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Microcavity-Enhanced Blue Organic Light-Emitting Diode
for High-Quality Monochromatic Light Source with
Nonquarterwave Structural Design

Jie Lin, Yongsheng Hu, and Xingyuan Liu*

Despite their rapid development, organic light-emitting diodes (OLEDs)
are limited to display and lighting applications, and exploiting the appli-
cation and development of OLEDs has become one of the critical issues.
In this study, a new type of distributed Bragg reflector (DBR) with low
absorption spacer as a bottom mirror is developed through nonquarter-
wave structural design. Different factors affecting the electrolumines-
cence (EL) properties of microcavity OLEDs (MOLEDs) are investigated
by using the optical microcavities with different structures to regulate
the EL properties of 4,4’-bis[(N-carbazole)styryl] biphenyl (BSB-Cz).

The optimized MOLEDs with quarterwave DBRs exhibited a maximum
external quantum efficiency of 8.86 * 0.06%, demonstrating an enhance-
ment of 79% compared to a reference device. Under the premise of
almost not changing the electrical injection of the functional layer mate-
rials in the cavity, the spectral full-width at half maximum of MOLEDs
with a nonquarterwave structural design is as narrow as 2 + 0.05 nm.
These improvements are not only suitable for small organic molecules or
polymeric materials, but also for novel nanoluminescent materials, such
as quantum dots, perovskites, etc. Overall, the current study suggests the
general applicability of this novel concept to obtain high-quality mono-

chromatic light, irrespective of the type of materials used.

1. Introduction

Significant progress has already been made in organic light-
emitting diodes (OLEDs), which gained immense attention
both in academia and industry over the last three decades.[!?]
Researchers are focused on the two promising applications
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of OLEDs: display devices and lighting
panels.*7] However, further development
of OLEDs technology is facing enormous
challenges, such as cost, emitter, light
extraction, etc.®% On the one hand, in
recent years, with the fast progress in
performance, newly developed light-
emitting devices such as quantum dot
light-emitting diodes (QLEDs) have
approached the state-of-the-art OLEDs
only in one decade. QLEDs have prelimi-
narily become competitive with OLEDs
in the field of lighting and display.l'*-13]
On the other hand, due to the lacking
of an adequate new type of organic elec-
troluminescent (EL) devices based on
OLEDs, it impedes taking full advan-
tage of the integration of OLEDs with
other optoelectronic devices. Therefore,
OLEDs technology still has space for
development.'! Many different types
of EL technology based on OLEDs have
not been well developed. For example,
microcavity OLEDs (MOLEDs) have
been successfully used as monochrome
light in sensors!’>17] or organic semi-
conductor amplifiers.'¥ The full-width at
half-maximum (FWHM) of the novel MOLEDs with distrib-
uted Bragg reflector (DBR)/indium tin oxide (ITO) less than
7 nm*®! and tunable near UV MOLEDs arrays!'®l have been
obtained and significant improvements can still be intro-
duced. Compared with the MOLEDs, the current application
of resonant cavity light-emitting diodes (RCLEDs) is more
like a mature technology,!'>2% which can be used in a variety
of low-cost, high-volume applications, especially for optical
communication, more specifically, through a plastic optical
fiber (POF) and IR wireless communication for data commu-
nication.2122l The key reasons are the following: 1) the wide
spectrum of organic materials makes the angular dispersion
of MOLEDs very serious, which would affect the beam quality;
2) the lack of a reasonable resonator structure to control the
spontaneous emission characteristics of OLEDs effectively.
At present, metal cavities or metal-dielectric cavities are most
commonly used in MOLEDs,?*24 and all-dielectric MOLEDs
have also been reported,[?>2! but the overall performance is
poor owing to the extra optical loss in the resonator is difficult
to control. It is worth noting that constructing a reasonable
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microcavity is not easy to achieve by adopting the existing
structural parameters. Taking metal-dielectric MOLEDs as
an example, the large difference in refractive index between
high and low dielectric materials determines the variations
in the reflectance of conductive dielectric DBR considerably
in different periods. While the immobilization of reflectivity
of thick metal electrodes further reduces the space for con-
trolling the luminescent properties of OLEDs by microcavity.
Therefore, the spectral FWHM of common MOLED is usu-
ally between 10 and 20 nm, and the enhancement of external
quantum efficiency (EQE) is usually one- to twofold,?”! which
is far behind RCLEDs (FWHM, 40-1 nm; EQE enhancement,
one- to tenfold). For large area tunable monochrome light
source or POF communication, it is necessary to improve
the performance of MOLEDs. Although many different
approaches to the development of functional materials and
devices are designed for improving the performance of blue
OLED devices, until now, the efficiency and stability of blue
OLEDs still have few concerns.l?®l Due to their poor photo-
physical properties,?”] efficient deep-blue materials are devel-
oped gradually until the emergence of thermally activated
delayed fluorescence materials.3% A wide variety of blue
luminescent organic materials with excellent photophysical
properties has been developed by using reasonable molecular
design concepts and general synthetic routes.’!32 Among
them, 4,4’-bis[(N-carbazole)styryl] biphenyl (BSB-Cz) based
on the structure of bis-stilbene has excellent photophysical
properties, including high photoluminescence quantum yield
(PLQY) in solid state, high radiative rate constant (kr, 10° S71),
and very low excited-state absorption and thus considered to
be a very promising candidate for high-efficiency deep-blue
OLEDs. BSB-Cz possesses a high PLQY even in neat films,
which is contrary to the strong concentration quenching
exhibited by many organic dyes.?3! This characteristic pro-
perty is advantageous to adjust the natural spontaneous emis-
sion by utilizing optical microcavity. It is well known that the
optical microcavity can increase the light extraction efficiency
of OLED by changing the distribution of light inside the
device, producing saturated colors, and improving the color
gamut.l?* Unfortunately, EQE of reported blue MOLEDs is
lower than the expected, which may be due to a considerable
mismatch between the resonant wavelength of the cavity and
blue emission spectrum, as the resonant wavelength of the
emitted light deviates from the peak value of the intrinsic
luminescence, resulting in a lower enhancement of quantum
efficiency. Therefore, it is challenging to improve the effi-
ciency of blue OLED while shifting the emission peaks to
shorter wavelengths to produce a deeper blue color.

