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Single-Emitter White OLEDs via Microcavity Spectral
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Ahmed Gaber Abdelmagid, and Konstantinos S. Daskalakis*

White organic light-emitting diodes (WOLEDs) are promising candidates for
next-generation lighting and display technologies. However, conventional
WOLED fabrication often relies on complex doping schemes or multiple color
stacked emitting layers, complicating device design, and fabrication. Here, a
simple approach for fabricating ITO-free WOLEDs with a single-component,
using a planar aluminium microcavity, is presented. By engineering the cavity
and surface plasmon polariton modes around the emission resonance of the
high-efficiency blue thermally activated delayed fluorescence emitter
DMAC-DPS, electroluminescence that is spectrally broadened to white light,
with a tunable color temperature ranging from 3790 to 5050 K, is achieved.

green, and blue emitters that are either
stacked as separate layers or blended in
a single emitting layer.** This approach
complicates the fabrication of WOLEDs as
it requires precise control over emitter con-
centrations to maintain a balanced white
spectrum, and often leads to color instabil-
ity over time due to the different aging rates
of the emitters.['")

The latter challenges can be addressed
by engineering the WOLED emissive layer
to exhibit broadband white electrolumines-
cence using a single type of emitter, known

The WOLEDs are top-emitting and reach an external quantum efficiency of
>5%. The results are supported by optical simulations and transient emission

measurements, providing insights into the emission kinetics.

1. Introduction

Organic light-emitting diodes (OLEDs) have revolutionized dis-
play technologies owing to their wide color gamut and suitabil-
ity for low-energy fabrication methods on large-area and flexible
substrates.[!! These advantages also make OLEDs attractive for
solid-state lighting, leading to the development of white OLEDs
(WOLEDs). However, the widespread adoption of WOLEDs is
hindered by competition with LED counterparts for three key
reasons: a) their brightness and operational lifetime are rela-
tively low; b) their architecture requires transparent electrodes,
which either involve additional processing steps(®?! or rely on
non-sustainable materials like indium tin oxide (ITO); and c)
achieving white emission mainly relies on combination of red,
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as single-component WOLED. Generally,
this is achieved through the molecular de-
sign of emitters that exhibit emission at
multiple resonances, facilitating the forma-
tion of bimolecular excitonic species!'!! or
display aggregation-induced emission.[213]
However, such emitters are complex to design and synthe-
size, and only a few efficient single-component WOLEDs
have been reported.''1*16] Despite these challenges, hot-
exciton engineering and dual TADF emission are promising
approaches.[!’]

Recently, we demonstrated that a fluorescent, single-
component, blue-emitting OLED can be converted to WOLED
by coupling its emission to the Bragg modes of a dielectric
distributed Bragg reflector (DBR).["®! Bragg modes allowed
the desired wavelengths to be selected with resonance at blue,
green and red, and concentrate the electric field in the emissive
layer without increasing cavity thickness, while, the reflectiv-
ity stopband of the DBR was used for suppressing emission
in the blue. While numerous reports exist that utilize pho-
tonic architectures such as optical microcavities and surface
plasmon polaritons (SPP) for improving the performance,
color rendering and operational lifetime of WOLEDs,!%]
they are only compatible with multi-component emitting lay-
ers, unlike our previous report.'8! However, a trade-off of
our previous work(!®l is that the device efficiency was low
(EQE < 0.1%) and DBR fabrication is generally costly and
energy-intensive.[26:27]

