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Blue quantum dot (QD) light emitting diode (QLED) developments are far lagging behind the red and green
ones as it becomes difficult to balance charge injection and photo stability than the latter. Here, we
introduced a combination of a low band energy shell with better surfactants, which largely meet both
abovementioned requirements. Our simulation pinpoints that it is the exposed Se on the QD surface,
which causes non-radiative relaxations. By adding tributyl phosphine (TBP), which is a good ligand to Se,
we recover photoluminescence quantum yield (PLQY) from less than 8.0% up to above 85.0%. The
corresponding external quantum efficiency (EQE) of QLEDs increases from 3.1% to 10.1%. This
demonstrates that the low bandgap shell with effective surfactant passivation is a promising strategy to
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Introduction

Electrically driven light emission of quantum dot light emitting
diodes (QLEDs) has attracted considerable interest in recent
years due to its promising potentials as a novel display tech-
nology.'” It benefits from the merits of foldability, wide color
gamut and low manufacturing cost due to its flexible structure,
narrow full width at half maximum of quantum dots (QDs), and
ink-jet printing process, respectively.® Therefore, QLEDs foresee
a bright future among the competitive innovative display
technologies.

By combining efforts of QD synthetic optimizations and
device fabrication improvements during last two decades, the
QLED performance gradually enhanced.””® During the last few
years, with increasing involvement from major display manu-
facturers, QLED embraced an accelerated development, largely
for the red and green ones.>® Blue QLEDs, on the other hand,
have far lagged behind mainly due to the synergetic effects of
the poor charge injection balance and high applied voltage.’
While we are preparing this manuscript, Samsung reports
ZnSe,Te; ,-based blue quantum dots with the assistance of the
ZnCl, surface treatment that achieved high external quantum
efficiency (EQE) and extensive operational stability.® ZnCl, is
used to passivate the anionic dangling bonds on the surface in
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order to mitigate surface non-radiative traps and also facilitate
the charge injection.

With the state-of-art device structure using ZnO nano-
particles as electron transfer layer (ETL) and TFB as hole
transfer layer (HTL), energy levels for both electron and hole
injections are fixed. In order to balance the charge transfer, one
way is to insert a charge block layer. Although it can effectively
improve device EQE and operation stability, an additional thin
electron blocking layer suffers from reproducibility issues due
to the poor control of the film uniformity and thickness.
Another way is to manipulate the energy levels of QD core shell
structures so as to accommodate the alignment offsets from
ETL and HTL. Cao et al. utilized a narrow bandgap ZnSe shell to
effectively mitigate the hole injection barrier of red QDs.> With
this approach, it reports an EQE of 15.1% and the T95 device
operation lifetime of more than 2300 h with an initial bright-
ness of 1000 cd m™?, the longest up to date. Besides red, ZnSe
shell has also been successfully utilized in previous studies to
facilitate carrier injections for blue QLEDs, further demon-
strating its generality.*® Inspired by this shell design, here, we
tackle the blue QLED charge problem using a similar approach
with necessary surface modifications in order to preserve the
photostability.

In previous studies, very often ZnS is used as the outer shell
to strongly confine excitonic wavefunctions in blue cores aiming
at maintaining high photo stability."* However, the large
bandgap of the shell impedes both electron and hole from
passing into the core, hence compromising device perfor-
mance. On the other hand, the tentative use of ZnSe as the shell
favors the charge injection, but severely deteriorates QD pho-
toluminescence due to the weak confinement. One way to solve
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this issue is to eliminate surface traps with selectively picked
surfactants.®

Here, we demonstrate the use of both oleic acid (OA) and
alkyl phosphine to passivate cations and anions on the surface,
respectively. Blue-colored Cd, 1Zn, ¢Se/ZnSe core shells can not
only preserve high photoluminescence but also achieve excel-
lent EQE. The pristine OA surfactants mainly passivate dangling
bonds on zinc. By addition of alkyl phosphine post synthesis, it
can effectively bind on the hole trap-intending selenium and
therefore improve photoluminescence from less than 8.0% up
to above 85.0%. Furthermore, the corresponding EQE of
electrical-excited device increased from 3.1% up to 10.1%. It
provides a new insight that the low bandgap shell with pin-
pointing surfactant passivation is an effective strategy to
enhance the performance QLED.