Here, we demonstrate a MOLED that employs a non-
quarterwave structural design, possessing tunable spec-
tral FWHM as narrow as 2 * 0.05 nm. A simple structural
design reported here plays two key roles: optimizing elec-
tric injection balance and regulating the optical mode. This
investigation successfully discusses and addresses these two
effects separately. The insights revealed by this study using
nonquarterwave MOLEDs help boost the application of
MOLEDs. At the same time, it is equally beneficial to facili-
tate the realization of electrically driven organic lasers in the
blue region.
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2. Results and Discussion

2.1. High-Performance Blue OLED based on BSB-Cz

To evaluate the EL properties of BSB-Cz, we employed a
simple but highly efficient structural device (Figure 1a)
that consists of multiple layers in the following order: ITO
(=120 nm)-coated glass substrates, molybdenum trioxide
(MoO; =1 nm), 44’4 tris(carbazol-9-yl)-triphenylamine
(TCTA =40 nm),  4,4-bis(N-carbazolyl)-1,1’-biphenyl
(CBP =20 nm), 4,4"-bis[(N-carbazole)styryl]biphenyl-doped
CBP (BSB-Cz:CBP =20 nm, 3-15 wt%), 1,3,5-tris(N-phe-
nylbenzimidazole-2-yl)benzene (TPBI =40 nm), lithium
fluoride (LiF =1 nm), and aluminium electrodes (=100 nm).
An energy level alignment system is adopted for multilayer
OLEDs to achieve efficient blue emission (Figure 1b). Such
a strategy has been demonstrated in earlier studies, which
aim at reducing the height of the barrier at the interface,
thereby promoting the equilibrium of carrier injection in the
OLEDs.Pl On the one hand, to avoid the formation of hole
transport layer (HTL)/emissive layer (EML) interfacial exci-
plex, HTL material next to EML should have a wider bandgap
and lower highest occupied molecular orbital energy level. On
the other hand, the deep lowest unoccupied molecular orbital
level of electron transport layer (ETL) materials promotes the
injection of electrons, which quickly transfer into EML to
form excitons with holes in the emissive layer. Such a recom-
bination mechanism, not only suppresses the formation
of exciplex on the interfaces of HTL/EML but also provides
multiple potential-reducing paths to balance the carrier equi-
librium.B*3° Under this conception, appropriate alignment of
energy level in the multilayer OLEDs can be achieved, which
improves the luminescent efficiency of the exciton. In order to
study the effect of doping concentration on the luminescence
properties, devices with five different doping concentrations
were fabricated on the glass substrates for blue OLEDs:
B1 (3 wt%), B2 (6 wt%), B3 (8 wt%), B4 (12 wt%), and B5
(15 wt%). A typical EL spectrum of the device B4 is illustrated
in Figure S1 in the Supporting Information. The EL peak at
462 nm accompanied by a shoulder around 436 nm with a
narrow FWHM of 56 nm corresponds to color-saturated blue
emission, i.e., with Commission Internationale de 'Eclairage
(CIE) color coordinates of (0.15, 0.09), which is close to the
standards of National Television System Committee (NTSC)
(CIE: 0.14, 0.08) and European Broadcasting Union (EBU)
(CIE:0.15, 0.06). Figure 1c shows the characteristics of cur-
rent density—luminance-voltage (J-L-V) of the blue OLEDs.
The J-V characteristics of all the studied devices are very
similar, but the device B4 shows a smaller leakage current
compared to other devices, and the current density and lumi-
nance increase sharply after the driving voltage is above turn-
on voltage (=3.08 + 0.04 V). The [-V curves of the devices
also demonstrate similar trends. Notably, device B4 exhibited
the highest luminance of 28 600 + 260 cd cm™ at 12.8 V.
The peak and average EQE of B4 and B5 devices are much
higher than other devices (Figure 1d), and the peak EQE
reaches 5.19 + 0.05% at 238 cd m~ and 4.55 V, which corre-
sponds to a current efficiency of 5.76 £ 0.06 cd A™!, indicating
an enhancement of 20%, 18%, and 10% as compared to

