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Charge imbalance within the emissive layer (EML) has been identified as a major obstacle to achieving high-
performance quantum dot light-emitting diodes (QD-LEDs). To address this issue, we propose the use of
a compact diamino-based ligand as a universal approach to improve the charge balance within the QD
EML. Specifically, we treat QDs symmetrically with 1,4-diaminobutane (DAB) on both the bottom and top
sides. This treatment simultaneously modulates the injection properties of electrons and holes,
effectively suppressing electron injection into QDs while facilitating hole injection. As a result, QD-LEDs
with symmetrical DAB treatment exhibit a 1.5-fold increase in external quantum efficiency and
a remarkable 4.5-fold increase in device lifetime. These results highlight the role of the compact
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1. Introduction

Colloidal quantum dots (QDs) have attracted attention due to
their attractive properties for next-generation displays' such as
high photoluminescence quantum yield,** narrow full-width
half-maximum (FWHM),*” and tunable emission wave-
lengths.*® Numerous studies have aimed at integrating QDs
into electrically pumpable structures, with a focus on realizing
self-emitting displays through the development of QD-based
light-emitting diodes (QD-LEDs). Significant progress in the
improvement of luminescent QDs and the optimization of
device architecture has led to a remarkable increase in the
external quantum efficiency (EQE) of QD-LEDs, exceeding the
theoretical limit of 20%. However, the commercialization of
QD-LEDs has been hindered by the stability issue.

One of the main factors contributing to the limited stability
of QD-LEDs is the occurrence of charge imbalance within the
QD emissive layer (EML) during operation. In QD-LEDs, QDs are
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surrounded by charge transport layers (CTLs), and differences
in carrier injection rates from CTLs often lead to QD charging,
thereby inducing non-radiative Auger recombination.'® This
detrimental process significantly degrades the luminescence
efficiency and overall lifetime of QD-LEDs. The typical config-
uration of CTLs consists of a zinc oxide (ZnO)-based inorganic
electron transport layer (ETL)""** and an organic hole transport
layer (HTL), where a charge imbalance arises due to the faster
injection rate of electrons compared to holes."** This
discrepancy is attributed to the higher electron mobility of ZnO-
based ETLs compared to that of organic HTLs.'® In addition, the
favorable band alignment between ZnO and QDs can facilitate
to the spontaneous injection of electrons into QDs, further
exacerbating the charge balance problem.

To address this challenge, numerous approaches have been
explored to suppress electron injection and improve charge
balance. These approaches involve the insertion of insulating
layers,”*® and the reduction of ZnO conductivity through
doping.'>*° Alternative strategies have focused on enhancing
hole injection by employing cascaded HTLs, implementing
interfacial dipoles to reduce hole injection barriers,**>* and
increasing hole mobility in organic HTLs through doping.*
Ideally, simultaneous modification of both electron and hole
injection properties is crucial, yet research in this area has been
limited. Our group has recently demonstrated the successful
enhancement of charge balance in quasi-type II QD-based LEDs
by using 1,12-diaminododecane (DAD) ligand, which acts as
a charge balancer for both holes and electrons.”® The DAD
treatment on the electron injecting side suppresses electron
injection, while its application on the hole injecting side
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enhances hole injection by inducing an interfacial dipole. As
a result, the use of DAD as a charge balancer led to a significant
improvement in external quantum efficiency (EQE) and
maximum luminance by 8 and 10 times, respectively. Despite
the effective modulation of both hole and electron injection
rates, its effectiveness was diminished when employing type I
QDs. Therefore, a more universal method suitable for different
types of QDs should be developed.

In this study, we present 1,4-diaminobutane (DAB) as
a compact charge balancer capable of effectively modulating
charge injection rates in type I QD-based LEDs. Due to its short
chain length, DAB treatment induces sufficient dipoles at the
interfaces without affecting the morphology, thereby modulating
the charge injection rates in type I QD-based LEDs. Symmetrical
application of DAB to QDs modifies the energy landscape of QD-
LEDs in a way that suppresses electron injection and enhances
hole injection. As a result, QD-LEDs with DAB treatment demon-
strates an enhancement in maximum EQE and luminance by
a factor of 1.5. Furthermore, the improved charge balance achieved
by DAB treatment leads to an increased operating lifetime (T4
lifetime under 900 nit increased from 1.22 h to 5.44 h). In addition,
we validated its universality across different structures (ie.,
conventional or inverted) of QD-LEDs.

