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Hole-transport-layer-free CdSe/ZnS core/shell red
quantum-dot light-emitting diodes sensitized by
TADF polymersf

Yuhan Gao,?° Qin Xue*© and Guohua Xie (2 *°

Due to high photoluminescence quantum yields, narrow bandwidths and tunable colors, quantum dot

light emitting diodes (QLEDs) have become one of the most promising display technologies. To simplify

the device structure and improve the charge transport, a thermally activated delayed fluorescence

(TADF) polymer was introduced into the emitting layer as an assistant host in this work. The TADF
polymer facilitates the efficient utilization of triplet excitons through reverse intersystem crossing,
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promoting Forster energy transfer to QDs. By optimizing the host selection, the emission from the TADF
polymer itself could be suppressed, which significantly improved the color purity of QLEDs. Without
using any hole transport layer, the fabricated CdZnS/ZnS core/shell red QLEDs showed a maximum

external quantum efficiency of 18.1%. The cascaded energy transfer in the ternary emitting layer provides

rsc.li/frontiers-materials

Introduction

Quantum dots (QDs) possess excellent luminescent properties,
such as narrow emission line-widths, tunable emission, and
high photoluminescence quantum yield (PLQY).'™ The core/
shell QDs are one of the most promising candidates for
improving the stability of quantum-dot light emitting diodes
(QLEDs).>® In most QLED architectures, metal oxide ZnO is
widely used as the electron transporting layer (ETL), given its
efficient electron mobility (~1072 ecm®> V™' s7') and well
aligned energy levels.” However, the imbalanced charge injec-
tion caused by excess electrons could lead to unwanted Auger
recombination, and the high annealing temperature of ZnO
might damage the QD layer during the fabrication of QLEDS
with a non-inverted device architecture.® To overcome these
problems, many researchers focused on modifying the hole
transporting layer (HTL), e.g., the multilayered HTLs,’ and the
composition of metal oxides to balance charge injection. Never-
theless, there are still a lot of challenges due to the complex
structure of QLEDs and sensitive nature of metal oxide to the
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a promising strategy to construct highly efficient and simplified QLEDs.

environment and preparation procedures. To this end, organic
semiconducting materials would be good substitutes of metal
oxide-based ETLs in QLEDs."

Besides the ETLs, the HTL and the emitting layer also play
important roles in determining device performance. For
QLEDs, poly(N,N'-bis(4-butylphenyl)N,N’-bis(phenyl)benzidine)
(poly-TPD),*® poly(N-vinylcarbazole) (PVK),"" and poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA),"* have been com-
monly used as HTLs. However, the increasing thickness of the
HTL based devices may deteriorate hole transport due to the
low mobility. In addition, it is challenging to screen appropriate
orthogonal solvents for HTLs once QDs are dissolved in a
particular solvent, e.g., toluene.’® To address this issue, the
use of HTL-free structures would be a good option to simplify
the fabrication procedure. However, the HTL-free architecture
would risk charge injection and lead to inferior electrolumines-
cence performance. Moreover, for HTL-free devices, the opti-
mization of the EMLs is necessary. In organic light emitting
diodes (OLEDs), a host:guest codoped system is commonly
used to suppress the concentration quenching of the emitter
and promote energy transfer from the host to the guest.'*'
Recently, thermally activated delayed fluorescence (TADF)
materials have attracted great attention due to their high
external quantum efficiencies (EQEs), surpassing the limit of
traditional fluorescent OLEDs."®>*” Meanwhile, the efficient
and bipolar charge transport make them very good candidates
as hosts.

Our group has demonstrated that a TADF:QDs host-guest
system can greatly improve the efficiencies of red QLEDs,
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obtaining a maximum EQE of 11.8%."® Nevertheless, the host
10,10’-(sulfonylbis(4,1-phenylene))bis(2,7-bis(3,6-di-tert-butyl-9H-
carbazol-9-y1)-9,9-dimethyl-9,10-dihydroacridine)(4CzDMAC-DPS)
itself has residual emission in the doped QLED, leading to low
color purity.

