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1. Introduction

Colloidal quantum dot light-emitting diodes (QLEDs), recog-
nized as one of the most advanced lighting and display technolo-
gies, have garnered significant attention and achieved

remarkable progress over the last two dec-
ades.[1,2] This is largely due to its unique
properties, such as solution-processability,
high brightness, high efficiency, and supe-
rior color purity.[3,4] To construct high-
performance QLEDs, inorganic metal oxide
materials, like ZnO or ZnMgO, exhibiting
high electron mobility, brilliant optical
transparency, and good energy level align-
ment, are often used as the preferred elec-
tron transport layer (ETL).[5,6] For the hole
transport layer (HTL), the most commonly
used materials are polymers, e.g., poly((9,9-
dioctylfluorenyl-2,7-diyl)-co-(4,4 0-(N-(4-sec-
butylphenyl)diphenylamine))) (TFB) and
poly((9,9-dioctylfluorenyl-2,7-diyl)-alt-(9-(2-
ethylhexyl)-carbazole-3,6-diyl)) (PF8Cz).[7,8]

However, the mobilities of most HTLs
are still much lower than those of ZnO
and ZnMgO when used as the ETLs.[9,10]

Additionally, the shallow highest occupied
molecular orbitals (HOMOs) of these HTLs pose challenges for
efficient hole injection due to the mismatched energy level align-
ment.[11] In such scenarios, imbalanced charge injection is an
inevitable issue in QLEDs, which can readily result in excessive
charge accumulation at the interface and undesirable non-
radiative recombination.[1,12] This behavior significantly
decreases the utilization of excitons and lowers the operational
stability of the device.[2,13]

At present, researchers have not yet developed a sufficiently
efficient material system to completely replace the commonly
used organic HTLs in QLEDs and address the issue of unbal-
anced charge injection.[14–17] There are primarily two approaches
to engineer the device structure for boosting the electrolumines-
cent performance. The first approach is to reduce electron injec-
tion by altering the electrical properties of inorganic metal oxides
or introducing an interface modification layer adjacent to the
ETL. Alternatively, the other approach is to improve hole injec-
tion either through doping the HTL or employing a bilayer HTL
structure.[18–21] For example, Tian’s group doped ZnOwithMg2þ

to decrease the electron mobility and match the hole mobility of
the HTL; the optimized QLEDs exhibited a high external quan-
tum efficiency (EQE) of 21.1% and a considerably low EQE roll-
off.[22] Yang’s group designed a stepwise bilayer structured HTL
including the small molecule with the deep HOMO level to real-
ize more efficient hole injection into QDs for improving the bal-
ance of charge injection in QLEDs. The resulting green device
showed the significant efficiency enhancement and the lower
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Enhancing exciton utilization is crucial for boosting the performance of colloidal
quantum-dot light-emitting diodes (QLEDs). The authors introduced a deep-blue
thermally activated delayed fluorescence emitter, 10-(2,12-di-tert-butyl-5,9-dioxa-
13b-boranaphtho(3,2,1-de)anthracen-7-yl)-9,9-dimethyl-9,10-dihydroacridine
(TDBA-Ac), as a sensitizer doped in the hole transport layer to activate long-range
resonant energy transfer to the quantum-dot-based emission layer. Photophysical
and device characterization demonstrated that TDBA-AC can effectively harvest
the excitons via reverse intersystem crossing and subsequently transfer the
energy to the adjacent quantum-dot layer, thereby enhancing the utilization of
excitons. A reduction of the hole injection barrier between the HTL and EML also
achieves because of the deeper highest occupied molecular orbital of TDBA-Ac.
As a result, the power efficiency and the external quantum efficiency of the
sensitized red CdSe/ZnS QLEDs reach 42.8 lmW�1 and 26.9%, respectively,
accompanied with a significantly low efficiency roll-off. The universality of this
approach is also confirmed in the InP-based QLEDs.
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turn-on voltage (Von), compared with the devices with the single-
layer HTL.[23]