2. Experimental section

2.1 Chemicals for synthesis and device fabrication

Tris(4-carbazoyl-9-ylphenyl) amine (TCTA, =97%), 1,4-dia-
minobutane (DAB, =99%), ethanol (=99.5%), zinc acetate
dihydrate (=99.0%), butanolamine (=99.5%),and octane
(=99%) were purchased from Sigma-Aldrich. PEDOT:PSS was
purchased from Heraeus Electronic Materials Division. Molyb-
denum(vi) oxide (MoOj3, 99.995%) and aluminium (Al) pellets
were purchased from Taewon Scientific Co. IPA (=99.9%),
potassium hydroxide (KOH), acetone (=99.7%) and methanol
(=99.9%) were purchased from Samchun Chemicals. TFB was
purchased from OSM and the patterned ITO substrates were
purchased from AMG. All chemicals were used as received
without any purification.

2.2 Synthesis of ZnO nanoparticles

KOH (2.5 g) was sonicated in a methanol solution for 30 min
and a solution containing 5 g of zinc acetate dihydrate, 200 mL
of methanol, and 0.8 mL of deionized water was loaded into
a three-neck flask and heated to 60 °C for 30 min under 900 rpm
stirring. The KOH solution was then added to the three-neck
flask containing the zinc acetate dihydrate solution to initiate
a chemical reaction, which proceeded for 2.5 h. Following this
reaction, the solution containing ZnO nanoparticles were
centrifuged and purified twice using methanol. The purified
ZnO nanoparticles were subsequently treated with butylamine
ligands and dissolved in butanol for further use.

2.3 Synthesis of QDs

Zinc acetate (99.999%) selenium powder (200 mesh, 99.999) and
sulfur powder (99.98%) were purchased from Sigma-Aldrich.
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Oleic acid (OA, 90%), trioctylphosphine (TOP, 97%), 1-octade-
cene (ODE, 99%), cadmium oxide (CdO, 99.95%) myristic acid
(My, 99%) and 1-dodecanethiol (DDT, 98%) were purchased
from Alfa Aesar. All chemicals were used as received without
further purification.

The method reported by Lisa zur Borg et al.>® was adopted
with slight modifications for the synthesis of red-emitting CdSe/
CdS/CdZnS QDs. Zinc oleate (Zn(OA),), cadmium oleate
(Cd(0A),), TOP-Se and TOP-S stock solutions were prepared
prior to QD synthesis under inert atmosphere conditions.
Specifically, 0.5 M of Zn(OA), was prepared by reacting 20 mmol
of zinc acetate, 20 mL of OA in 20 mL of 1-octadecane at 120 °C
under vacuum (<500 mTorr) for 30 min. Similarly, 0.5 M
Cd(0A), was synthesized by reacting 20 mmol of CdO with
20 mL of OA in 20 mL of ODE at 270 °C. Both stock solutions
were maintained at 100 °C to prevent solidification. Addition-
ally, 2 M of TOPSe and 2 M of TOPS solutions were prepared by
mixing 20 mmol of selenium or sulfur with 10 mL of tri-
octylphosphine (TOP). All stock solutions were stored under an
inert atmosphere.

