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The broad luminescence spectrum of a thermally activated delayed fluorescence (TADF) organic light-emitting
diode (OLED) is a critical issue to overcome for its application in high-color-purity displays. Herein, a novel
device structure that utilizes the first-order microcavity optical mode with a high radiance intensity is demon-
strated to solve this problem by considering the charge transport properties through the analysis of hole-only and
electron-only devices. In addition, by tuning the optical interference near the semitransparent top cathode layers
consisting of thin silver and organic capping layers, light extraction is increased by nearly 2 times compared to the
device without a capping layer. Consequently, the optimized blue TADF top-emission OLED exhibits much
lower full width at half-maximum, higher maximum current efficiency, and external quantum efficiency com-
pared to the device before optimization. This approach is expected to provide a simple but effective way to further
enhance the spectral purity of the conventional TADF-based OLEDs. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.432042

1. INTRODUCTION

Thermally activated delayed fluorescence (TADF) materials are
third-generation luminescent materials used instead of fluores-
cent and phosphorescent materials. They have attracted much
attention from academia and industry [1,2] because TADF-
based emitters can achieve 100% internal quantum efficiency
(IQE) theoretically by reverse intersystem crossing (RISC) from
the triplet excited state (T1) to the singlet excited state (S1)
[3,4] due to the extremely low energy gap (ΔEST < 50 meV)
[5,6]. However, the low luminous efficiency [7,8] and sharp
roll-off at high current density [7,9,10] still restrict the appli-
cation of TADF emitters. In order to achieve high luminous
efficiencies and to reduce the roll-off in TADF emitters, more
complex molecular structures of host materials have been de-
signed to reduce the probability of self-quenching in excitons
[11,12]. The ΔEST of the emitters have been modulated by
varying the indolocarbazole isomers, so that the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are modified to improve exciton
recombination [13]. As a result of these efforts, highly efficient
TADF organic light-emitting diodes (OLEDs) with an external
quantum efficiency (EQE) of nearly 40% have been developed
[14], and these, in turn, have advanced the mass production of
TADF emitting devices.