Recently, energy transfer incorporating the external sensitizers
in QLEDs have been demonstrated to be useful.[24,25] For instance,
the sensitizers doped in the HTL could transfer energy to the
QD-based emitting layer (EML) via a nonradiative and long-range
resonant energy transfer. This method could significantly reduce
nonradiative recombination caused by charge accumulation and
enhance exciton utilization.[26,27] For example, Cao’s group realized
efficient non-radiative energy transfer by employing blue phospho-
rescence dye bis[2-(4,6-difluorophenyl)pyridinato-C2, N](picolinato)
iridium(III) (FIrpic) as a sensitizer in red QLEDs, resulting in a
doubling of luminous efficiency.[28] Compared with the phospho-
rescent sensitizers, the thermally activated delayed fluorescence
(TADF) ones function differently in QLEDs.[29] When incorporat-
ing the phosphorescent sensitizers, the triplet excitons participate
in the non-radiative energy transfer due to intersystem crossing
(ISC), which is usually related to Dexter energy transfer (DET)
in a short transfer distance (several nm).[30] Conversely, for
TADF sensitizers, roughly 100% of excitons can be converted into
the singlets via reverse intersystem crossing (RISC); thus, long-
range Förster resonance energy transfer (FRET) (about 10 nm)
is projected to be the primary energy transfer pathway.[31] In the
case of doping the sensitizers in the HTL, it would be more suffi-
cient to use TADFmaterials with the extended exciton lifetime and
bipolar charge transport to promote the energy transfer from the
organic HTL to the QD-based EML.

In this contribution, a deep-blue TADFmaterials, 10-(2,12-di-
tert-butyl-5,9-dioxa-13b-boranaphtho(3,2,1-de)anthracen-7-yl)-9,9-
dimethyl-9,10-dihydroacridine (TDBA-Ac) with a high RISC rate
constant of 9.9� 105 s�1 and a long FRET radius of 7.8 nm, was
incorporated into the HTL as the sensitizer to improve the per-
formance of red QLEDs. The outstanding EQE of 26.9% and a
relatively low EQE roll-off were demonstrated, due to the suffi-
ciently enhanced exciton utilization and improved hole injection.
Photoluminescence (PL) and time-resolved photoluminescence
(TRPL) results indicated that TDBA-Ac could realize effective
long-distance energy transfer. The transient electrolumines-
cence (TREL) and capacitance-voltage (C-V ) confirmed the

minimized nonradiative recombination and thus improved
exciton utilization.

2. Results and Discussion

As shown in Figure 1a, the deep-blue TADF dye TDBA-Ac with a
rigid and symmetrical oxygen-bridged boron acceptor and dime-
thylacridine donor was selected as a sensitizer in this work. TDBA-
Ac has a very small singlet-triplet energy gap of 0.06 eV, a high
photoluminescence quantum yields (PLQY) of 93%, and a
RISC rate constant of 9.9� 105 s�1, which can efficiently convert
triplet excitons into singlet excitons at room temperature.[32] The
PL measurement revealed that TDBA-Ac exhibits deep-blue emis-
sion at 463 nm which significantly overlaps with the absorption
spectrum of the CdSe/ZnS-based red QDs and the spectral overlap
integral was determined to be 4.6� 1016 nm4M�1 cm�1 (see
Figure 1b), indicating the capacity of promoting FRET process
from TDBA-Ac to QDs. The FRET radius (R0) is defined and cal-
culated as follows.[33,34]

R0
6 ¼ 9000ðln10ÞΦDκ

2

128π5n4NA

Z
∞

0
FDðλÞεAðλÞλ4dλ (1)

where ΦD is the PLQY of the donor TDBA-Ac, κ2 is a factor of the
relative orientation of the transition dipoles of the donor TDBA-Ac
and the acceptor QDs, assumed to be 2/3. n is the refractive index
of the medium, assumed to be 1.7 here,[35]NA is Avogadro’s num-
ber, FD(λ) is the normalized emission spectra of donor TDBA-Ac,
and εA(λ) is the molar extinction coefficient of the acceptor QDs.
From the equation, R0 was calculated to be 7.9 nm, indicating that
the donor TDBA-Ac can provide a long-range resonant energy
transfer to the acceptor QDs.

