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Herein is described a blue-emitting gold()—TADF complex Au-1
that could act as a sensitizer for a solution-processed organic light-
emitting diode (SP-OLED), in which a multi-resonance TADF emitter
v-DABNA is employed as the emissive dopant. Photophysical inves-
tigations revealed an efficient energy transfer (ET) process in the
sensitized system with estimated Forster distance of 2.83 nm and ET
rate of 2.35 x 107 s™*. The fabricated blue SP-OLEDs attained high
maximum external quantum efficiency of up to 16.6%, high color
purity with a full-width at half maximum of 23 nm and Commission
Internationale de L'Eclairage coordinates of (0.14, 0.18). A slight
efficiency roll-off of 13% was observed for the Au-1 sensitized
v-DABNA-based device, which is much improved relative to that
(30%) of the Au-l-based device, attributed to the effective ET
process from Au-1 to v-DABNA that could suppress the accumula-
tion of triplet excitons on Au-1 at high luminance.

Introduction

Blue light-emitting materials are indispensable in the develop-
ment of organic light-emitting diodes (OLEDs) for display and
lighting applications."™ However, compared to green and red
ones, the development of blue-emitting materials simulta-
neously possessing high efficiency and color purity is lagging
behind, particularly for low-cost solution-processed OLEDs (SP-
OLEDs) that require emissive dopants to be highly soluble in
common solvents.’™*® Wang, Shao, and co-workers recently
developed through-space charge transfer polymers containing
face-to-face aligned donors and acceptors for achieving effi-
cient blue thermally activated delayed fluorescence (TADF)
emission.® The SP-OLEDs made with these polymers exhibited
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high maximum external quantum efficiency (EQE,,y) of 18.8%.
Nonetheless, the emission color was sky blue with Commission
Internationale de LEclairage (CIE) coordinates of (0.20, 0.31).
Another blue SP-OLED employing a tris-triazolotriazine-based
TADF emitter as an emissive dopant reported by Lee, Zhu,
Wang, and co-workers gave EQE;,.x of 23.23% and sky-blue
emission with CIE coordinates of (0.19, 0.36).” However, a
severe efficiency roll-off of the device was observed with EQE
at a luminance of 1000 cd m™> (EQE;o00) of about 6%. Cho,
Choi, and co-workers demonstrated three deep-blue to sky-blue
TADF emitters bearing organoboron-based cores as acceptors
and carbazole derivatives as donors.” A deep-blue SP-OLED
made with one of these boron-based emitters showed EL at
424 nm with CIE coordinates of (0.17, 0.07), together with a
narrow spectrum with a full-width at half maximum (FWHM) of
42 nm. Despite a decent EQE,.x of 9.90% achieved for this
device, the EQE; (o, reduced to less than 1%. Continuous efforts
have been devoted to this boron-based TADF system by the
same group. These workers reported another ultra-deep-blue
SP-OLED with improved EQE .« of 15.8% and CIE coordinates
of (0.16, 0.05) relative to their previous results."”

Despite considerable efforts made to improve the perfor-
mance of blue SP-OLEDs, the reported device performance
data, particularly EQE and color purity, remain inferior to those
of blue OLEDs manufactured using a vacuum deposition
technique, especially for those with multi-resonance TADF
compounds as emissive dopants."” > In 2016, Hatakeyama
and co-workers reported a rigid polycyclic framework consist-
ing of nitrogen and boron atoms positioned oppositely and first
proposed a concept of multi-resonance TADF.'® Since then,
many high-performance multi-resonance TADF emitters with
extremely narrow emission bandwidths and relatively large
oscillator strength of radiative transition have been developed.
A solution-processable multi-resonance TADF material (OAB-
ABP-1) with an extended n-skeleton and bulky substituents was
designed and utilized in the fabrication of SP-OLEDs.>® A high
EQE,ax of 21.8% and EQE;4¢o of 17.4% were achieved with the
as fabricated pure green SP-OLEDs that showed CIE
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coordinates of (0.12, 0.63) and a narrow electroluminescent
(EL) spectrum with a FWHM of 33 nm. Nonetheless, the
examples of blue SP-OLEDs fabricated with multi-resonance
TADF emitters are scarce,>>’ and one of the related studies
reported that the performance of SP-OLEDs was far inferior to
that of vacuum-deposited OLEDs based on the same dopant
probably attributable to the unsatisfactory film quality by the
spin-coating method."”® Multi-resonance TADF compounds
usually show poor solubility as a result of their high molecular
rigidity and planarity.