In this work, we present a novel yet simple design
for single-component WOLED wusing a neat film of
10,10-(4,4-Sulfonylbis(4,1 phenylene))bis(9,9-dimethyl-9,10-
dihydroacridine (DMAC-DPS) as the emitting layer (EML).
Figure la demonstrates our concept, which relies on an
aluminium (Al)-clad microcavity with a 15-nm-thick top mir-
ror/electrode. In this spectral engineering approach, a weak
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Figure 1. a) WOLED structure used in this work (from bottom to top):
substrate/ Al (70 nm)/ MoO; (5 nm)/ mCP (40 nm)/ DMAC-DPS (dgy,
nm)/ DPEPO (50 nm)/ LiF (1 nm)/ Al (15 nm). Here, MoO; was used
as the hole injection layer (HIL), mCP as the hole transport layer (HTL),
DMAC-DPS as the EML, DPEPO as the electron transport layer (ETL), and
LiF as the electron injection layer (EIL). The Al layers work both as elec-
trodes and cavity mirrors. The cavity mode was spectrally tuned by varying
depy - The interaction between the weak cavity mode, the SPP modes at the
Al/dielectric interfaces, and the DMAC-DPS emission results in a broad-
band white emission. b) Energy levels (HOMO and LUMO) of the WOLED
layers with the chemical structure of DMAC-DPS.

cavity mode is tuned to the red tail of DMAC-DPS, redistributing
its emission profile across the visible range, toward green and
red, while suppressing excessive blue emission. Additionally,
the thin top electrode enables surface plasmon polariton (SPP)
modes at the electrode/dielectric interface to enhance the ra-
diative rates of DMAC-DPS while minimizing power emitted
lost to the evanescent SPP channel.l’®] In addition, as shown
in Figure 2, by simply increasing the effective optical cavity
thickness, we can tune the emission color temperature from
warm sunlight-like white to cool white (3790 to 5050K) within an
emission cone of >+40 degrees (Figure 5). An optimized DMAC-
DPS non-cavity OLED, which we refer to as the reference device,
achieves an external quantum efficiency (EQE) of >17% and
brightness of 3600 cd m~2, consistent with prior reports.[2%3
Using our approach, we demonstrate WOLEDs with EQE of
>5% and brightness of >1000 cd m~, with nearly 50% of the
total photon flux exhibiting angle-independent white spectrum.
While our method trades off the maximum achievable EQE
and brightness compared to conventional transparent OLEDs, it
significantly simplifies WOLED fabrication and eliminates the
need of scarce ITO, making it highly attractive for large-scale
production.
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2. Results and Discussion

Figure 1 presents the energy level diagram and layer architec-
ture of the DMAC-DPS OLED stack used in this study. DMAC-
DPS was selected as the emitting material due to its thermally ac-
tivated delayed fluorescence (TADF) character,[*'*2] enabling an
internal quantum efficiency (IQE) close to 100%.1*7 It exhibits a
broad photoluminescence spectrum ranging from 420 to 650 nm,
with a dominant peak at 488 nm, classifying it as a blue emit-
ter, which is a critical requirement for our WOLED concept. The
photoluminescence (PL) spectrum of DMAC-DPS is shown in
Figure S1 (Supporting Information). Additionally, DMAC-DPS
single-component blue bottom-emitting OLEDs can reach EQE
of nearly 20%,2%3% making this an optimal material choice for
our WOLED scheme.

In this study we designed all the WOLED (OLED) de-
vices as top-emitting OLEDs (TEOLEDs) to achieve optimal
light outcoupling. They consisting of the following layers
(from bottom to top): substrate/ Al (70 nm)/ MoO; (5 nm)/
mCP (40 nm)/ DMAC-DPS (d,, nm)/ DPEPO (50 nm)/
LiF (1 nm)/ Al (15 nm), where mCP stands for 1,3 Di(9H-
carbazol-9-yl)benzene, DMAC-DPS for 10,10-(4,4-Sulfonylbis (4,1
phenylene))bis(9,9-dimethyl-9,10-dihydroacridine, and DPEPO
for Bis[2(diphenylphosphino)phenyljether oxide. In such
TEOLED geometry, the thick (70 nm) Al anode serves as a
highly reflective bottom mirror, while the thin (15 nm) Al
cathode was used as a leaky top mirror to form the cavity.
Note that the reference OLEDs of this study share the same
architecture as WOLEDs and TEOLEDs. However, they are
bottom-emitting, with their anode replaced by transparent ITO
(110 nm) and their cathode by a 100-nm-thick Al layer, making
them identical to those reported by Zhang et al.**) We found
that in these reference OLED devices we could increase the
thickness of the dp,,; to 65 nm, which is 35 nm thicker than the
previous reports,*% while still maintaining the same electrical
performance and electroluminescence, as shown in Figure S2
(Supporting Information).

