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Solid-state light-emitting electrochemical cells (LECs) show the advantages of a simple fabrication
process, low-voltage operation, and compatibility with inert electrodes. However, even phosphorescent
deep-red LECs still suffer from limited device efficiencies. In this work, we demonstrate efficient deep-
red LECs based on phosphor-sensitized thermally activated delayed fluorescence (TADF). A
phosphorescent ionic transition metal complex (iTMC) is used as the host and a deep-red TADF emitter
is employed as the guest. With rapid intersystem crossing (ISC) to promote intramolecular singlet-to-
triplet energy transfer in the iTMC, efficient host—guest Forster energy transfer ensures harvesting both
singlet and triplet excitons on the host molecules. In addition, the effective reverse intersystem crossing
(RISC) process can further recycle the guest triplet excitons coming from the host—guest Dexter energy
transfer and direct triplet exciton formation on the guest under electrical excitation. Therefore, host—
guest deep-red LECs doped with a 0.25 wt% guest achieve a peak EQE of up to 5.11%, which is among
the highest reported for deep-red LECs. Analysis of the device efficiency by evaluating related device
parameters implies that more than 73% of the excitons on the guest molecules can be gathered for
electroluminescence (EL). It approaches 3x EL efficiency of fluorescent devices, which can only harvest
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25% excitons for light emission, and thus confirms an efficient RISC process to recycle the guest triplet
excitons. These results reveal that phosphor-sensitized TADF is useful for achieving highly efficient
fluorescent deep-red LECs. However, triplet—triplet annihilation on the guest still hinders the improve-
ment of the device efficiency of the phosphor-sensitized TADF LECs when the guest doping
concentration or device current is higher.

DOI: 10.1039/d2tc01727j
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Introduction

Owing to the unique operation mechanism, solid-state light-
emitting electrochemical cells (LECs)" show several advantages
over conventional organic light-emitting diodes (OLEDs). The
emissive layer of an LEC contains mobile ionic species, which
can be separated under a bias and form accumulated anions
and cations at the anode and cathode, respectively. As such,
electrochemically doped layers are built at electrodes to pro-
mote balanced carrier injection and subsequent efficient radia-
tive carrier recombination in the remaining intrinsic layer,
providing low operating voltage and high power efficiency.
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With only a single emissive layer, an LEC can have a similar
function to that of a multilayered OLED. Such a simple device
structure can be easily processed from solutions. Furthermore,
the electrical characteristics of LECs are insensitive to the work
functions of electrodes and the emissive-layer thickness due to
electrochemical doping. In contrast to OLEDs, these superior
properties enable fancy display applications®™* and optical
optimization by adjusting device thickness to several hundred
nanometers.””® Easy fabrication processes make LECs a pro-
mising alternative technology of cost-effective light-emitting
devices for lighting and displays.

Since the first demonstration of polymer LECs by Pei et al. in
1995," several types of LECs based on conjugated polymers,”*° ionic
transition metal complexes (iTMCs),"*** small molecules,"*"® quan-
tum dots,"”” " and perovskites'®*® have been reported. Among
these types, iTMCs have relatively better electroluminescence (EL)
efficiencies due to their phosphorescence feature. Some of the
reported visible LECs based on iTMCs have reached comparable
device efficiencies with those obtained from OLEDs.**"*® However,
the reported long-wavelength, i.e., deep-red and near-infrared (NIR)

J. Mater. Chem. C, 2022,10, 11211-11219 | 11211


https://orcid.org/0000-0003-1516-8685
https://orcid.org/0000-0003-1100-4712
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tc01727j&domain=pdf&date_stamp=2022-07-21
https://doi.org/10.1039/d2tc01727j
https://doi.org/10.1039/d2tc01727j
https://rsc.li/materials-c
https://doi.org/10.1039/d2tc01727j
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC010031

Published on 12 Temmuz 2022. Downloaded on 28.06.2024 23:43:21.