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

€))

LiF 1nm

TPBI 40 nm

CBP: 20 nm
BSB-Cz 12wt %
CBP 20 nm
TCTA 40 nm

MoO; 1nm

ITo 120nm =5
Glass

©

Voltage (V)

@ A =462 nm

)

> 0.075

0.050

EL intensity (a.u

0.025

90 -60 -30 0 30

Wavelength (nm)

www.advopticalmat.de

LiF/Al

TPBI

EQE (%)

10 100 1000 10000

Luminance (cd/m?)

Figure 1. Performances of blue OLEDs with different doping concentrations. a) The optimized devices structure. b) The energy levels of the devices and
the structure of BSB-Cz. c) J-L-V characteristics of the devices. d) EQE versus luminance characteristics of the devices. e) The measured EL intensity of
OLED as a function of wavelength and observation angle from 0° to 80° with normal direction of substrate. f) Image of B4 device at driving voltage of 8 V.

B1, B2, and B3 devices, respectively. Although the peak EQE
of the device B5 is almost the same as that of the B4 device
(Table S1, Supporting Information), the EQE of B5 device is
3.09 + 0.04% at 11 100 cd cm™2, while the EQE of B5 device
is 3.36 £ 0.04% under almost the same luminance. The B4
device displays a lower efficiency roll-off than the B5 device.
Therefore, the B4 device with a doping concentration of 12%
shows the best overall performance, and hence the same

Adv. Optical Mater. 2020, 8, 1901421 1901421

doping ratio was used for the latter microcavity devices. The
angular emission intensity of the devices is close to the lam-
bertian profile (Figure le), and the blue OLEDs show cobalt
blue light emitting (Figure le). Although the performance of
BSB-Cz-based OLEDs is outstanding, owing to their broad
half-width spectrum, the wavelength range covers from near-
UV to green light. This prevents from directly employing the
device for other applications besides lighting and display.

(30f11) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) The structure diagram and cross-section SEM image of MOLEDs. b) Calculated reflectance intensity of uC B1 device in dependence on
the wavelength and the angle 6° relative to the surface normal. c) The theoretical contour plot of the emission intensity in device uC B1 as the function

of wavelength and emissive layer thickness.

2.2. Highly Efficient MOLEDs with Quarterwave DBRs

Since the early demonstration of MOLEDs,3¢-38 optical micro-
cavity has been widely used in organic optoelectronics to obtain
narrow EL spectra of OLEDs with tunable emission wavelength
through changing the cavity modes. Optical microcavity can
effectively enhance the emission intensity along the normal
direction, as well as can reduce the spectral linewidth signif-
icantly. Based on the principle of an optical microcavity, it is
easy to obtain monochromatic light emission through optical
microcavity. The FWHM of microcavity resonance mode is
usually smaller than the intrinsic spectrum of the emitter,
which effectively enhances the emission.’”) The main purpose
of this study is to realize high performance MOLEDs based
on high-efficiency BSB-Cz OLEDs. To achieve this, SiO,/TiO,
dielectric DBRs were used as the bottom mirror in the fabri-
cation of MOLEDs. This is due to the following reasons: first,
dielectric DBR has the advantages of high reflectivity and low
absorption properties; second, high reflectivity can be obtained
in few periods due to a large difference in the refractive index.
To investigate the effect of optical microcavities with different
Q values on the EL properties of blue light-emitting materials,
MOLEDs were fabricated with DBRs substrates of different
reflectivities, and also devices without DBRs as reference. The
reference device is BO, while the microcavity (ULC) device with
quarterwave DBR consists of two pairs of TiO,/SiO, and an ITO
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layer (DBR1), quarterwave DBR consists of three pairs of TiO,/
SiO, and an ITO layer (DBR2), and quarterwave DBR consists
of four pairs of TiO,/SiO, and an ITO layer (DBR3), which led
to uC B1, uC B2, and pC B3 devices, respectively. To fabricate a
reasonable resonator, the emitting layer and multilayered Bragg
reflectors must be precisely controlled. Figure 2a shows the
structural diagram and cross-sectional scanning electron micro-
scope (SEM) image of the uC B1 device. The other cross-sec-
tional SEM images of B0, uC B2, and uC B3 devices are shown
in Figure S2 in the Supporting Information. In Figure 2b, the
calculated reflectance of the LC B1 device displays typical semi-
parabolic cavity mode dispersions in a small angular range. The
emission intensity distribution of the uC B1 device is simu-
lated based on the resonance condition of 1/2 A microcavity
and optimized blue OLEDs, which indicate a typical thickness
and wavelength dependence (Figure 2c). In an optical micro-
cavity, an increase in the current efficiency and brightness is
related to the enhancement factor in the normal direction of
the microcavity, while an increase in the EQE is related to the
integrated enhancement factor of the microcavity. The resonant
emission enhancement factor G, along the normal direction in
a microcavity structure is given by the following Equation (1)*%