Results and discussions

The Cdo1ZnooSe/ZnSe core shells are synthesized following
a three-step process. First, ZnSe nuclei is formed by the swift
injection of Se into a redundant Zn ion solution, then Cd ions
are continuously added to form the Cd,iZngoSe/ZnSe core
before it is completed with the further slow addition of Se to
form a ZnSe shell. TEM shows the size of QDs is approximately
6-7 nm with roughly spherical morphology and excellent crys-
tallinity (Fig. 1b). Uniformly alloyed core and smooth interface
between the core and shell are guaranteed using both high
annealing temperature and sufficiently long cooking duration
(Fig. 1a left). Both theoretical'* and experimental®® evidence
demonstrate that smoothly connected energy levels in QDs can
both mitigate Auger recombination and facilitate charge injec-
tions (Fig. 1a right). Our synthetic strategy is designed to
exclusively accommodate this requirement. The protective ZnS
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layer is intentionally eliminated in this case to ease both elec-
tron and hole injections.® Unsurprisingly, as a result of it, the
QDs suffer from decrease in the photoluminescence quantum
yield (PLQY) after purification (Fig. 1c blue curve and 1d blue
spot). After standard three time washings, the PLQY drops to
below 8.0%. This can be elucidated by the unavoidable wave-
function extensions to the surface. Our calculation shows that
the dangling bonds of Se on the QD surface tend to be hole
traps, which in turn create non-radiative relaxation channels.
The as-synthesized QDs exhibit decent photoluminescence due
to the usage of both oleic acid and trioctyl phosphine (TOP)
during synthesis, with former binding to Zn ions and latter to
Se. However, after purification, the free ligands were cleaned
away as well as the weakly bound surfactants such as TOP,
leaving Se exposed. To solve this issue, we reintroduced phos-
phine ligands during the post purification process to enhance
PLQY. Phosphines including TOP and tributyl phosphine (TBP)
are good ligands to Se, which are routinely used as precursors in
the QD synthesis.™ By adding a trace amount of phosphine into
the QD solution, the PLQY quickly bounced back to 64.0% and
with further optimization of the phosphine amount, it can
reach above 85.0% (Fig. 1c red curve and 1d red spot). Also, this
little amount of ligand can boost photoluminescence but not
enough to significantly affect the electrical property of the
following light emitting devices, therefore perfectly solving the
trap problem. The emission peak is at 465.8 nm with the full
width at half maximum (FWHM) of ~21 nm, which is the same
as that of the pristine QDs.

In a typical synthesis, Zn(Ac), (12 mmol), oleic acid (20 ml)
and ODE (10 ml) are filled into a 50 ml three-necked round
bottom flask. The mixture is stirred and heated to 100 °C before
purging with N, for around 30 min to dissolve the salt and
remove acetic acid. After it totally dissolves, the solution
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Fig. 1 Colloidal quantum dots. (a) The schemes of Cdg 1Zng ¢Se/ZnSe core shells and its energy levels. (b) TEM images with HRTEM in the inset,
the QD are roughly spherical and size is around 6—7 nm. (c) Luminescence peaks comparison between oleic acid (OA) and tributyl phosphine
(TBP) (red curve) and OA only (blue curve). (d) The PLQY of OA_TBP and OA only capped QDs, the sizes of the spots are proportionate to their
PLQY values. (e) The images of QD@OA and QD@OA_TBP under daylight and blue light excitations.
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becomes either clear or slightly yellowish in color. Then, after
the solution is heated up to 300 °C, the TOPSe solution (3.6 ml
with a concentration of 0.67 M) is swiftly injected. 40 s later,
Cd(OA), (1.5 ml with a concentration of 0.2 M) is continuously
injected at a rate of 75 pl min~" for 20 min. After the addition,
the solution is heated for another 40 min for annealing. It is
then followed by the slow addition of TOPSe (1.34 ml with
a concentration of 0.67 M) at a rate of 45 ul min~" for 30 min.
After the addition, the solution is naturally cooled to room
temperature and subjected to washing process.

