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Printed quantum dot (QD) light emitting diodes (QLEDs) over a large scale have received much interest
in the last decade owing to the demand for the next generation of self-emissive large-area displays.
To realize printing technology for QLEDs, a pioneering study suggested using a co-solvent system or a
polymer additive in CdSe-based QLEDs. However, limitations on printed QLEDs with eco-friendly QDs,
including the selection of ink solvent, environmental degradation of QDs in the air by temperature and
O,/H,0 level, and viscosity, make it difficult to achieve higher luminescence and external quantum
efficiency (EQE) than that of ionic-bonded Cd-based QDs. Herein, we design an air-processable and
stable ink with a photoinitiator (Pl) mediating cross-linkage between eco-friendly QDs for inkjet-printed
QLEDs. Once QD inks with a Pl are deposited on the desired surface, their film polymerizes in situ
through radical formation induced by ultraviolet (UV) exposure. Cross-linking reactions between ligands
in the QDs reduce the distances between them, leading to flattening of the surface and enhancement of
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environmental stability in air. Printed InP-based green QLEDs demonstrated maximum luminescence
values of 3600 cd m~2 at 10 V on ITO/glass for the very first time. Finally, large-scale InP red/green/blue
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1. Introduction

Solution-processed colloidal quantum dots (QDs) have been
intensively studied in a wide range of fields such as biomedicine,
photodetection, photovoltaics, and displays owing to their advan-
tages such as high color purity, tunable emission wavelength,
broad light absorption range, and high photoluminescence (PL)
quantum yield (PLQY)."* Recently, quantum dot light-emitting
diodes (QLEDs) have garnered tremendous attention in academia
and industry to overcome the limitations of organic LEDs (i.e., low
color purity, low PLQY, low color tunability, poor environmental
stability, and low cost-effectiveness). Many studies have focused
on high-performance QLEDs on rigid and flexible substrates.**
These QLEDs can achieve excellent luminescence (>10 000 cd m™?)
and a narrow full-width half-maximum (FWHM) (<50 nm),
surpassing organic LEDs.>® Solution-processed flexible QLEDs
have been well studied with particular attention paid to fabri-
cating them using spin coating; these QLEDs can achieve
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QLEDs directly printed with a bird image were fabricated on the flexible substrate.

outstanding properties and outperform organic LEDs. By con-
trast, flexible QLEDs fabricated by printing (e.g., inkjet,”®
screen,’ gravure, offset, Mayer rod,'® and flexographic printing)
have not been fully matured.'"'* Developing improved printing
techniques for QLEDs is therefore necessary to make them cost-
competitive and capable for large-area fabrication. The addi-
tional manufacturing process of photolithography is currently
essential for the pixelation of spin-coated devices, but this
increases the manufacturing cost. Therefore, printing is a
promising candidate for the development of large-area and/or
flexible QLEDs in terms of fabrication cost.

Inkjet printing is the most suitable method for self-emissive
QLED-based display, owing to its use of low-viscosity ink,"?
direct patternability,’* and low material losses (<1 mL). Recent
advances in inkjet printable materials’®>™” and electronics'®>®
are now projecting this research field to new frontiers of large-
scale printed QLEDs. Key requirements, including film thickness
and void control at the nanometer scale, air-stable processability
for QD inks, and pattern controllability, should be considered to
realize large-scale QLEDs printed by the inkjet printing techni-
que. In particular, (i) there are limitations on the solvent choice
for inks due to the underlying material and nanometer-scale
control of each layer in the device, which result in the drastic
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drop in performance of devices using printed QLEDs. (ii) The low
viscosity of the QD solution hinders its use in printing, which
makes the QDs difficult to pack densely as well as accelerates O,/
H,O trapping during manufacturing.?® The high level of 0,/H,0
trapping during deposition of the QD layer induces the
formation of an inhomogeneous film with a high void density.
It also obstructs the fabrication of devices under ambient con-
ditions, which is a vital factor for printing. (iii) Cd-based core/
shell type QDs with air stability, compared with other QDs, have
been widely used to fabricate QLEDs by inkjet printing.>” Due to
the intrinsic toxicity of Cd containing QDs,*® the alternatives
with the processability in air are in need. (iv) To pattern printed
QLEDs, most prior studies using auxiliary bank structures
fabricated by additional photolithography processes manifest
the poor controllability of patterning generally defined by a
bank design. Therefore, it is desirable to develop patterning
techniques using the inkjet printer without bank structures.>® In
addition, InP core/shell-type QDs have attracted great interest as
biocompatible emissive materials; InP-based QLEDs (ie.,
InP@ZnSe;_,S, gradient shells) have been successfully fabri-
cated by spin coating in a glove box (100000 cd m > of
luminescence with 21.4% of EQE).*° However, InP-based QLEDs
have not been fabricated by printing techniques. A significant
challenge is that various printing techniques work under ambi-
ent conditions, whereas InP-based QDs are less stable in air than
Cd-based QDs because of the weak bonding between In and P.*"
During ambient fabrication, InP-based QD inks absorb a high
level of O,/H,0O. Moreover, the inhomogeneous surface of the
QDs facilitates local current crowding, which easily damages the
QDs and organic layer during operation.>**

