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Developing a colloidal quantum-dot light-emitting device (QDLED) with high efficiency and good reliability
is necessarily preliminary for the next-generation high-quality display application. Most QDLED reports are
focused on efficiency improvement, but the device operational lifetime issue is less addressed and also the
relevant degradation mechanisms. This study achieved a 1.72 times elongation in the operational lifetime
and a 9 times improvement in the efficiency of QDLED by inserting a hole-transporting/electron-
blocking poly(9-vinylcarbazole) (PVK) layer, which prevented operational degradation on polyl[(9,9-
dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-(4-secbutylphenyl))-diphenylamine)] (TFB) hole-transporting layer
and also confined the electron in the QD-emitting layer. Although the TFB/PVK HTL structure is a well-
known pair to enhance the device performance, its detailed mechanisms were rarely mentioned,
especially for relative operational lifetime issues. Herein, a new insight behind operational lifetime
elongation of QDLED is disclosed through various fundamental experiments including steady-state
photoluminescence, transient electroluminescence and single-carrier only devices. Evidently, other than
QD degradation, this study found that the other crucial factor that decreased the device lifetime was
TFB-HTL degradation using steady-state photoluminescence and transient electroluminescence
analyses. The PVK electron-only device exhibited a stable voltage value when it was driven by fixed
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Introduction

Colloidal quantum dots (QDs) have been widely investigated
due to their attractive characteristics, such as high photo-
luminescence quantum yield, low driving voltage, narrow full
width at half maximum of the emission spectra, high color
purity, tunable emission color, and cost-effective fabrica-
tion.**® These characteristics make QDs potential electrolu-
minescence (EL) material in quantum-dot light-emitting
devices (QDLEDs) and a promising candidate for next-
generation wide-color-gamut displays and solid-state lighting
applications. Depending on the size and composition of QDs,
the quantum confinement effect allows them to modulate the
emissive color to cover wavelengths ranging from the ultravi-
olet (UV) region to the near-infrared (NIR) region."*** Colvin
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current, which also affirmed that PVK has excellent electron-stability characteristics.

et al. reported the first QDLED with a polymer-QD bilayer
structure, whose external quantum efficiency (EQE) was only
0.001%." Since then, considerable efforts have been invested
in material synthesis and device architecture and significant
progress has been achieved; for example, QDLED performance
has been boosted from 0.001% to over 20%. Numerous
approaches have been proposed for enhancing QDLED
performance, such as the engineering of functional layers,
including charge transport or injection layers and electron-
blocking layers, and passivation methods, including
positive aging treatment.”>** One of the challenges faced by
highly efficient QDLEDs is the carrier imbalance resulting
from the mobility mismatch of the carrier transporting layer.
For state-of-the-art QDLEDs, inorganic oxide materials, such
as zinc oxide (ZnO), are used as electron transporting layers
(ETL) because ZnO facilitates efficient electron injection due to
its suitable energy-level alignment in QDs. By contrast,
conventional organic materials are used as the hole trans-
porting layer (HTL); thus, the electron mobility of ETL is
considerably higher than the hole mobility of HTL. Therefore,
excess electrons may accumulate in QDs and transport them
across the QD layer to HTL. In this scenario, the electron
current leakage can damage HTL and degrade its efficiency. To
address this challenge, Peng et al. proposed a highly efficient
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QDLED with an EQE of 20.5%. They combined inorganic ZnO
with an organic HTL to inhibit electron migration for creating
carrier balance in the QD layer.'® Furthermore, thanks to the
development on HTL architecture, as poly[(9,9-dioctyl-
fluorenyl-2,7-diyl)-co-(4,4’-(N-(4-secbutylphenyl))-
diphenylamine)] (TFB)/poly(9-vinylcarbazole) (PVK) have been
demonstrated for stepwise hole injection and the increase of
hole transport mobility to create carrier injection balance in
the QD layer.”” In addition, the operational lifetime and
degradation mechanism of QDLEDs are also important chal-
lenges in realizing their commercial applications, and inade-
quate studies have been conducted on these topics.>**' Aziz
et al. reported that excitons are present in HTL under standard
driving conditions.** These excitons originate from electrons
that drift across the QD layer into HTL and recombine with
holes in it. These excitons can damage organic materials.
Therefore, HTL degradation under EL must be considered.
The driving approach is an effective method for achieving
device stability. To the best of our knowledge, the operational
lifetime of an organic light-emitting device (OLED) is different
under direct current (DC) and pulse current (PC) driving. A
longer operational lifetime is achieved under PC driving than
under DC driving, which is attributed to the reduction of the
ionic organic material present in OLED.**