Nevertheless, the antispin process is a major factor because
the material’s characteristics and the HOMO of the material are
bound to change when ΔEST is reduced. These factors cause a
redshift in the emission wavelength [15,16], which can reduce
the stability and color purity of the device. In addition, inter-
molecular relaxations naturally occur when the T1 exciton is
converted to the S1 exciton via the RISC process. This leads
to a variety of luminous states, which induce wide emission
spectra from the TADF emitting devices, resulting in low-
color-purity display applications. In recent years, rapid develop-
ments in OLED technology has increased the need for visual
enjoyment, and the color purity of the devices having narrow
emission spectra have been strongly emphasized. Although
blue, green, and red emitters based on TADF luminescent ma-
terials have been developed [14,17,18], achieving a narrow
emission spectrum with high-color-purity blue TADF OLEDs
is still a great challenge. To address this challenge, much effort
has been made to reduce the molecular relaxations and/or
vibronic coupling effect by using complex molecular structures
[19–22]. Kondo et al. reported on highly pure [full width at
half-maximum (FWHM)–18 nm] deep-blue TADF emitters
with five benzene rings connected by boron and nitrogen atoms
that induced significant localization of the HOMO and
LUMO, leading to the reduced vibronic coupling between
the ground state (S0) and S1 [20]. Li et al. demonstrated
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the rigid framework of a sky-blue TADF matrix used to make
conjugated chains inside, which can restrain the molecular re-
laxation and confine the LUMO in the framework (FWHM–
44 nm) [22]. In addition, the sky-blue TADF emitter with
multiple resonance effect between electron-withdrawing atoms
and electron-donating atoms can increase photon yield and
inhibit the coupling effect to produce a narrow emission spec-
trum (FWHM–33 nm) [23]. However, most of the earlier
studies on lowering the FWHM value of blue TADF emitters
have been particularly focused on making complex molecular
structures by using various synthesis methods that require fine
stoichiometric tuning and many processing steps for device fab-
rication. Therefore, a relatively simple and easily accessible
technique, such as structural engineering of the device using
optical effects, is necessary to enhance the color purity of blue
TADF OLEDs. As the OLED comprises multiple layers of
subwavelength thickness with different refractive indices, pho-
tons from the emission layer undergo multiple internal reflec-
tion and transmission, leading to a resonance of the irradiance
distribution [24–26]. This optical resonance caused by a strong
microcavity effect can effectively reduce the linewidth of the
emission spectrum at a specific wavelength and simultaneously
amplify the light intensity of the device [27,28], which has been
verified to be quite effective in improving the color purity of
OLEDs. Therefore, many groups have reported cavity-based
fluorescent [29] and phosphorescent [30] OLEDs using
top-emission structures to obtain narrow spectra and highly ef-
ficient device performance. Furthermore, the sharp roll-off of
TADF OLEDs at higher current densities is due to the long-
delayed fluorescence exciton lifetime of the TADF emitter that
aggravates bimolecular annihilation [31,32]. However, the dis-
tribution of electric fields can be modified by microcavity ef-
fects, which reduces the exciton lifetime to some extent [33]
and eventually alleviates the efficiency roll-off of the device.
However, there are few reports on cavity-based TADF top-
emission OLEDs (TEOLEDs). Most recently, Lucas et al. first
demonstrated the TADF TEOLED structures using circularly
polarized emitters to increase the energy efficiency of conven-
tional OLED devices [34]. However, this approach was still
focused on molecular designs and showed weak optical cavity
resonance, leading to a high FWHM value (∼83 nm). In ad-
dition, the device has a green wavelength (λ ∼ 510 nm) emis-
sion that requires a relatively larger cavity length (larger device
thickness), so that microcavity effects can be easily applied to
devices with electrically stable operation compared to blue-
emitting devices. Notably, the fabrication of blue-emitting de-
vices based on the first-order cavity mode having a higher res-
onance energy and radiance intensity has been more
challenging because the thickness of their device structure
should be less than 100 nm, which can induce electrically un-
stable operation at high current density, leading to breakdown
of the devices [35]. Fortunately, the blue TADF OLEDs with
low current density properties have been reported [6], which
opens up the possibility to overcome this issue. However, to
date no report has been made on the design rules considering
balanced charge transport to achieve high-color-purity blue
TADF TEOLEDs.

In this study, we present an optimized optical design and a
balanced charge transport for achieving high-color-purity blue
TADF TEOLEDs with a semitransparent cathode configura-
tion. To maximize microcavity effects for the narrow emission
spectra of devices (lower FWHM), the first-order cavity mode
with a radiance intensity higher than that of second- or third-
order cavity modes [35] was selected and carefully optimized by
considering the balanced charge transport. Then, hole-only de-
vices (HODs) and electron-only devices (EODs) were fabri-
cated to choose the proper thickness of the carrier transport
layers in order to ensure sufficient exciton recombination.

In addition, by tuning the optical interference near the semi-
transparent top cathode layers consisting of thin silver (Ag) and
an organic capping layer (CL), the overall luminance efficiencies
of the devices were greatly boosted, as confirmed by three-
dimensional (3D) finite-difference time-domain (FDTD) simula-
tion. We believe that highly pure blue emission can be achieved
by optically and electrically optimized blue TADF TEOLEDs
with thin Ag film (25 nm) and CL (90 nm) without special care
for the synthesis method of TADF emitters.

2. EXPERIMENTAL DETAILS

A. Modeling
The simulated results were analyzed using commercial FDTD
software (FDTD Solutions, Lumerical, Canada), and the elec-
tric field (e-field) distribution spectra were calculated based on
the electrical dipole source. For the FDTD boundary condi-
tions, we selected a perfectly matched layer (PML) as the mod-
eling boundary condition to avoid the interference of boundary
reflection on the device, thus improving the accuracy of the
simulation results. In this model, the refractive indices and
the coefficient indices were measured by alpha-SE ellipsometry
(WizOptics, Korea).