Herein, we incorporated TDBA-Ac into TFB at various mass
ratios: 0% (T0), 1% (T1), 2% (T2), and 5% (T5) as the HTLs,
respectively. The PL measurements were performed to record
the PL intensity of the QDs deposited onto these HTLs to investi-
gate the effect of FRET. As shown in Figure 2a, the incorporation
of TDBA-Ac led to a significant enhancement in the PL intensity of
the QD-based EML, and this enhancement persistently increased

Figure 1. a) Chemical structure of TDBA-Ac. b) The absorption and normalized PL spectra of the CdSe/ZnS-based red QDs film, and the normalized PL
spectrum of TDBA-Ac.
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as the concentration of TDBA-Ac within HTLs was elevated. The
PL results suggest that TDBA-Ac may potentially suppress the
interface exciton quenching and/or facilitate the transfer of exciton
energy from the HTL to the QDs. To further elucidate the role of
TDBA-Ac, the transient photoluminescence (TRPL) was employed
to record the average fluorescence lifetimes (τavg) of QDs and
TDBA-Ac at the wavelengths of 628 and 463 nm, respectively.
The TRPL spectra of QDs deposited on the four HTLs (namely,
T0, T1, T2, and T5 films). As shown in Figure 2b, the rendered
τavgs were 28.2, 32.4, 36.0, and 35.8 ns, respectively. The τavgs of
QDs deposited on the HTLs with TDBA-Ac was respectively lon-
ger than those of QDs coated on the neat TFB film, indicating the
additional energy transfer process at the presence of TDBA-Ac.
Furthermore, the TRPL spectra of TDBA-Ac in the single-layer
T1, T2, and T5 films and the bilayer films of T1/QDs, T2/QDs,
and T5/QDs were respectively shown in Figure 2c–e. The τavgs
are summarized in Table 1. It is evident that the τavg of TDBA-
Ac decreased significantly when QDs were coated on the HTL.
From these results, we can conclude that energy transfer occurs
effectively from TDBA-Ac to QDs through the long-range FRET
process.

Atomic force microscopy (AFM) was employed to determine
the surface morphology of the T0, T1, T2, and T5 films, and the
AFM images of the four films exhibited relatively low root mean
square (RMS) roughness values of 0.25, 0.22, 0.25, and 0.28 nm
(see Figure S1, Supporting Information), respectively. The con-
sistent RMS values indicated that a low concentration of TDBA-
Ac does not adversely affect the surface morphology of HTL film,
while high content of TDBA-Ac may compromise the quality of

HTL films due to the poor film-forming characteristics of small
molecule materials.[36] In this case, we could find that the RMS of
T5 film is higher than T0 film, which may result in an inferior
interface in QLEDs.

The effect of TDBA-Ac on the EL performance of QLEDs was
evaluated by constructing the devices with the following struc-
ture: anode/hole injection layer (HIL)/HTL/EML/ETL/cathode.
ITO and Al were used as anode and cathode, respectively.
Specifically, PEDOT:PSS, T0, T1, T2, and T5 films, red CdSe/
ZnS QDs, and ZnMgO NPs served as the HIL, HTL, EML,
and ETL, respectively. The devices with T1, T2, and T5 films
as the HTLs were named as HTL1, HTL2, and HTL5, respec-
tively. The control device HTL0 with the T0 film (neat TFB)
as the HTL was fabricated concurrently as the reference. The
schematic diagram of the device structure is shown in Figure 3a.