In this study, we manufactured a QDLED exhibiting higher
efficiency and a longer operational lifetime by introducing
a hole transporting/electron-blocking layered pair, TFB/PVK,
relative to the TFB device (without PVK). Although TFB/PVK
pair is typically used to facilitate the hole injection and trans-
port for raising device performance, in the current study the
main contribution of PVK is in charge of the electron confine-
ment inside the QD layer to improve the carrier balance for high
efficiency and to inhibit material degradation for elongating the
operational lifetime of QDLEDs. Surprisingly, the degradation
mechanism of the TFB device was determined and it mainly
originates not only from QDs but also TFB degradation, which
was confirmed from transient electroluminescence (TREL) and
steady-state photoluminescence (PL) analyses. The insertion of
PVK at the interface of TFB and QDs layers plays a crucial role
and significantly affects the efficiency and operational lifetime
in QDLEDs because it has excellent electron-confinement ability
and material stability against electrons than TFB does. That was
proven through a test of observing the voltage variation of
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electron-only devices (EOD) over time under a constant current
driving.

Experimental
Fabrication of QDLED

A QDLED was fabricated using the all-solution process. The
TFB/PVK device had the following structure: indium tin oxide
(ITO)/hole injection layer (HIL)/first HTL/second HTL/emitting
layer (EML)/ETL/Al, where poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) was used as the HIL. TFB,
which is a common organic hole transporting material, was
used as the first HTL, and PVK was used as the second HTL. QDs
composed of CdZnSeS/ZnS/OT with a particle size of 10.5 nm
and a photoluminescence (PL) quantum yield of approximately
85% were used as the emitting layer. In addition, ZnO nano-
particles were used as the ETL. The QDs and ZnO nanoparticles
were purchased from Mesolight Inc in China. All the carrier
transport layers and the emitting layer were spin-coated on an
ITO-patterned glass substrate with a sheet resistance of 30 Q
O~ ". The following spin-coating parameters were used: for HIL,
PEDOT:PSS was spin-coated onto the ITO substrate at a rotation
speed of 720 rpm for 1 min and annealed at 230 °C for 15 min;
for the first HTL, TFB was coated on PEDOT:PSS at a rotation
speed of 3700 rpm for 1 min and annealed at 230 °C for 30 min;
for the second HTL, PVK was coated on TFB at a rotation speed
of 4000 rpm for 1 min and annealed at 150 °C for 30 min; for
EML, QD was coated on PVK at a rotation speed of 2000 rpm for
1 min; for ETL, ZnO was coated on the QD layer at a rotation
speed of 2000 rpm for 40 s and annealed at 70 °C for 30 min.
Then, the device was transferred to a thermal evaporator to
fabricate the cathode at a high vacuum pressure of 8 x 107>
torr. Before encapsulation, t QDLED was subjected to a positive
aging process, which involved dropping an acidic resin on the
cathode.®® Subsequently, the device was encapsulated in a cover
glass in a glove box filled with nitrogen. For comparison, the
TFB device without PVK layer was used as a reference device.
The active area of all devices was 2 x 2 mm”.

Characterization of the device

The layer thickness of QDLED was verified through trans-
mission electron microscopy (TEM; JEOL JEM-2100). To obtain
the device features, a spectrometer (Minolta CS-1000), wave
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(a) Configuration and cross-sectional TEM image for the TFB/PVK device and (b) energy diagram of the QDLED.
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function generator (Agilent 33500B), and source meter (Keithley
2400) were controlled by using programmable software for
conducting the brightness-current density-voltage (B-J-V)
characteristics and operational lifetime tests. In addition,
a spectrometer (Hitachi FL4500) was used for evaluating the
steady-state PL. For TREL measurement, QDLED was driven by
the wave function generator. Its optical emission was collected
using a photomultiplier (Hamamatsu H6780-20) and recorded
using an oscilloscope (Tektronix TSB2202B).

