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Abstract: Optimization of ink-jet printing conditions of quantum-dot (QD) ink by cosolvent process
and improvement of quantum-dot light-emitting diodes (QLEDs) characteristics assisted by vacuum
annealing were analyzed in this research. A cosolvent process of hexane and ortho-dichlorobenzene
(0DCB) was optimized at the ratio of 1:2, and ink-jetting properties were analyzed using the
Ohnesorge number based on the parameters of viscosity and surface tension. However, we found
that these cosolvents systems cause an increase in the boiling point and a decrease in the vapor
pressure, which influence the annealing characteristics of the QD emission layer (EML). Therefore,
we investigated QLEDs’ performance depending on the annealing condition for ink-jet printed QD
EML prepared using cosolvents systems of hexane and oDCB. We enhanced the quality of QD EML
and device performance of QLEDs by a vacuum annealing process, which was used to prevent
exposure to moisture and oxygen and to promote effective evaporation of solvent in QD EML. As a
result, the characteristics of QLEDs formed using ink-jet printed QD EML annealed under vacuum
environment increased luminescence (L), current efficiency (CE), external quantum efficiency (EQE),
and lifetime (LT50) by 30.51%, 33.7%, 21.70%, and 181.97%, respectively, compared to QLEDs annealed
under air environment.

Keywords: quantum-dot (QD); quantum-dot light-emitting diodes (QLEDs); ink-jet printing;
cosolvents; vacuum annealing

1. Introduction

Recently, quantum-dot light-emitting diodes (QLEDs) using the electroluminescence (EL) property
of quantum-dot (QD) have been actively studied as next generation alternative light-emitting devices
(LEDs) [1-4]. The high color purity and good stability of QDs make them very suitable for use in LEDs.
Above all, the ability to obtain a desired wavelength of light by adjusting the core diameter of the QDs
is the driving force of many QLED studies. However, device performance factors such as efficiency
and lifetime of QLEDs have not reached the level of commercialized organic light-emitting diodes
(OLEDs). Unlike organic layer vapor deposition in OLEDs, QDs have a limitation in that a film must
be formed by a solution process such as spin-coating, transfer printing [5-7], or ink-jet printing [8-10].
Among various solution processes, the ink-jet printing process has been attracting much attention as a
method of effectively reducing the material cost, shortening the process times, and forming desired
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films regardless of substrate size and type [11-14]. In recent years, research on forming QD emission
layers (EMLs) by ink-jet printing has been actively performed. In order to form a QD EML by ink-jet
printing, it is necessary to understand the properties of inks used in conventional ink-jetting. Control
of solution properties of the inks is required for a stable ink-jetting process; these properties include
viscosity, surface tension, and density of the solution. There are many factors to be considered for
stable jetting of a droplet of ink, such as the diameter of the cartridge nozzle to be used for ink-jetting,
the jetting speed of droplets, and the distance between the cartridge nozzle and the substrate. However,
in the conventional ink-jetting process, without additives, viscosity, and surface tension properties
of common organic solvents used to disperse QDs are not suitable for obtaining ink with properties
making it capable of ink-jetting. In order to solve this problem, the cosolvent process proposed in this
study combines, at a specific ratio, organic solvents having two different solution properties, leading to
an effective method of controlling the solution properties of ink. For the formation of good properties
of film in OLED or QLED fabrication by ink-jet printing with the cosolvent process, Z. Ding et al.
have reported on OLEDs that improve the properties of ink-jet films printed by cosolvent process [15];
C. Jiang et al. have reported on QLEDs that minimize the coffee-ring effect of droplets by cosolvent
process [16]. In this study, utilizing the cosolvent process to control the solution properties of QD ink,
QD ink droplets have been optimized to a constant, size and volume, without tail and satellite droplets,
for stable ink-jetting.

