a thick-
ness of 60 nm, which is sufficient to provide outcoupling efficien-
cies of ≈17% for both the Purcell-enhanced and control devices,
with 20% for the blue element, and is sufficiently thin to assure
a low operating voltage. Additional fresh data for a device with
an 80 nm thick R/G ETL is shown in Table S2 and Figure S3

Figure 4. Change in luminance versus time for control and Purcell-
enhanced devices, normalized to aging at an initial luminance of 1000 cd
m−2.
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Table 2. Spectral Parameters.

Normalized Peak Height

Purcell-enhanced Control

Fresh T70 Δ%* Fresh T70 Δ%

R-sqared value 0.9988 0.9987 0.9982 0.9979

RMS Error 0.01 0.01 0.01 0.01

Dopant Center wavelength (nm)

Ir(dmp)3 465 0.73 0.72 -1.2 0.70 0.70 -1.2

491 0.55 0.55 -1.2 0.54 0.53 -1.2

524 0.25 0.24 -5.4 0.20 0.10 -47.5

Ir(ppy)3 513 0.16 0.17 5.9 0.16 0.19 17.9

543 0.21 0.22 5.9 0.21 0.25 17.9

584 0.32 0.32 1.4 0.29 0.31 8.5

PQIr 631 0.21 0.22 3.4 0.17 0.15 -10.9

596 0.23 0.24 3.4 0.18 0.16 -10.9

∗Δ% is defined as the percent change in peak intensity from the fresh to T70 fit.

(Supporting Information), which demonstrates a red shift in its
spectrum because of the increased ETL thickness. The redshift
is the result of higher coupling to air modes from the R/G layer,
shown in Figure 1c. However, there is no significant difference
in the electrical performance between 60 and 80 nm ETL devices,
indicating the charge balance is better for the device with the thin-
ner ETL. The cathode/ETL structure is optimized for the B ele-
ment. Because R/G emission is generated far from the cathode,
the dependence of R/G outcoupling on B ETL thickness, shown
in Figure S4 (Supporting Information), varies by only ≈7% across
a 15 nm range of B ETL thicknesses, which is less than half the
observed change in plasmon coupling for emission from the B
EML across the same range. Thus, the choice of B ETL thickness
can be optimized independently of the R/G subelement. In the
blue EML, the Purcell-enhanced structure increases PF by a fac-
tor of 1.4 relative to the control.

The CGL between the B and R/G elements enables each in-
jected electron to generate two photons. The measured forward
direction EQE = 12.2%, therefore, is low due to the relatively
low quantum efficiencies of both the B and R/G emitting sec-
tions. That is, the discrete blue-emitting Ir(dmp)3 devices have
EQE = 9.5%, and R/G devices have EQE = 12%.[13,23] Indeed,
conventional WOLEDs used in lighting have up to 5 or 6 emit-
ting sections to achieve high efficiency and brightness. Neverthe-
less, this relatively simple archetype device achieves CRI = 76
at a high color temperature of CCT = 6100 due to strong blue
emission, that is unchanged over the course of aging. The chro-

maticity coordinates have a minimal viewing angle dependence,
showing a slight blue shift from a viewing angle of 0° to 80°. The
corresponding change in the distance from the u,v coordinates
to the closest point on the Planckian locus, Δuv, shifts 𝛿Δuv =
−0.033 for the control and −0.035 for the Purcell-enhanced de-
vices, where 𝛿Δuv is defined as the change in Δuv.[23]

