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Exploring exciplexes as the host in organic light-emitting diodes (OLEDs) has attracted extensive
attention because of the low driving voltage and high efficiency. However, conventional exciplex-host-

based bottom-emission still shows undesirable efficiencies, especially in the red emission channels, due

to energy gap law. We here propose exciplex-host-based top-emitting devices to achieve breakthrough

efficiency in red light-emitting devices. We optimize the exciplex hosts to maximize energy transfer to
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the emitting dyes and the cavity length and reflective electrodes to achieve efficient red organic LEDs.
We report a current efficiency of 99.7 cd A~ for a red OLED with an electroluminescence (EL) peak at
604 nm (full width at half maximum of 32 nm); these efficiencies are the best in red OLEDs, especially

with a narrow EL spectrum. This work offers a new strategy to achieve high efficiency and high color-

rsc.li/frontiers-materials purity LEDs simultaneously.

Exciton utilization, a key factor in achieving high external
quantum efficiency, has been attracting continuous attention
in light-emitting materials."™ Nearly 100% exciton utilization
and internal quantum efficiency have been achieved by either
introducing heavy atoms to form phosphorescent dyes or
manipulating the singlet-triplet energy splitting (AEg) to
achieve thermally activated delayed fluorescence (TADF). For
TADF materials, minimizing electron exchange energy is the
key parameter that allows efficient repopulation from the
emission-forbidden triplet states to the emissive singlet states,
which generally needs separation of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). Benefiting from the sophisticated molecular
designs, OLEDs based on intramolecular TADF emitters have
been reported.®”® However, the challenges for the TADF-based
OLED devices have just begun. The sophisticated molecular
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designs complicate the syntheses, which might hamper
advancements in commercialization.

In addition to the intramolecular TADF system, mixing a
donor with an acceptor to form an intermolecular charge
transfer exciplex also produces the TADF effect.”* There have
been concerted studies by optimizing energy-matched hole-
dominant and electron-dominant moieties to form exciplex-
type hosts for phosphorescent OLEDs."* The long-range Forster
energy transfer in an exciplex host allows the doped emitter to
be at a low concentration, helping the OLEDs to achieve a low
driving voltage and reduced efficiency roll-off."> For example,
Kim et al. reported exciplex-host-based phosphorescent OLEDs
with a high efficiency.'® However, the broad EL spectrum with
FWHM >70 nm may need further spectral engineering for
those applications that require high color purity.

Strategies to narrow the emission and further improve the
luminous efficiency have been demonstrated by using multi-
resonance (MR) materials; narrowing FWHM below 30 nm and
achieving over 30% quantum efficiency were reported in blue
OLEDs, but the asymmetric emission and long emission tail
provoke other challenges because the FWHM is insufficient to
express its color purity.'”'® There have been a few studies on
the light coupling of TADF- or exciplex-based green OLEDs with
a narrow EL.*® It is expected that the optical power dissipation
of their green emissions will be different to that of other
emitters.*’

We here propose a strategy by screening an exciplex host and
combining it with a top-emitting architecture to push the
efficiency of red emission to the limit and narrow the FWHM
at the same time; the optimized exciplex host ensures effective
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energy transfer and low driving voltages; the micro-cavity
engineering with top-emitting techniques ensures narrow
FWHM and high performance. We achieve an efficient red OLED
with a high-current efficiency of 99.7 cd A™*. The efficiency roll-
off is also suppressed because of the well-designed exciplex host.
The devices, upon optimization of the micro-cavity length,
exhibit a much narrower FWHM of 32 nm, which is over 2.5-
fold narrower than that of the conventional devices (80 nm).
These performances are the most superior among both solution-
processed and vacuum-evaporated red OLEDs.