By combining the EQE-optimized DMAC-DPS device archi-
tectures reported by Zhang et al.?% (dg,,, = 30 nm) with our
TEOLED microcavity design, we obtain blue narrow electrolumi-
nescence at normal incidence, centered at 500 nm (blue), with a
full-width at half-maximum (FWHM) of 40 and a maximum EQE
of 14%. Further increasing d,,, to 45 nm resulted in 555 nm
(green) emission with 51 nm FWHM and EQE 10% (Figures S2
and S3, Supporting Information).

Upon tuning the cavity mode beyond 600 nm into the deeper
red region of the DMAC-DPS emission spectrum, the devices
generate broad white electroluminescence shown in Figure 2a.
This was accomplished in devices with dy,, 55 and 75 nm,
yielding spectra that resemble warm white (Warm), and cool
white (Cool), respectively. In particular, the electroluminescence
of Warm WOLED exhibits a FWHM of 90 nm with Com-
mission Internationale de LEclairage (CIE1931) coordinates of
(0.42, 0.49) and a correlated color temperature (CCT) of 3790 K.
The Cool WOLED electroluminescence displays a FWHM of
190 nm with CIE1931 coordinates of (0.38, 0.46) and a CCT
of 4440 K. All WOLEDs show an uniform emission intensity
across the entire visible spectrum, with the Warm and Cool
WOLEDs demonstrating dominant emission peaks at ~#600 and
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Figure 2. a) Experimental electroluminescence (EL) spectra (normalized) of the reference BEOLED and the WOLEDs: Warm (dgy,, = 55 nm) and Cool
(degpe = 75 nm). Simulated b) outcoupled power spectra P, (4) and c) emission enhancement profiles EF(A) of the WOLEDs. d) Calculated EL spectra
(normalized) of the top-emitting WOLEDs T, (1) computed as Tg; (4) = EF(A) X P, (A) X Bg; (4), where Bg (1) is the measured and normalized EL
spectrum of the reference BEOLED reported in (a). e) CIE1931 coordinates and color temperatures of the reference, Green, Warm, and Cool (dgy, as

75 and 85 nm) OLEDs, at 0 degrees.

~520 nm, respectively. Further increase in DMAC-DPS thick-
ness to 85 nm (Cool-2 WOLED) results in Cool white emission
(Figure S4, Supporting Information) that has CIE1931 coordi-
nates of (0.35, 0.45) and a CCT of 5050 K. Figure 2e shows the
CIE1931 map of all the OLEDs studied in this work and Figure S5
(Supporting Information) shows photographs of all the studied
OLEDs.

As we demonstrate below, in a blue OLED with inherently
broad emission spectrum, we achieved white electrolumines-
cence spectrum by balancing filtering through the cavity mode,
transmission losses from the top 15-nm-thick Al electrode, and
radiative enhancement due to the combined effects of the cavity
mode and SPPs at the electrode/dielectric interfaces within the
WOLED (TEOLED).