B. Device Fabrication
Molybdenum oxide (MoO3) as a hole injection layer (HIL), N,
N-dicarbazolyl-3,5-benzene (mCP) as a hole transport layer
(HTL), bis[4-(9,9-dimethyl-9,10-dihydroacridine)phenyl] sul-
fone (DMAC-DPS) as an emitting layer (EML), and bis[2-
(diphenylphosphino)phenyl] ether oxide (DPEPO) as an
electron transport layer (ETL) were fabricated on an Ag/
indium tin oxide (ITO) substrate. All deposition processes
were performed using a vacuum thermal evaporation system
(Daedong High Tech, Korea) under a pressure of
8 × 10−7 Torr. The Ag/ITO-coated substrates were cleaned
for 5 min using isopropyl alcohol (IPA) and deionized (DI) water
and then exposed to UV-ozone for 5 min. First, theMoO3 layer
was deposited at 1 Å/s (1 Å = 0.1 nm), and all of the organic
layers were deposited at 0.5–0.8 Å/s later on. The LiF layer was
then deposited at a lower rate of 0.2 Å/s. All metallic layers were
deposited at 1 Å/s. Finally, the CL (composed of DPEPO) was
deposited. All organic materials used in this experiment were
purchased from Ossila. Organic layers and electrode layers were
deposited under different shadow masks.

C. Characterization
The transmittance and reflectance spectra of the samples were
measured using a UV spectrometer (PerkinElmer, Lambda 35).
The current density–voltage–luminance (J–V–L), current
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efficiency (CE), and electroluminescence (EL) spectrum char-
acteristics based on an effective area of 2 cm × 2 cm were mea-
sured and calculated using an OLED measurement system
(M6100 program, McScience). EQE values were calibrated us-
ing a mean estimation method under different viewing angles
[36] considering the angular dependence of EL intensities in
microcavity-based TEOLEDs. The focused ion beam scanning
electron microscopy (FIB-SEM) image of the device structure
was investigated using HeliosG4UC.

3. RESULTS AND DISCUSSION

A. Optical Design for a Pure Blue Emission and
Balanced Charge Transport
The schematic of the device structure [Fig. 1(a)] shows that an
optical microcavity was formed inside the device through multi-
ple reflections of internal optical light between the top semi-
transparent electrode and the bottom reflective electrode to
achieve optical resonance at a specific wavelength. By tuning the
thickness of the HTL and ETL, the charge balance was achieved
under the first-order microcavity length condition. For the cath-
ode, a LiF/Al bilayer structure was used to reduce the electron
injection barrier as well as ensure high efficiency of charge in-
jection as shown in the energy level diagram of Fig. 1(b).
The most appropriate electrode thickness of the Ag layer was
chosen based on the reflectance and transmittance properties,
and the effect of different CL thicknesses on the optical perfor-
mance of the device was examined to maximize the light extrac-
tion via reduced microcavity effects. Our optimal structure of
the device was validated by the FIB-SEM image [Fig. 1(c)].

To determine the structure for the microcavity effect, opti-
cal simulations were performed to optimize the thicknesses of
the HTL and ETL prior to fabricating the TEOLED devices.
Appendix A (Fig. 7) shows the simulation modeling diagrams
and refractive indices of the organic materials. The radiance

intensity gradually decreases with the increasing HTL and
ETL thickness, with a periodic intensity profile depending
on the cavity length as shown in Fig. 2(a). Conventionally, rel-
atively thick (∼200 nm) HTL or ETL, corresponding to the
second-order cavity mode, was often employed despite optical
losses, due to the difficulty in fabricating the device with a short
optical cavity that can accommodate the first-order optical
mode (i.e., cavity length ∼90 nm for 478 nm). However, ul-
timately, the first-order cavity mode should be utilized not only
to adjust the charge balance but also to induce the strong op-
tical resonance within the cavity [35]. Therefore, to secure the
device structure well designed for the first-order cavity mode at
a wavelength of 478 nm, we calculated the e-field intensity dis-
tribution in a microcavity as a function of the HTL and ETL
thickness in using 3D FDTD simulation, and accordingly we
optimized the device structure by analyzing the charge balance
mechanism for both HODs and EODs with different thick-
nesses of HTLs and ETLs, respectively.