Herein, we designed air-stable InP QD inks with a photo-
initiator (PI) to develop large-scale flexible red/green/blue InP-
based QLEDs by inkjet printing. A small amount of PI additives
was mixed with the InP QD ink (less than 1%). This agent
enables stabilized films with increased surface tension; the
cross-linking behaviour of a PI after UV exposure facilitates
packing of the QDs closely, leading to a smooth surface (root
mean square (RMS) roughness < 1.9 nm). The post-fabrication
flattening induced by UV treatment improved the uniformity of
InP QD printing even under ambient conditions, leading to
high luminescence and operational stability in a large-scale
device (~3.7 in). An inkjet-printed green InP QLED demon-
strated 3600 cd m~> of luminescence at 10 V; the InP QLED
continuously worked over 4000 s under commercialized LED
operation conditions (100 cd m~?). Red and blue InP QDs also
performed well (2500 and 400 cd m ™2, respectively) and showed
good line resolution. Finally, we fabricated various types of
patterned EL devices using red, green, and blue InP QDs on
both glass and flexible substrates.

2. Experimental methods
Inkjet printing

A drop-on-demand inkjet printer (Fujifilm Dimatix DMP-2800)
equipped with a 21 um diameter nozzle (Fujifilm DMC-11610),
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where the volume of individual droplets from this nozzle is
~10 pL, was used to print our devices. Once droplets are
deposited on a substrate, they dry after solvent evaporation,
and the resulting thickness will depend on the number of
droplets delivered per unit area, droplet volume and ink
concentration. The platen temperature was kept at room tem-
perature (20 °C) throughout the printing of the heterostruc-
tures. Each ink was printed at a maximum jetting frequency
of 2 kHz.

Large area patterned QLEDs

All the process was exactly the same for that of QLEDs on glass
or on PEN. The only difference is that the CYTOP passivation
layer was printed on the background after QD layers printing to
passivate the current flowing through the empty area. The 1:10
dilute CYTOP with fluorosolvent was used for inkjet printing,
the same as in previous studies.”* The ZnMgO nanoparticle was
spin-coated on the whole area at 1200 rpm for 1.5 min for better
uniformity for large area QLEDs.

3. Ink formula for inkjet printing

Fig. 1a and b outline the physical properties of the ink during the
printing process with and without a PI. The solvent and concen-
tration of the ink were optimized to enhance the patterning
resolution for inkjet printing. A low-boiling-point solvent was
chosen as the main solvent (rather than one with a high boiling
point) such as octane, chlorobenzene, dichlorobenzene, and
ethylene glycol; due to the following three main reasons: to
reduce carbon residue, enhance convection during deposition,
and minimize the dissolution of underlying materials.** An ink’s
performance is often limited by its rheology, which can cause
diverse issues such as the coffee-ring effect, short-term ink
reliability, and improper drop pinning on the substrate. High-
boiling-point solvents enhance the stability and jettability of
inks. However, stability comes at the cost of losing the ability
to fabricate fine microscale patterns of inorganic materials
without platen annealing or a bank structure because the low
level of convection by the high-boiling-point solvent promotes
the coffee-ring effect as shown in Fig. S1a (ESIT).>* Therefore,
low-boiling-point hexane was chosen here as the main solvent
and a small amount of octane (<10 vol%) was added to
modulate the evaporation rate of the droplets. A very fast
evaporation rate of inks results in clog issues during printing,
whereas slow evaporation behavior results in a strong coffee-ring
effect in many cases. In particular, QDs without any additives in
the same solvent system (19:1 hexane:octane) have a weak
interaction with the hole transport layer (HTL); hence, the QD
without a PI indicates a high contact angle (25.73°) on the HTL
compared to the QD/PI (15.1°) as shown in Fig. S1b and c (ESIf).
Although the evaporation rate increased with the help of hexane,
the QD solution without additives demonstrated a strong coffee-
ring effect (Fig. 1a). To solve this problem, we added a cross-
linkable small molecule as a PI into the solution. A large
molecule decreases the packing of the QDs and prevents the
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Ink formula and its stability. (a and b) Schematic illustrations of the hydrodynamic behaviour of a droplet and transition zone of co-solvent without

(a), the molecules with red- and grey-colored atoms are octane and hexane, respectively, and with a Pl (b): the QD/film is exposed to UV light producing

the densely packed QD film via cross-linking reaction. (c) UV-Vis absorbanc
without a PI (w/o PI).

current injection behavior. By contrast, the small PI molecule
effectively inserts itself between QDs. The small addition of a PI
in QD inks enables the increment of the surface tension of QD/PI
films and the viscosity of QD/PI inks, which will be explained in
detail below. In addition, the benzene ring with a hydroxyl
functional group can hold the QD via enhanced van der Waals
interactions with the HTL (Fig. 1b).

Once the deposition was complete, the film was exposed to
UV light for 5 min. The PI changed to a radical form and
spontaneously cross-linked the double bond of oleic acid. The
cross-linking reaction diminished the inhomogeneous drying,
which was the largest problem in inkjet printing.