Due to the high surface to volume ratio of quantum dots, the
trap states caused by the dangling bonds of surface atoms
cannot be ignored. These mid-gap states can act as non-
radiative recombination centers.">*® To demonstrate from
a theoretical perspective, we performed simulations via density
functional theory (DFT). The surface of quantum dots was
simulated to understand the trap states caused by the dangling
bonds of the surface atoms. According to our quantum dot
structure, the (100) wurtzite ZnSe is used as the surface model.
The density of states (DOS) of passivated and un-passivated
surfaces is compared. As shown in Fig. 2, without passivation,
a significant amount of defect states are presented within the
bandgap. These defect states contribute to the Auger recombi-
nation, thus decreasing the quantum efficiency. After passiv-
ating the Zn and Se dangling bonds on the surface, 84% of the
defect states in the mid-gap disappear as shown by the red line
in Fig. 2. Therefore, choosing the appropriate ligand to
passivate the QD surface is critical.

In previous studies, different ligands have been used to
passivate the surface of QDs in order to achieve a better device
efficiency.*"”"* In our case, we demonstrate that the OA and
alkyl phosphine are complementary with each other to bind
both Zn and Se on the QD surface. In particular, alkyl phos-
phine forms a coordination bond with Se and is regularly used
as the Se precursor for the metal chalcogenide QD synthesis. To
demonstrate this claim, phosphine ligands are introduced into
the purified blue QD solution, and the PLQY of the colloidal
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Fig. 2 The DOS of the (100) ZnSe surface with and without ligand
passivation. The figure is reprinted from ref. 6.
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quantum dots before and after adding the ligands is investi-
gated. As shown in Fig. 3a, as the phosphine ligand concen-
tration increases, the PLQY of the Cd, ;Zn, ¢Se/ZnSe@OA blue
QDs is significantly improved due to the effective passivation of
phosphine ligands on under-coordinated Se anion sites,”***
corresponding well with the simulation results above, showing
the major trap states of the Cd, 1Zn, ¢Se/ZnSe@OA blue QDs are
the Se anion defect sites. Moreover, phosphine ligands with the
alkyl chain of different length affect the PLQY recovery. With
TOP that has three octyl branches, the PLQY of the QDs rise to
~74% at the optimal TOP ligand's quantity, while TBP that has
three butyl branches increase the PLQY of the blue QDs to
almost 90% under the same condition. The smaller molecular
size of the TBP ligands and the corresponding higher surface
ligand coverage on the blue QDs is the reason to cause this
difference and lead to a better surface passivation. Moreover,
other types of ligands with different function groups, such as
pristine oleic acid (OA) and octanethiol (OT), had also been
tested with the Cdy;Zn,oSe/ZnSe blue QDs, and the optimal
PLQY of the blue QDs after surface passivation with each type of
ligands has been summarized in Fig. 3b. It can be seen that the
surface ligands with carboxylate or thiol functional groups do
not recover the PLQY of the Cd, ;Zn, oSe/ZnSe@OA blue QDs as
effective as alkyl phosphines. It is well known that the carbox-
ylate and thiol ligands prefer surface cation sites passivation,
but only have limited effect on anions.?”?*® Therefore, the surface
ligands with the carboxylate group or thiol groups do not
effectively passivate with the Se defect sites, and the major trap
states of the Cdy 1Zng ¢Se/ZnSe@OA blue QDs as shown in the
simulation results, resulting in an unsatisfied PLQY recovery of
the blue QDs.

To illustrate the influence of ligands on the device perfor-
mance,* the blue QLED devices (Cdg.1Zn, oSe/ZnSe@OA and
Cdy.1Zn, oSe/ZnSe@OA_TBP devices) were prepared. The QLED
device configuration is as follows: glass/ITO (50 nm)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS
35 nm)/poly(9,9-dioctylfluorene)-co-(N-(4-butylphenyl)diphenyl-
amine) (TFB 25 nm)/QDs (20 nm)/ZnO (35 nm)/Al (100 nm)
(Fig. 4a). For the organic-inorganic hybrid QLED devices, all
functional layers were spin-coated except the anode and
cathode.” A glass substrate with patterned 50 nm indium tin
oxide (ITO, sheet resistance is about 50 Q [1~') anode were
cleaned by ultrasonic treatment in a tergitol/deionized (DI)-
water solution, DI-water, and isopropanol, respectively, fol-
lowed by treatment with under ultraviolet (UV)-ozone for
15 min. A PEDOT: PSS layer as the hole injection layer (HIL) was
spin-coated onto the pre-cleaned ITO substrates at 5000 rpm
and then baked at 150 °C under air condition. TFB dispersed in
chlorobenzene was spin-coated at 2000 rpm and annealed at
150 °C under a N, atmosphere. After that, one QD and ZnO
nanoparticle layer were sequentially deposited from the octane
and ethanol solution in the glove-box, respectively, via the spin-
coating method and annealed in the same environment at
80 °C. The Al cathode was thermally deposited in a vacuum
chamber under the chamber pressure less than 107° torr
through a shadow mask to obtain active areas of 2 x 2 mm®.
Finally, the blue QLED devices were encapsulated using a UV-