Phosphorescence- or TADF-sensitized fluorescence (PSF or
TASF, depending on the emission mechanism of the sensitizer)
is a cascade energy transfer (ET) process in which the excited
state energy is transferred from the host to the fluorescent
dopant via a phosphorescent or TADF sensitizer.”®** Such PSF/
TASF OLEDs take advantage of both phosphorescence/TADF
sensitizers and fluorescent emitters, exhibiting the high effi-
ciency of phosphorescence/TADF, and the high color purity and
long operational lifetime of fluorescence, and therefore are
regarded as generation-3.5 OLEDs.>* Recent studies demon-
strated that multi-resonance TADF emitters could replace
conventional fluorescent dopants to attain high-performance
blue-emitting PSF/TASF OLEDs fabricated by vacuum
deposition.*>° Enlightened by these recent advances, the
obstacles of poor solubility of multi-resonance TADF emitters
and inefficient ET from the hosts to multi-resonance TADF
emitters, which hamper the development of blue SP-OLEDs,
could be overcome by incorporating TADF sensitizers in the
emitting layers (EMLs) to develop TASF devices.

In the present study, we demonstrated a deep-blue SP-OLED
by utilizing a blue-emitting gold(u)-TADF complex Au-1 as the
sensitizer. This gold(m) complex showed a high emission
quantum yield of 82% in a thin film and high-energy electro-
luminescence with Zp.x at 470 nm.? A multi-resonance TADF
emitter -DABNA was selected as a guest molecule as it was
reported to show excellent performance in vacuum-deposited
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OLEDs in which a high EQE;,.x of 34.4%, deep blue electro-
luminescence with CIE coordinates of (0.12, 0.11) and narrow-
band emission (FWHM = 18 nm) were achieved.?’ To realize an
efficient TASF OLED, effective ET from the host to Au-1 and
then to »~-DABNA are crucial. Efficient ET from the host 2,6-
bis(9H-carbazol-9-yl)pyridine (PYD2) to Au-1 has been observed
in our previous work,® and the ET from Au-1 to v-DABNA is the
subject of investigation in this work.

Results and discussion
Energy transfer from Au-1 to »-DABNA

With an aim to investigate the ET process in the Au-1:1-DABNA
sensitized system, the absorption spectrum of »-DABNA and
emission spectrum of the sensitizer Au-1 were measured. As
portrayed in Fig. 1, there is a decent spectral overlap between
the emission of Au-1 and the absorption of v-DABNA, suggest-
ing that an effective ET from Au-1 to v-DABNA could occur. The
ET process of the sensitized system was further examined in
PYD2 thin films. After doping with »-DABNA, the emission
lifetimes of the Au-1:-DABNA sensitized system significantly
decreased relative to that of Au-1 only and there is no residual
emission from the sensitizer Au-1, as shown in Fig. 2. These
observations altogether suggest effective ET in this sensitized
system upon photo-excitation.

Given the low dopant concentration of the guest emitter
1-DABNA (0.5 wt%), short-range Dexter ET can be ignored in
which all guest molecules should be located adjacent to a host
molecule, and Forster resonance energy transfer (FRET) is
therefore considered as the dominant ET process in our sensi-
tized system. The Forster distance (R,) is commonly utilized to
evaluate the efficiency of a FRET process and can be expressed
by the following eqn (1):****
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Fig. 1 Left: Chemical structures of Au-1 and v-DABNA (the given Aem and FWHM measured in PYD2 films). Right: UV-Vis absorption spectrum of
v-DABNA in a toluene solution (2 x 107> mol dm~3, rt) and normalized emission spectrum of Au-1 doped in PYD2 thin films (10 wt%).

This journal is © The Royal Society of Chemistry 2022

J. Mater. Chem. C, 2022, 10, 4590-4596 | 4591


https://doi.org/10.1039/d1tc05487b

Published on 01 2022. Downloaded on 2025/10/16 22:57:53.

Journal of Materials Chemistry C

——— PYD2: Au-1 (10 Wi%)
———PYD2: -DABNA (0.5 wt%)

\ | =——PYD2: Au-1 (10 wit)

\ : DABNA (0.5 wi%)

~PYD2: Au-1 (10 wi%)
———PYD2: Au-1 (10 Wt%): “DABNA (0.5 wt%)

Normalized PL Intensity
Normalized Photon Count (a.u.)