To begin with, the luminescence range in the first-order
condition was divided into three parts as indicated in Fig. 2(b):
part 1 based on thicker ETL, part 2 based on similar thickness
of HTL and ETL, and part 3 based on thicker HTL. Then, the
HODs and EODs based on the above conditions were fabri-
cated as follows:

HOD 1: reflective anode/HIL (1 nm)/HTL (15 nm)/EML
(28 nm)/HTL (15 nm)/HIL (1 nm)/Al (2 nm)/Ag (15 nm).
HOD 2: reflective anode/HIL (1 nm)/HTL (25 nm)/EML
(28 nm)/HTL (25 nm)/HIL (1 nm)/Al (2 nm)/Ag (15 nm).
HOD 3: reflective anode/HIL (1 nm)/HTL (35 nm)/EML
(28 nm)/HTL (35 nm)/HIL (1 nm)/Al (2 nm)/Ag (15 nm).
EOD 1: reflective anode/LiF (0.8 nm)/ETL (15 nm)/EML
(28 nm)/ETL (15 nm)/LiF (0.8 nm)/Al (2 nm)/Ag (15 nm).
EOD 2: reflective anode/LiF (0.8 nm)/ETL (25 nm)/EML
(28 nm)/ETL (25 nm)/LiF (0.8 nm)/Al (2 nm)/Ag (15 nm).

Fig. 1. (a) Schematic of the TADF TEOLED structure. (b) Diagram of HOMO and LUMO energy level for materials. (c) FIB-SEM image of the
optimized device structure.
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EOD 3: reflective anode/LiF (0.8 nm)/ETL (35 nm)/EML
(28 nm)/ETL (35 nm)/LiF (0.8 nm)/Al (2 nm)/Ag (15 nm).

HTL/HIL and ETL blocked the electron injection from the
cathode and the hole injection from the anode in the HOD and
EOD, respectively. Thus, the hole and electron transport
behavior in devices can be analyzed through the HOD and
EOD with a single carrier (hole or electron) moving through
the EML as shown in Figs. 2(c) and 2(d). Figures 2(e) and 2(f )
show the J–V characteristics of the HODs and EODs with dif-
ferent thicknesses of HTLs and ETLs, respectively. Compared
to HOD 2 (12.4 mA=cm2 at 8 V) and HOD 3 (7.5 mA=cm2

at 8 V), HOD 1 with a thinner HTL exhibits an excellent hole
injection efficiency (64.9 mA=cm2 at 8 V). For
thinner HTL, the higher current density is attributed to the
relatively small hole injection path, which reduces the time
for charge carriers (holes) to move toward the electrode. On
the contrary, EOD 3 with thicker ETL exhibits higher current
density of 23.8 mA=cm2 at 8 V than EOD 1 (7.7 mA=cm2 at
8 V) and EOD 2 (5.2 mA=cm2 at 8 V). This is because the
velocity of the electron is 1 order of magnitude lower than that
of the hole; thus, a thicker ETL increases the transport space for
electrons, which provides more opportunities for the recombi-
nation of hole–electron in the EML. These results reveal that in
order to significantly increase the recombination of excitons in
the EML, 15 nm and 35 nm are the most suitable thicknesses
for HTL and ETL, respectively, for modifying the charge bal-
ance in the first-order cavity-mode length conditions.