This study used InP/ZnSe;_,S, QDs as a biocompatible
emissive layer. The QDs were synthesized by the hot injection
method.?® For the red and green emitters, ZnSeg ¢S, 4 gradient
shells were coated onto the surfaces of the InP cores, as shown
in Fig. S2 (ESIT). The blue emitters were composed of ZnS
single-composition shells coated on the InP cores. The particle
sizes of the red, green, and blue QDs were 6-7, 4-5, and 3 nm,
respectively, as shown in the TEM images (Fig. S3, ESIt). The
relationship between the band gap and the particle size in each
particle was well matched with the quantum confinement
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e spectra. (d) PLQY tendency with Pl content. (e) Stability test with (w/Pl) and

effect. UV-vis and PL spectroscopy of the three QDs were
allowed for estimation of their band gaps (Fig. 1c and
Fig. S2a, ESIT). The first excitonic peak positions in the UV-vis
spectra were at 605 nm for red, 480 nm for green, and 430 nm for
blue; the PLQYs of the red, green, and blue QDs were 81%, 82%,
and 51.6%, respectively, as characterized using absolute PLQY
equipment. As the pristine InP/ZnSe; ,S, QD solution had low
stability in air, PIs were added to improve its coating behavior
and resistance to O,/H,O during processing, including inkjet
printing, under ambient conditions. Fig. 1d shows a PLQY
of 15 mg mL™" QD solution with various PIs; 2-hydroxy-2-
methylpropiophenone was chosen for miscibility with the
solvent used here. The initial PLQY of a pristine-QD solution
was 82%; the PLQY of the actual QD with a PI ink used for
printing (10 pL of PI in 10 mL of QD solution) was close to the
original PLQY. Adding too much PIs (22-times-higher volume
ratio) slightly reduced the PLQY to 72%. The PI was highly
transparent to visible light and did not quench the PL of the QDs.

A further favorable property of the InP@ZnSe; _,S, QDs was
its stability when mixed with a PI, which is an important factor
when storing inks in cartridges. Fig. 1e shows PLQYs for QD
films under various treatment conditions with and without a

This journal is © The Royal Society of Chemistry 2022
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PL In inert gas, the initial PLQY values of both pristine QD
films and QD films with a PI were similar and were maintained
even after thermal treatment at 80 °C. By contrast, the PLQY of
the pristine QD film rapidly decreased under high O, concen-
tration conditions. It decreased to 73% after thermal treatment
at 80 °C in 5 ppm O, and 58% after exposure to ambient
conditions. PLQY degradation under ambient conditions was
dramatically reduced by PI: a PI-QD composite film under
ambient conditions maintained a PLQY of approximately
83%. The PI treatment appeared to suppress the thermal
degradation of PLQY under air, which is a requirement for
any kind of ambient-condition manufacturing process. The air
stability further improved after UV irradiation. The PL spectra
of pristine, QD/PI before UV irradiation, and QD/PI after UV
irradiation were measured with the duration of exposure to
ambient conditions (Fig. S4a—c, ESIt). The air stability of QD/PI
after UV illumination increased, compared to QD/PI without UV
illumination and pristine QDs. The film after UV illumination
had 24% PL loss after two days, whereas the PL of QD/PI before
UV illumination or pristine QDs demonstrated a 48% loss after
two days. Unlike the previous study,?” the PI that we used here
did not show the antioxidation function. Thus, higher air
stability of QD/PI with UV illumination originated from the
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enlarged hydrophobicity of the cross-linked ligand; the hydro-
phobicity of QD/PI after UV irradiation increased (water contact
angle = 84.5°) compared to that of QD/PI before UV irradiation
(water contact angle = 78.1°) (Fig. S4d, ESI}).*%3°

Then, we measured the interfacial tension using the sessile-
drop method with 2-4 pL droplets and estimated the contact angle
for each ink at 30 ps after dropping from the tip (Fig. S5a-c, ESIT).
The QDs in octane had higher surface tensions (30.6 mN m ") than
the QDs in hexane (29.6 mN m ') and showed interfacial tension
similar to that of polyvinylcarbazole (PVK):poly(9,9-dioctylfluorene-
co-N-(4-butyl-phenyl)diphenylamine) (TFB) mixed HTL/poly(3,4-
ethylenedioxy thiophene) polystyrene sulfonate (PEDOT:PSS) film.
Using an octane and hexane mixture, the ink was still exhibiting
good wettability on the PVK:TFB surface (contact angle approxi-
mately 14.87° in Fig. S5d, ESIf), and it demonstrated good
jettability (left inset in Fig. 2a). We printed with several different
QD inks using various solvents and compared their line patterns in
Fig. S6 (ESIt). Despite stable jetting, QDs in the 1:9 ratio octane/
hexane ink exhibited a strong coffee-ring effect owing to the low
convection of octane (Fig. S6a, ESIt).”> Octane ink presented a
bulging line with a coffeering effect in a 25 pm drop space
(Fig. Seb, ESIt), whereas the hexane ink produced irregular
line patterns in the same drop space owing to unstable jetting