0.0

6 7 8

450 500 550 600 65 2
Wavelength / nm

S
o

3_4 s

Time / us
Fig. 2 Left: Normalized emission spectra of the corresponding thin films.
Right: Emission decays for the corresponding thin films (em = 480 nm).

The weighted lifetimes are 0.52 ps for Au-1 doped in PYD2 and 0.12 ps for
the sensitized system.

where &y, is the emission quantum yield of the donor in the
absence of the acceptor, and x” is usually taken as 2/3, which is
appropriate for dynamic random averaging of the donor and
acceptor. n is the refractive index, whose value is 1.7 for most
organic compounds. Fp(4) stands for the normalized emission
spectrum of the donor. ¢,(/) and N, are the molar absorptivity
of the acceptor and the Avogadro’s number, respectively. Based
on the above formula, R, was calculated to be 2.81 nm, indica-
tive of an effective FRET process between Au-1 and v-DABNA.
The distance between the host and guest (Ry,g) can be calculated

based on the following formula (2):***

1
Rhg:(%XﬂXpXNA/Mc)?’ (2)

where B refers to the fraction of guest in the doping film, p
stands for the density of the doping film, of which the value is
usually taken as 1 g em™>. M is the molecular weight of the
guest. The Ry, was estimated to be 1.92 nm for the sensitized
system. The rate of ET (kgr) and efficiency of FRET (E) from Au-1
to v-DABNA can be therefore calculated based on the following

eqn (3) and (4):*%*!
(R
kgt = E(thg) (3)

E_ ker 1 )

ket + L 1+ (ﬁ)é
Th Ro
where 1, stands for the emission lifetime of the donor in the
absence of the acceptor. kgt and E were calculated to be 1.89 x
10”7 s~ and 91%, respectively. Emission quenching of Au-1
resulting from the addition of »-DABNA was observed and the
quenching rate constant (kq) should be related to the kgr. In

this regard, kgr can be experimentally determined by the plot of
the concentration of 1~-DABNA versus 1,4/t according to eqn (5):*>

70

2= 1+ kgnlQ) 6

where 7, is the emission lifetime of Au-1 in the absence of
v-DABNA, 7 is the emission lifetime of Au-1 in the presence of
v-DABNA and [Q] is the concentration of v-DABNA. For
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Fig. 3 (a) Stern—-Volmer plot of the sensitized system PYD2:Au-1
(10 wt%):v-DABNA (0-0.5 wt%). The emission lifetimes were measured
at 450 nm. The straight line is a linear fit to the data. (b) The plot of transfer
efficiency versus the concentration of v-DABNA.

investigation of the ET rate, spin-coated films of the systems
PYD2:Au-1(10 wt%):v-DABNA(X wt%, X = 0, 0.025, 0.05, 0.15,
0.2, 0.25, 0.3, 0.4, and 0.5) were prepared. The decay of Au-1
emission became faster with increasing concentration of
v-DABNA, together with a progressive decrease in the emission
bandwidth (Fig. S4c, ESIt). This is because there are more
energy acceptors of »-DABNA present, which can quench the
emission of Au-1. Fig. 3a presents a linear relationship between
1o/t and [Q], revealing that the Stern-Volmer relationship is
obeyed. The prepared films were transparent and v-DABNA
molecules were assumed to be distributed homogeneously in
the sensitized system. The k, was estimated from the slope
(kqTo) of the plot, being 2.35 x 10” s™', which is slightly faster
than the theoretically calculated kgr (1.89 x 10”7 s™'). The
estimated kgr values are much faster than the radiative decay
rate of Au-1 (5.38 x 10° s™', Table S1, ESIt), suggestive of an
efficient ET process. The relationship between energy transfer
efficiency E and the concentration of v-DABNA can be described
by eqn (6).*

E=1-1 (6)
70

As portrayed in Fig. 3b, the transfer efficiency E reaches 50%
at a concentration of 0.196 wt%. Assuming that this concen-
tration corresponds to an average of one acceptor molecule in a
sphere of radius R, and an average film density of 1 g cm™>, R,
was estimated to be 2.83 nm," comparable to the value
calculated based on eqn (1).