To validate the origin of the white electroluminescence spectra,
optical responses of the fabricated TEOLEDs and WOLEDs were
simulated using the classical dipole model®}] combined with the
transfer-matrix method for multilayer structures.** Figure 2b
(Figure S3b, Supporting Information) depicts the simulated out-
coupled power spectra (P,,,(4)) for the Warm and Cool WOLEDs
(Blue and Green TEOLEDs). P,,,(4) shows the spectral profile of
the outcoupled light allowed to escape in air at 0 degrees due to
the cavity mode (see Figure S8, Supporting Information). Usu-
ally in OLEDs with a well-defined microcavity mode, the main
goal is to spectrally tune the cavity mode at the EML emission
resonance to attain maximum Purcell enhancement.®>3¢] This is
the scenario that we followed for the Blue and Green TEOLEDs
(see Supporting Information). For the WOLEDs, we detune the
cavity mode away from the resonance of the EML emission, forc-
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ing the cavity to mainly act as a filter, thereby redistributing the
emission to the targeted wavelengths.[2*2°] Moreover, our low-Q
(Q factor: #9 — 13) microcavity design having a thin top mirror
yields broad cavity modes essential to convert a narrow blue emis-
sion into a broad white one. This is represented in our model-
ing by P,,,(4) which shows a spectral red shift with an increase
in dp,,,, following the cavity resonance condition L, = m4/2
where L_is the cavity length and integer m is the cavity mode
number.

In our TEOLEDs and WOLEDs, along with the cavity mode, we
also have SPP modes (~400-450 nm) residing at the Al/dielectric
interfaces of our devices, as schematically shown in Figure 1a. In
such a scenario, the cavity mode and the SPP modes can both
contribute in enhancing emission rates of the EML.[>*] Figure 2¢
(Figure S3c, Supporting Information) shows the simulated emis-
sion enhancement profile EF(4) of the Warm and Cool WOLEDs
(Blue and Green TEOLEDs), calculated as the ratio of the total
emitted dipole power of the WOLED (TEOLED) and the BEOLED
with identical EML thickness. Figure 2c shows that the emitted
dipole power in our TEOLEDs and WOLEDs is higher than the
equivalent BEOLEDs since EF(4) > 1 in almost the entire visi-
ble spectrum but this enhancement washes out at larger wave-
lengths. In addition, contribution from both the cavity and the
SPP modes is apparent since in EF(4), the main peak ~450 nm
originates from the SPP modes at Al/dielectric interfaces and a
shoulder peak ~#600-650 nm from the cavity mode. As dp,,; in-
creases, the cavity mode shifts toward higher wavelengths, incur-
ring a spectral red shift in EF(A) along with a slight increase in
the enhancement.
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Figure 3. Dissipation of power emitted at the PL peak of DMAC-DPS (488 nm) in different optical modes as a function of in-plane wavevector (k) for
the a) reference BEOLED and b) Warm WOLED. c) Fraction of power distributed in different optical loss channels as a function of wavelength for the
Warm WOLED. d) Outcoupling efficiency (blue), theoretical EQE (green), and experimental EQE (red) as a function of EML thickness. The theoretical
EQE values are estimated as outcouplingxPLQY with PLQY of DMAC-DPS as 0.88.

The DMAC-DPS electroluminescence without any cavity envi-
ronment is our reference BEOLED emission B, (4) (Figure 2a).
In the presence of a cavity, this emission is enhanced by EF(4)
(Figure 2c¢) inside the OLED due to the cavity and SPP modes,
i.e., the emission becomes By (4) X EF(A). When outcoupled to
air through the cavity, this enhanced emission is filtered, ie.,
spectrally modified by the cavity mode P,,(4) (Figure 2b)
resulting in an emission profile By (4) X EF(4) X
Py(A).

Therefore, we can reconstruct the TEOLED and WOLED elec-
troluminescence spectra Ty (4) by simply modifying the ref-
erence BEOLED electroluminescence By, (4) as Ty (4) = EF(4)
X P.(A) X By (A). Figure 2d shows the calculated Ty, (4) for
the Warm and Cool WOLEDs showing an excellent agreement
with the corresponding experimental electroluminescence spec-
tra (Figure 2a). Figure S3 (Supporting Information) shows how
the same effects persist in Blue and Green TEOLEDs, where
their spectrum can also be reconstructed using the reference
BEOLED.
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As we see in Figure 2, as d,,; increases from Warm (55 nm) to
Cool (75 nm), P,,(4) red shifts, spectral overlap between B, (4)
and P, (A) decreases, and the red part of By, (4) reduces. But, at
the same time, with an increase in dp,,;, EF(A) increases with a
slight red shift which lifts up the blue-green part of B (4). As
a combined effect, the warm white emission changes to a cool
white one.