NI NI EEESEEEEEEEESESEEEESESEEEESEEE

46

20

N
B

14

Fig. 2 Printing behavior with and without PI. (a) Droplet jetting observed from the printer’s stroboscopic camera with hexane/octane (9 : 1) ink without a
Pl and hexane/octane (19:1) ink with a PI. (b) AFM image and height profile of the inkjet-printed pattern with a Pl. AFM images of film formed by (c)
hexane/octane without a Pl and (d) hexane/octane (19 :1) with a PI. PL microscopic images of (e) the hexane/octane (9:1) ink without a P, (f) hexane/
octane (19 :1) with a Pl before UV treatment, and (g) hexane/octane (19 : 1) with a Pl after UV treatment. (h) PL image of line patterned film with a Pl on a
PVK:TFB surface. (i) Height mapping for a 4 mm x 2 mm area of the printed line pattern.
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(Fig. Séc, ESIT). The mixed solvent produced a uniform line
with a coffee-ring effect in the same drop space. The fine line
pattern of the co-solvent system with the same drop space was
derived from the fast evaporation rate of ink compared with the
octane ink. Interestingly, the coffee-ring effect was further
reduced using the co-solvent ink at a platen temperature of
40 °C (Fig. S6d and e, ESIf) because of the heat-induced
convection of the droplet. However, temperature-induced eva-
poration also degraded the InP/ZnSe, .S, QD and reduced the
PLQY, as shown in Fig. 1e. Therefore, the octane volume ratio
was further decreased to allow for room-temperature printing.
Instead of increasing the octane content, 10 pL of the PI
was added to modulate the surface tension (approximately
30.5 mN m™ ") and jetting stability of the 1:19 octane/hexane
co-solvent (Fig. 2a).

The evaporation rate of a multicomponent droplet can be
estimated by calculating its total mole balance using the
following equation:*'

d4>  24* dV, Vi 0
a3, A RTZDUXW,P,- 1)
1

where A is the droplet area, R is the gas constant, D;; is the
diffusion coefficient, p? is the vapor pressure at the surface
temperature Ty, V,, is the mean molar volume of the droplet

(Vm =>x; V,-), and y; is the activity coefficient of species 1.
i

In particular, the activity coefficient relates to two terms: a
combinatorial term and a residual term.

Iny; =7, + VIR (@)

Combinatorial term 7§ accounts for the molecular size and shape
differences, and the residual term yX accounts for molecular
interactions. Therefore, a strongly interactive additive can drasti-
cally reduce the evaporation of an ink droplet, minimizing
clogging during printing with a volatile solvent. As a result, the
PI can reduce the required octane volume ratio to 1:19 for stable
jetting of the QD ink. The addition of a PI improved the film
deposition; it did so for both printed inks and other solution-
processed coating methods. Ink with and without a PI was spin
coated on the PVK.TFB/PEDOT:PSS/ITO/glass at ambient
conditions. PL images of films with and without a PI clearly
appear to be different. The increased viscosity of the QD/PI ink
likely reduced the evaporation of the droplet, preventing a wavy
pattern from forming during spin coating at ambient conditions,
unlike the pristine ink (Fig. S7a, ESIT).** In contrast to the low
evaporation of droplets, the evaporation of the QD/PI ink on the
film, called the transition zone, was quicker because evaporation-
driven film formation was affected by the spreading force of ink
and the structure of the substrate (i.e., the capillary force and
disjoining/conjoining pressure) when droplets were deposited on
a substrate.>”*>%*

Fast-spreading inks with volatile solvents dry quickly during
printing and reach the transition zone quickly, reducing
the coffee-ring structure. The dynamic contact angle matches
our prediction. The QD/PI ink showed good wettability on the

10712 | J Mater. Chem. C, 2022, 10, 10708-10718
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PVK:TFB/PEDOT:PSS film, and the contact angle changed
quickly from 24.12° to 12.94° after 30 ps (Fig. S7b-d, ESIY).
In addition, the rheological parameters (viscosity 1, surface
tension 7, and density p) of the InP/ZnSe, ,S, QD ink were
estimated as a figure of merit Z for inkjet printing (hgp ~
2.2 mPa s, gop ~ 30.5 mN m ', and rop ~ 0.7 g cm™°). Our
final ink showed a Z value of approximately 9.7, which is within
the optimal range for inkjet printing (2 < Z < 24; Z=0Oh™"' =
(ypa)“?/n; nozzle diameter, a = 21.5 um).*

4. Fabrication of patterned QLEDs

Using the formulated ink, we were able to print homogenous
InP/ZnSe, _,S, QD layers over a large area. The thickness of the
film proportionally increased with the number of droplets
delivered per unit area, droplet volume, and ink concentration.
The height of the film after two printing cycles was approximately
18 nm, and the edge-to-center height ratio was only 1.19,
corresponding to a low coffee-ring effect (Fig. 2b). The surface
roughness of the printed QD layer was additionally measured
by atomic force microscopy (AFM). Compared with the inho-
mogeneous surface of the hexane/octane ink without a PI,
which showed an RMS of around 9.0 nm (Fig. 2c¢), our ink
was flat with 1.9 nm of RMS roughness (Fig. 2d) owing to the
densely packed QDs. The ink’s enhanced morphology resulted
not only from its good printing behavior but also from the
cross-linking reaction of the PI. AFM measurements of QD/PI
suggested that the surface roughness gradually decreased from
11.87 for the as-printed QD/PI (Fig. S8a, ESIT) to 2.47 nm after
drying (Fig. S8b, ESIT) and 1.9 nm after UV irradiation (Fig. 2d).
The optimal UV exposure condition was 100 s (Fig. S9, ESIt)