The potential of utilizing exciplexes as the host has been
witnessed by delicate materials design via tuning the hole/
electron transporting ability and regulating the energy
level.'®2° However, these studies were mostly on bottom-
emitting devices, which emitted light from the transparent
indium tin oxide (ITO). The bottom-emitting devices feature
weak micro-cavity effects because of the less reflectivity of the
ITO and the weak optical interference coming from the thick Al
cathode. The two-beam interferences in the bottom emitting
devices (Ref-Be) show a weak micro-cavity effect and large
FWHM because of the less ability to couple the light and
redistribute the density of optical modes. Replacing the trans-
parent ITO with a highly reflective anode and the thick Al with a
semi-transparent cathode could greatly enhance the micro-
cavity effect.”’® This Fabry-Perot mirror-like top-emitting
architecture featuring two reflective electrodes exhibits a strong
micro-cavity effect because of the existence of multiple
reflections and extra light interferences.?*° Furthermore, this
multiple optical interference affects the light-emitting path-
ways and helps increase light out-coupling, thus increasing the
efficiency.?*3°

To use an exciplex host in the top-emitting structures (Ex-Te),
delicate design of the exciplex host and the micro-cavity length
are keys to simultaneously achieve high device performance and
narrow FWHM. We first screen different kinds of exciplex host
materials and investigate their energy transfer properties when
used as the host for red emitters. We chose exciplex host systems
based on 4,6-bis[3,5-(dipyrid-4-yl)phenyl]-2-methylpyrimidine
(B4PyMPM) as the electron acceptor moiety because of its deep
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HOMO and LUMO energy, which are in favor of hole-blocking and
are easy to match with the host materials to form an exciplex. For
the donor moiety, we used two typical host materials, 1,3-di(9H-
carbazol-9-yl)benzene (mCP) and 4,4"-bis(N-carbazolyl)biphenyl
(CBP). We investigated the emission of CBP:B4PyMPM and
mCP:B4PyMPM and observed a 20 nm shift in the former
exciplex, as shown in the photoluminescence spectra in Fig. 1a.
This redshift is important because when we use it as the host in
OLEDs, the energy transfer will be more complete with less
exciton loss. Furthermore, the triplet energy of the CBP:B4PyMPM
exciplex is estimated to be 2.70 eV, which is sufficient to suppress
the exciton loss to the adjacent functional materials and confine
all the excitons in the emitter.

We first fabricated conventional bottom emitting devices to
verify the emission profile of the red phosphorescent OLEDs
using the following architecture: 1TO/1,4,5,8,9,11-hexaazatri-
phenylene-hexacarbonitrile (HAT-CN) (10 nm)/1,1-bisy[4-[N,N-
di(p-tolyl)amino]phenyljcyclohexane (TAPC) (40 nm)/tris(4-(9H-
carbazol-9-yl)phenyl)amine (TCTA) (10 nm)/host (20 nm)/
B4PyMPM (50 nm)/Liq (2 nm)/Al. The device structure is shown
in Fig. 1b. We chose commercially available bis(2-methyldibenzo-
[fiA]quinoxaline) (acetylacetonate) iridium(m) [Irf(MQD)2(acac)] as
the emitter because of its desirable emission wavelength and high
photoluminescence quantum yield. As expected, its EL shows a
wide FWHM of 80 nm (Fig. 1c), which is consistent with the values
in the literature.

In both the bottom and top-emitting devices, the spectral
width is affected by the optical interference and micro-cavity
effect. We next fabricated top-emitting devices as follows: reflec-
tive anodes/HAT-CN (10 nm)/TAPC (220 nm)/TCTA (10 nm)/
CBP:B4PyMPM:Ir(MDQ)2acac (20 nm)/B4APyMPM (40 nm)/4,7-
diphenyl-1,10-phenanthroline (Bphen):Yb (10 nm)/Yb (2 nm)/
Ag (20 nm)/Capping layer (CPL). We basically used the same
structure as in the bottom-emitting device except replacing the
ITO and Al with two reflective anodes. For the reflective anodes,
three kinds of electrodes were utilized, namely, ITO, indium zinc
oxide (IZO) and aluminum doped zinc oxide (AZO). We com-
pared the reflectivity, sheet resistance and work function of ITO/
Ag/ITO, 1ZO/Ag/1ZO and AZO/Ag/AZO to find out the most
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Fig. 1 (a) PL spectra of CBP: B4PyMPM and mCP:B4PyMPM in films at 300 K. (b) Device structure of the bottom-emitting device. (c) Normalized EL

spectra of the top-emitting and bottom-emitting devices.
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Fig. 2 (a) Current density and luminance vs. voltage; (b) current efficiency vs. luminance; and (c) normalized EL spectra of Ex-Te devices based on