To identify the possible optical loss channels, we performed
the optical mode analysis for our BEOLED and TEOLEDs us-
ing the same transfer-matrix based classical dipole model.?334]
Figure 3a shows how the power emitted at the PL peak of DMAC
(488 nm) is dissipated in different optical modes as a function
of in-plane wavevector (k) for the reference BEOLED, while
Figure 3b depicts the same for the Warm WOLED. As shown
in Figure 3a, in the reference BEOLED, a part of the emission
outcouples to air, a part is waveguided inside the substrate (sub)
and the organic layers (TE, and TM, modes), while the rest of
the emission interacts with the SPP mode. In the Warm WOLED
(Figure 3b), the scenario is the same, except now there is no
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electroluminescence spectra (normalized) of the Warm WOLED.

substrate (sub) mode present due to the non-transparent thick
(70 nm) Al mirror at the bottom.

We calculated the fraction of power distributed in different
optical loss channels as a function of wavelength for the Warm
WOLED as reported in Figure 3c. It shows that in addition to
the outcoupled (air), guided (TE, and TM,), and SPP modes,
there is a strong absorption in the WOLEDs. In other words,
only a small fraction (10 — 15%) of the emission from our
TEOLEDs and WOLEDs can outcouple to air, while the major-
ity of the emission is either trapped or absorbed inside. This
absorption loss is due to the metallic absorption of the top 15-
nm-thick Al mirror/electrode (see Figure S6, Supporting Infor-
mation) and it is the dominant optical loss limiting the de-
vice efficiency. Optical losses can be reduced by minimizing ab-
sorption in the electrodes. For instance, the thickness of the
top aluminum electrode can be carefully decreased to lower
absorption, provided this does not significantly increase resis-
tive losses. Similarly, increasing the distance between the EML
and the bottom electrode can mitigate SPP losses, as long as
recombination remains unaffected. Finally, structuring the top
aluminum electrode may further enhance outcoupling from
SPP modes.

To estimate the upper boundary of the EQE of the WOLEDs
and cavity TEOLEDs, we utilize our optical modeling approach.
In our calculations, we considered a balanced charge injection,
unit exciton generation for TADF emitters, the photolumines-
cence quantum yield (PLQY) of DMAC-DPS as 0.88,*% and the
theoretical EQE as outcouplingxPLQY. Figure 3d shows the the-
oretical EQE trend as a function of dp,,, along with the experi-
mentally measured maximum EQE, which is presented later in
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Figure 4 and Figure S2 (Supporting Information). Both simu-
lated and measured EQE drop with an increase in dp,,;. That
is because, in our TEOLEDs and WOLEDs, as the cavity thick-
ness (dp,;) increases, the cavity mode red shifts (Figure 2b and
Figure S3b, Supporting Information). As a result, the detuning
between the cavity mode and the EML emission increases, re-
sulting in a poor spectral overlap.