The PL image shows clear differences between the samples
with and without a PI. The QD ink without a PI showed a strong
PL at the edge of the droplet in Fig. 2e, whereas the QD ink with
a PI showed similar PL emissions at its center and edge
(Fig. 2f). The uniformity of the PL emissions on the printed
pattern was further enhanced after UV curing (Fig. 2g), which
facilitated the cross-linking reaction between QDs and flattened
the printed layer. As a result, both scalability and line resolution
dramatically improved in the ink with a PI (Fig. S10, ESI{). Line
patterns of 150 pm x 3 cm with 100 pm vertical spacing and
100 pm x 200 um with 50 pm lateral spacing were successfully
obtained after two printing cycles on a PVK:TFB/PEDOT:PSS/PEN
substrate (Fig. 2h and Fig. S11b, ESIt). Lines of 500 pm x 1 cm
were printed in four cycles on a large substrate of approximately
50 cm® Large area uniformity was estimated by the height
profile in a 4 mm x 2 mm scan area, which showed a constant
thickness of around 40 nm between the line patterns on the
PVK:TFB/PEDOT:PSS/PEN substrate (Fig. 2i).

We investigated the EL of printed devices with respect to the
ink formulation and printing cycles on ITO/glass to optimize
the conditions for inkjet-printed QLEDs. Fig. 3a shows the PL
and EL images of two differently patterned QLED devices. The
regular device structure in this work was ITO/PEDOT:PSS/
PVK:TFB/QD/Mg-doped zinc oxide nanoparticles (ZnMgO)/Al

This journal is © The Royal Society of Chemistry 2022
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(Fig. 3b). Ink-jetting was performed under air instead of inert
conditions. After InP/ZnSe,_,S, QDs were printed on the HTL
surface, the sample was exposed to UV light for 5 min. Sub-
sequent coating of the ZnMgO/PI layer on the QD layer occurred
through printing or spin coating. CYTOP (amorphous fluoro-
polymer, see the ESIt Material) was printed on the empty area
to passivate undesired current paths.’® The sample was fully
dried in vacuum (<10~ ° torr) for 30 min and exposed to UV for
5 min to remove any residual solvent. Al electrode deposition
then resulted in a large-area printed QLED. For charge balance
between electrons and holes, ZnMgO nanoparticles were used
rather than ZnO nanoparticles.*® First, a green QD layer was
printed with a 25 pm drop spacing on the PVK:TFB/PEDOT:PSS/
ITO glass under ambient conditions. Inks with a QD concen-
tration exceeding 15 mg mL ™" were jettable; however, aggrega-
tion occurred at high concentrations over 30 mg mL .
Concentrations below 15 mg mL ™" showed significantly a low
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EL. Using 15 mg mL™" of a QD ink, a 100-line pattern of
150 pm x 3 cm with 100 pm spacing in the vertical direction
was printed (Fig. 3a).

The 100 um spacing pattern was turned on together at 4 V,
and its shape was difficult to discern in the EL image because
the light diffusion was greater than the pattern spacing.
However, the line shape with 100 um spacing was visible via
optical microscopy below 40 cd m ™2 brightness. All character-
istics of the device’s performance were conducted with non-
patterned devices (4.5 mm?, 3 mm x 1.5 mm). Fig. 3¢ depicts
the turn-on voltage and average maximum brightness of
printed QLEDs with respect to the number of printing cycles.
The highest luminescence was obtained by the device with two
printing cycles; the luminescence then exponentially decreased
as the number of printing cycles increased because of the poor
carrier injection of the thick QD emissive layer. The device
printed in one cycle also showed good luminescence and
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Fig. 3 Patterned EL device. (a) Photograph of EL at 4 V and 11 V and optical microscopy of PL images and EL on 150 pm x 3 cm with a 100 pm gap line
pattern. (b) Band diagram of the QLEDs. (c) Turn on voltage and average EL of printed QLED devices with respect to the number of QD/PI printing cycles.
(d) J-V-L characteristics of a printed QLED using QD/PI. Inset shows a photograph of the EL of the printed device. (e) Operational stability of QLEDs with
and without a Pl. (f) V-L characteristics of QLEDs with respect to spin-coated and inkjet-printed ETL modified with PI. (g) J-V-L characteristics of flexible
printed QLEDs: PEDOT:PSS/PVK:TFB/QD + PI/ZnMgO + PI/Al Insets show the EL of the corresponding devices.
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turn-on voltage but with much lower repeatability than the
double-printed device. Therefore, two printing cycles were used
for the subsequent QLED fabrication.