RSC Adv, 2021, 11, 14047-14052 | 14049
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Fig. 3 The effect of phosphine ligands on PLQY of the Cdg 1ZNng 9Se/ZnSe@OA blue QDs. (a) Cdg1ZNng 9Se/ZnSe@OA blue QD PLQY after adding
TOP or TBP with different concentrations of phosphine ligands, respectively. The inset photograph taken under illumination at 365 nm, from left
to right: before and after adding TBP ligands into the purified blue QDs. (b) The optimal photoluminescence quantum yield of the Cdg 1Zng oSe/
ZnSe@OA blue QDs after surface passivation with different coordination groups of surface ligands.

epoxy resin and a cover glass in the N, atmosphere. A digital
source meter (Keithley 2400) was used to operate the devices
and measure the J-V characteristics. Electroluminescence
spectra were recorded using an Ocean Optics USB 2000+ spec-
trometer. Light intensities of devices were measured with
a Keithley 6485 Picoammeter together with a calibrated silicon
detector (Edmund). EQEs were calculated from the luminance,
current density, and EL spectra with the assumption of the
Lambertian emission pattern of all devices.>*?®
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The normalized electroluminescence (EL) spectra of the
devices based on Cd,ZngoSe/ZnSe@OA and Cdg;ZngoSe/
ZnSe@OA_TBP are shown in Fig. 4b. To simplify the nomina-
tion, hereafter the former is named as QD@OA and the latter is
QD@OA_TBP. Both QLED devices exhibited the same narrow EL
emission at a peak wavelength of 469 nm with a FWHM of
21 nm. While FWHM is preserved, the EL peak position
redshifted 3.2 nm compared to that in the solution. This is

mainly due to the increasing exciton wavefunction
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Fig. 4 Deuvice structure and performance of the blue device: (a) bottom emission device structure, (b) normalized EL spectrum of QD@OA and
QD@OA_TBP, respectively, (c) he current density and luminance of QLEDs, and (d) EQE vs. current density.
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communications of QD after they are closed packed on the solid
film. Pure blue emission is observed in the inserted photograph
of QLED fabricated using QD@OA_TBP. Fig. 4c shows the
current density (J/)-voltage (V)-luminance (L) characteristics of
QD@OA and QD@OA_TBP devices. Both devices show the same
turn-on voltage (V) of 3.2 V defined as the required operation
voltage for achieving the luminance of 1 ¢d m 2. The J-V-L
characteristics are not that much different at a low J region (<4
V). However, the luminance of the QD@OA_TBP device
increases rapidly at the >4 V region. The QD@OA_TBP device
shows about four times higher luminance (2322 c¢d m?) than
that of the QD@OA device (590 cd m™?). The external quantum
efficiency (ngqr) of the QD@OA and QD@OA_TBP devices are
exhibited in Fig. 4d. The latter shows the maximum 7pqg value
of 10.1%, which is about 3.3-fold higher than that of the former
device. Similarly, high EQE was also reported in the literature
via functional layer modifications.** To note, all the device
fabrication processes are kept the same, and the only difference
is to add trace amounts of TBP into the QD solution for the
QD@OA_TBP device. Compared to the OA only case which
favours Zn, TBP complements the passivation of Se, which
further mitigates the non-radiative relaxation centers. Besides,
in contrast to TOP, which has large steric hindrance and high
boiling point, the TBP molecule is small and volatile, which
indicates a more effective passivation of QD and easy removal
for the excessive ones during the QD film preparation process,
both of which are beneficial for the device characteristic
improvement.