o _S27(RR)"(1-R) "

‘2rm (1-VRR;)’
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Whereas, the integrated enhancement factor G;,, in a micro-
cavity structure is given by the following Equation (2)47

Glm 6 2 1- R1 \/— l )'cav TCZV (2)
27w 1-yRR, T

where £ is the antinode enhancement factor, and A4 and A, are
the emission wavelengths of the active region under vacuum
inside the cavity. AA and AA,, are the cavity resonance bandwidth
and the natural FWHM of the active medium, respectively.
Ry and R, are the reflectivities of the mirrors, L, is the effec-
tive cavity length, L, is the effective distance from the emission
zone to the first mirror, and f.,, and 7 are the radiative lifetimes
in the cavity and free space, respectively. The antinode enhance-
ment factor £ is usually between 0 and 2, which depends on
the relative position of the active region and standing wave
field inside the cavity. Equation (2) also takes into account the
changes in the spontaneous emission lifetime in terms of a life-
time without the cavity (1), as well as the lifetime with the cavity
(Teay)- For planar microcavities, 7,,/7 is usually more than 0.9.
From this analysis, the relationship between G, and G, can
also be approximately expressed by the following Equation (3)/*!l

G = Gz 24 (3)
AL

n

AA is smaller than AA, for a resonant cavity and some of the
natural emission spectra are strongly enhanced while the
remaining spectrum is suppressed. Figure 3a shows the [-V-L
characteristics of MOLEDs and the reference device. Theoreti-
cally, the J-V characteristic curve of the reference device and
microcavity device should be the same, however, although all
DBRs used in the experiment were designed and fabricated
using electron beam evaporation,*>*] the same workfunc-
tion of ITO in all the DBR batches cannot be achieved due to
other parameters, such as ITO storage time, and the ITO elec-
trode pattern process. Owing to the ITO used in the reference
BO device is commercialized and prepared by the magnetron
sputtering method, the [~V curves of the reference B0 device
and the microcavity devices (UC B1, uC B2, and uC B3) are
significantly different. By continuously optimizing the fabri-
cation process, the J-V data are very approximated for all the
MOLEDs after reaching the turn-on voltage, which is slightly
higher than the reference device (BO), showing the highest
luminance of 23 000 £ 100 c¢d m™ at 11.6 V while the lumi-
nance of MOLEDs decreases gradually (Table 1). The introduc-
tion of the luminosity function of human eyes and the micro-
cavity enhancement factor makes it possible that the EQE of
microcavity device is higher than that of the reference device
even if the luminance of the microcavity device is lower than
that of the reference device. Figure 3b displays the EQE for
all three devices as a function of luminance, which indicates
that the microcavity could assist in suppressing the efficiency
roll-off more or less. The maximal EQE for the reference BO
device and pC B1, pC B2, and uC B3 microcavity devices are
4.95 + 0.05%, 8.86 = 0.06%, 7.1 + 0.06%, and 3.18 £ 0.03%,
respectively, while uC B1 and pC B2 devices show integrated
intensity enhancements of 79% and 43%, respectively, due to
the effects of microcavity. The uC B1 device shows the highest
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enhancement with a resonant wavelength at 462 nm, which
corresponds to the closeness of cavity resonance bandwidth to
the natural linewidth of the active medium. However, uC B3
was the only device that indicated a decrease in EQE, and uC
B1 and nC B2 devices demonstrated noticeable enhancements
similar to that of the noncavity BO device. This may be due to
a significant decrease in the cavity resonance bandwidth as the
reflectance of DBR3 increases more than 90% at 462 nm. While
the uC B1 device shows the highest EQE, and the enhance-
ment ratio of the current efficiency is higher than the quantum
efficiency. Figure 3c exhibits the EL spectra of the microcavity
devices as well as the EL spectra of the reference device driven
at a constant current density. Compared to noncavity devices,
MOLEDs show a significant enhancement in the emission
intensity along the normal direction with narrow FWHM
owing to apparent microcavity effects.** The EL peaks of all the
optimized MOLEDs are located at 462 nm, which correspond to
the resonance mode of the reflectance spectra of the MOLEDs
(Figure 3d). For an optical microcavity, the FWHM of the cavity
resonance is given by the following Equation (4)