B. Optical Properties of Cathode Configuration
The microcavity effect and luminous efficiency are directly
affected by the top semitransparent electrode, so the optimum

thickness of the Ag cathode is calculated as shown in
Appendix A (Fig. 8). Based on this simulation result, the suit-
able thickness of the Ag layer was observed to be between 10
and 30 nm within the blue spectrum. Thus, LiF/Al/Ag cath-
odes were fabricated, and their optical properties were investi-
gated by varying the thickness of Ag between 10 and 30 nm
(Appendix B, Fig. 9). As shown in Appendix B [Figs. 9(a) and
9(b)], the transmittance decreases steadily with the increase in
Ag thickness. Particularly, the thin LiF/Al/Ag cathode exhibits a
lower transmittance (52.7%) at 478 nm than 10 nm pure Ag
film, and the transmittance of the other electrodes based on the
15, 20, and 25 nm Ag layers decreased to 38.3%, 27.2%, and
19.1%, respectively.

When the Ag thickness is increased to 30 nm, the transmit-
tance of the electrode is even less than 11%, which is obviously
not conducive to the extraction of light. In contrast, the reflec-
tance increases continuously as the Ag thickness decreases; for
example, the reflectance of a 30 nm Ag layer electrode is close to
80%, while the reflectance of the electrode based on a 10 nm
Ag layer (35.6%) is less than half of that, which is not sufficient
to achieve an effective microcavity effect. Thus, it was decided
to use 15, 20, and 25 nm Ag layers as the optimization
objects of the cathodes. Thereafter, devices with reflective
anode∕MoO3 (1 nm)/HTL (15 nm)/EML (28 nm)/ETL
(35 nm)/LiF (0.8 nm)/Al (2 nm)/Ag (× nm) structure were fab-
ricated. As shown in Fig. 3(a), the current densities of the
TEOLEDs increase continuously with increasing Ag thickness.
This is because the 25 nm Ag electrode has a lower sheet re-
sistance (3.5 Ω/sq) than 15 nm (6.8 Ω/sq) and 20 nm
(5.1Ω/sq) Ag electrodes [Appendix B, Fig. 9(c)] to enhance the
injection current. However, the device based on a 25 nm Ag

Fig. 2. (a) Simulated e-field distribution of the microcavity as a function of the HTL and ETL thickness. Each part indicated by the arrow is the
thickness range of the HTL and ETL that satisfies the first-, second-, and third-order microcavity condition, respectively. (b) Simulated e-field
intensity distribution of the microcavity as a function of the HTL and ETL thickness in the first-order condition (part 1: 15 nm HTL and 35 nm
ETL; part 2: 25 nm HTL and 25 nm ETL; part 3: 35 nm HTL and 15 nm ETL). Schematic energy band diagrams of the (c) HOD and (d) EOD.
J–V characteristics of the (e) HODs and (f ) EODs with different thicknesses of HTLs and ETLs.
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electrode has a lower luminance, maximum calibrated EQE of
2.9%, and maximum CE of 4.3% [Figs. 3(b) and 3(c)], due to
a lower transmittance (19.1%) that prevents light from passing
through the top electrode, compared to other devices based on
the 15 and 20 nm Ag electrodes. Fortunately, the 25 nm Ag
electrode has a higher reflectance (∼80%), which can help to
strengthen the resonance effect for obtaining a narrower
FWHM. This can be verified by Eq. (1) [37,38]. As shown
in Eq. (1), with the same reflectance of the bottom electrode
(R1), if the reflectance of the top electrode (R2) is enhanced, the
FWHM will be reduced (here, we ignore the influence of the
optical length change on FWHM). Therefore, further investi-
gation is needed owing to the narrow EL spectrum [FWHM–
24 nm, Fig. 3(d)].

FWHM � λ

2Leff
×
1 −

ffiffiffiffiffiffiffiffiffiffi

R1R2

p

π
ffiffiffiffiffiffiffiffiffiffi

R1R2
4
p : (1)

To acquire the TEOLED characteristics with low FWHM
and high light extraction simultaneously, cathodes with multi-
layer structures were designed, in which a CL was deposited on
the top metal electrode. By utilizing the capping effect at the
interface between the CL and air under reasonable optical
design, the light extraction and spectral distribution can be
modulated effectively. Hence, an organic dielectric material
(DPEPO) with a suitable refractive index (∼1.67) and good
deposition morphology was used as the CL in this study. In
addition, compared to inorganic CL, the evaporation temper-
ature of the organic material CL is lower, which is beneficial for
practical applications [39,40]. To investigate the optimal CL
thickness, the capping effects of different CL thicknesses on
devices were investigated. Figures 4(a) and 4(b) display the light
paths inside the devices and the phase variation with or without
organic CL.