Paper

Exciton formation

S4
i "~.Q Dexter energy transfer
Intersystem crossing T, e Exciton formation
Forsterenergytransfer "+, 1 o
T
A/ y

Fluorgescence

Phosphorescent host Fluorescent guest

Fig. 1 Illustration of phosphor-sensitized fluorescence. Intramolecular or
intermolecular energy transfer processes are shown as dotted red lines.
Exciton formation processes upon electrical excitation are depicted as
dotted pink lines.

LECs, which have great potential applications in bio-imaging,
telecommunication, night-vision displays, and chemical sen-
sing, commonly showed low device efficiencies,**"°" hindering
their commercialization. In these reported studies, deep-red
LECs based on phosphor-sensitized fluorescence**° outper-
form other types of deep-red LECs, ie., employing small
molecules,>® conjugated polymers,***° and iTMCs."'™’
Phosphor-sensitized fluorescence has been proven to be useful
in increasing device efficiencies of fluorescent OLEDs to the
levels similar to those of phosphorescent OLEDs.®* Phosphor-
sensitized fluorescent LECs have also been demonstrated to
have significantly improved device efficiencies.>***®>%* The
working mechanism of the phosphor-sensitized fluorescence
is illustrated in Fig. 1. The heavy-metal centers of the phosphor-
escent host molecules promote rapid intersystem crossing (ISC)
for efficient intramolecular singlet-to-triplet energy transfer. As
such, both singlet and triplet excitons in the host molecules can
be harvested by efficient Férster energy transfer® from triplet
excitons of the phosphorescent host to singlet excitons of the
fluorescent guest. However, two possible exciton loss mechan-
isms, i.e., Dexter energy transfer®® from the triplet excitons of
the phosphorescent host and direct carrier trapping to form
triplet excitons on guest molecules (¢f Fig. 1), result in lower
device efficiencies of phosphor-sensitized fluorescent LECs (ca.
50% of their phosphorescent theoretical upper limit).>>** New-
generation fluorescent materials with thermally activated delayed
fluorescence (TADF)® are helpful to reduce the loss from the
triplet excitons of guest molecules. Small singlet-triplet exchange
energy of the TADF molecules facilitates rapid reverse intersys-
tem crossing (RISC) from the non-emissive triplet states to the
emissive singlet states, approaching phosphorescent EL effi-
ciency. In this work, we replace a conventional fluorescent guest
by a deep-red TADF guest in a phosphorescent iTMC host of
LECs. The proposed deep-red phosphor-sensitized TADF LECs
show a high peak external quantum efficiency (EQE) > 5%, which
is among the highest reported for deep-red LECs. By analyzing
the device efficiency with related device parameters, such a high
EQE reveals that more than 70% of the excitons on the guest
molecules can be used for light emission. It is almost 3x EL
efficiency of the fluorescent LECs. Therefore, this work success-
fully demonstrates that phosphor-sensitized TADF is useful for
achieving highly efficient fluorescent deep-red LECs.
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Experimental section

The iTMC complex 1 shown in Fig. 2 was used as the phos-
phorescent host in this study.”” Complex 1 was synthesized
following the procedures detailed in ref. 23. The deep-red TADF
compound,  3,4-bis(4-(diphenylamino)phenyl)acenaphtho[1,2-
blpyrazine-8,9-dicarbonitrile (APDC-DTPA) (Fig. 2), was employed
as the fluorescent guest.”® APDC-DTPA was purchased from
Luminescence Technology and was used as received. The neat
host film, host-guest films, and guest-dispersed poly(methyl
methacrylate) (PMMA) films for photoluminescence (PL) and
photophysical studies were spin-coated onto quartz substrates
using acetonitrile/dichloromethane (2:3, volume ratio) mixed
solvents. PMMA was used as an inert matrix for dispersing guest
molecules in measuring UV-visible absorption and PL spectra.
Since in LECs, the ionic liquid, 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM'(PF¢)"] (20 wt%), was added to
shorten the device response time, the host-guest films contain-
ing the same components as the emissive layer of LECs were
employed in PL and photophysical measurements.