To prepare the red-emitting CdSe cores capped with a CdS
shell, Cd(My), was prepared using 1 mmol of CdO, 3 mmol of
My, and 15 mL of ODE with temperature raised to 270 °C fol-
lowed by the rapid injection of 0.5 mmol of TOPSe. Subse-
quently, the temperature was raised to 300 °C, and 1.5 mmol of
dodecanethiol (DDT) and 1 mmol of Zn(OA), were added
dropwise. The reaction was maintained for 30 min. To overcoat
the CdZnS shell, 2 mmol of Zn(OA), and 3 mmol of TOPS were
injected, followed by the slow addition of 2 mmol of Cd(OA), to
prevent nucleation of CdS. After 9 min, 3 mmol Zn(OA),,
4 mmol of TOPS, and 1.5 mmol of Cd(OA), were added in
a similar manner. The reaction was rapidly quenched to room
temperature after 5 min. The crude solution underwent purifi-
cation through four cycles of precipitation (using acetone) and
redispersion (in toluene). The final product was dispersed in
octane for the fabrication of QD-LEDs.

2.4 Device fabrication and characterization

QD-LEDs were fabricated on ITO-patterned glass substrates,
beginning with a thorough cleaning process involving sequen-
tial sonication in acetone, isopropanol, deionized water for
20 min, 20 min, and 15 min, respectively. Then, the substrates
were treated with UV-ozone for 15 min to eliminate organic
residues and modify the surface properties. The substrates were
then spin-coated with a solution of ZnO NPs (30 mg mL ') at
2000 rpm for 60 s and annealed at 90 °C for 30 min under N,
conditions. The bottom DAB treatment was performed using
a spin-coating method, where DAB was dropped onto the ZnO
layer, allowed to cross-linkfor 2 min, and then spin-coated.
Unbound DAB was removed through a rinsing process with
toluene. Subsequently, CdSe/CdS/CdZnS QDs (20 mg mL )
were spin-coated onto the substrate at 4000 rpm for 60 s, fol-
lowed by annealing at 90 °C for 30 min under N, conditions.
Top DAB treatment followed a similar procedure to bottom DAB
treatment, with the rinsing step using methanol. The DAB
treated QD films were transferred to a high vacuum chamber for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermal evaporation, where layers of 50 nm of TCTA, 10 nm of
MoO3;, and 100 nm of Al were deposited. The current density—
voltage-luminance-characteristics of QD-LEDs were character-
ized using a Keithley 2450 source measurment unit coupled
with a Konica Minolta spectroradiometer CS-2000.

3. Results and discussion

Diamine-based alkyl ligands with a chain length of 4, referred to
as DAB, were used as charge balancers, and their chemical
structure is shown in Fig. 1. DAB was chosen as a charge
balancer because of its compact nature and its binding affinity
to various nanocrystals. Each end of the alkyl chain in DAB
contains amines that bind to ZnO NPs or QDs via hydrogen
bonding. Due to its compact structure, DAB induces strong
interfacial dipoles without significantly altering the surface
morphology. In addition, the short alkyl chain of DAB increases
the probability of cross-linking ZnO NPs or QDs, which greatly
suppresses leakage current and improves device conductivity by
reducing nanocrystal-to-nanocrystal distance. These advanta-
geous properties make DAB a universally applicable charge
balancer in various types of QD-LEDs.

The fabrication process of QD-LEDs with DAB treatment is
shown in Fig. 1. We fabricated the inverted structure of QD-
LEDs consisting of indium tin oxide (ITO)/ZnO NPs/QDs/
tris(4-carbazoyl-9-ylphenyl) amine (TCTA)/molybdenum
trioxide (MoOj;)/aluminum (Al). To simultaneously modulate
the injection rates of both electrons and holes, DAB was applied
to both the electron and hole transporting sides in QD-LEDs.
The first DAB treatment was conducted after the formation of
ZnO films followed by QD deposition. Then, a second DAB
treatment was performed on top of the QD EML. The DAB
treatment was performed simply by spin coating, followed by
a washing step with a neat solvent (either toluene or methanol)

(a)

ZnO deposition DAB treatment

DAB treatment

HTL/Al deposition
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to remove unbound ligands from the surface. During the DAB
treatment processes, some of the nanocrystals (either ZnO NPs
or QDs) are cross-linked with each other, which imparts
robustness to the films. Sequential thermal evaporation of
TCTA, MoOg3, and Al was performed to complete the fabrication
of QD-LEDs. The negligible effect on the surface morphology of
ZnO and QD films with DAB treatment was confirmed by atomic
force microscopy (AFM) measurements, which revealed
a change in root mean square (RMS) roughness of 0.01 nm and
0.1 nm, respectively (Fig. 2(a)).