v 1-JRE | “

7T(R,Ry)"*

2 Lcav

Based on Equation (4), AA of MOLEDs can be calculated by
combining the reflectance spectra of DBR1, DBR2, DBR3, and
metal electrode Al (Figure S3, Supporting Information). Theo-
retically, the calculated AA should be very close to the spectral
width of the cavity resonance based on the measured reflec-
tance spectra of MOLEDs and the FWHM of the EL spectra of
MOLEDs. The obtained results from theoretical simulations are
16.1, 10.3, and 7.8 nm for uC B1, uC B2, and nC B3 devices,
respectively. The EL spectral FWHM of the reference and puC
B1, uC B2, and puC B3 devices are 56 + 1, 18 £ 0.5, 10 £ 0.3,
and 8 + 0.2 nm, respectively, which exhibit a good agreement
of EL FWHM between the experimental and theoretical results.
The statistical variations of different devices as shown in Table 1
illustrate that the main performance parameters of the devices
have low relative standard deviation, which indicated that they
have less impact on the performance parameters when dividing
by the current device to device variations. The calculated reso-
nant emission enhancement factor (G.) for uC B1, uC B2, and
uC B3 are 5.3, 6.05, and 4.61, respectively. Brightness is closely
related to the visual function of human eyes. With the narrowing
of the spectral FWHM of the microcavity devices, the contribu-
tion of red and green light to the luminance decreases gradually,
which is the key reason for a gradual decrease in the luminance
of microcavity devices as compared to the reference devices.
Based on Equation (3), the integrated enhancement factor (Gy,,)
of uC B1, uC B2, and puC B3 devices at an optimized wavelength
are 3.40, 5.42, and 3.03, respectively. The CIE coordinates of BO,
uC B1, uC B2, and pC B3 devices from EL spectrum are (0.15,
0.09), (0.14, 0.055), (0.16,0. 047), and (0.15, 0.4), respectively,
indicating that the emitting color becomes saturated deep blue.
Figure 3ef shows the angle dependence of emitting light for the
uC B1 device. The MOLEDs show a strong forward emission
distribution and blue shift with an increase in the viewing angle.
Figure S4 in the Supporting Information exhibits that the micro-
cavity devices have better directionality than noncavity ones.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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characteristics of the devices. b) EQE versus luminance characteristics of
. d) The measured reflectance spectra of MOLEDs with quarterwave DBRs

from normal direction of substrate. €) The measured EL intensity of LC B1 device is plotted as a function of wavelength and observation angle from 0°
to 80° with normal direction of substrate. f) The measured EL intensity of pC B1 device is plotted as a function of wavelength and observation angle

from 0° to 80° with normal direction of substrate.

2.3. Narrow Linewidth MOLEDs with Nonquarterwave DBRs

To further improve the spectral purity and investigate the mod-
ulation characteristics of MOLEDs, ultra-narrow deep blue
emission has been demonstrated through the effects of micro-
cavity modulation using nonquarterwave structural design.

Adv. Optical Mater. 2020, 8, 1901421 1901421

According to Equation (4), the spectral FWHM can be further
reduced by increasing the reflectivity of the mirror or the effec-
tive cavity length. Only limited studies have been reported
about a narrow-band organic EL emission of less than 3 nm
driven electrically with optical microcavity.?>*! Since the reflec-
tivity of the common Al metal electrode is about 91% in the

(6 0f11) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of quarterwave blue MOLEDs performances.