The current density and luminance of the printed QLED
device indicated that it turned on at approximately 6 V and
that the luminance continuously increased with increasing
operating voltage, reaching 1680 cd m~> at 10 V (Fig. 3d). The
luminescence was comparable to that of a device fabricated by
spin coating under ambient conditions because of the homo-
genous surface achieved by the PI. A QLED fabricated entirely
by spin coating (including the QD layer) was used to demon-
strate the operational stability of the material itself. The QD
layer was coated under ambient conditions with and without
a PL. The EL was lower for the ink without a PI (1000 cd m™?)
than for that with a PI (~2000 cd m™?; Fig. S12a and b, ESI{).
The QLEDs with a PI showed a lower current density than that
without a PI. The improvement in performance owing to a PI
was driven by the uniform surface and better packing of QDs
achieved through cross-linking."” Owing to its improved film
quality, the QLEDs with a PI maintained operation for 1000 s
in contrast to the rapid degradation of QLEDs without a PI
fabricated under ambient conditions (Fig. S12c, ESIY).
Additionally, the comparison of the EQE and the EL spectrum
was conducted under the same conditions (Fig. S12d and e, ESIY).

A printed QLED fabricated with pristine QDs showed a
maximum luminescence (at 13 V) of only 130 cd m > and fast
Auger recombination owing to the inhomogeneous QD surface
(Fig. S12f, ESIT).*® The device was run continuously and main-
tained at 130 cd m~? for 1000 s. The luminescence dramatically
decreased for inkjet-printed QDs without PI, reaching 50% of
its initial value within 500 s owing to poor operational stability
(Fig. 3e). However, inkjet printing QDs with a PI led to a
maximum luminescence of 1797 cd m ™2 at 10 V; the initial
luminescence of 1397 cd m > was reduced to 1000 cd m ™2 (i.e.,
78% of the original) at 500 mA cm ™ after operation for 1000 s.
Hence, the luminescence of an inkjet-printed QD/PI LED was
stable for long period at 130 cd m~>. The luminescence of an
inkjet-printed QD/PI LED increased slightly at the early stage of
operation at ~130 cd m~>, owing to the effect of aging. Then,
the device sustained its brightness for 4000 s (Fig. 3e and
Fig. S12g and h, ESIt). The operational stability was preserved
by the cross-linked ligands, preventing high-voltage-driven
degradation.*® More details will be discussed later. Furthermore,
the ZnMgO nanoparticles were mixed with a PI to reduce the
leakage current through the ZnMgO nanoparticle film. The
device structure with a spin-coated ZnMgO + PI/inkjet-printed
QD + PI/PVK:TFB/PEDOT:PSS/ITO exhibited a lower turn-
on voltage (5 V) with twice the maximum luminescence
(~3609 cd m~? at 10 V, Fig. 3f, pink dot) than a QLED with
spin-coated pristine ZnMgO (Fig. 3d). Auger recombination in
the high-J regime was suppressed after PI insertion in the ETL.
The ETL with a by-product, benzoic acid, with insulation proper-
ties formed from the reaction between oxygen molecules and
one (benzoyl) of the radicals of activated PI>*”" likely prevented
the generation of unbalanced charged injection at high-] and
reduced the thermal degradation of the emissive material by
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reducing Joule heating.*® Finally, an inkjet-printed device
with both QD and ZnMgO showed a 2540 cd m > maximum
luminescence at 11 V for InP QDs (Fig. 3f, blue dot) and a 2.4 x
10* cd m ™2 maximum luminescence at 12 V for CdSe/ZnS QDs
(Fig. S13a and b, ESIt). Fig. 3g shows results for a fully flexible
device with PEDOT:PSS electrode/HIL/HTL/inkjet-printed QD/
inkjet-printed ZnMgO/Al (cathode). The maximum luminescence
was 200 cd m > at 0.4 A cm 2. The low current density and low
maximum luminescence were owing to the thick HTL layer,
which reduced the surface roughness of the PEDOT:PSS/PEN
layer and lowered the transmittance of the PEDOT:PSS electrode
(Fig. S13c and d, ESI¥).

5. Degradation of the printed QD film

EL characterization showed that PIs improved the surface
morphology and operational stability of QLED devices. Several
microscopic analyses clarified its effects. The main mechanism
to improve the electrical and optical properties of the QDs was
cross-linking. The PI is active under specific lighting, and it
changes its molecular structure even when solid. After light
exposure, the generated radicals reacted with the double bonds
of the oleic acid ligand of the QDs, bringing the neighboring
QDs closer together by ligand cross-linking (Fig. 4a). Fig. 4b
indicates that the current density and maximum luminescence
depended on the amount of PIs. The luminescence of the QLED
devices proportionally decreased as the amount of the PI
increased above 10 pL of insertion, whereas the current density
of the QLED devices decreased proportionally with an increase
in PIs for the entire range. A higher PI content increased the
ink’s viscosity, and therefore the thickness of the QD layer
increased.