Film surface morphology

The film-forming ability and film morphology of solution-
processed films prepared with PYD2:»-DABNA(2 wt%),
PYD2:Au-1(10  wt%):»-DABNA(0.5 wt%) and PYD2:Au-1
(10 wt%):»-DABNA(2 wt%) were investigated by atomic force
microscopy (AFM) in tapping mode. As observed from the AFM
images in Fig. 4, the average roughness (R,)/root mean square
(RMS) roughness (R;) values were found to be 5.953 nm/
8.463 nm for the sample PYD2:v»-DABNA(2 wt%), 1.883 nm/
2.345 nm for the sample PYD2:Au-1(10 wt%):v-DABNA(0.5 wt%)
and 3.148 nm/4.727 nm for the sample PYD2:Au-1(10 wt%):
v-DABNA(2 wt%), respectively. In comparison to the film made

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 2D and 3D AFM images (10 x 10 um) with corresponding R, and Ry
values of three thin-film samples (a) PYD2:v-DABNA (2 wt%), (b) PYD2:Au-
1(10 wt%):v-DABNA (0.5 wt%) and (c) PYD2:Au-1(10 wt%):v-DABNA
(2 wt%).

with only v-DABNA (2 wt%), the sample of PYD2:Au-1
(10 wt%):v-DABNA(2 wt%) showed much smaller RMS value,
suggestive of the improved film quality after incorporating
Au-1. Apparently, the film made with PYD2:Au-1(10 wt%):v-
DABNA(0.5 wt%) displayed a smoother and more uniform
profile than the sensitized system with 2 wt% v-DABNA, having
smaller R, and RMS values, suggesting better film-forming
capability.

This can be attributed to the good compatibility between
PYD2, Au-1 and v-DABNA at their respective concentrations
used. These results verify that our sensitized systems possess
high compatibility and morphological stabilities, accounting
for our promising solution-processed OLEDs based on the
sensitized system under the optimized conditions used.

Device characteristics of blue-emitting SP-OLEDs

TASF SP-OLEDs were fabricated by adopting Au-1 as a TADF
sensitizer and »-DABNA as a deep-blue emissive dopant. As
shown in Fig. 5, the device architecture was ITO/PEDOT:PSS/
PYD2:Au-1:v-DABNA (50 nm)/DPEPO (10 nm)/TPBi (40 nm)/LiF
(1.2 nm)/Al (100 nm), in which PYD2 was utilized as the host
material in the EML. Bis[2-(diphenylphosphino)phenyl]ether
oxide (DPEPO) and 1,3,5-tris(1-phenyl-1H-benzo[d]imidazol-2-
yl)benzene (TPBi) function as hole/exciton blocking and elec-
tron transporting materials, respectively. Au-1 and »-DABNA

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematic device structure with proposed energy level diagrams
and chemical structures of supportive organic materials.