Results and discussion

QDLED device performance

Fig. 1a presents the device configuration (ITO/PEDOT:PSS/TFB/
PVK/QDs/ZnO/Al) and cross-sectional TEM image of QDLED. All
the layers are identified in the TEM image. Fig. 1b presents the
energy band diagram of all materials in QDLED, where the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) values were obtained from the
literature.**>° Fig. 2a-c display the brightness and current
density versus voltage (B-J-V) curves, current efficiency and EQE
versus current density (CE-EQE-]) curves, and EL spectra,
respectively, for TFB, PVK, and TFB/PVK devices with various
PVK thickness. TFB and PVK devices were fabricated as refer-
ence devices for comparison. As depicted in Fig. 2a, the PVK
device exhibited a higher driving voltage (5.3 V) than the TFB
device, which is attributed to the relatively low hole mobility of
PVK (~107% em® V' s7')* and also a larger hole injection
barrier at the ITO/PVK interface of the PVK device. While after
replacing PVK HTL with TFB/PVK HTLs and varying the PVK
thicknesses, one could observe that the driving voltage of the
device dramatically increased with an increase in PVK thick-
ness, whereas the TFB/PVK device exhibited a pronounced
boost in efficiency as illustrated in Fig. 2b. The maximum
current efficiency of 3.41 cd A" and a maximum EQE of 5.6%
were obtained for the TFB/PVK (28 nm) device. These results
indicate that PVK strongly influences not only the electrical
property but also the optical property of QDLEDs. Fig. 2c pres-
ents the normalized EL spectra of QDLED at 5.5 V. EL spectra
within the wavelength range of 400-430 nm are illustrated in
the inset of Fig. 2c. A small hump is observed for the TFB device
at 415 nm, which indicates that the reference device exhibited
a leakage emission arising from TFB, and that is why low
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efficiency in the TFB device. By contrast, TFB emission sup-
pressed and gradually vanished while PVK was incorporated
with increasing PVK thickness. In addition, the EL emission
peaks of these devices are marginally different. The TFB device
and TFB/PVK device exhibited a blue shift emission (Table 1),
which is attributed to the microcavity effect. This effect indi-
cates that the recombination or emission zone has shifted
toward the cathode side due to the high hole mobility of TFB.*®
The efficiency enhancement can be attributed to the following
reasons. First, PVK has a shallower LUMO (—2.0 eV) than that
(—2.3 eV) of TFB and thus could effectively confine electrons
within EML and prevent the leakage emission caused by the
leakage current passing through the QD layer to HTL, which
results in energy loss. Second, carrier balance was generated in
the TFB/PVK device from the appropriate electron confinement
in EML by the PVK layer. In addition, to investigate PVK effects
on surficial morphologies, we utilized atomic force microscopy
(AFM) to scan two thin films such as glass/TFB and glass/PVK as
shown in Fig. S1 (see ESIf). Both TFB and PVK thin films
exhibited similar surface roughness (R,) values of approxi-
mately 4.84 and 5.13 nm, respectively. Surficial morphologies
showed little difference. According to the above discussion, one
could deduce that the hole transporting difference in TFB and
PVK devices resulted from the differences in their mobility and
HOMO values.

For the operational lifetimes, TFB and TFB/PVK (28 nm)
devices were chosen to stress with an initial luminance of
500 cd m™>. Fig. 3 depicts the luminescence decay curves and
voltage increase curves over time. The luminance decreased to
30% of the initial luminance. LT50 of the TFB/PVK device
significantly increased to 76 min, which corresponds to an
improvement by a factor of 1.72, whereas that of the TFB device
was only 44 min (LTX indicates the time at which luminance
decreases to X% of the initial luminance). The PVK device
exhibited a higher voltage increase than did the TFB/PVK
device. The voltage increase over time occurred due to mate-
rial degradation, which led to the formation of trap sites that
could capture the carrier. This finding indicates that the TFB
device suffered significantly more material damage than did the
TFB/PVK device and the TFB/PVK structure can inhibit material
degradation. To deeply understand the underlying mechanisms
of performance enhancement and the elongation of the opera-
tional lifetime, TREL and steady-state PL were examined.
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Fig. 2
The inset of (c) depicts the EL spectra between 400 and 430 nm.
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(a) B-J-V curves, (b) CE-EQE-J curves, and (c) EL spectra of TFB device, PVK device and TFB/PVK devices with various PVK thickness.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Performance of TFB, PVK, and TFB/PVK devices with various PVK thickness

Device V4 (V) CE’ (cd A™Y) EQE’ (%) Wavelength (nm) FWHM (nm) LT50 (min)
TFB 2.7 0.38 0.6 466.1 21.9 44
TFB/PVK (7 nm) 3.5 0.75 1.2 465.5 22.9 —
TFB/PVK (14 nm) 3.6 2.53 4.1 464.8 21.3 —
TFB/PVK (28 nm) 5.4 3.41 5.6 464.8 20.3 76
PVK 5.3 1.74 2.9 470.0 25.9 —
@ Measured at J = 1 mA cm™ 2 ? Maximum CE. ¢ Maximum EQE.
(a) (b)
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Fig. 3