As discussed above, the standard structure for QD-LEDs
based on organic/inorganic hybrid CTLs suffers from a severe
charge imbalance within QD EML. The electron injection from
the ZnO ETL typically exceeds the hole injection from the
organic HTLs, thereby triggering the nonradiative Auger decay
pathway. This process significantly degrades the luminescence
efficiency of QD-LEDs, especially at high current density, and
also limits the device lifetime as non-radiative recombination
generates excessive heat within the device. Therefore, achieving
balanced electron and hole injection rates is a prerequisite for
achieving high performance and highly stable QD-LEDs.
Simultaneous modification of both electron and hole injec-
tion rates in a manner that suppresses electron injection while
boosting hole injection is necessary, and the application of DAB
on both sides of QD EML can accomplish this.

In order to understand the changes in electron and hole
injection characteristics induced by DAB treatment, we per-
formed the ultraviolet photoelectron spectroscopy (UPS)
measurements on ZnO and QD films before and after DAB
treatment. In the cutoff region of the UPS measurements, the
work function (¢) of a material can be determined according to
the following equation:

d) =hv — (Ecutoff - EF) (1)

(b)
Oleic acid
NN
NN

HO.
T OIANAS

]

» Long alkyl chain

QD deposition * Weak anchoring

 Short alkyl chain
e Strong anchoring

* Dipole inducing

Fig. 1 Schematic illustrations of (a) the fabrication process of QD-LEDs with DAB treatment and (b) chemical structures of native oleic acid

ligands and DAB.
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(a) Atomic force microscopy (AFM) images of ZnO film, ZnO film with DAB treatment, QD film and QD film with DAB treatment (5 um x 5

um). Ultraviolet photoelectron spectroscopy (UPS) spectra of (b) ZnO and (c) QD films with and without DAB treatment.

where Av is the photon energy, E.uwfr is the secondary electron
cutoff energy, and Er is the Fermi energy. The relative position
of the valence band maximum with respect to the Fermi energy
(i.e., Er — Eypm) can be obtained from the onset energy in the
Fermi edge region of the UPS measurements, and the valence
band maximum energy (Eygym) can be calculated by adding the
work function. Fig. 2(b and c) show the changes in the UPS
spectra of ZnO and QD after DAB treatment, respectively. The
Eygm of ZnO was shifted from —7.37 eV to —7.1 eV with DAB
treatment, indicating that the overall upshift in the energy
bands of ZnO due to DAB treatment. This results in an addi-
tional electron injection barrier between ZnO and QDs, which
favorably suppresses electron injection rates in QD-LEDs.
Similarly, the Eygy of QDs was upshifted by 0.53 eV by DAB
treatment, aligning the energy bands of QDs more favorably
with organic HTLs.

To verify the effect of the energy band shift of ZnO and QDs
induced by DAB treatment on the charge injection efficiency, we
fabricated single carrier devices, namely electron-only devices
(EODs) and hole-only devices (HODs). Fig. 3(a and b) show the
energy band diagrams of the EODs and HODs, respectively.
These devices comprise the QD EML surrounded by either ETLs
or HTLs, thus allowing only electron or hole conduction.
Consequently, the current densities of the single carrier devices
are directly related to the charge injection or transport proper-
ties of the corresponding carrier in QD-LEDs. Fig. 3(c) shows the
current densities of EODs with and without DAB treatment.