In addition, Figure 3d shows that the experimental EQE is
lower than the theoretical values, with the discrepancy becom-
ing more pronounced for thicker cavities (dg,; > 55 nm). This
is because the theoretical EQE values are calculated under the
assumption of an OLED with balanced charge injection. How-
ever, in practice, replacing ITO with Al can lead to charge im-
balance, and increasing dy,,; shifts the recombination zone away
from the optimal position within the EML. This, in turn, causes
an imbalanced charge transport and increased exciton quench-
ing. To validate this, we performed recombination zone profile
simulations for the BEOLED (65 nm), thick BEOLED (85 nm),
TEOLED (warm 55 nm), and TEOLED (cool 85 nm) and con-
firmed the shift of the recombination zone toward the EML/ETL
interface in TEOLEDs, shown in Figure S13 (Supporting Infor-
mation). Furthermore, we fabricated the BEOLED with a thicker
DMAC-DPS (85 nm), and this resulted in a lower EQE of 13.9%
than the 17.6% of the reference device (Figure S12c, Supporting
Information), which further confirms that the EQE also drops in
BE devices with a thick 85 nm EML. Figure 4 (Figure S2, Sup-
porting Information) reports the luminance and current density
as a function of applied voltage, while the EQE and luminous effi-
cacy as a function of luminance, for the WOLEDs (reference BE-
OLED and TEOLEDs). As shown in Figure 4, the warm WOLED
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Figure 5. Contour plots of angle-resolved electroluminescence (normalized) for the a) Warm and c) Cool WOLEDs. The dashed white lines show the
angles at which spectral shift (A1) reaches 1%. Angle-dependent electroluminescence spectra (normalized) of the b) Warm and d) Cool WOLEDs. The
dashed red and blue lines show the spectral peak positions used to define the 1% spectral shift (A21).

exhibited turn-on voltage (V,, at 1 cd m™) at 4.4 V, while a
thicker EML (cool WOLED) results in a higher turn-on voltage of
6.3 V, indicating increased resistive losses and less favorable
charge recombination dynamics. The current density of cool
WOLED is lower than that of warm WOLED, mainly due to the
thick emissive layer. The warm WOLED showed L,,,, of 1580 cd
m™?, zop of 4.7% and 7, of 6% at 100 cd m™2. The cool WOLED
exhibited L, of 180 cd m™, nyx of 1%, and #,; of 0.5% at
100 cd m~2.

To confirm spectral stability, voltage-dependent EL spectra and
corresponding CIE (x, y) coordinates were measured for all de-
vices (summarized in Figure 4d; Figure S9 and Table S1, Support-
ing Information). Interestingly, Figure 4d shows that the WOLED
emission spectrum remains stable even as the driving voltage
increases, despite the substantial efficiency roll-off observed in
Figure 4c. This stability is an advantageous feature of our single-
component WOLED scheme, as it does not rely on balancing
the emission intensities of multiple states or emitting layers.
In contrast, in stacked emissive layer WOLEDs, changes in bias
voltage can disproportionately enhance emission from a single
layer. Similarly, in WOLEDs that rely on bimolecular excitonic
species, high electrical excitation modifies the potential land-
scape between molecular species, leading to a voltage-dependent
color shift.['®] Retrospectively, the color stability in our WOLEDs
confirms that no exciplex or excimer-type emissions are con-
tributing to the broad white emission. Note also here that the
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HOMO-LUMO energy levels of DPEPO (HOMO: 6.1 eV, LUMO:
2.0 eV) and DMAC-DPS (HOMO: 5.92 eV, LUMO: 2.92 eV) do
not energetically favour the exciplex formation at the DMAC-
DPS/DPEPO interface. For exciplex formation, the charge trans-
fer state would typically be at an energy lower than the individual
frontier molecular orbitals of the donor and acceptor, but in this
case, the large energy gap between the LUMO levels and the rel-
atively close HOMO levels makes charge transfer inefficient.l*’]
Since no new low-energy emission features are observed in the
case of BEOLED and the observed emission is consistent with the
previously reported DMAC-DPS blue OLEDs,[?*3 we can rule
out the possibility of excimer formation.

To evaluate the operational stability of the devices, we per-
formed lifetime measurements for both the reference BEOLED
and the top-emitting warm WOLED at an initial luminance of
200 cd m~2. As shown in Supplementary Figure S10 (Supporting
Information), the reference BEOLED exhibited an LT, of 9 min,
while the warm WOLED showed an LT, of 3 min. The reduced
operational stability is attributed to the intrinsic instability of the
DMAC-DPS emitter.?]