ITO/AQ/ITO, 1ZO/Ag/1ZO, AZO/Ag/AZO anodes.

appropriate anode for the present top-emitting red OLEDs.
Among the three anodes, the ITO/Ag/ITO anode provides the
highest reflectivity of 98.7% (at 608 nm) and work function of
4.8 eV (Fig. S1 and Table S1, ESIt). To compare the device
performance based on different reflective anodes, we fabricated
a device in which the TAPC thickness was 220 nm. In Fig. 2,
among all the reflective anodes, ITO/Ag/ITO shows the best
performance because of its reflectivity of over 98% in the red
region and appropriate work function. The semi-transparent
Yb/Ag cathode gives ~60% reflectivity to ensure multiple optical
interferences and efficient micro-cavity effects and ~40% trans-
mittance to ensure light emitting from the cathode effectively
(Fig. Sic, ESIf). In addition to reflectivity, we optimized the
composition and thickness of both the anodes and cathodes to
minimize the sheet resistance and obtained a low sheet resis-
tance of 0.39 Q 0~ " and 3.0 Q O for ITO/Ag/ITO and Yb/Ag,
respectively (Fig. S1b, ESIt). These low sheet resistances help
lower the charge injection barrier and facilitate charge transport.

We further deposited a CPL on top of the cathode to enhance
the strength of optical interference and the light outcoupling
efficiency. With such an enhancement of the micro-cavity effect,
we finally observed a much reduced FWHM of 32 nm, which is
over 2.5-fold narrower than that of the conventional CPB-based
bottom-emitting devices (Fig. 1c). In Fig. S1f (ESIT), ITO/Ag/ITO
shows better carrier transport ability in a hole-only device. These
results suggest that the micro-cavity was well designed, showing
a great potential in achieving high-color-purity OLEDs.

We next performed optical simulation (Lumerical FDTD
Solutions) to provide guidance in optimizing the micro-cavity
effect and achieving high device performance. To ensure the
accuracy of the simulation results, optical parameters for each
functional layer were measured using an ellipsometer. For
the simulation of the transmittance for the semi-transparent
cathode (TC), a plane wave was used as the light source. Since
the excitons formed by the combination of holes and electrons
in the devices are very close to the dipole model, one dipole
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Fig. 3 (a) Simulated optical transmittance intensities as a function of B4PyMPM and CPL thicknesses for light propagation. (b—d) Far-field radiation
characteristics of various devices based on different TAPC thicknesses: 180 nm, 220 nm and 240 nm.
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with three directions (x, y, z) was selected as the light source for
the simulation of far-field E* intensity. Thickness dependence
of the B4PyMPM and CPL layers as a function of optical
transmittance of B4PyMPM/Bphen:Yb/Yb/Ag/CPL was numeri-
cally simulated for light propagation at an emission wavelength
of 608 nm by the finite difference time domain (FDTD) method.
As shown in Fig. 3a, the optimized theoretical thicknesses of
CPL and B4PyMPM layers are 40-65 nm and 35-65 nm, respec-
tively. To further analyze how the thickness of TAPC affects the
device efficiency and the EL spectra of OLEDs, we used the
FDTD method to simulate the far-field radiation characteristics
of OLEDs based on various TAPC thicknesses. The far-field
radiation characteristics are mainly the relationship between
the far-field E> intensity, emission wavelength and the observa-
tion angle. Fig. 3b is the far-field radiation characteristic image
of the device with a 180 nm thick TAPC. In the range of 530-
570 nm, the electric-field intensity is the highest. As the
thickness of TAPC increases to 240 nm, the range of electric-
field intensity is red shifted with a decrease of intensity, while
the electric-field intensity for the blue wavelength region is
enhanced due to the interference effect (Fig. 3¢ and d). Accord-
ingly, the result shows that OLEDs with a 220 nm thick TAPC
has beneficial effects for red emission.