For the device without CL, the up light wave (EU) from the
EML is generally divided into the transparent wave (ET1) and
the refractive wave (ER1) on the organic/metal interface, so the
output light is only the energy of T1, which cannot meet our
requirement for highly efficient devices. Otherwise, when CL
covers the top metal electrode, the distribution of the EU is
different from the previous one. When the ET1 reaches the
CL/air interface, it is further divided into two parts, reflected
wave (ER2) and transmitted wave (ET2). To achieve the maxi-
mum extraction light, ER1 and ER2 must have a phase differ-
ence (Δ∅) that causes destructive interference to reduce the
energy loss due to the reflection in TEOLEDs. The following
Eqs. (2) [41] and (3) [42] clearly describe the relationship be-
tween the optical path and Δ∅ and the optical path difference
(δ) about destructive interference:

Δ∅ � 2π

λ
�r1 − r2� � �2k � 1�π, (2)

δ � r1 − r2 � �2k � 1� λ
2
, (3)

where r1 and r2 indicate the optical paths of ER1 and ER2, re-
spectively, and k is an integer. According to Eqs. (2) and (3), we
calculated that the intensity peak would appear periodically at
every 140 nm and the maximum value would gradually de-
crease, because the Δ∅ between the two waves (ER1 and ER2)
would appear periodically with a reduction in the remaining
energy.

Figures 4(a) and 4(b) represent the schematics of optical
paths with and without CL in TEOLEDs. Figure 4(c) displays
the e-field intensity distribution of devices based on 15, 20, and
25 nm Ag layers as a function of CL thickness. Indeed, com-
pared to other devices, the device based on 25 nm Ag layer has a
stronger microcavity effect and narrower emission spectrum
due to the enhancement of the resonance effect in a specific

Fig. 3. Device performances of the TEOLEDs with different thicknesses of Ag layers: (a) J–V–L curves; (b) calibrated EQE–J characteristics;
(c) CE–J characteristics; (d) EL spectra of the devices at 10 V.
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wavelength range. According to the simulated results, each of
the TEOLEDs based on Ag layers with different thicknesses
shows an intensity peak value at CL of approximately 90 nm
(at 478 nm). To verify the influence of the CL on the output
light and microcavity effect inside the devices, the near e-field
distributions of the devices with and without CL are shown in
Fig. 5. For the devices without CL, the microcavity effect is
achieved in these devices because of the reflectance of the
top semitransparent electrode. However, emission light cannot
escape from the device due to lower transmittance of the top
semitransparent electrode, resulting in low light extraction
[Figs. 5(a)–5(c)]. Conversely, for devices with 90 nm CL,
due to the influence of δ, the microcavity effect inside the de-
vices is weakened to a certain extent to enhance output light
energy as shown in Figs. 5(d)–5(f ). It is obvious that the cap-
ping effect breaks the situation that the radiance light is limited

to the inside of these devices. In addition, compared to the de-
vice based on 15 nm Ag with 90 nm CL and that based on
20 nm Ag with 90 nm CL, the device based on 25 nm Ag layer
and 90 nm CL has excellent light extraction because the top
electrode is optimized to achieve the best balance between re-
flectance and transmittance for our TEOLED.