Analysis of device dynamics

TREL data are used to investigate the carrier and exciton
dynamics between fresh and aged devices. For example, the
carrier injection and transportation behaviors can be observed
by tracing a TREL signal at the turn-on and rise of a square
pulse.®* In TREL, a delayed time (T4) can be detected at
starting point between voltage driving (time zero) and optical
signals, which is typically attributable to the timespan of carrier
injection and transport to the emission zone as represented by
eqn (S1).t The residual and trapped carriers in the device and
the long-lived exciton decay behavior can be observed by tracing
the TREL signal at the turn-off and falling of the square pulse.
Fig. 4a and b present TREL results at the rise of a square pulse
for TFB and TFB/PVK devices, respectively. Ty for the fresh TFB
and TFB/PVK devices were determined to be 1.93 and 2.68 pus,
respectively. The Ty difference between them was 0.75 us was
resulted from the hole transporting mobility relied on PVK. In
addition, this T4 could be utilized to calculate the carrier
mobility (see ESIt), the hole transporting mobility of approxi-
mately 7.46 x 10~ ° em® S™' V! for PVK was obtained, which
totally agreed with the previous report.>” After aging, the delay
time increased for both devices, and a larger increase in delay
time was observed for the TFB device than for the TFB/PVK
device. Typically, an increase in the delay time indicates poor
carrier transport, which is attributable to material degradation,
which can lead to the formation of carrier-trapping sites.
Therefore, the TFB device suffered more material degradation
than did the TFB/PVK device. In addition, both devices exhibi-
ted different EL rising behaviors. EL rose quickly and gradually

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) Luminance decay curves over time and (b) voltage increase (V—-V,) curves over time for the TFB and TFB/PVK (28 nm) devices.

reached a steady-state for TFB and TFB/PVK devices, respec-
tively. Therefore, the rising time of the TFB device was shorter
than that of the TFB/PVK device, which is attributed to the
different hole-transporting behaviors of the two devices. Hole
transport in TFB is nondispersive, whereas that in PVK is
dispersive.**** For the TFB/PVK device, holes were transported
dispersively in the PVK layer and injected into the EML; thus,
the EL of this device increased gradually.

Fig. 4c and d present the decay curves for the TFB and TFB/
PVK devices, respectively. The decay times for the fresh TFB and
TFB/PVK devices are 4.08 and 3.71 ps, respectively. The decay
times (on the order of microseconds) of these devices were
longer than the intrinsic decay time (on the order of nanosec-
onds) of the QD thin film; thus, another origin for the long EL
decay might exist, such as the recombination of residual or
trapped carriers in the device that becomes detrapped and then
recombines to generate delayed EL after the end of the square
pulse. The TFB/PVK device exhibited a shorter decay time than
did the TFB device; thus, compared to the TFB device, the TFB/
PVK device had fewer residual carriers and more carrier
balance, which might be the origin of the higher efficiency of
the TFB/PVK device. After aging, the decay time of the TFB
device increased to 5.46 us. This long decay time and the
appearance of a large spike suggested that excess residual
carriers or trapped carriers exist in the device after aging.*” The
aforementioned increase in the decay time implies that an
increased number of carriers were trapped during aging and
acted as quenchers of the excitons, which led to luminance loss
and decreased efficiency.*® The aged TFB/PVK device exhibited

RSC Adv, 2021, 11, 20884-20891 | 20887
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Fig. 4 TREL measured at 5V, which represents the rise of the square pulse, for the (a) TFB and (b) TFB/PVK (28 nm) device as well as the decay
time of the TREL measured at J = 10 mA cm™2, which represents the fall of the square pulse, for the (c) TFB and (d) TFB/PVK devices.
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a decay time of 4.00 pus, which is similar to that observed for the
fresh device (3.71 ps), and a relatively small spike (Fig. 4d).
These results indicate the occurrence of less material degrada-
tion in the TFB/PVK device after aging. In general, the
aforementioned-trapped sites and carriers arose due to material
degradation.