Encouraged by the previous work, the orange TADF polymer
PCzAQCO0.5 was chosen as an assistant sensitizer to construct a
doped EML." This conjugated polymer possesses excellent
TADF properties with a high PLQY of 80% and a small sing-
let-triplet gap (AEsr). Moreover, it has excellent film forming
properties which are mandatory for solution-processed devices.
Herein, we demonstrated a HTL-free simple structure and
highly efficient CdZnSe/CdZnS-ZnS core/shell red QLEDs.
Based on the binary EML of PCzAQCO0.5:QD, the HTL-free
device realized a maximum EQE of 12.4%, which is over
2-fold higher than that (6.1%) of the device with the commonly
used host PTAA. To further suppress the residual emission of
PCzAQCO.5, we screened the host 1,3-bis(carbazol-9-yl) benzene
(mCP) to construct a ternary-blended EML, ie., a host:TADF
sensitizer:QD system. Finally, HTL-free red QLEDs with a high
color purity of 97.0% were obtained. After further optimization,
a maximum EQE of 18.1% (29.2 cd A~ and 20.4 Im W™ ') was
achieved. To the best of our knowledge, this is the highest EQE
of red QLEDs with organic ETLs. We believe this new strategy
will be universal and contribute to the development of simpli-
fied and highly efficient QLEDs.

Results and discussion

As shown in Fig. 1a, the red QD film has a narrow full-width at
half-maxima (FWHM) with a sharp photoluminescence (PL)
spectrum peak at 620 nm. The PL spectrum of the TADF
polymer PCzAQCO.5 displays a good overlap with the absorp-
tion spectrum of the QD film, which is beneficial for facilitating
energy transfer. The chemical structures of the organic materi-
als used in the EMLs involved in this investigation are shown in
Fig. S1 (ESIf). To construct efficient HTL-free QLEDs, we
measured and compared the fluorescence quenching effect
of QDs on different substrates. The neat glass, the modi-
fied hole injecting material poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (m-PEDOT:PSS),>® and the commonly
used hole transporting material poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA) were respectively chosen as sub-
strates for depositing the QD films. As shown in Fig. 1b, the
steady PL spectra of glass/QD showed the highest intensity,
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Fig. 1 (a) PL spectra of QD and PCzAQCO.5 films, and UV-vis absorption
of QD film on glass substrates, respectively. (b) Steady PL spectra and (c)
transient PL decay curves of the QD films on different substrates.
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which indicated that either energy transfer or fluorescence
quenching happened when PTAA and m-PEDOT:PSS were
inserted, respectively. Apparently, the PTAA/QD film suffered
severe fluorescence loss. Nevertheless, the PL intensity of m-
PEDOT:PSS/QD film remained slightly higher than that of the
PTAA/QD film, indicating a reduced non-radiative recombination.

The transient PL lifetimes of QDs on these three substrates
(see Fig. 1c) also proved the above conclusion. The glass/QD
film showed the longest lifetime (18.7 ns) among the three
samples. In contrast, the lifetimes of the PTAA/QD and m-
PEDOT:PSS/QD films were 11.0 and 12.5 ns, respectively. All the
results clearly showed that the modified interface can reduce
exciton loss, making it feasible to construct more efficient HTL-
free devices.

Since the electroluminescence (EL) performance of QLEDs does
not simply depend on the photophysical properties, we fabricated
three devices to exemplify the HTL-free strategy. Following the
device structures of indium tin oxide (ITO)/m-PEDOT:PSS
(50 nm)/EML (40 nm)/bis[2-(diphenylphosphino)phenyljether oxide
(DPEPO) (10 nm)/1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB)
(50 nm)/lithium 8-hydroxyquinolinolate (Liq) (1 nm)/Al (100 nm),
and ITO/m-PEDOT:PSS (50 nm)/PTAA (20 nm)/EML (40 nm)/
DPEPO (10 nm)/TmPyPB (50 nm)/Liq (1 nm)Al (100 nm) as
references, we compared the device performances with and without
the HTL. Due to the mismatched energy levels and thus a huge
charge injecting barrier, the device with the HTL based on the neat
QD layer was not working. As shown in Table S1 (ESIt), we
introduced a conjugated polymer PCzAQCO.5 as a host to dilute
QDs to promote energy transfer and energy level alignment. The
TADF polymer PCzAQCO.5 is easily soluble in organic solvent and
possesses excellent film forming properties. Due to its small AEgsr
to realize efficient reverse intersystem crossing (RISC), the film is
highly emissive.