Figure 5a,c shows contour plots of the angle-resolved electro-
luminescence for the Warm and Cool WOLEDs, respectively. In
both WOLEDs, strong cavity dispersion appears only at emission
angles above 40 and 45 degrees for Warm and Cool WOLEDs, re-
spectively. Interestingly, within the emission cone corresponding
to white light, the WOLEDs exhibit only a negligible spectral shift
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(<1%). At higher angles, however, the electroluminescence spec-
trum shifts back toward blue, while the intensity increases rapidly
(Figure 5b,d). From these emission maps, we calculated the frac-
tion of the total photon flux that lies within the white emission
cone, as shown in Figure S7 (Supporting Information). For both
the Warm and Cool WOLEDs, we find that #50% of the total pho-
ton flux falls within the white light region. To quantify the angular
color stability of the devices, we calculated the CIE 1931 (x, y) co-
ordinates at various viewing angles for both the warm (55 nm)
and cool (85 nm) WOLEDs. As shown in Table S2 (Supporting
Information), the change in color coordinates from 0 to 40 de-
grees for the warm WOLED is approximately ACIE (x = 2.38%, y
~ 2.04%). Similarly, for the cool WOLED, the variation from 0 to
50 degrees remains within ACIE (x ~ 2.86%,y ~ 2.22%). These
values confirm that both devices exhibit relatively stable emission
across a wide range of viewing angles, with minimal chromatic-
ity drift.

We measured the transient photoluminescence (TRPL) decay
spectra of a DMAC-DPS neat film and the Warm WOLED at room
temperature, where the excitation wavelength was 370 nm and
the detection was over the entire white spectrum (480-620 nm).
As shown in Figure 6a, the prompt emission lifetime (z,) of the
Warm WOLED (z,,; = 17.3 ns) is smaller than that of the DMAC-
DPS neat film (r,, = 20.2 ns). This shortening of the prompt
lifetime can be due to the radiative enhancement of the singlet
state,[3>%¢] in line with our theoretical prediction in Figure 2c.
From the measured lifetimes, we can estimate the enhancement
as 7,,/7,, and for the prompt emission, it is 1.16. In agreement
with our simulated enhancement rates in Figure 2c, we measured
an emission enhancement of 1.8 when we selectively measured
the emission lifetime at 430 nm (Figure 6¢). This enchantment is
lower than the simulated value (~2.7) but the overall trend sup-
ports our simulations.

We also measured the delayed emission lifetime. As shown in
Figure 6b, our Warm WOLED shows relatively small lifetime (7
= 1.4 ps) than the DMAC-DPS neat film (r,4, = 2.4 ps). Since the
delayed emission rate is fundamentally set by the reverse inter-
system crossing (RISC) rates, we attribute this to an increase in
the triplet quenching rate.[38-43

3. Conclusion

In conclusion, we have demonstrated a proof-of-concept WOLED
design that eliminates the need for both ITO electrodes and
multi-component emitting layers, thereby significantly simpli-
fying device fabrication. Our approach employs high-efficiency
DMAC-DPS neat films as a single-component EML, with emis-
sion spectrally broadened to white light through the combined
effects of SPP and cavity modes in an Al-clad microcavity struc-
ture featuring a 15-nm-thick top mirror/electrode. We show that
the color temperature of the WOLEDs can be readily tuned from
3790 to 5050 K by simply increasing the EML thickness, thereby
altering the effective optical thickness of the cavity. Although
increased EML thickness leads to reduced device performance,
this trade-off can potentially be mitigated in future designs by
optimizing the thickness of the charge transport layers to en-
hance carrier recombination. Our experimental findings are sup-
ported by optical simulations based on a classical dipole emission
model combined with the transfer-matrix method. The simu-
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Figure 6. Transient photoluminescence (TRPL) decay characteristics of
DMAC-DPS neat-film (blue) and Warm WOLED (yellow) for an excitation
wavelength of 370 nm. Fluorescence lifetime of the a) prompt and b) de-
layed parts. The TRPL lifetime was detected over the wavelength range
of 480-620 nm. c) Prompt fluorescence lifetime detected at 430 nm. The
dashed lines in the figure represent the double exponential fits used to
calculate the lifetimes.