Conclusions

In summary, the present study demonstrates the blue QLEDs
with high EQE and low threshold voltage. This is achieved
through the synergistic effects of tuning the energy level of QD
to match adjacent functional layers and effective ligand
passivation to largely eliminate non-radiative traps on the
surface. In particular, we introduce TBP to QD as additional
surfactants, which complement the original OA to bind on the
dangling bonds of Se on the surface. Compared to other long
chain alkyl phosphines, TBP has the merits of low steric
hindrance and high volatility, which favor more passivation to
surface Se sites and ease for nonbinding ones to remove during
device fabrication. TBP-modified QDs witness the PLQY
recovery from less than 8.0% up to above 85.0%, and compared
to the pristine QD@OA, the EQE of QD@OA_TBP devices has
3.3-fold enhancement from 3.1% to 10.1% with a threshold
voltage as low as 3.2 V. This demonstrates that a low bandgap
shell design with effective surfactant passivation is a promising
strategy to enhance the performance of QLED.

Experimental details
Procedures for the blue QD preparations

Stock solutions. TOP-Se (1.0 M) is prepared by dissolving
5 mmol Se powder into a 5 ml TOP solvent.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Cd(OA), (0.2 M) is prepared by reacting CdO 1.0 mmol with
OA 1 ml and ODE 4.0 ml at 250 °C. The solution is bubbled with
N2 at 80 °C for 20 min before cooling down.

Reaction procedures

(1) Cdy.1Zn, oSe core preparation. Zn(ac), (5.0 mmol), OA (5
ml) and ODE (20 ml) are added into a 100 ml round bottom
three-neck flask. The mixture is bubbled with N, at 130 °C for
1 h before heating up to 310 °C. When the temperature is stable,
the TOPSe (0.8 ml) and DPP (0.3 ml) mixture is swiftly injected
into the solution, triggering the burst of ZnSe nuclei. The
temperature drops down to 300 °C and the solution continues
to cook for 50 s before Cd(OA), (0.4 ml) is rapidly injected into
the solution. The Zny ¢Cd,Se core is furthermore cooked for
1 h at 300 °C.

(2) Cdy.1Zn, 9Se/ZnSe shell coating. With the hot solution in
section 1 at 300 °C, TOPSe (0.5 ml) is slowly added for 13 min
20 s at constant rate using a syringe pump. With the excess
Zn(OA), in the solution, the ZnSe shell is gradually formed
during this process. Then, the solution is cooled down to room
temperature and subjected to cleaning by going through 3 times
of precipitation with ethanol and dissolution with octane cycle.
Then, the QD is stored in an octane solution for the following
use.

QD solution PLQY measurement

Blue QD solution PLQY is measured via the integrated sphere
method using Edinburgh Instruments FS5 SC-30. The instru-
ment includes an FS5 fluorescence plus SC-30 integrated sphere
module. The procedures to perform the measurements are
following:

The instrument is first to be turned on and warmed up for
30 min before the operation. Next step is to set the excitation
and emission wavelengths both at 465 nm, and tune the both
bandwidths to make sure signal rate reaching 1 x 10° cps. The
third is to set the emission range from 400 up to 650 nm with
the step of 0.2 nm, dwell time of 0.2 s and the number of scan of
1. Also, the excitation wavelength was set at 360 nm. For the
fourth step, the cuvette with the octane solvent was put into the
center of the integrated sphere and the spectrum was recorded
as the control. Then, the cuvette with the octane solution of QD
with absorptance at the excitation wavelength around between
0.1 and 0.15 is to replace the previous control cuvette and
perform the same scan. By subtracting the later with former,
PLQY can be obtained.

Device characterizations

The device testing system is composed of a high-precision
digital source meter, high-performance optical spectrometer
and optical fiber (inner diameter 50 um), device testing probe
and data acquisition system. The J-V characteristics of quantum
dot devices were measured under ambient condition using
a digital source meter (Keithley 2400) measuring the sweeping
voltages and currents. The maximum voltage was set up 6 V and
the voltage variable step was set up 0.2 V during measuring.
Simultaneously, light intensities were measured on a Keithley
6485 Picoammeter together and a calibrated silicon detector

RSC Adv, 2021, 11, 14047-14052 | 14051
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(Edmund). Luminance was calibrated using a photometer
(Spectra Scan PR655) with the assumption of the Lambertian
emission pattern of all devices. Electroluminescence spectra
were recorded using a high performance Ocean Optics USB
2000+ spectrometer.
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