4372 | Nanoscale Adv., 2024, 6, 4369-4375

With DAB treatment, the EODs exhibited notably reduced
current densities, indicating a deteriorated electron injection
efficiency due to DAB treatment. The reduction in current
densities by DAB treatment is partly attributed to the insulating
property of DAB, which prevents spontaneous electron injection
from ZnO into QDs. Moreover, the upshifted energy bands of
ZnO by DAB treatment creates additional injection barriers
between ZnO and QDs, thus suppressing excessive electron
injection into QDs. On the other hand, the current densities of
the HODs are significantly increased by DAB treatment, as
shown in Fig. 3(d). This increase is mainly attributed to the
upshifted energy bands of QDs by DAB treatment, which results
in favorable band alignments with the organic HTL. In addition,
DAB treatment on QDs partially replaces native OA ligands and
cross-links QDs, which increases the device conductivity and
thus contributing to the increased hole current densities. These
beneficial features of DAB treatment, as represented in the
single carrier devices, can be applied to QD-LEDs to simulta-
neously engineer electron and hole injection rates to achieve
charge balance in QD-LEDs.

Finally, we fabricated inverted structure QD-LEDs composed
of ITO (150 nm)/ZnO NPs (30 nm)/QDs (30 nm)/TCTA (50 nm)/
MoO; (10 nm)/Al (100 nm), and applied DAB treatment. The
DAB treatment applied only to the electron transporting side
(i.e., ZnO/QD interface) was referred to as ‘bottom’ DAB, while
the DAB treatment applied only to the hole transporting side
(i.e., QD/TCTA interface) was referred to as ‘top’ DAB. Fig. 4(a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy band diagrams of (a) electron only devices (EODs) and (b) hole only devices (HODs) with DAB treatment. The current density—
voltage characteristics of (c) the EODs and (d) the HODs with and without DAB treatment.

and b) illustrates the energy band diagram of the QD-LEDs with
modified electron and hole injection barriers with DAB treat-
ment. The upshifted band structure of ZnO and QDs at the
interface simultaneously modulates the injection rates of elec-
trons and holes into the QD EMLs. Fig. 4(c) presents the EL
spectra (at 6 mA cm ?) of QD-LEDs with and without DAB
treatment. Overall, a higher luminance was observed with DAB
treatment, suggesting an improved charge balance facilitated by
DAB treatment, thereby promoting efficient electrolumines-
cence in the devices. The full width half maximum (FWHM) and
emission peak wavelengths of all devices remained the same at
38 nm and 644 nm, respectively, indicating non-destructive
nature of the DAB treatment (Fig. 4(c) and S17). Fig. 4(d) and
S2t1 shows the current density-voltage-luminance (/-V-L)
characteristics of the QD-LEDs with and without DAB treat-
ment, while Fig. 4(e) depicts the EQE with respect to luminance
(EQE-L) of the corresponding devices. The QD-LEDs without
DAB treatment exhibit typical J-V-L characteristics with
a maximum EQE of 6.13%. When DAB was applied, a clear
tendency in device performance was observed depending on the
treatment site: when DAB was applied at the ZnO ETL-QD EML
interface (bottom DAB), the current densities of the devices
were reduced, while application of DAB at the QD EML and
organic HTL interfaces (top DAB) resulted in increased lumi-
nance of the QD-LEDs. The reduced current densities by the
bottom DAB treatment are attributed to suppressed excess
electron injection from the ZnO ETL to the QD EML due to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

increased interfacial barrier by the DAB treatment. The
increased luminance of QD-LEDs with top DAB treatment could
be attributed to the improved charge balance due to boosted
hole injection and the improved QD film robustness through
cross-linking. As a result, the QD-LED with bottom or top DAB
treatment showed increased maximum EQE of 7.56% and
7.72%, respectively. When DAB was applied symmetrically
below and above the QD-EML, the QD-LEDs exhibited both
characteristics of the bottom and top DAB-treated devices, with
reduced current densities and increased luminance. This led to
a notably improved maximum EQE of 9.47%, which is a 1.5 fold
increase compared to the device without DAB treatment. Table 1
summarizes the performance of QD-LEDs with and without
DAB treatment.