The stability of the blue emission is due to the reduced ra-
diative lifetime resulting from coupling between the triplets and
SPP modes in the control device. In comparison, previously
demonstrated long-lived stacked WOLEDs have shown notice-
able redshifts at T70, corresponding to a 50% decrease in lu-
minance from the blue despite the use of triplet managers to
extend the blue emitter lifetime.[18] In work that utilizes the
same EML structures in a side-by-side rather than stacked ge-
ometry, a red shift of (Δu,Δv) = (0.014,−0.002) is observed,
while here (Δu,Δv) = (0.002, 0.000) falls within the margin of
error.[23] This demonstrates a significant improvement over pre-
vious WOLEDs with both phosphorescent and fluorescent blue
emitters where (Δu,Δv) is 10 × greater, or color stability has not
been reported.[10–12,15–21,26–29] A summary of reported WOLED
data in the literature is included in Table S1 (Supporting Infor-
mation). In the Purcell-enhanced device, blue triplets are strongly
coupled to PEP modes, resulting in improved spectral stability
(cf. Figure 3a) along with a significant increase in lifetime. Use
of the PEP-enhanced Purcell effect results in a reduction in the
voltage rise over the course of aging by 0.23 V compared to the
control, and a 2.9 times increase in T70. This operational lifetime

Table 3. Lifetime and Aging Parameters.

5 mA cm−2 10 mA cm−2

L0

(cd m−2)
L0

*)

(cd m−2)
T90

(h)
L0

(cd m−2)
L0

*)

(cd m−2)
T90

(h)
T70

(h)
PF n T70

+)

(h)
T70

+), *)

(h)

Control 1120 1550 73 2240 3300 29 219 1.6 1.3 640 1030

Purcell-enhanced 1389 2270 125 2940 4330 41 325 2.2 1.5 1600 2940

∗Measured using an external microlens array and integrating sphere;
+

Normalized to L0 = 1000 cd m−2.
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enhancement is in agreement with the 2.9 times enhancement
expected at T70 based on the power law, m = 1.7 ± 0.1, depen-
dence between PF and operational lifetime (i.e., Tx ≈ PFm), as
previously reported.[22]

4. Conclusion

We demonstrated a stacked white-emitting PHOLED with im-
proved operational lifetime due to exciton-plasmon-polariton
coupling that increases the optical density of states within the
OLED cavity of the blue subelement. This, in turn, decreases the
blue triplet lifetime, thereby reducing the probability for gen-
erating high energy excited states via triplet annihilation pro-
cesses that lead to molecular dissociation. We observe no change
in emission color across the entire white spectrum for Purcell-
enhanced devices, demonstrating that the polariton-enhanced
Purcell effect improves B subelement lifetime such that it de-
grades at the same rate as the R/G subelement. While this work
demonstrates a relatively simple device design with a high CRI
and operational stability, the color quality and lifetime can be fur-
ther improved by increasing the strength of the Purcell effect with
a sub-anode reflector and increasing EQE using more efficient
blue phosphorescent material. Furthermore, high brightness and
efficient stacked PHOLEDs typically are comprised of at least 3–5
R/G elements to improve both lifetime and CRI.[18] The design
introduced here only affects the blue emitting subelement in the
stack near the cathode, and hence does not preclude the addition
of more R/G elements to achieve practical long-lived, bright, and
color-balanced emission.

5. Experimental Section
Device Fabrication: Prior to organic layer deposition, pre-patterned

ITO anodes (15 Ω sq−1) on glass substrates (Lumtec) were sonicated in
detergent, deionized water, acetone (x2), isopropanol (165 °C, x2), and
dried using pure N2. The 2 mm2 device was defined by the 1 mm width of
the ITO stripes and the 2 mm width of the shadow mask placed perpen-
dicular to the ITO used for cathode metal patterning.