UV-visible absorption spectra were recorded on a spectro-
photometer (UV-1800, Shimadzu). PL spectra were measured
using a fiber-optic spectrometer (USB2000, Ocean Optics) and
the excitation source was a mercury lamp (365 nm). PLQYs of
thin films were determined with a calibrated integrating sphere
system (FS5, Edinburgh). The excited-state lifetimes of thin
films were measured by using the time-correlated single photon
counting technique (FS5, Edinburgh). The transient PL signals
were detected at suitable wavelengths selected by the
monochromator.

Standard cleaning and UV/ozone treatments were performed
on the indium tin oxide (ITO) coated glass substrates before
thin film deposition. Then the substrates were spin-coated with
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PED-
OT:PSS) layers (40 nm) at 4000 rpm and they were baked at
150 °C for 30 min in ambient air. The emissive layers of the
host-guest LECs contained complex 1 (80 — x wt%), APDC-
DTPA (x wt%) and ionic liquid [BMIM'(PF,) ] (20 wt%), where
x=3,2,1, 0.5, and 0.25. The emissive layers were spin-coated
on the PEDOT:PSS layers from the mixture of the host, guest,
and ionic liquid in acetonitrile/dichloromethane (2: 3, volume
ratio) mixed solutions (60 mg mL™") at 3000 rpm in ambient
air. After spin coating of emissive layers, the samples were then
baked at 70 °C for 10 hours in a nitrogen glove box. Finally, a

Complex 1

APDC-DTPA

Fig. 2 Molecular structures of complex 1 and APDC-DTPA.
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silver top contact was deposited by thermal evaporation in a
vacuum chamber (ca. 107° torr). The thicknesses of the emis-
sive layers were measured to be ca. 180 nm by ellipsometry. The
electrical and emission characteristics of LEC devices were
measured using source-measurement units (B2901A, Keysight)
and a calibrated Si photodiode. The EL spectra of the LEC
devices were recorded using a calibrated fiber-optic spectro-
meter (USB2000, Ocean Optics). Measuring the PL and the EL
spectra with the same system facilitated spectral comparison.
All LEC device measurements were done at constant bias
voltages (2.2, 2.3, 2.4, and 2.5 V). Device measurements were
performed in a glove box filled with nitrogen to reduce the
device degradation rate.

Results and discussion
PL and photophysical studies of phosphor-sensitized TADF

The chemical structures of the host and guest materials used in
this study are shown in Fig. 2. The previously reported complex
1 was used as the phosphorescent host.>” The host neat film
shows yellow PL emission centered at 573 nm (Fig. 3). When
considering the neat-film PLQY of complex 1 (61%) and the
peak EQE of the LEC based on complex 1 (13.6%), complex 1
exhibits good carrier balance and thus it is suitable to serve as
the host material for the LECs based on phosphor-sensitized
TADF.”” Meanwhile, the efficient deep-red TADF emitter, APDC-
DTPA, was used as the fluorescent guest.®® The guest shows an
intense absorption band near the host emission band (Fig. 3)
and efficient host-guest energy transfer can be expected as a
consequence. The guest dispersed in the inert PMMA matrix
(1 wt%) shows a PL emission peak at 657 nm and a large portion
of PL emission extends into the NIR spectral region. Since
PMMA is a non-polar medium, the PL properties of the guest
APDC-DTPA in polar host complex 1 should be further clarified.

The PL spectra of the host-guest films based on complex 1
doped with APDC-DTPA (3, 2, 1, 0.5, 0.25, and 0 wt%) and
[BMIM'(PF,) "] (20 wt%) are depicted in Fig. 4. The PL peak
wavelengths and the PLQYs of these host-guest films are
summarized in Table 1. As the guest doping concentration
increases, the residual host emission reduces and the PLQY
decreases as well. A higher guest doping concentration
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Fig. 3 Absorption and PL spectra of APDC-DTPA in a PMMA film (1 wt%)
and PL spectrum of a neat film of complex 1.
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Fig. 4 PL spectra of the host—guest films based on complex 1 doped with
APDC-DTPA (3, 2, 1, 0.5, 0.25, and 0 wt%) and [BMIM*(PF¢) "1 (20 wt%).