Devices Peak [nm] Turn-on  Luminancens, 2EQE . [%] PFWHM [nm]
voltage [V] [cd m™)

BO 434,462 3.01+£0.04 23000100 4.95 £0.05 561
@116V  @522cdm>

nC B1 462 3.02+0.05 19800+90 8.86 £ 0.04 18+0.5
@157V @8.02 cd m?

nC B2 462 3.04+£0.05 8268 + 68 7.33+0.06 10+£0.3
@173V @4.53 cd m

nC B3 462 3.03+£0.05 5120 + 48 3.24+£0.03 8+0.2
@16.2V @2.03 cd m™

AEQE: external quantum efficiency; Y FWHM: full-width at half-maximum.

visible light band, according to the design principle of high-
efficiency microcavity OLED, the reflectivity of the back mirror
is higher than the light-output mirror. The reflectivity of the
light-output mirror in the microcavity B3 device is close to
90%, while the spectral FWHM of the B1 device is only
8 £ 0.2 nm. A further improvement in the reflectivity of the
light-output mirror cannot significantly reduce the spectral
FWHM of the microcavity device, but at the same time, it may
cause a significant decrease in the device performance. By
increasing the thickness of the functional layer in the cavity,
the effective cavity length can be increased to one wavelength,
but is limited by the low mobility of the organic material, if the
positive-intrinsic-negative doping method is not used, the elec-
trical performance of the device could decrease significantly,
which considerably increases the difficulty of the preparation
process of the device. Moreover, theoretically, the spectral
FWHM can only be reduced to 5-6 nm based on the method as
mentioned above. We propose the idea of using a nonquarter-
wave microcavity design. The nonquarterwave microcavity
refers to adjusting the length of the cavity through changing
the penetration depth of the mirror or using the optical proper-
ties of the spacer in the microcavity. It does not modify the
existing structural parameters of OLED, and thus it can main-
tain the carrier injection balance to the maximum extent. By
using the nonquarterwave microcavity structure, it also offers a
new way of fine-tuning the center position of exciton recombi-
nation and enhancing the coupling of excitons and standing
wave light fields. This provides a systematic study on the lumi-
nescence dynamics process of the MOLEDs. To investigate the
optical and electrical properties of nonquarterwave microcavi-
ties, MOLEDs were fabricated on nonquarterwave DBRs sub-
strates with different spacer thicknesses. The microcavity
devices with nonquarterwave DBR consist of 3.5 pairs of TiO,/
Si0,, 0.5 Az nm SiO,, and an ITO layer (DBRI), nonquarter-
wave DBR consists of 4.5 pairs of TiO,/SiO,, 0.5 Az nm SiO,,
and an ITO layer (DBRII), nonquarterwave DBR consists of 4.5
pairs of TiO,/Si0O,, Az nm SiO,, and an ITO layer (DBRIII),
and nonquarterwave DBR consists of 4.5 pairs of TiO,/SiO,,
1.5 Az nm SiO,, and an ITO layer (DBRIV), which led to the
development of uC BI, pC BII, uC BIII, and uC BIV devices,
respectively. The schematic illustration and the cross-sectional
SEM of uC BIV device are shown in Figure 4a. The other cross-
section SEM images of uC BI, uC BII, and pC BIII devices are
shown in Figure S5 in the Supporting Information. The
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cross-section SEM investigations demonstrate the microstruc-
ture of nonquarterwave microcavity. Layers of amorphous
organic and inorganic films were deposited with specific
parameters as indicated in the fabrication methods. The non-
quarterwave DBRs showed a homogenous amorphous SiO,
structure with a sharp interface to the neighboring TiO, and
ITO layers. It is beneficial to reduce optical loss and improve
the quality factor of the microcavity. The reflectance of non-
quarterwave DBRs is calculated by using the transfer matrix
method, which presents that the reflectivity around 460 nm
varies periodically with an increase in the spacer thickness
(Figure 4b). Theoretically, the spacer layer can effectively adjust
the length of the microcavity without substantially altering the
reflection characteristics of DBR. The image of the uC BIII
device displays a saturated blue light with apparent intensity
distribution (Figure 4c). Figure 5a shows the J-V-R character-
istics of microcavity devices with different nonquarterwave
DBRs. It could be noted that the -V characteristics of the
devices are very similar, indicating that the electrical injection
characteristics of the microcavity devices are not significantly
affected by changing the structure of the device. The turn-on
voltage of all MOLEDs is around 3.05 V. As the spectral
linewidth of the microcavity devices is too narrow and the
luminous wavelength is located in the blue region, the lumi-
nance cannot accurately reflect the output characteristics of the
devices, and hence irradiance is used to characterize the output
power of the microcavity devices. The pC BIV device shows the
highest irradiance of 34.5 + 0.45 mW cm™2. Figure 5b exhibits
EQE for the microcavity devices as a function of irradiance.
The efficiency roll-off trend of uC BII, uC BIII, and uC BIV
devices are similar, except for WCBI device. With an
increase in the Q value and effective cavity length of the micro-
cavity, EQE of the microcavity devices should decrease gradually.
The uC BIV device having the longest cavity length shows the
lowest EQE of 1.72 £ 0.02%. This phenomenon can be attrib-
uted to a gradual enhancement in the luminescence peak of the
long cavity device in the green band. Figure 5c displays the nor-
malized EL spectra of MOLEDs with different nonquarterwave
DBRs. With a significant reduction in FWHM from 5.13 £ 0.15
to 2 £ 0.05 nm, the spectral FWHM decreases from pnC BI to uC
BIV devices, which is the narrowest spectral FWHM in blue to
date (Table S2, Supporting Information). However, due to the
additional EL peak at =550 nm, if such microcavity devices are
to be used in the sensing applications, further suppression or
reduction of emission intensity near 550 nm must be consid-
ered. With an increase in the thickness of the spacer, the spectra
of microcavity devices can be significantly narrowed. This is due
to that the effective length of the microcavity is gradually
increased from 1/2 A4 to 2 A by increasing the thickness of the
spacer layer with low absorption (Table 2). According to Equa-
tion (4), the spectral FWHM of the microcavity devices is con-
siderably narrowed. Figure 5d shows the measured reflectivity
of the microcavity devices from the normal direction of the
bottom DBR. The puC BI, uC BII, pC BIII, and uC BIV devices
with optimized structural design have almost the same reso-
nance peak around 462 nm. In addition to a noticeable dip at
the resonant peak position, there is no sudden change in the
reflectivity of other regions. In nonquarterwave DBR, there are
dips and the wavelength of which is distinct from that of the
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Figure 4. a) The structure diagram and cross-section SEM image of MOLEDs. b) The theoretical contour plot of the reflectance of nonquarterwave
DBRs as the function of wavelength and spacer thickness. c) Image of uC BIIl device at driving voltage of 6 V.