lated outcoupled power spectra closely reproduce the experimen-
tal electroluminescence spectra, confirming that the observed
spectral broadening and shifts originate from the engineered
cavity modes and the Purcell enhancement via the cavity mode
and SPPs at the Al/dielectric interface. Transient emission mea-
surements further reveal enhanced radiative rates, as predicted
by the model. However, the overall EQE, brightness, and effi-
ciency roll-off remained below that of optimized blue reference
OLEDs with transparent ITO electrodes, which we attribute to
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suboptimal electrical injection and optical losses in the current
design. These findings highlight the potential of photonic mi-
crocavity OLEDs for spectrally engineered lighting applications
and pave the way toward cost-effective, large-scale fabrication
of WOLEDs.

4. Experimental Section

OLED Fabrication: Bottom reference OLEDs were fabricated on pre-
patterned 15 x 15 mm? ITO and top-emitting cavity OLEDs were
fabricated on glass substrates. Prepatterned ITO-coated glass substrates
were obtained from Lumtec (resistivity 15 ohm sq"). The substrates were
first ultrasonically cleaned in a 2% Dacon-90/DI water solution for 10 min.
The substrates were then subsequently cleaned in DI water, acetone, and
isopropanol for 10 min each and dried by nitrogen blow. Cleaned sub-
strates were transferred to an Angstrom thermal evaporator system. For
top-emitting OLEDs, a 70 nm Al anode was deposited using a shadow
deposition mask. All the OLED layers (organics, Al, and dielectrics) were
deposited at a base pressure of 3 x 1077 mbar with the deposition rates:
2 A s~ (bottom Al), 0.5 A s~ (top Al), 0.1 A s™1 (LiF), 0.2 As™! (MoO),
and 1A s=1 (DMAC-DPS, mCP, and DPEPO).

Electrical Characterization: OLEDs were measured inside a glovebox
using an in-house built setup coupled with a Keysight-B2902B source me-
ter to measure current and voltage. The photocurrent was measured from
a NIST-calibrated large-area Si-photodiode (active area 10 X 10 mm?). The
photodiode was placed on top of the active pixel at a 0.1 mm distance,
and the photons were captured in the forward direction. The electrolumi-
nescence was captured using Ocean Optics USB2000* at O degrees. The
external quantum efficiency (EQE), luminance, and power efficiency were
determined using the measured photocurrent, device current, and electro-
luminescence spectrum collected at 0 degrees.

Optical Characterization: The angle-dependent reflectivity, transmis-
sion, optical constants, and thicknesses of thin films were acquired us-
ing a J.A. Woollam VASE ellipsometer. A Xe lamp with a spectral range of
250-2500 nm was utilized to obtain the spectra. The data was analyzed
by fitting a Cauchy model in the transparent region of the film to acquire
optical constants and thickness.

For the angle-resolved electroluminescence, a custom-built angle-
resolved imaging setup was used. The emission was collected using a
microscope objective with a numerical aperture of 0.95, allowing us to
collect the electroluminescence from ~—70 to +70 degrees. The collected
light was then focused into the slit of the spectrometer that was coupled
to a 2D CCD camera (1340 x 400 pixels).

Optical Simulation and Modeling: To simulate optical properties
of OLED, a classical dipole modell33] combined with transfer-matrix
method[3#! in 1D is used. The dipole model, also known as the Chance-
Prock-Silbey (CPS) model, considers an electrical dipole emitting inside
the OLED and the emitted light is interacting with all the interfaces present
in a multilayer OLED.[*3] The optical simulations are implemented in
MATLABI*l and SETFOS.[*]

Supporting Information

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