enhances the host-guest energy transfer rate such that the
guest emission dominates total PL emission and the PLQY of
the host-guest film approaches that of the guest dispersed in a
host film. Since complex 1 exhibits a higher PLQY than APDC-
DTPA, the host-guest film shows a decreasing PLQY with
increasing guest doping concentration (Table 1). In addition,
the PL spectrum of APDC-DTPA dispersed in polar complex 1
shows a slight bathochromic shift in comparison with that in
non-polar PMMA (¢f. 1 wt% PL spectra in Fig. 3 and 4). Since the
donor-acceptor (D-A) type APDC-DTPA exhibits significant
intramolecular charge-transfer nature, the bathochromic shift
in the PL spectrum when doped in polar complex 1 may be due
to the strong interactions between highly polarized excited-
state chromophores and the surrounding polar molecules.®* A
previous work reported a similar solid-state solvation effect for
APDC-DTPA doped in the host molecule with a higher dipole
moment.*® Such a bathochromic shift in the guest emission in
polar medium is beneficial for harvesting a higher percentage
of NIR emission from the EL output of the host-guest LECs
based on complex 1 doped with APDC-DTPA.

Concentration quenching of the guest molecules is a possi-
ble bottleneck to limit the device efficiency of the host-guest
LECs. To examine the PLQYs of the doped guest in thin films of
complex 1, the host and the guest emissions should be sepa-
rately considered. The PL spectra of the host-guest films can be
fitted by adjusting the contribution percentages of the host and
the guest emissions (Fig. S1, ESIt). The estimated percentages
of host and guest emissions (1py, iy and #p, ) for the host-guest
films based on complex 1 doped with 3, 2, 1, 0.5, and 0.25 wt%
APDC-DTPA are (3% and 97%), (5% and 95%), (13% and 87%),
(26% and 74%), and (40% and 60%), respectively. The energy
transfer efficiency (ngr), which is the percentage of energy
transferred from the host to the guest, can be correlated with
the individual PLQYs contributed from the host and the guest
in the following eqn (1) and (2).

PpLu-c X NpLu = (1—ngr) X PpL 1 (1)
Ppra-6 X NeLc = Ner X Prrg (2)

In both equations, ®@py - is the PLQY of the host-guest
film, #pr, and npr g are the percentages of the host and the
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Table1l Summary of PL and photophysical data of the host—guest films based on complex 1 doped with APDC-DTPA (3, 2, 1, 0.5, 0.25, and 0 wt%) and

[BMIM*(PFe) 1 (20 wto%wt%)

APDC-DTPA [Wt%)]  PLma” [nm]  @ppuc’ [%]  fenm fene’ (%] e [%]  Pere’ [%] o [ns] 6% [ns]

3 691 26.7 (3, 97) 98.9 26.2 14 (56%), 63 (44%) 15 (84%), 74 (16%)
2 682 30.6 (5, 95) 98.0 29.7 24 (48%), 115 (52%) 19 (67%), 94 (33%)
1 671 33.7 (13, 87) 94.2 311 39 (41%), 179 (59%) 23 (60%), 131 (40%)
0.5 662 37.2 (26, 74) 87.2 31.6 59 (29%), 271 (71%) 29 (46%), 216 (54%)
0.25 628 40.7 (40, 60) 78.5 31.1 89 (22%), 400 (78%) 36 (34%), 306 (66%)
0 573 75.7 (100, 0) — — 346 (27%), 855 (73%)  —

“ PL peak wavelength. ? Absolute PL(;Y of the host-guest film measured by using an integrating sphere. ¢ Percentages of the host and the guest PL

emissions for the host-guest film.