From the current density–voltage–luminance ( J-V-L) curves
(Figure 3b), we observed that at low doping concentrations of
TDBA-Ac in HTLs, the current density of HTL1 and HTL2

Figure 2. a) PL and b) TRPL spectra of the QDs films deposited on the T0, T1, T2, and T5 films measured at the wavelength of 628 nm, respectively. TRPL
spectra measured at the peak emissive wavelength of TDBA-Ac (463 nm) for the single-layer c) T1, d) T2, and e) T5 films and the corresponding bilayer
T1/QDs, T2/QDs, T5/QDs films, respectively. f ) Schematic diagram of FRET process between TDBA-Ac in the HTL and QDs.

Table 1. Comparison of the fluorescence lifetime of QDs (measured at
628 nm) and TDBA-Ac (measured at 463 nm) of T0/QDs, T1/QDs,
T2/QDs, and T5/QDs bilayer films and T1, T2, and T5 single-layer films.

Films

T0/QDs T1 T1/QDs T2 T2/QDs T5 T5/QDs

QDs 28.2 ns – 32.4 ns – 36.0 ns – 35.8 ns

TDBA-Ac – 15.9 ns 13.9 ns 14.2 ns 11.5 ns 12.5 ns 10.5 ns
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devices increased. However, upon reaching a concentration of
5%, the current density experienced a sudden decline, which
implied that the elevated concentration of TDBA-Ac might poten-
tially deteriorate the quality of the HTL film, as indicated by AFM
measurement. This may consequently hamper the injection and
transport of charge carriers. From the J-V curves of all four devi-
ces, we obtained the ideality factor by fitting them based on the
diode model equation.[7]

J ¼ J0

�
exp

�
qV
nkT

�
� 1

�
(2)

where J is the current density, J0 is the saturation dark current
density, q is the elementary charge, V is the voltage, n is the ide-
ality factor of device, k is the Boltzmann constant, and T is the
room temperature in Kelvin (300 K).

The fitting results reveal that the ideality factors of the devices
HTL1, HTL2, and HTL5 are 3.37, 3.44, and 4.26, respectively, while
it is 4.88 for the control device HTL0. The lower ideality factor

means better charge injection and transport. Since all devices share
same electron injection, we infer that a low concentration TDBA-Ac
enhances hole injection and transport, leading to more balanced
charge injection within the device. However, when the concentra-
tion reaches 5%, the charge injection balance becomes worse again.

It is worth noting that, under the same driving voltage, the
devices HTL1 and HTL2 exhibited a substantially higher bright-
ness, compared with the control device HTL0. This indicates that
TDBA-Ac can effectively ensure the energy transfer from HTL to
QD-based EML. It is observed that the Von of the device HTL5
increased, while the Vons of the devices HTL1 and HTL2 were
slightly lower, compared with that of the control device HTL0.
These differences are likely due to changes in the electrical prop-
erties of the HTLs within the devices. Combined with the AFM
analysis of the film morphology, it can be concluded that the con-
centration of TDBA-Ac in the HTLs would be the dominant
factor.

Figure 3c,d indicated that the EL performance of the devices
HTL1, HTL2, and HTL5 were significantly improved, compared