C. Performances of Optimized TEOLEDs
To verify our simulation analysis, 50, 70, 90, 110, and 130 nm
CL thicknesses were set as objects of discussion and devices
based on 15, 20, and 25 nm Ag layers with different CL thick-
nesses were fabricated. The structure of the TEOLEDs is as
follows: reflective anode/HIL (1 nm)/HTL (15 nm)/EML
(28 nm)/ETL (35 nm)/LiF (0.8 nm)/Al (2 nm)/Ag (× nm)/
CL (× nm). As simulated, when the CL thickness was
90 nm, all devices showed the best performance. Appendix C

Fig. 4. Schematics of optical paths in TEOLEDs (a) without and (b) with CL, and (c) simulated e-field intensity of the TEOLEDs (based on 15,
20, 25 nm Ag layers) as functions of the CL thickness and wavelength.

Fig. 5. Near-field distribution of the TEOLEDs without CL based on (a) 15 nm, (b) 20 nm, and (c) 25 nm Ag layers, and with 90 nm CL based
on (d) 15 nm, (e) 20 nm, and (f ) 25 nm Ag layers.
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(Figs. 10 and 11) shows the device characteristics based on the
15 nm Ag layer and 20 nm Ag layer, respectively. As shown in
Appendix C [Fig. 10(a)], due to the index match of a suitable
thickness CL, the device based on a 15 nm Ag layer with

90 nm CL exhibits maximum luminance. The maximum cali-
brated EQE is 6.7% and maximum CE is 10.9 cd/A, which is
increased by 6%–46% (EQE) and 12%–33% (CE) compared
to the other devices with different CL thicknesses [Appendix C,

Fig. 6. Device performances of the TEOLEDs with different CL thicknesses on 25 nm Ag layer: (a) J–V–L curves; (b) calibrated EQE–J character-
istics; (c) CE–J characteristics; (d) EL spectra of the devices at 10 V. (e) Viewing angle-dependent emission images captured for the tilted OLED with
Ag (25 nm)/CL (90 nm) in the range from −70° to 70° at 10 V.

Table 1. Summary of Device Performances

Electrode Thickness CL Thickness (nm) CEmax (cd/A)a Lmax (cd=m2)b Calibrated EQEmax (%)c Wave peak (nm)d FWHM (nm)e

Ag 15 nm 50 8.2 555 4.6 474 70
70 9.2 584 5.1 473 57
90 10.9 645 6.7 476 50
110 9.0 510 6.3 471 47
130 9.7 496 5.9 476 49

Ag 20 nm 50 7.3 529 5.2 474 67
70 8.2 536 5.3 472 54
90 12.5 679 8.2 472 45
110 9.0 498 5.9 469 43
130 5.9 434 4.0 474 43

Ag 25 nm 50 8.3 526 5.1 472 62
70 12.6 604 7.7 473 50
90 13.8 691 8.4 478 41
110 10.2 557 6.3 467 39
130 9.1 489 6.4 467 41

aMaximum current efficiency.
bMaximum luminance.
cMaximum external quantum efficiency.
dWave peak of EL spectra at 10 V.
eFull width at half-maximum measured at 10 V in OLED measurement system.
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Figs. 10(b) and 10(c)]. Furthermore, the wave peak at 476 nm
is the closest approximation to our central wavelength
(478 nm), but the broader EL spectrum (FWHM of 50 nm)
cannot meet the requirement of high-color-purity TEOLEDs
[Appendix C, Figs. 10(d)]. Although the device based on
20 nm Ag with 90 nm CL exhibits a narrower FWHM of
45 nm, higher maximum CE (12.5%), and higher maximum
calibrated EQE (8.2%) [Appendix C, Figs. 11(b) and 11(c)],
the wave peak (472 nm) deviates from 478 nm.