Host-guest energy transfer efficiency. © PLQY of the guest doped in the host-guest film./ Excited-state

lifetimes and weightings obtained by the biexponential fit at the host emission band (ca. 550-570 nm). ¢ Excited-state lifetimes and weightings
obtained by the biexponential fit at the guest emission band (ca. 680-720 nm).

guest emissions, respectively, and @py and @pr g are the
individual PLQYs in the host-guest film for the host and the
guest, respectively. If @py y is estimated to be almost the same
(75.7%, Table 1) for low guest doping concentrations (0-3 wt%),
ner for these samples can be obtained by employing eqn (1)
with related parameters. The #gr values of the host-guest films
based on complex 1 doped with 3, 2, 1, 0.5, and 0.25 wt% APDC-
DTPA are 98.9, 98.0, 94.2, 87.2, and 78.5%, respectively. By
using eqn (2) with the obtained ngr values and other related
parameters, @py g at doping concentrations of 3, 2, 1, 0.5, and
0.25 wt% can be derived to be 26.2, 29.7, 31.1, 31.6, and 31.1%,
respectively. This reveals that the concentration quenching
effect is not severe for 0.25-3 wt% APDC-DTPA doped in thin
films of complex 1. All the parameters related to the host-guest
energy transfer in the host-guest films are summarized in
Table 1 for comparison.

To further study the photophysics of the proposed
phosphor-sensitized TADF system, the transient PL decay
curves of the host and the guest emission bands of the host-
guest films were measured (Fig. S2-S7, ESIf). Excited-state
lifetimes and weightings obtained by the biexponential fit of
the transient PL decay curves for both emission bands are
summarized in Table 1. Compared with the host-only film, the
host-guest energy transfer is responsible for the faster decay rate
of the host emission band of the host-guest films, especially at
higher guest doping concentrations. The faster decay component
of the guest emission band is the prompt fluorescence decay of the
guest molecules, which comes from the Forster energy transfer
from the host triplet state to the guest singlet state. Since the
singlet excitons on the phosphorescent host can be converted to
the emissive triplet excitons via the rapid ISC process, efficient
host—guest Forster energy transfer ensures harvesting both the
singlet and triplet excitons on the host molecules. The slower
decay component of the guest emission band is the delayed
fluorescence decay of the guest molecules, which is absent in
the phosphor-sensitized fluorescent system.®® This results from
the Dexter energy transfer from the host triplet state to the guest
triplet state, followed by effective RISC to the guest singlet state
due to a small single-triplet splitting (AEsy) of 0.14 eV for APDC-
DTPA.?® Both the guest prompt and delayed fluorescence decays
are slower when the guest doping concentration is lower since
the Forster and the Dexter energy transfer rates slow down.

1214 | J Mater. Chem. C, 2022, 10, 11211-11219

However, in comparison with the guest prompt fluorescence
decay, the guest delayed fluorescence decay retards more signifi-
cantly with decreasing guest doping concentration since the
Dexter energy transfer (exponential distance dependence) is
more sensitive to the host-guest intermolecular distance than
the Forster energy transfer (R™° distance dependence). The
photophysical data clarify the host-guest energy transfer pro-
cesses in the proposed phosphor-sensitized TADF system and
confirm the guest delayed fluorescence decay through the
effective RISC channel from the guest triplet state, which can
ensure recycling of the guest triplet excitons generated by the
Dexter energy transfer from the host triplet state and direct
triplet exciton formation on the guest molecules under electrical
excitation.

EL characteristics of deep-red phosphor-sensitized TADF LECs

Before fabricating the host-guest LECs, the surface morphology
of the thin film of complex 1 doped with 20 wt% [BMIM"(PF,) ]
and 0.25 wt% APDC-DTPA was examined by atomic force
microscopy (AFM). 3D and 2D AFM surface images of the
host-guest films are shown in Fig. 5(a) and (b), respectively.
The thin film surface is rather smooth and the root mean
square roughness (Ry) is 0.233 nm. This confirms no sign of
phase separation in the thin film and thus guarantees good
device fabrication yield.