Moreover, excess PI accelerated self-polymerization or
continuous polymerization with oleic acid, generating large
insulating polymers. This accounted for 20 puL of PI, which
rapidly decreased the current density of the QLED devices. The
low luminance of the QLED devices with low PI concentration
(below 10 pL) was because of inhomogeneous film formation
owing to unstable droplets. The FT-IR spectra identified the
crosslinking between ligands of QDs benefitted from the PI
activated by UV (Fig. 4c). The QD film without any PIs exhibited
dominant peaks for aliphatic C—C stretching and O-H stretching
and O-H bending (1430 cm™ ") owing to oleic acid, whereas peaks
at 720 and 1415 cm ' appeared for QDs with a PI before UV
exposure and corresponded to aromatic C-H out-of-plane bending
and alcohol O-H bending in PIs, respectively. After UV treatment,
the peak related to aliphatic C—=C stretching diminished and
another peak at 1380 cm ™' appeared, which is evidence to verify
the crosslinking between ligands (oleic acid) of QDS. The TEM
image in Fig. S14 (ESIf) also showed that the intermolecular
distance between QDs decreased after UV treatment owing to a
cross-linking reaction.

Owing to the cross-linking reaction, the closely packed QD
layer exhibited better environmental stability. We performed
conductive-AFM (c-AFM) and X-ray photoelectron spectroscopy

This journal is © The Royal Society of Chemistry 2022
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(). Inset shows a schematic illustration of QD films at high voltage.

(XPS) to investigate the environmental stability after a cross-
linking reaction. When the external current (100 mA cm™?) was
applied for 10 min under ambient conditions, InP QDs underwent
different behaviors with and without a PI. The doublet S 2p and Se
3p in S 2p XPS spectra of pristine InP QDs were observed because
of the gradient shell structure.”* >* After applying external current,
the peaks for Se 3p are relatively increased, whereas cross-linked
InP QD/PI exhibited no significant change (similar to pristine QDs
before applying external current) (Fig. 4d), which could lead to the
enhanced stability of QDs with PI, e.g. lifetime of QLEDs.*®

In addition, the c-AFM in the air helped to analyze the
electrical behavior of the QD film on the atomic scale. For
c-AFM, a 20 nm Au film was first deposited on the Si substrate.
The edge of the Si and the bottom that was connected to
the chuck for the sample bias was connected by the Ag paste.
The QDs and QDs with a PI (both approximately 20 nm thick)
were printed directly next to each other on the same Au/Si
substrate to minimize any influence of other experimental and
environmental factors (Fig. S15a, ESIT). Both layers were exposed
to UV for 5 min; then, the boundary region was scanned to
investigate the electrical properties on the edge of the QD films.

This journal is © The Royal Society of Chemistry 2022

We varied the potential through a tip bias rather than a sample
bias to improve the spatial resolution for c-AFM because the
sample bias would spread the current through all areas of the
sample. A tip bias of 1 V with a 1 V sample bias was applied for
current mapping measurements (Fig. 4e-h). Height profiles at the
QD island (a 1 pm X 1 um scan size) demonstrated 3.05 nm in
RMS roughness for the QD film with a PI and 2.39 nm in RMS
roughness for the film without a PI (Fig. S15b-f, ESI). Interest-
ingly, the two films had different conductivity distributions
despite their similar heights in the scanning region. Tunneling
current mapping for the same region found similar mean current
levels of around 1.13 nA for the QD/PI and 1.14 nA for the pristine
QD (the region below 10 pA was excluded to calculate the mean
current level), although the current distribution of each film was
different (Fig. S16a and b, ESIt). The pristine QD film had an area
showing above 1 nA (1166 nm?), which was approximately one-
tenth of that of the film with a PI (10497 nm?). Cross-linking
between the QDs appeared to improve the homogeneity of the
current distribution in the film with a PL

We also used c-AFM to investigate the high-voltage degrada-
tion of the QDs. Through the c-AFM, a potential window was
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applied through the tip bias to induce QLED degradation,
which is normally observed by a rapid current drop. Current-
voltage spectra at two different areas where the current was
densest were chosen to analyze the current behavior on the
edge of an unstable region owing to a high number of voids
between the QDs. The atomic-scale -V characteristics under
ambient conditions showed a slightly lower current level for the
QDs with a PI (~240 pA at 1 V tip bias, 500 mV sample bias)
than for the pristine QDs (~370 pA at 1 V tip bias, 500 mV
sample bias) despite the similar height profiles of both films
(Fig. 4i-1). This means that the film with a PI had a denser
interface than that without a PI. The operational stability of
each film was then assessed by measuring the local conductivity
changes with increasing tip bias. No significant change in the
current depending on the tip bias should appear because of the
much greater area for the sample bias compared with the tip
bias. A high tip bias was only applied to induce a local high
voltage to facilitate QD degradation. Differing I-V characteristics
appeared with and without a PI at different external biases
(tip bias: 1, 5, and 10 V; sample bias: —600 to 600 mV).