Figure 6(a) displays the J–V–L characteristics of devices
based on 25 nm Ag layer with various thicknesses of CL.
Under the influence of the capping effect, the device based
on 90 nm CL shows the maximum luminance, which is 1.4
times brighter than the device with 130 nm CL. The results
of Fig. 6(a) show that the thickness of CLs has little influence
on the electrical property of the TEOLED but significantly af-
fects its optical performance. Moreover, a maximum calibrated
EQE of 8.4% was obtained, and the maximum CE reached
13.8 cd/A [Figs. 6(b) and 6(c)]. Compared to the maximum
values of devices based on 15 and 20 nm Ag layers with
90 nm CL, the calibrated EQE was enhanced by 7% and
1.8%, and the CE was increased by 26.6% and 10.4%, respec-
tively. In terms of the EL spectrum, the FWHM of the device is
only 41 nm, as shown in Fig. 6(d), which is also narrower than
that of the devices based on the 15 and 20 nm Ag layers with
90 nm CL (Table 1). In addition, angular-dependent emission
images captured for the tilted OLED (based on 25 nm Ag layer
with 90 nm CL) in the range from −70° to 70° are presented in
Fig. 6(e). In Table 1, the FWHM decreases with an increase in
the CL thickness up to 110 nm. At a CL thickness of 130 nm,
the FWHM slightly increases for the devices based on 15 and
25 nm Ag layers, while it remains unchanged for the device
based on the 20 nm Ag layer. However, the change of FWHM
in the 110 and 130 nm CLs is negligible compared to the dec-
rement of FWHM with an increase in the CL thickness up to
90 nm. In general, through reasonable design of the top semi-
transparent electrode and organic CL, the optimized TEOLED
based on the charge balance mechanism can simultaneously
achieve good light extraction and high color purity.

4. CONCLUSIONS

In summary, we demonstrated a high-color-purity blue TADF
TEOLED based on the first-order cavity mode using the cath-
ode configuration of a 25 nm Ag layer and 90 nm organic CL
with a calibrated EQE of 8.4% and CE of 13.8 cd/A. By uti-
lizing the low current characteristics of the blue TADF OLEDs
and tuning the charge balance mechanism of holes and elec-
trons, the first-order cavity mode with short optical length
was successfully applied to TEOLEDs. Notably, compared
to the TADF OLEDs with no microcavity based on ITO elec-
trodes (FWHM–84 nm, Appendix D, Fig. 12), the FWHM of
the TEOLED based on the optimized cathodes was reduced to
41 nm, which can increase the practical application of TADF
material in the light-emitting devices market. Furthermore, the
LiF/Al/Ag/DPEPO cathode configuration shows excellent
characteristics, which not only improve light extraction but also
color purity simultaneously. Based on the above results, we

believe that this study will promote the commercialization
of TADF OLEDs.

APPENDIX A: SIMULATION DETAILS AND
RESULTS

Figure 7(a) displays the schematic of simulation modeling and
the values of refractive index about organic layers are shown in
Fig. 7(b). With the increase of Ag thickness, the e-field distri-
bution of microcavity effects is clearly seen in Fig. 8.

Fig. 7. Schematic of (a) simulation modeling and (b) refractive
index information of organic materials.

Fig. 8. Simulated e-field intensity of microcavity.
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APPENDIX B: OPTICAL PROPERTIES OF LIF/
AL/AG CATHODES

Figures 9(a) and 9(b) show transmittance and reflectance of
LiF/Al/Ag cathodes, respectively. Sheet resistance and absorp-
tion characteristics are shown in Fig. 9(c).

APPENDIX C: DEVICE PERFORMANCES

Figures 10 and 11 display the device characteristics based on
15 nm and 20 nm Ag electrode, respectively.

Fig. 9. (a) Transmittance, (b) reflectance, and (c) absorption with
respect to the sheet resistance of the LiF/Al/Ag electrode with different
Ag thicknesses.

Fig. 10. Device performances of the TEOLEDs with different CL
thicknesses on 15 nm Ag layer: (a) J–V–L curves; (b) calibrated EQE–J
characteristics; (c) CE–J characteristics; (d) EL spectra of the devices at
10 V.

Fig. 11. Device performances of the TEOLEDs with different CL
thicknesses on 20 nm Ag layer: (a) J–V–L curves; (b) calibrated EQE–J
characteristics; (c) CE–J characteristics; (d) EL spectra of the devices
at 10 V.
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APPENDIX D: EL SPECTRA OF THE DEVICES

Figure 12 shows the normalized EL intensity of the OLEDs
with a first-order microcavity and without a microcavity.
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