were co-doped in the PYD2 host in the EML with different
concentrations. As depicted in Fig. 6a, the EL spectrum of the
device with 10 wt% Au-1 and 0.5 wt% »-DABNA is much
narrower than that of the device with 10 wt% Au-1 only and
slightly broader than that of the device with 0.5 wt% -DABNA
only, suggesting an efficient ET from Au-1 to »-DABNA. How-
ever, when compared with the corresponding emission spectra
shown in Fig. 2 in which the emission of the Au-1:»-DABNA
sensitized system and 1-DABNA only are almost identical, the
ET from Au-1 to v-DABNA shown in the EL spectrum is slightly
incomplete, presumably due to the different excitation pro-
cesses of electroluminescence and photoluminescence. In the
photoluminescence measurements, PYD2 is first excited by
light at a wavelength of 330 nm. It then transfers the excited
state energy to »-DABNA by a cascade ET via Au-1. On the other
hand, in the TASF SP-OLED, direct charge trapping on both
Au-1 and v-DABNA molecules may play a main role in exciton
formation. Fig. 5 shows that both the LUMO and HOMO levels
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Fig. 6 (a) Normalized EL spectra, (b) EQE-luminance, (c) current density—
voltage, and (d) luminance-voltage characteristics of SP-OLEDs with
different concentrations of Au-1 and v-DABNA. The image of the sensi-
tized SP-OLED is shown in the inset of (a).
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of Au-1 and v-DABNA are within those of PYD2, suggesting the
possibility of trapping both holes and electrons on Au-1 and
v-DABNA molecules. The trapping effect is supported by the
current density-voltage characteristics shown in Fig. 6¢c and
Fig. Sic (ESIt), in which the current density decreased with
increasing dopant concentration at a certain driving voltage.
The trapping effect may influence the cascade ET, leading to a
slightly incomplete ET from Au-1 to »-DABNA, as shown in
Fig. 6a. When »~-DABNA was utilized as the emissive dopant
alone, the EL spectrum with a narrow FWHM of 18 nm
remained almost unchanged upon increasing the doping
concentration of v-DABNA from 0.5 to 2 wt% (Fig. S2a, ESIT).
The EQE,ax of the -DABNA-based device was 7.51% at a low
dopant concentration of 0.5 wt%, increased to 8.60% at a
higher concentration of 1 wt% and then decreased to 7.30%
at an even higher concentration of 2 wt%. The relatively lower
EQE.x at a low concentration of 0.5 wt% might be due to
incomplete ET from the host PYD2, whose emission can be
observed in the enlarged EL spectrum shown in Fig. S2¢ (ESIT).
A decrease in the EQE,, of the device at a higher concen-
tration of -DABNA (2 wt%) might be attributable to concen-
tration quenching.'” As depicted in Fig. Sia (ESIf), the EL
spectra became narrower with increasing concentration ratios
of 1-DABNA to Au-1 in the sensitized devices because of the
trapping effects of both -DABNA and Au-1. In the device with a
higher concentration ratio of ©-DABNA to Au-1, more excitons
directly formed on the »-DABNA molecules. Since the EL
spectrum of the sensitized device is the combined emission
from both »-DABNA and Au-1, more exciton formation and
recombination on »-DABNA would cause more v-DABNA por-
tion in the observed EL emission, resulting in a narrower EL
spectrum. As depicted in Fig. 6b and Fig. S1b (ESIt), the TASF
OLED with 10 wt% Au-1 and 0.5 wt% »-DABNA showed an
EQEnax as high as 16.6%. Although direct charge trapping is
the primary mechanism of exciton formation in the TASF
devices, the efficient ET from Au-1 to v-DABNA resulted in an
extremely narrow EL spectrum with a FWHM of 23 nm and CIE
coordinates of (0.14, 0.18) in the sensitized device made with
0.5 wt% v-DABNA and 10 wt% Au-1 (Fig. 6a). Therefore,
different from the incomplete ET from the host PYD2 to
v-DABNA in the 1~-DABNA-based device with a low dopant
concentration of 0.5% (Fig. S2, ESIt), by cascade ET, all excitons
formed on the host PYD2 were transferred to v-DABNA via Au-1
in the TASF device, leading to a highly improved EQE,.x. The
EQE,.x of the sensitized device (16.6%) is higher than that of
the Au-1-based device (12.9%), probably because the sensitized
system is capable of recycling the triplet excitons quenched by
the host.®® In addition, the efficient FRET process of the
sensitized system could suppress the accumulation of triplet
excitons on the sensitizer, leading to alleviated efficiency roll-
offs. As shown in Fig. 6b, an EQE, g, of 14.4% was achieved in
the best-sensitized device, corresponding to an efficiency roll-
off of 13%, which is much improved relative to that (30%) of
the Au-1-based device. With the increased concentration of
v-DABNA, the EQE... of the sensitized devices decreased
(Table S2, ESIt). This might be due to the concentration
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Fig. 7 Summary of EQEn. and CIE, values of recently reported SP-
OLEDs. The reference numbers are presented next to the relevant data
points.

quenching of »-DABNA. Additionally, in comparison to the
sensitized system of PYD2:Au-1(10 wt%):v-DABNA(0.5 wt%),
the system of PYD2:Au-1(10 wt%):»-DABNA(2 wt%) showed poor
film-forming ability, as aforementioned, together resulting in a
lower EQE,ax. The efficiency of the TASF device with 10 wt%
Au-1 and 0.5 wt% 1-DABNA is among the best of the reported
blue-emitting SP-OLEDs, particularly those with CIE, less than
0.2, as shown in Fig. 7.>%'5'>1%15 The preliminary lifetime of
the device with 10 wt% Au-1 and 0.5 wt% 1-DABNA was
measured under our laboratory conditions. As shown in
Fig. S3 (ESIt), the operational lifetime at 50% of the initial
luminance of 1000 cd m™~* (LTs,) was 16 min. Similar results
have been reported for blue SP-OLEDs with similar device
structures,”'® and the relatively short lifetime could be attrib-
uted to a lack of device optimization and the harmful effect of
PEDOT:PSS.