The tunnelling current characteristics of the film with a PI at
both locations showed no significant difference at 5 and 10 V of
a tip bias (Fig. 4i and j), whereas a dramatic current drop above
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5 V occurred for the pristine QD film (Fig. 4k and 1). The
tunnelling current between the sample and tip is related to the
sum of the resistance of the bare substrate, tunnelling through
the air, and material resistance. The current changes were
predominantly affected by the resistance of the material
because we used the PeakForce TUNA mode (the peak force
tapping mode c-AFM within the same sample with the same
sample-to-tip distance). The major drop in the resistance of the
pristine QD film was attributed to hopping between the QDs,
which was related to the interfacial electron transfer through
the ligand shell.”® In other words, ligand dissociation occurred
at high voltage for pristine QD films, a well-known cause of
QLED degradation.””*® This hinders electron transfer between
the QDs and further facilitates oxidative degradation of the
QDs, leading to a rapid current drop on the atomic and
microscale.*"*>®® This result is also associated with the pre-
vious XPS results shown in Fig. 4d. Therefore, a thinner QD film
without a PI demonstrated absolute current degradation in an
inhomogeneous area (Fig. S15c, ESIT). However, cross-linked
QDs prevented debonding between the QDs at high voltages
and maintained carrier transport between the layers.

We fabricated hole-only devices (ITO/PEDOT:PSS/PVK:TFB/
QD/Mo0;/Ag in Fig. S17, ESIt) to observe the carrier transport
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behavior with and without a PI. The mobility of the cross-linked
QDs/PI was slightly higher than that of the pristine QDs.
Interestingly, we observed significant differences through the
reverse-bias analysis. The cross-linked QDs demonstrated a
10 nA current with reverse bias under the high-voltage region.
Conversely, the pristine QDs exhibited a high current flow with
reverse bias. The current level in the high-voltage region was
even higher than that obtained by the forward bias. In addition,
the cross-linked QDs/PI showed no significant changes when
applying the second round of forward bias, whereas the leakage
current of the pristine QDs increased from 107 A to 10°% A
owing to debonding between QDs. This means that cross-
linking QDs with a PI facilitated electron-blocking behavior
toward the HTL, which prevented operational degradation.

In addition to green QDs, we inkjet-printed red and blue
QDs on PEN on a large scale (3.4 in). The blue QDs exhibited
similar conditions for the best line resolution to green QDs (25
um drop spacing with 15 mg mL™"), whereas the red QDs
showed the best line resolution at a 25 pm drop spacing of
12 mg mL " owing to the larger particle size. We printed letters,
numbers, and lines using the different QDs, and they all
showed strong PL emissions, as shown in Fig. 5a. Moreover,
all three QDs were printed together within one symbol to show
an excellent line resolution. The different QDs were also
printed separately to estimate the EL performance of each QD
(device structure: ITO/PEDOT:PSS/PVK:TFB/QD/ZnMgO/Al).
The EL spectra of the red, green, and blue QDs demonstrated
clear peaks at 455 nm (61 nm FWHM), 550 nm (45 nm FWHM),
and 659 nm (55 nm FWHM), respectively, which were similar to
the PL spectra of the original materials (Fig. 5b). Fig. 5b-d
shows the current density and luminance of the red and blue
inkjet-printed QLEDs. The red QLEDs turned on at approxi-
mately 11 V, and the luminance consistently increased with
increasing operating voltage, reaching 2500 cd m™2 at 13 V. The
blue device turned on at approximately 8 V, and the luminance
consistently increased with increasing operating voltage, reaching
400 cd m™~? at 14 V. The lower performance of the blue QLEDs was
owing to the lower PLQY of the blue InP/ZnSe,_,Sx QDs. An RGB
EL device with a bird-shaped pattern on glass and flexible sub-
strate (Fig. 5e and f) was fabricated without any supporting
structure. The great controllability of the thickness and line
resolution of each of the QDs allowed three different colors to
be applied along a curved shape in one passive-type EL device; the
flexible device remained functioning until a tensile strain of ¢ =
40%. Finally, a flexible QLED was also successfully fabricated on
PEDOT:PSS/PEN owing to the good mechanical strength of the
QD layer after cross-linkage. EL devices with an RGB line pattern
(Fig. 5b, inset), a 200 pm x 100 um green QD dot, and white
lettering were fabricated using a flexible anode (PEDOT:PSS/
PVK:TFB/QD/ZnMgO/Al; Fig. S18, ESIt). The SEM image demon-
strated no significant damage to the QLED heterostructure at a
tensile strain of € = 60%, whereas the QLED without a PI indicated
many cracks at this strain (Fig. S19, ESIt). This is the first
demonstration of a working RGB printed EL device with a specific
pattern made without any lithography method, including a bank
structure (Table S1, ESIY).

This journal is © The Royal Society of Chemistry 2022
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6. Conclusions

In conclusion, we developed a new method to produce a high-
quality printed QD film. A low boiling point solvent was used as
the main solvent to minimize the coffee ring effect attributed to
the dissolution of the HTL (e.g., TFB or PVK). Issues related to
clogging and the viscosity of the ink were resolved through PIs.
The low molecular weight of the PI did not disrupt carrier
transfer between the QDs, rather it improved due to the UV-
induced cross-linking reaction. As a result, better coating (i.e.,
low surface roughness, thickness control, and packing density)
was obtained for the PI mixed QD ink, leading to a high
maximum luminescence on printed EL devices. Red, green,
and blue mixed QLEDs were successfully fabricated in various
patterns on glass and PEN substrates. This work will be
extended to any color QLEDs via mixing different emissive
QD materials in the future.
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