resonant wavelength in the region with higher reflectivity
(Figure S6, Supporting Information), which does not affect the
overall performance of the microcavity devices. This also experi-
mentally proves that the actual interface for calculating the
cavity length of the microcavity is not actually from the outer-
most layer of DBR. The cavity resonance bandwidths of pC BI,
pC BII, uC BIIL, and uC BIV devices tend to decrease gradually,
indicating that the Q value of the corresponding device is
steadily increasing. This corresponds to the gradual narrowing
of the spectral FWHM of the devices, as mentioned earlier. The
general operating principle of the optical microcavity with non-
quarterwave DBR is shown in Figure 5e. By taking the metal
dielectric microcavity, e.g., the fundamental difference between
a conventional microcavity and nonquarterwave microcavity is
that the nonquarterwave microcavity can realize the flexible reg-
ulation of the intracavity illumination mode by changing the
thickness of the spacer layer. In theory, the thickness of the spacer
layer can be irregular, which is determined by the thickness of
the functional layer in the cavity and is optimized by the struc-
ture of the light-emitting device. The total thickness of the spacer
and functional layers should satisfy the resonance condition of
the microcavity. It is worth noting that the actual interface for
calculating the cavity length of the microcavity does not start
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from the outermost layer of DBR (transparent conducting layer),
but from the one with the highest reflectivity of DBR (underlying
layer of the spacer layer). This design idea is very competitive for
light-emitting devices with unbalanced carrier injection, such as
QLEDs and perovskite light-emitting diodes (PeLEDs). The uC
BIV device has shown good stability without packaging, indi-
cating that the key difficulties in future practical applications can
be effectively solved (Figure 5f). The angular resolution spectra of
the microcavity devices with nonquarterwave DBRs are shown in
Figure S7 in the Supporting Information, indicating strong for-
ward emission distribution and blue shift with an increase in
viewing angle at resonant and leakage modes, and the intensity
ratio of the resonant and leakage modes decreases with an
increase in the observation angle.

3. Conclusion

In this study, by using a nonquarterwave structural design,
it has been found that MOLEDs possess tunable spectral
FWHM as narrow as 2 £ 0.05 nm, and the spectral purity of
MOLED is significantly enhanced. For blue OLEDs, the peak
EQE reaches 5.19 + 0.05% at 4.55 V with color-saturated blue
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Figure 5. Performance of blue MOLEDs with nonquarterwave DBRs. a) J-V—R characteristics. b) EQE versus irradiance characteristics of the devices.
c) EL spectra of MOLEDs with different nonquarterwave DBRs. d) The measured reflectance spectra of nonquarterwave MOLEDs from the normal
direction of substrate. e) Schematic illustration of metal dielectric microcavity with different DBRs. Schematic of a Fabry—Perot resonator consisting
of metal mirror and quarterwave DBR or nonquarterwave DBR are illustrated in upper and lower sides of the figure, surrounding a cavity medium
of refractive index n and thickness L. f) The lifetime of the uC BIV device without encapsulation under EL peak of 462 nm and output power of

0.05 mW cm™2.