To verify the material degradation, the steady-state PL of the
devices was analyzed. First, a xenon lamp with a wavelength of
280 nm was used to excite the device, then, the PL emission of
each layer in the device, including HTL, ETL, and QD layers, was
observed. The experimental setup is presented in Fig. 5a. The PL
of fresh and aged devices was compared to identify material
stability achieved on aging. Fig. 5b and c present the PL spectra
for TFB and TFB/PVK devices, respectively, at EL intensities of
100% (fresh) and 30% (aged). To evaluate the amount of
material degradation, the PL difference was obtained by sub-
tracting the aged PL spectrum from the initial PL spectrum, as
displayed in Fig. 5d. In addition, several crests are observed in
the PL spectrum (Fig. 5b). The QDs exhibited an emissive peak
wavelength of approximately 465 nm, and the emission of the
carrier transport layers, which corresponds to the emission
from ZnO and TFB, occurred within the wavelength range of
350-425 nm. However, Fig. 5c indicates that the emissive peak
of TFB at approximately 418 nm vanishes and becomes
unidentifiable, which is attributed to an emission of PVK
accounting for the total PL spectra (Fig. S2t). The PL intensity of
QDs decreased after aging. The reduction in the QD intensity for
TFB and TFB/PVK devices was 35% and 11%, respectively,
which corresponded to decreases of approximately 550 and 200
in the counts of the PL intensity, respectively (Fig. 5d). The TFB/
PVK device exhibited a marginally different PL spectrum to that
of the TFB device. The TFB/PVK device exhibited less QD
degradation than did the TFB device, which is attributable to
the carrier balance created in the TFB/PVK device. This result
indicates that the elongation of the operational lifetime is
attributable to a decrease in material degradation. However, the
PL intensity loss of QDs was less than their EL intensity loss
after aging. Therefore, other reasons account for the degrada-
tion. As indicated in Fig. 5b and d, the PL of the TFB device
(418 nm) decreased and the TFB layer experienced serious
degradation. However, the PLs of the TFB layer for the aged and
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fresh TFB/PVK devices were almost the same and indicated that
HTL of the TFB/PVK device marginally degraded, as displayed in
Fig. 5c and d. Consequently, the elongation of the operational
lifetime is attributable to the decreased degradation of HTL and
QDs. The decreased degradation of HTL (TFB or PVK) can be
ascribed to the following reasons: (i) PVK sufficiently confines
the electrons to prevent them from damaging the TFB layer*®
and (ii) PVK exhibits more robust material stability against
electrons than TFB does.

To validate the electron-confinement ability and material
stability of TFB and PVK, an EOD with the following structure
was fabricated: ITO/ZnO/HTL/ZnO/Al, which refers to an EOD
with structure: ITO/ZnO/QDs/ZnO/Al, used in the literature®
and modified from that. Here, the QD layer was replaced with
HTL and TFB or PVK was used to observe the electron current
flows for a comparison of electron-confinement ability. The
fabrication parameters of EOD are identical to that of the
device. The J-V curves of EOD are presented in Fig. 6a. The
driving voltages of the TFB-EOD and PVK-EOD atJ = 1 mA cm >
were 0.3 and 0.7 V, respectively. The driving voltage of the PVK-
EOD was higher than that of the TFB-EOD at a constant current
density, which implies that PVK has superior electron-
confinement ability of TFB. Both EODs were stressed at
J =25 mA cm™ > when observing the voltage variation over time
during the test of material stability against electrons, as dis-
played in Fig. 6b. In addition, no voltage increase was observed
for the PVK-EOD. However, an evident voltage increase was
observed for the TFB-EOD, which indicates that TFB exhibits
poor material stability against electrons. The aforementioned
results validate our inference.

The aforementioned results clearly indicate the carrier
dynamics and the degradation mechanism of TFB and TFB/PVK
devices. The electron carriers and hole carriers are imbalanced
in the TFB device. Moreover, the electrons migrate to the TFB
layer, which results in leakage emission and induces material
degradation as well. The EML is rich in hole carriers due to the
leakage of electrons, and the excess holes cause Auger recom-
bination, which leads to decreased efficiency and QD degrada-
tion. By contrast, in the TFB/PVK device, the PVK layer with
a shallow LUMO level confines the electrons inside the QD layer
for generating carrier balance and prevents electrons from

(b)
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Fig.6 (a) J-V curves of the TFB-EOD and PVK-EOD and (b) V-V, curves over time for the TFB-EOD and PVK-EOD measured at J = 25 mAcm 2.
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leaking to the TFB layer. Due to these two advantages, high
device efficiency and a long operational lifetime are achieved.

Conclusions

The device performances of QDLED were greatly improved by
inserting a PVK layer at the interface of TFB HTL and QD EML.
The PVK layer plays a crucial role in increasing a 9-fold effi-
ciency and a 1.72-fold operational lifetime. These results were
due to the improved hole injection, electron confinement and
carrier balance in the QD EML, as well as the inhibition of HTL
degradation. The carrier balance inside EML alleviated QD
degradation and benefited the device efficiency and lifetime. In
addition, PVK exhibits the electron-stability behavior to inhibit
the electron-induced degradation on HTL, which contributes to
the elongated lifetime.
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