Deep-red LECs based on complex 1 doped with APDC-DTPA
were fabricated and tested to confirm the advantages of
phosphor-sensitized TADF. The EL characteristics of these
LECs are summarized in Table 2. The EL spectra of all LECs
are almost unchanged with time under constant-bias operation
(Fig. S8, ESIT). The voltage-dependent EL spectra of the deep-
red LECs based on complex 1 doped with APDC-DTPA at 3, 2, 1,
0.5, and 0.25 wt% are depicted in Fig. 6(a)-(e), respectively.
Different from the PL spectra, the EL spectra contain predomi-
nantly guest emission along with almost untraceable host
emission. Under electrical excitation, direct exciton formation
on the lower-gap guest molecules is more likely to occur than
photoexcitation, consequently resulting in more pronounced
guest EL emission. Compared with the PL spectra, the EL
spectra show a slight bathochromic shift in the emission peak
wavelengths (¢f. Tables 1 and 2), which may be attributed to the
spectral modification by the microcavity effect of the device

This journal is © The Royal Society of Chemistry 2022
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(a)

Fig. 5

Table 2 Summary of EL characteristics of the deep-red LECs based on
complex 1 doped with APDC-DTPA (3, 2, 1, 0.5, and 0.25 wt%)

b

APDC-DTPA Bias ;Lmax, ELa Lmax Next, maxc 1P, max
[wt%] V] [nm] [WW em ] [%] [mwW W]
3 2.5 686 5.08 0.61 4.48
2.4 690 2.85 1.01 7.82
2.3 698 0.61 1.46 11.78
2.2 703 0.20 2.38 20.04
2 2.4 682 3.12 1.31 10.12
2.3 684 0.79 2.31 18.59
2.2 689 0.24 3.38 28.08
1 2.4 675 3.74 2.33 17.99
2.3 687 1.09 2.92 23.48
2.2 684 0.28 3.72 31.27
0.5 2.2 684 0.32 4.76 40.06
0.25 2.2 682 0.31 5.11 43.00

@ EL peak wavelength. ” Maximal light output power. © Maximal exter-
nal quantum efficiency. ¢ Maximal power efficiency.

optical structure.”® A higher guest doping concentration leads
to a slightly longer EL emission peak wavelength, which implies
more guest emission, due to more complete host-guest energy
transfer. In addition, carrier trapping and direct exciton for-
mation on the guest with a lower energy gap are more preferred
under a lower bias voltage. Therefore, a bathochromic shift in
the EL spectra can be observed when the bias voltage decreases,
especially for the host-guest LEC with a higher guest doping
concentration. These EL spectra confirm that deep-red emis-
sion can be obtained from the proposed phosphor-sensitized
TADF LECs.

To further evaluate the device performance, the time-
dependent current density, light output, and EQE of the deep-
red LECs based on complex 1 doped with APDC-DTPA (3 wt%)
are shown in Fig. 7(a)-(c), respectively. After a bias was applied,
the mobile ions in the LECs were driven to drift toward the
electrodes, resulting in gradually formed electrochemically
doped layers. These doped layers facilitated carrier injection;
thus, the device current increased with time. When the doped
layers were formed completely, the carrier injection rate

This journal is © The Royal Society of Chemistry 2022
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(a) 3D and (b) 2D AFM surface images of the thin films of complex 1 doped with 20 wt% [BMIM*(PFg)"] and 0.25 wt% APDC-DTPA.

4000

approached a steady state, and the device current reached a
maximal value. Higher bias voltages lead to higher maximal
device currents due to higher electric fields inside the devices
(Fig. 7(a)). The light output generally followed the temporal
evolution of the device current (Fig. 7(b)). The EQE rapidly
increased after a bias was applied because the carrier balance
was improved significantly through the formation of the doped
layers. It approached the maximal value when the doped layers
were well formed (Fig. 7(c)). Apparently, the device efficiency
decreases as the bias voltage increases. The density of the guest
triplet excitons, which exhibit longer excited-state lifetimes,
increases significantly at a higher device current driven by a
higher bias voltage. As such, the triplet-triplet annihilation
pathway strongly competes with the RISC process, rendering
reduced device efficiency. In addition to the device with 3 wt%
APDC-DTPA, the temporal EL properties of the deep-red LECs
based on complex 1 doped with 2, 1, 0.5, and 0.25 wt% APDC-
DTPA are shown in Fig. S9-S11 (ESIf) and Fig. 8, respectively.
All devices show a similar temporal evolution trend in current
density, light output, and EQE. However, the device efficiency
significantly increases as the guest doping concentration
decreases. This would be attributed to the reduced possibilities
of the host-guest Dexter energy transfer and the direct triplet
exciton formation on the guest, followed by subsequent triplet-
triplet annihilation at a lower guest doping concentration. At
the lowest APDC-DTPA doping concentration of 0.25 wt%, the
peak EQE of the deep-red LECs reached 5.11% (Fig. 8(c)). Such
a device efficiency is among the highest reported values for
deep-red LECs and successfully confirms that the proposed
phosphor-sensitized TADF LECs can generate efficient deep-red
EL emission.