The EL characteristics of QLEDs are presented in Fig. 2 and
Table S1 (ESIf). The EML was composed of PCzAQCO.5:(20
wt.%) QDs. The distinctive luminance-voltage-current density
curves shown in Fig. 2a indicated that the HTL-free device
exhibited the lower driving voltage at high brightness over
100 cd m~?, mainly due to the well-matched energy levels.
With increasing driving voltage, the HTL with PTAA tended to
dissipate voltage due to high resistance. Moreover, the max-
imum EQE of the HTL-free device with the binary-blended EML
reached 12.4%. In contrast, the PTAA based device exhibited an
inferior EQE of 6.1% (see Fig. 2¢), realizing 2-fold improvement
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Fig. 2 (a) Luminance-voltage—current density curves of the devices with
and without the HTL PTAA. (b) Normalized EL spectra of the devices
recorded at a driving voltage of 10 V. (c) EQE-current density curves of
OLEDs with PCzAQCO0.5:QD as the EML.
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through the HTL-free device strategy. These results demon-
strated the high feasibility of this particular HTL-free strategy.
However, the EL spectra shown in Fig. 2b imply that there was
some residual emission from the host PCzAQCO0.5, compared to
the normalized PL spectrum shown in Fig. 1b. This sacrifices
the color purity. The FWHMSs are 36 and 45 nm for the HTL-free
and PTAA based QLEDs, respectively.

In order to suppress the residual emission of PCzAQCO0.5 and
obtain a high color purity red QLED, we further introduced small
molecular hosts, ie., 1,3-bis(carbazol-9-yl)benzene (mCP), bis(4-
(9,9-dimethyl-9,10-dihydroacridine)phenyl)sulfone (DMAC-DPS),
and Dbis-[3-(9,9-dimethyl-9,10-dihydroacridine)-phenyl]-sulfone
(m-ACSO,)** to construct a ternary-blended EML and the TADF
polymer PCzAQCO.5 was applied as a sensitizer. The schematic
device structures are shown in Fig. S2 (ESI{).

The PL spectra of the hosts are compared in the inset of
Fig. 3a. With the configuration ITO/m-PEDOT:PSS (50 nm)/
host: (40 wt.%) PCzAQCO0.5:(20 wt.%) QD (40 nm)/DPEPO
(10 nm)/TmPyPB (50 nm)/Liq (1 nm)/Al (100 nm), we fabricated
three more devices to investigate the influence of the hosts on
the EL performances of the HTL-free QLEDs. Although the
devices employed the TADF host, i.e.,, DMAC-DPS and m-
ACSO,, the current density and luminance were not signifi-
cantly superior to those with the fluorescent host mCP. It can
be easily found that the DMAC-DPS and mCP based QLEDs
possessed similar current density from Fig. 3b. The EQE versus
current density curves shown in Fig. 3¢ demonstrate the super-
iority of the fluorescence host mCP. Consistent with the result
shown in Fig. 3b, the QLED with the TADF host m-ACSO, only
obtained a maximum EQE of 5.3% which was much lower than
those of the devices with mCP (17.7%) and DMAC-DPS (10.8%),
respectively. The EL results are summarized in Table S2 (ESIT).

The overlapping between the UV-vis absorption spectrum of
PCzAQCO0.5 and the PL spectrum of mCP assures the efficient
Forster energy transfer from mCP to PCzAQCO0.5, which
accounts for the high EQE. As shown in Fig. 3d, the normalized
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Fig. 3 (a) UV-vis absorption of QDs and PCzAQCO.5. Inset: PL spectra of
mCP, DMAC-DPS, and m-ACSO,, respectively. (b) Luminance-voltage—
current density curves of the ternary-blended QLEDs with different hosts.
(c) EQE-current density curves and (d) normalized EL spectra of the
devices recorded at a driving voltage of 10 V.
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EL spectra of the devices suggest QD emission in the range of
550-700 nm, although some residual emission from the hosts
is also detectable, especially in the case of m-ACSO,. This
deteriorates the color purity which could be simply quantified
using Eqn S1 (ESIt).>*">* Besides the highest EQE, a high color
purity of 97.0% (see Table S2, ESIt) was realized for the device
with mCP:PCzAQC0.5:QD as the EML. It is worth noting that
the driving voltage required for the mCP based QLED was
higher than of the device with DMAC-DPS (see Fig. 3b), partially
due to the non-bipolar charge transport of mCP. We further
optimized the thickness of the EML with mCP (40 versus 30 nm)
and the doping concentration of QD (20 versus 30 wt.%). The EL
performances are shown in Fig. S3 and Table S2 (ESIt). It is
encouraging to observe that using a thinner EML (30 nm) led to
a smaller FWHM and a reduced driving voltage (see Fig. S3a,
ESIY), simultaneously. Moreover, the maximum EQE of 18.1%
(see Fig. S3c, ESIt) was obtained when the QD concentration
was fixed at 30 wt.%. The EL performances were sufficiently
improved compared with those of the HTL-free device with only
mCP:QD as the EML (Fig. S4, ESIT). These results confirmed
that a high-color-purity and efficient QLED can be realized by
using a ternary-blended host:TADF sensitizer:QD without any
commonly used HTLs.