Figure 3. a) Schematic diagram of the device structure. b) J-V-L, c) PE, and d) EQE curves of the devices HTL0, HTL1, HTL2, and HTL5, respectively.
Normalized EQE curves as a function of luminance of the devices e) HTL0 and f ) HTL1, respectively. g) EL spectra of the devices HTL0, HTL1, HTL2, and
HTL5 at 2.5 V. EL spectra of the devices h) HTL0 and i) HTL1 at different driving voltages, respectively.
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with that of the control device HTL0. For instance, the EQE of the
device HTL1 increased 26.9% (21.3% for the control device
HTL0). Its power efficiency (PE) and current efficiency (CE)
both rose from 29.7 lmW�1 and 28.5 cd A�1 to 42.8 lmW�1 and
35.7 cd A�1, respectively (Table 2). These values represent the
best performance among the four devices. Additionally,
Figure 3e,f clearly showed that the EQE roll-off of the device
HTL1 was significantly lower than that of the control device
HTL0. When the brightness reached �10 000 cdm�2, the EQE
of the device HTL0 rapidly decreased by about 10%, dropping
down to 19.2%. In contrast, the device HTL1 reached a peak
EQE of 26.9% at a brightness of 4249 cdm�2 and experienced
an efficiency roll-off of � 10% until the brightness increased
to 31 802 cdm�2 with an EQE of 24.2%. A factor η is introduced
to clearly quantify the efficiency roll-off behavior, which is
defined as η= 10%/ΔL. Here, 10% corresponds to the reduction
in EQE from its maximum value to 90%, and ΔL represents the
associated change in luminance. A lower value of η indicates a
reduced efficiency roll-off. In this case, the η values for the devi-
ces HTL0 and HTL1 are calculated as 8.9� 10�6 and 3.6� 10�6,
respectively, demonstrating that significantly suppressed effi-
ciency roll-off in the device HTL1. The devices HTL2 and
HTL5 also exhibited the alleviated EQE roll-offs (see Figure S2,
Supporting Information). This reduction in the EQE
roll-off strongly illustrates that TDBA-Ac not only promote
energy transfer to the QD-based EML but also reduce the exciton
quenching.

To determine whether TDBA-Ac produced the residual emis-
sion which would sacrifice the color purity, we analyzed the EL
spectra of all four devices. Notably, as depicted in Figure 3g,
no emission bands were observed in the blue range for any devi-
ces, regardless of the concentration of TDBA-Ac in HTLs. The EL
spectra indicated that TDBA-Ac does not emit when subjected to
an electric field. Furthermore, we examined the EL spectra of the
four devices under various driving voltages from 2 to 3.5 V (see
Figure 3h,i and Figure S3, Supporting Information). No any resid-
ual blue emission was detectable. Additionally, across all devices,
the emission peaks were consistently located at 628 nm with a full
width at half maximum (FWHM) of �25 nm (Table 2), corre-
sponding to the Commission Internationale de l’Éclairage (CIE)
color coordinates of (0.68, 0.31).

Time-resolved electroluminescence (TREL) measurement was
conducted to elucidate the influence of TDBA-Ac on charge carrier

and exciton dynamics within the devices HTL0 and HTL1.
Figure 4a illustrates the rising part curves of the devices under
a pulsed voltage of 3 V. Given that the electron transport is identical
across all devices, the differences in the switch-on time of the EL
intensity are likely due to the difference in hole transport. It was
observed that the switch-on time for the devices HTL0 and HTL1
remained almost consistent, indicating a low concentration of
TDBA-Ac that has a neglectable impact on hole transport. As
shown in Figure 4b, the decay lifetimes of the devices HTL0
and HTL1 were determined by fitting the curves using a double
exponential fitting formula, i.e., 4.43 and 1.77 μs, respectively.
Notably, the exciton lifetime of the device HTL1 was significantly
shorter than that of the control device HTL0, indicating the faster
exciton recombination in the sensitized devices, compared with the
control device. This observation suggests that TDBA-Ac can effi-
ciently utilize exciton energy and facilitate radiative recombination.

It is crucial to understand the impact of TDBA-Ac on the car-
rier transport behavior in devices, we utilized impedance spec-
troscopy (IS) to measure the resistance of the devices HTL0
and HTL1, shown in Figure 4c. Since the other layers were iden-
tical, we believe that the changes observed in the QLEDs were
induced mainly by TDBA-Ac. It is clear that the device with
the doped HTL exhibited the lower resistance and thus achieved
more efficient charge transport.

Also, ultraviolet photoelectron spectroscopy (UPS) was con-
ducted to measure the energy levels of the films T0 and T1
(see Figure S4, Supporting Information). The HOMO levels of
both films were determined to be –5.36 and –5.41 eV, respec-
tively. The lower energy level means that TDBA-Ac can also
reduce the hole injection barrier. Therefore, these results directly
suggest that a low concentration of TDBA-Ac is beneficial to hole
injection.