Vacuum thermal evaporation was used to deposit the organic layers. As
shown in Figure 1a, the layers comprise 10 nm thick hexaazatriphenylene
hexacarbonitrile (HATCN, Universal Display Corp., UDC), 30 nm thick
N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1′-biphenyl)−4,4′-diamine (NPD,
UDC), 12 nm thick 10% vol bis(2-phenylquinolyl-N,C2’) acetylacetonate
iridium(III) (PQIr, UDC) doped into 4,40-bis(3-methylcarbazol-9-yl)−2,20-
biphenyl (mCBP, UDC), 12 nm thick 8% vol tris[2-phenylpyridinato-
C2,N]iridium(III) (Ir(ppy)3, Lumtec) doped into mCBP, 5 nm thick
Bis(8-hydroxy-2-methylquinoline)-(4-phenylphenoxy)aluminum (BAlq,
Universal Display Corp.), 10 nm thick 10% vol PQIr:mCBP, 60 nm
thick 2,7-bis(2,20-bipyridine-5-yl)triphenylene (BPyTP2, Lumtec), 12 nm
thick 1:1 mol BPyTP2:Li (Kurt J. Lesker), 12 nm thick HATCN, 15 nm
thick NPD, 50 nm thick 18 to 8% vol tris[3-(2,6-dimethylphenyl)−7-
methylimidazo[1,2-f ] phenanthridine] iridium(III) (Ir(dmp)3:mCBP,
UDC), 5 nm thick mCBP, 17 nm BPyTP2, and 1.5 nm thick Li quinolate
(Liq, Lumtec). Control devices have a 100 nm thick Al (Alfa Azar) cathode,
and Purcell-enhanced devices have a 120 nm thick Ag (Sigma–Aldrich)
cathode. Organic materials from Lumtec are purified via thermal gradient
sublimation.[30] The devices are encapsulated in ultrapure N2 with glass
cover slide attached using UV-curing epoxy (Epotek).

Device Modeling, Characterization, Lifetime Testing: The forward, 2𝜋, J–
V–L characteristics were measured using a parameter analyzer (Keysight)
and a large area Si photodetector (Hamamatsu). The 4𝜋 measurements
use an integrating sphere with a commercial external microlens array

(Lumtec). Error reported is the standard deviation from a population
of four devices. Electroluminescence and angle-dependent spectra were
measured via fiber coupling to a spectrometer (Ocean Optics). Device
spectra were fit to Gaussian functions using MATLAB. The devices were
aged under constant current, supplied by a source-measuring unit (Agi-
lent), and device luminance was measured at 1–3 min intervals using a
photodiode. The coupling efficiencies were calculated using Green’s func-
tion methods.[24] Following the work of Celebi, et al., the Chance, Prock,
and Sibley model was used to describe the electric field of an emissive
dipole using dyadic Green’s functions in the stacked structure shown in
Figure 1a. The layer thicknesses and complex indexes of refraction were
measured by ellipsometry (J.A. Woollam). From the model, the ratio of the
decay rate for vertical and horizontal dipoles, b|| and b⊥, to the natural
decay rate, b0, in vacuum was computed:

b||
b0

= 1 − q + q

{
1 + 3

4
Re

[
∞
∫
0

d𝜅 𝜅

hsks

(
cs + c

′
s +

hs
2

ks
2

(
fs − fs

′))]}
(2)

and

b⊥
b0

= 1 − q + q

{
1 + 3

2
Re

[
∞
∫
0

d𝜅 𝜅
3

hsk3
s

(
fs + fs

′)]} (3)

where q is the quantum yield of the emitter, 𝜅 and h are the parallel and
perpendicular amplitudes of the propagation vector k, f and c, and f’ and c’
are left and right travelling wave coefficients of the Green’s functions used
to describe the dipole source, and the subscript s is the index of the dipole
emitting layer. Because the PF is equivalent to the total decay rate, then:

PF = btot = 𝜃hor

b||
b0

+ (1 − 𝜃hor)
b⊥
b0

(4)

where 𝜃hor is the horizontal dipole fraction. PF is calculated with 1 nm res-
olution throughout the EML, and the average PF is weighted by the doping
concentration across each EML. It is assumed that the exciton concentra-
tion is proportional to the dopant concentration.[13] We assume 𝜃hor =
0.77 and q = 0.45 for the B EML and q = 0.95 for the R/G EML. The peak
emissive wavelengths of 𝜆 = 600 nm and 𝜆 = 475 nm are used for the R/G
and B EML calculations, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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