To further prove that the enhanced efficiency was attributed
to the efficient Forster energy transfer within the ternary-blended
system host:TADF sensitizer:QD, we measured the photophysical
properties of the films consisting of mCP:PCzAQCO0.5 (30 wt%),
mCP:QD (30 wt%) and mCP:PCzAQC0.5(30 wt%):QDs (30 wt%),
respectively. As shown in Fig. 4a, the steady PL spectrum of mCP:
PCzAQCO.5 exhibited dual emission in the range of 400-500 nm
and 550-700 nm, which originated from the polymer backbone
and TADF moiety, respectively. Once QDs were blended, both the
emission bands of PCzAQCO.5 in the mCP:PCzAC0.5:QD film were
efficiently quenched (see Fig. S3b, ESIf) and a narrow FWHM
comparable to the intrinsic QD emission was obtained, indicating
the efficient energy transfer from TADF sensitizers to QDs.

The transient PL decay curve of mCP:PCzAQCO0.5(30 wt.%)
films (see Fig. 4b) shows the apparent prompt (43.7 ns) and
delayed (2.01 ps) decay components, originated from the TADF
process of PCzAQCO.5 itself. Combined with the steady PL
spectra shown in Fig. 4a, the narrow emission of the film with
mCP: PCzAQCO0.5:QDs at 550-700 nm was mainly attributed to
QDs. Therefore, the prolonged lifetime observed at 620 nm of
the ternary system mCP:PCzAQC0.5:QD (1.43 ps) can be
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Fig. 4 (a) Steady and (b) transient PL decay curves of the films consisting
of mCP:QD (green curve), mCP:PCzAQCO0.5 (blue curve), and
mCP:PCzAQCO0.5:QD (red curve), respectively.
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attributed to the delayed component of QDs emission resulting
from the energy transfer from the up-converted excitons of
PCzAQCO0.5. In contrast, the transient PL lifetimes of the films
with mCP:QD and mCP:PCzAQCO0.5 were 75.3 ns and 2.01 us
detected at 620 nm, respectively (see Table S3, ESIt). The PLQY
of the ternary-blended film was slightly enhanced, compared
with that of the binary-blended mCP:QD film, due to the
utilization of triplet excitons in PCzAQCO0.5 and subsequent
efficient energy transfer to QDs. To further clarify the origin of
the enhanced EL performances in the ternary-blend device
without any HTLs, we determined the radiative and non-
radiative recombination rate constants based on the PLQY
and transient PL measurements.?>?° It is evident that, in terms
of radiative recombination, the film with mCP:PCzAQCO0.5:QD
displayed an improvement factor of 2.2, compared with the
binary-blended mCP:QD film. This indicates that efficient
cascaded energy transfer occurred, leading to improved EL
efficiency.

Conclusions

In summary, high-performance HTL-free red QLEDs with hos-
t:TADF sensitizer:QD ternary systems have been constructed for
the first time. The TADF polymer sensitizer promotes Forster
energy transfer from the host to QDs, and facilitates charge
transport attributed to its bipolar nature. Achieving high-color-
purity in doped QLEDs can be accomplished by managing the
cascade energy transfer to remove the residual emission from
the TADF sensitizer. The HTL-free structure enables high
efficiencies and eases the device design of QLEDs. Unlike the
common QLEDs with the metal oxide-based ETLs, the use of
organic ETL design makes the devices easily reproducible and
more compatible with large-area mass production. This work
would provide a universal strategy to advance the development
of the state-of-the-art QLEDs.
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