To consolidate the above simulation result, we investigated
the micro-cavity strength by comparing the angular-dependent
EL spectra with the Lambertian profile. We found that the EL
profiles of bottom-emitting devices suit the Lambertian-like
emission pattern, which suggests that there is a weak micro-
cavity effect (Fig. 4a). By contrast, the top-emitting LEDs with
different thicknesses of TAPC show a narrower emission profile
(Fig. 4b) and a larger derivation from the standard Lambertian
profile (Fig. 4c). The devices with 180 nm and 240 nm TAPC
show similar angular emission profiles and strong micro-cavity
effect. These strong micro-cavity effects coincide with the
narrow EL spectra; however, their emission wavelengths were
deviated from the original wavelength as indicated from the
bottom-emitting device. However, the 220 nm thick TAPC
device shows moderate microcavity effects and the EL peak
perfectly overlaps with that of the bottom-emitting device.

View Article Online
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Remarkably, it exhibits a narrower EL spectrum with FWHM
of only 32 nm, implying that there is an optimal micro-cavity
length and device thickness in achieving a narrow and
unshifted EL spectrum. Its angular-dependent EL spectra are
shown in Fig. S2a (ESIY).

We then fabricated top-emitting red organic LEDs with
TAPC thicknesses of 180 nm, 220 nm and 240 nm so as to
optimize the micro-cavity length and substantiate the optical
simulation results. The device structure and its energy level
diagram are shown in Fig. 5a and b, respectively. The device
performance based on 180 nm and 240 nm thick TAPC shows
maximum current efficiencies of 72.9 ed A™* and 36 cd A%,
respectively. In accordance with the optical simulations, the
device with 220 nm thick TAPC exhibits a maximum current
efficiency of 99.7 cd A™" (Fig. 5¢); these efficiencies represent
the highest among all reported red OLEDs without using any
external outcoupling techniques, particularly for a device with
an emission width as narrow as 32 nm in FWHM (Fig. 1c). For
comparison, the exciplex-based and conventional CPB-based
bottom-emitting devices only exhibit a maximum current effi-
ciency of 31.8 cd A™" and 28.6 cd A™", respectively (Fig. 5d).
Furthermore, benefiting from the exciplex host and well-
designed ‘exciplex host’ device architecture, the efficiency
roll-off was also suppressed in the 220 nm thick TAPC device:
the current efficiency maintains 97.8 cd A~" and 89.1 cd A~ " at
500 cd m~? and 4000 cd m >, respectively. We also calculated
the EQE based on the angular distribution of the EL intensity as
shown in Fig. 4. The EQEs for the 220 nm thick TAPC device
and the corresponding bottom-emitting device were 23.3% and
17.7%, respectively.

In summary, we have demonstrated a promising strategy to
achieve high-efficiency red OLEDs with a narrow EL profile.
We take the advantages of using an exciplex host in reducing
the driving voltage, enhancing the luminous efficiency and
suppressing the efficiency roll-off and engineering the micro-
cavities in narrowing the EL spectrum of top-emitting red
OLEDs. Our experimental results agree very well with the
optical simulations, in which our red OLED exhibited a very
high current efficiency of 99.7 ¢d A™' with a narrow EL
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(a) Experimental (dot) and simulated (line) radiant intensity profiles of conventional Ref-Be with CBP host device. (b) Normalized EL spectra of the

Ex-Te with exciplex host device based on different TAPC thicknesses. (c) Experimental (dot) and simulated (line) radiant intensity profiles of Ex-Te with

exciplex host devices with 180 nm, 220 nm, and 240 nm TAPC.
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spectrum of only 32 nm in FWHM. This work paves a path for
red OLED lighting to be used in automobile taillights and
photobiomodulation therapy which require high brightness
and excellent color purity.
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