Conclusions

In summary, a high EQE,,x of 16.6%, high color purity with a
FWHM of 23 nm and CIE coordinates of (0.14, 0.18) were
simultaneously actualized in an optimized TASF SP-OLED by
employing Au-1 as a TADF sensitizer and »~-DABNA as a deep-
blue emitter. Owing to the efficient cascade ET from PYD2 to
v-DABNA via Au-1 and the recycling of triplet excitons that were
wasted in the Au-1-based TADF devices of the TASF system, the
EQE a4« Of the TASF device was found to be higher than those of
both the Au-1- and »-DABNA-based ones. A severe efficiency roll-
off of 30% was found for the Au-1-based device because of
accumulation of triplet excitons on Au-1 at high brightness. By
incorporating 0.5 wt% 1-DABNA, the efficiency roll-offs in the
sensitized device were significantly reduced down to 13%,
attributable to the suppressed accumulation of triplet excitons
on Au-1 at high luminance due to efficient ET in the TASF
device.

This journal is © The Royal Society of Chemistry 2022
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Experimental section

Materials

PYD2, DPEPO, TPBi, »-DABNA and LiF were purchased from
Luminescence Technology Corp; PEDOT: PSS was purchased
from Heraeus. All of these materials were used as received. Au-1
was synthesized based on the reported method.®

Measurements

The procedure for the preparation of thin-film samples for
kinetic studies is described as follows: the mixture of PYD2 and
dopant(s) in chlorobenzene (10 mg mL™ ') was spin coated on
quartz films at a speed of 500 rpm inside a glove box and
transparent film samples were obtained after being annealed at
70 °C for 20 minutes. The emission lifetimes were recorded at
450 nm and the data points after the prompt fluorescence
signal stemming from v-DABNA were considered to be the
emission decay of Au-1 and fitted by using the equation of

y=yo+ Ae"7. The procedure for the preparation of thin-film
samples for AFM measurement is described as follows: the
mixture of PYD2 and dopant(s) in chlorobenzene (10 mg mL ")
was spin coated on quartz slides at a speed of 3000 rpm inside a
glove box and the transparent thin films were obtained after
being annealed at 70 °C for 20 minutes. The prepared films
were examined by atomic force microscopy (AFM) in tapping
mode (a Bruker Nano Wizard ULTRA Speed 2 instrument).
Emission quantum yields of these thin-film samples were
measured using a Hamamatsu C11347 Quantaurus-QY Abso-
lute PL quantum yields measurement system. The emission
lifetime measurements were performed on an LP920-KS Laser
Flash Photolysis spectrophotometer (Edinburgh Instrument
Ltd) equipped with a Q-switched Nd:YAG laser. Emission
spectra of these thin-film samples were recorded on a Horiba
Fluorolog-3 spectrophotometer.

Device fabrication and characterization

An aqueous solution of PEDOT:PSS was spin-coated onto a
cleaned ITO coated glass substrate and baked at 120 °C for
20 minutes to remove the residual water solvent inside a clean
room. The mixture of PYD2 and emitting dopant(s) in chlor-
obenzene was spin-coated atop the PEDOT:PSS layer inside a
glove box. After being annealed at 70 °C for 30 minutes, all
devices were subsequently transferred into a Kurt J. Lesker
SPECTROS vacuum deposition system without exposure to air.
In the vacuum chamber, organic materials of DPEPO and TPBi
were thermally deposited in sequence at a rate of ~0.1 nm s,
Finally, LiF (1.2 nm) and Al (100 nm) were thermally deposited
at rates of 0.03 and 0.2 nm s, respectively.

EL spectra, CIE coordinates, luminance-current-voltage
characteristics, current efficiency, power efficiency, and EQE
were measured using a Keithley 2400 source-meter and an
absolute external quantum efficiency measurement system
(€9920-12, Hamamatsu Photonics). All devices were character-
ized at room temperature under an ambient air environment
without encapsulation. The operational lifetimes of the devices
were measured in a glove box with both concentrations of O,

This journal is © The Royal Society of Chemistry 2022
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and H,O lower than 1 ppm. The efficiency roll-offs were
evaluated based on the formula of [(EQEmax — EQEigeo)/
EQE ] X 100 in which the EQE., and EQEjq, refer to
maximum EQE and EQE at a luminance of 1000 c¢d m ™2,

respectively.
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