The successful adoption of DAB as a charge balancer also led
to improved operational stability of QD-LEDs. We evaluated the
lifetime of QD-LEDs with both bottom and top DAB treatment
and compared them to the devices without DAB treatment. The
lifetime was evaluated by measuring the time taken for the
initial luminance to degrade to 60%. An initial luminance of
900 cd m > was applied to the QD-LEDs, and lifetime
measurements were conducted in ambient air without any type
of passivation or encapsulation. As shown in Fig. 5, the lifetime
of QD-LEDs was remarkably increased from 1.2 hours to 5.4
hours with DAB treatment, which represents a notable
improvement in the operational stability of the devices. This
improvement is indicative of suppressed heat generation

Nanoscale Adv., 2024, 6, 4369-4375 | 4373
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(a) Device structure of QD-LEDs with DAB treatment and their (b) energy band diagram, showing suppressed electron injection with

enhanced hole injection. (c) Electroluminescence (EL) intensity of the QD-LEDs with bottom and top DAB treatment (red diamond), with top DAB

treatment (blue triangle), with bottom DAB treatment (green square), and without DAB treatment (black circle) at a current density of 6 mA cm

-2

(d) Current density—voltage—luminance (J-V-L) and (e) EQE-luminance characteristics of the QD-LEDs with and without DAB.

Table 1 Summary of the performance of the QD-LEDs with and without DAB treatment

Von (at 1 cd m™2)

Max PE (Im W)

Max CE (cd A7) Max EQE (%)

w/o DAB 3.8
Bottom DAB treatment 4.2
Top DAB treatment 4

Bottom and top DAB treatment 4.2

mechanisms within the QD-LEDs, such as non-radiative Auger
recombination and interfacial charge accumulation caused by
charge imbalance.

To verify the universality of DAB as a charge balancer, we also
applied DAB treatment to conventional structure QD-LEDs
consisting of ITO/PEDOT:PSS/TFB (HTL)/QDs/ZnO NPs (ETL)/
Al (Fig. S37). In the conventional structure QD-LEDs, DAB was
applied only at the QD-EML and ZnO ETL interfaces to suppress
excess electron injection. Similar to the case of inverted struc-
ture QD-LEDs, the J-V-L characteristics of DAB-treated QD-
LEDs showed reduced current density and increased lumi-
nance, representing reduced excess electron injection and
improved charge balance. This is mainly due to the upshift
band structures of QDs by DAB treatment. Furthermore, the
improved robustness of QD films by DAB treatment via cross-
linking is beneficial in stacking with ZnO, which contributes to

4374 | Nanoscale Adv, 2024, 6, 4369-4375

3.68 4 6.13
3.72 4.85 7.56
3.45 5.02 7.72
4.1 5.93 9.47
100 % @ Ly =900 nit
-O- w/o DAB

-0~ w/ Bot & Top DAB

Lo (%)

Time (h)

Fig. 5 Lifetime measurement of the QD-LEDs with and without DAB
ligands at an initial luminance of 900 nit. The measurement was per-
formed in ambient air without any type of passivation or encapsulation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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improved electroluminescence efficiency and stability. The QD-
LEDs with DAB treatment exhibited improved maximum lumi-
nance and EQE by 1.7 times (2542 ¢d m ™~ to 4329 ¢d m~?) and
1.8 times (2.48% to 4.5%), respectively. These results indicate
that DAB can be used as an efficient charge balancers regardless
of the device structure, highlighting its universality. Table S1t
summarizes the performance of conventional structure QD-
LEDs with DAB treatment.

4. Conclusions

In conclusion, the utilization of diamine-based alkyl ligands,
DAB, as a charge balancer in QD-LEDs has demonstrated
significant improvements in device performance and opera-
tional stability. We have found that DAB treatment effectively
modulates charge injection rates, improves charge balance, and
mitigates heat generation mechanisms within the QD-LEDs.
This improvement is evident across different device struc-
tures, underscoring the universality and versatility of DAB as
a charge-balancing agent. The notable improvements in
maximum luminance and EQE highlight the effectiveness of
DAB treatment in enhancing device performance. Overall, these
results not only contribute to advancing the fundamental
understanding of charge transport mechanisms in QD-LEDs,
but also offer promising avenues for the development of effi-
cient and stable optoelectronic devices for diverse applications.
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