To further explore the EL characteristics of the deep-red
LECs based on complex 1 doped with APDC-DTPA, the time-
dependent current density, light output, and EQE of the LECs
based on complex 1 were measured and are shown in
Fig. S12(a)-(c) (ESIt), respectively. The temporal evolution of
current density and light output for the host-guest LECs and
the host-only LECs is similar (¢f Fig. 7(a), (b), 8(a), (b) and

J. Mater. Chem. C, 2022,10, 11211-11219 | 11215
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Fig. 6 Voltage-dependent EL spectra of the phosphor-sensitized deep-red TADF LECs based on complex 1 doped with [BMIM*(PFe)~] (20 wt%) and

APDC-DTPA at (a) 3, (b) 2, (c) 1, (d) 0.5, and (e) 0.25 wt%.

Fig. S9(a), (b), S10(a), (b), S11(a), (b), S12(a), (b), ESI{). This
reveals that the electrochemical stability of complex 1 domi-
nates the device stability of the host-guest LECs. It is noted that
the EQE of the host-guest LECs doped with 0.25 wt% APDC-
DTPA at 2.2 V reaches the maximum value rapidly and then
decreases with time (Fig. 8(c)). However, the EQE of the host-
guest LECs doped with higher APDC-DTPA concentrations at
2.2 V increases with time to approach the maximum value
(Fig. 7(c) and Fig. S9(c), S10(c), S11(c), ESIt). This may be
attributed to the slightly different time-dependent current
densities for the host-guest LECs doped with 0.25 wt% and
higher APDC-DTPA concentrations at 2.2 V. For the host-guest
LECs doped with >0.25 wt% APDC-DTPA at 2.2 V, the device
currents slightly decrease with time such that the effect
of triplet-triplet annihilation is mitigated. Therefore, their

1216 | J Mater. Chem. C, 2022, 10, 11211-11219

time-dependent EQEs increase with time, resembling that of
the host-only LEC at 2.2 V (Fig. S12(c), ESIT). On the other hand,
the EQE of the host-guest LEC doped with 0.25 wt% APDC-
DTPA at 2.2 V reaches the peak value at the minimum current
density. After that, the EQE decreases with time since the
triplet-triplet annihilation is enhanced by the increasing cur-
rent. These results reveal that low current density is critical for
the phosphor-sensitized TADF LEC to achieve the best device
efficiency.

To check the emissive exciton generation efficiency of the
proposed phosphor-sensitized TADF LECs, i.e., the percentage
of the emissive excitons generated on the guest, analysis of the
device efficiency by evaluating the related device factors is
performed. The device EQE can be determined by the para-
meters shown in the following eqn (3).
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Fig. 7 Time-dependent (a) current density, (b) light output, and (c) EQE at

22,23, 2.4, and 2.5V for the phosphor-sensitized deep-red TADF LECs

based on complex 1 doped with [BMIM*(PF¢)~] (20 wt%) and APDC-DTPA

at 3 wt%.