To further investigate the role of TDBA-Ac in carrier injection,
we examined the capacitance-voltage (C-V ) characteristics of the
devices HTL0 and HTL1 at a fixed frequency of 10 kHz, as shown
in Figure 4d. At bias voltages below 0.5 V, the geometric capaci-
tance values of the two devices reCmain almost constant at
2.6 nF, indicating that TDBA-Ac has negligible impact on the
HTL thickness. This observation agreed well with the measured
thickness of each film (see Figure S5, Supporting Information).
Additionally, the capacitance at over 2.5 V of the devices HTL1
was lower than that of the control device HTL0. This indicates
the faster radiative recombination within the EML. These results
further confirm that TDBA-Ac possesses the ability to facilitate
the hole injection/transport and decrease charge accumulation.

The universality of the energy transfer strategy across different
QD systems is essential. To this end, we extended this strategy to
red InP-based QLEDs by simply changing the QDs from CdSe/
ZnS to InP system. The EL performance of the InP devices were
illustrated in Figure S6 and Table S1, Supporting Information.
Similarly, the EL performance of the sensitized device signifi-
cantly outperforms the control device. For instance, the EQE
of the device with 1 wt% TDBA-Ac increased from 6.6% to
9.0%, compared with the control device, and the Von of the device
concurrently decreased. These outcomes from the red InP-based
QLED further validate the universality of TDBA-Ac as a sensitizer
for long-range resonant energy transfer.

Based on the aforementioned characterizations and analy-
sis, as shown in Figure 5, we can deduce that TDBA-Ac as

Table 2. Comparison of the EL performance of the devices.

Devices Von
a)

[V]
λEL

b)

[nm]
FWHMc)

[nm]
PEd)

[lmW�1]
CEe)

[cd A�1]
EQEf )

[%]
CIEg)

(x, y)

HTL0 2.01 628 24.7 29.7 28.5 21.3 (0.68,0.31)

HTL1 1.99 628 24.5 42.8 35.7 26.9 (0.68,0.31)

HTL2 1.99 628 24.6 41.0 32.9 24.7 (0.68,0.31)

HTL5 2.07 628 25.4 38.6 30.9 23.8 (0.68,0.31)

a)Turn-on voltage at a luminance of 10 cd m�2. b)Peak wavelength of the EL
spectrum. c)Full-width at half-maximum of the EL spectrum. d)Maximum power
efficiency. e)Maximum current efficiency. f )Maximum external quantum efficiency.
g)Commission International de I’Eclairage color coordinates.
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a sensitizer is not only effective in improving the exciton
utilization but also powerful in reducing the hole injection
barrier. These factors play a vital role in boosting EL
performance.

3. Conclusions

In summary, highly efficient red QLEDs with the low EQE roll-
off were successfully demonstrated by introducing the thermally

Figure 5. Schematic diagrams of energy level alignment of the device and FRET process from TDBA-Ac to QDs EML.

Figure 4. The a) rising and b) decay parts of the TREL curves of the devices HTL0 and HTL1 at a pulsed voltage of 3 V, respectively. c) Impedance curves
at 3 V, d) C-V curves at a fixed frequency of 10 kHz.
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activated delayed fluorescence materials TDBA-Ac as a sensitizer
to trigger long-range resonant energy transfer. The characteriza-
tions of photophysics and devices clarify that TDBA-Ac plays a
vital role in enhancing exciton utilization and improving holes
injection, simultaneously. As a result, the sensitized device
achieved an unprecedentedly high PE of 42.8 lmW�1 and high
EQE of 26.9% with the alleviated efficiency roll-off, and the uni-
versality of the strategy was also testified. The in-depth under-
standing of the long-range resonant energy transfer strategy in
QLEDs will offer a robust method for boosting the overall EL
performance.
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the author.
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