emission (CIE: 0.14, 0.08). At the same time, the EQE of quar-
terwave MOLEDs is increased by 79% as compared to the refer-
ence device, and the narrowest FWHM is only 8 + 0.2 nm. Also,
through a careful designing of the optical cavity, highly efficient
monochrome nonquarterwave MOLEDs have been built, which
display a narrower FWHM of 2 + 0.05 nm. These findings suggest
that the followed strategy is powerful to tune the color purity for
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emitters with a large FWHM, such as emitters relying on organic
materials, QD, or perovskite materials, which aim at achieving
large area monochrome light source. Through these observations,
the future of MOLEDs likely involves new materials and appli-
cations as compared to the currently employed in lighting and
display systems. Also, it is expected that MOLEDs will be a com-
petitor to conventional OLEDs and other forms of devices.
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Devices Peak [nm] Turn-on voltage [V] Irradiancey,, [MW cm™2] EQE [%] Spacer thickness [nm] FWHM [nm]

ucC Bl 462 3.05+0.04 25.1%£0.26 3.86+0.04 164 +2 5.13£0.15
@185V @0.039 mW cm™2

nC Bl 462 3.04 +£0.05 28.3+0.36 2.35+0.03 164 +£2 4.0+0.1
@185V @0.045 mW cm™2

uC Bl 462 3.06 +0.06 32.2+0.42 2.32+0.03 328+4 2.8+0.08
@185V @0.037 mW cm™

uC BIV 462 3.05+0.05 34.5+0.40 1.72+£0.02 4925 2+0.05
@18.2V @0.025 mW cm™2

4. Experimental Section

Materials: Titanium dioxide (TiO,, 99%), silicon dioxide (SiO,, 99%),
TCTA (99%, EL device grade), CBP (99%, EL device grade), BSB-Cz (99%,
EL device grade), and TPBI (99%, EL device grade) were purchased from
Sigma Aldrich. All materials were used without further purification.

DBR Fabrication: The quarterwave DBR was consisted of several
pairs of TiO,/SiO; and an ITO layer with a Ag of 480 nm. The TiO,,
SiO,, and ITO films were deposited by electron beam evaporation
at a substrate temperature of 280 °C and an oxygen pressure of
2.6 X 1072 Pa. The optical thickness of TiO,/SiO, and an ITO is
120 nm. The nonquarterwave DBR was consisted of several pairs of
TiO,/SiO, and TiO,, then a spacer with low absorption, outermost
layer was an ITO layer. The optical thickness of TiO,/SiO, and an
ITO was 120 nm, while the optical thickness of spacer was usually an
integer multiple of 1/4 Ag.

Fabrication of Blue OLEDs and MOLEDs: The custom-made ITO
electrodes on glass substrates with resistance =60 Q per [] were
cleaned in deionized water, acetone, alcohol, and isopropanol
consecutively with ultrasonic baths for 15 min each, and then treated
with oxygen plasma for 2-3 min. All organic layers were sequentially
deposited onto the substrate at 3 x 107 Pa using vacuum thermal
evaporation deposition. The deposition rates were controlled
from 0.15 to 0.25 nm s™' for organic materials and 0.01 nm s™' for
molybdenum trioxide (MoQOj;) and lithium fluorine (LiF). Finally,
the aluminum cathode was deposited at a rate of 1-2 nm s™'. The
deposition rates were controlled in situ with a quartz crystal monitor
and corrected by footstep machine simultaneously. The MOLEDs with
patterned ITO electrodes (=60 Q per [) were constructed with the
same procedures as abovementioned.

Characterizations: Absolute fluorescent quantum yield measurements
were carried out using a calibrated integrating sphere on the Edinburgh
FLS920 spectrometer. The thickness of the films was calibrated using
a surface profiler (XP-1, Ambios). The reflectance spectra of the DBRs
were measured using a UV-visible-near-IR spectrophotometer (Lambda
1050, PerkinElmer). The current density-voltage (/-V) characteristics
of the devices were determined using a computer-controlled Keithley
2611 source meter. The EL spectra and luminance of the OLEDs were
obtained using a well-calibrated Spectroradiometer (PR 705, Photo
Research) and cross-checked with a fiber spectrometer (AvaSpec
USB 3648, Avantes). The devices had emission areas of 1 x 1 mm?Z
Irradiance—current-voltage curves were measured using a system
incorporating a powermeter (PM320E, Thorlabs) and a source-measure
unit (2611, Keithley). The method of direct measurement of EQEM647]
was performed by using a high sensitivity (5 nW to 0.5 mW), large
diameter detector (S130 VC, Thorlabs, £9.5 mm) to measure the output
power of devices, making sure the detector in contact with the active
pixel as much as possible and the device under test underfilled the
detector area, while monitoring the current simultaneously. The EQE
was calculated by converting the power signal to emit photons and
the device current to electrons. All characterizations were conducted at
room temperature in the ambient environment.
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