NEQE = Hout X ¥ X Ns;1 X TqQy (3)

In eqn (3), /g is the measured EQE of the LEC, 1oy is the
light outcoupling efficiency, y is the factor of carrier balance,
ns,r is the emissive exciton generation efficiency of the guest
and #nqy is the guest PLQY when dispersed in a host film.
Detailed analysis of these parameters for the host-only LEC has
been carried out in ref. 23. In this work, low-concentration
guest molecules (0.25-3 wt%) are doped in the host LECs with a
similar device thickness. The device current does not show a
clear decreasing trend as the guest doping concentration
increases; the differences in currents between different devices
come from the run-to-run variation and are within the experi-
mental errors (c¢f Fig. 7(a), 8(a) and Fig. S9(a), S10(a), S11(a),
ESIT). This reveals that the carrier trapping, which alters the

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Time-dependent (a) current density, (b) light output, and (c) EQE at
2.2 V for the phosphor-sensitized deep-red TADF LECs based on complex
1 doped with [BMIM*(PFg)7] (20 wt%) and APDC-DTPA at 0.25 wt%.

emission zone position, in the proposed host-guest LECs is
insignificant. Therefore, the light outcoupling efficiency and
the carrier balance of the host-guest LECs would not change
significantly from those of the host-only LECs. For these
reasons, foue (27.8%) and y (80.7%) of the host-only LECs
adopted from ref. 23 are employed in this analysis. The guest
PLQYs when dispersed in host films (11qy) have been estimated
in the previous section and are summarized in Table 1. By
applying the related parameters in eqn (3), the maximal s T,
i.e., employing the maximal EQE at 2.2 V, of the deep-red LECs
based on complex 1 doped with APDC-DTPA of 3, 2, 1, 0.5, and
0.25 wt% can be determined to be 40.5, 50.8, 53.2, 67.2,
and 73.2%, respectively. With similar PLQYs of the guest
(0.25-3 wt% doping), increasing device efficiency with
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decreasing guest doping concentration reflects that a higher
percentage of emissive excitons can be harvested. At the lowest
guest doping concentration (0.25 wt%), higher than 70% of the
excitons on the guest molecules can be used for light emission,
approaching 3x EL efficiency of the fluorescent devices
(s = 25%). This value is also much higher than that (551 ~
55%) obtained from the previously reported phosphor-sensitized
fluorescent LECs.®® This clearly confirms the effectiveness of the
RISC process to recycle the triplet excitons on the guest molecules
in the phosphor-sensitized TADF LECs. However, when the guest
doping concentration or device current increases, the density of
long-lifetime triplet excitons on the guest, which come from the
host-guest Dexter energy transfer and the direct triplet exciton
formation on the guest due to carrier trapping (Fig. 1), increases
significantly. It turns out that the enhanced triplet-triplet anni-
hilation rate reduces the number of triplet excitons taking the
RISC pathway to singlet states for harvesting, lowering the device
efficiency consequently. Since the carrier trapping and subse-
quent direct exciton formation on the guest play a relatively
minor role in reducing the device efficiency, the Dexter energy
transfer may have a more significant impact on the device
performance of the proposed host-guest LECs. The analysis
reveals that the proposed phosphor-sensitized TADF LEC with a
lower guest doping concentration can offer efficient deep-red EL
efficiency at a lower device current. Nevertheless, triplet-triplet
annihilation on the guest molecules remains the bottleneck for
improving the device efficiency when the guest doping concen-
tration or the device current increases.

Conclusions

In summary, we have demonstrated highly efficient phosphor-
sensitized TADF LECs based on a phosphorescent complex 1 as
the host and a deep-red TADF emitter APDC-DTPA as the guest.
PL and photophysical studies reveal the efficient host-guest
Forster energy transfer, which ensures harvesting both singlet
and triplet excitons on the host molecules. Furthermore, the
host-guest Dexter energy transfer followed by the effective RISC
process, which recycles the guest triplet excitons, can also be
identified by the guest delayed fluorescence decay. The host-
guest LECs with 0.25 wt% APDC-DTPA achieve a peak EQE of
up to 5.11%, which is among the highest reported for deep-red
LECs. Further analysis of this device efficiency by evaluating
related device parameters shows that more than 73% of the
excitons on the guest molecules can be used for light emission.
The effective RISC process to recycle the guest triplet excitons is
responsible for such a high percentage of emissive excitons.
However, triplet-triplet annihilation on the guest molecules
still limits the device efficiency of the phosphor-sensitized
TADF LECs when the guest doping concentration or device
current is higher.
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