Figure 1 provides an Ohnesorge map, made by calculating the Reynolds number, Weber number,
and Ohnesorge number and taking into account the parameters of the cosolvent QD inks used in
previously reported studies [8-10,16-19] and our study. Each dimensionless number of these references
is listed in Table 1. The aim of the studies mentioned in Figure 1 is the optimization of ink-jet printing
by cosolvent method of two different solvents; various solvents were used, and the mix ratio of used
solvents and the annealing conditions for residual solvent evaporation were also different. Interestingly,
Figure 1 shows that not all of the studies have dimensionless numbers in the printable fluid region.
However, dimensionless numbers should not be ignored because they are very helpful in designing ink
formations by referencing the viscosity and surface tension of the ink with the other jetting conditions
(cartridge, applied voltage waveform, etc.). Not only the solution properties of the ink, but also other
factors, such as the temperature of the cartridge nozzle, the distance from the nozzle to the substrate,
and the applied voltage waveform were used to optimize the process. Therefore, experiments to
consider cosolvent process conditions of QD ink were designed such that the cosolvents QDs ink
properties were as close as possible to those designated in the printable fluid region on the Ohnesorge
map. Two solvents used in the cosolvent process usually have different dewetting velocities, resulting
in opposite characteristics of viscosity, surface tension, boiling point, and vapor pressure. In the
ink selection process for ink-jet printing, a parameter that should be considered with special care is
the boiling point, because a high boiling point of the solvent when drying the ink-jet printed film
may cause deterioration of the film properties by the residual solvent. In the previously reported
studies, detailed analysis about the annealing process using cosolvent inks on QLEDs performance
was insufficient. Because they focused more on making stable ink-jetting and fabricating the uniform
film without coffee-ring using cosolvent inks, QLEDs” performances such as current efficiency (CE)
and external quantum efficiency (EQE) have not been studied in detail as shown in Table 1. In addition,
the result of a lifetime measurement of the QLED fabricated by ink-jet printing using cosolvents
ink has not been reported. In this work, the vacuum annealing process was optimized for effective
evaporation of residual solvent of the ink-jet printed film, and the QLEDs performances were observed
by measuring the lifetime depending on the annealing environment of QD EML.

In this study, the formation of QD EML pixels was optimized in successive processes of ink-jet
printing, from ink formulation to annealing conditions. To achieve stable ink-jetting and uniform film
properties, we studied the control of solution properties of QD ink by cosolvent process based on
conventional ink-jetting logic theory. The ink-jetting conditions of the QD ink were optimized by a
cosolvent process in which the mixing ratio of hexane and ortho-dichlorobenzene (0DCB) was adjusted
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to match the specifications of the cartridge used in this experiment. In addition, it was observed that
problems of surface roughness and dewetting on the surface of QD EML pixels, and pile-up at walls of
the ink-jet printed QD EML pixels, were solved by the cosolvent process. Next, to observe the effect of
vacuum annealing on the ink-jet printed QD EML, the electrical, optical, and lifetime characteristics of
ink-jet printed QLEDs annealed under air, dinitrogen (N3), and vacuum condition were compared.
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Figure 1. Ohnesorge map of the cosolvent QD inks used in previously studies and our study.
For printable fluids region, which are green areas in the center of the graph, the ink is determined to

have stable ink-jetting properties if there is dot in this area. Each dot with numbers on the Ohnesorge
map represents the cosolvents QD inks from Table 1.

Table 1. List of the solution properties of cosolvents” QD inks and the device characteristics in
previously reported researches (EG: ethylene glycol, L: luminance, CE: current efficiency, EQE: external
quantum efficiency).

No. Used Solvents and Mix Ratio Re We Oh Annealing Condition (c d/Lmz) (CS/];) E%f Ll(f:tilnl;‘e

1. [8] Hexane:Octane = 10:1 43473 2291 0.01 50 °C (Not Mentioned) - - -

2. [9] CHB:Decane = 9:1 22.26 5.17 0.1 70 °C (Not Mentioned) 12,100 4.44 -

3. [10] CHB:Octane = 95:5 13.81 2.71 0.12 70 °C (Not Mentioned) 3,050 2.8 24

4. [16] CHB:0DCB = 8:2 254 5.41 0.09 Unheated, (Vacuum) 12,000 4.5 -

5. [17] Water:EG = 9.8:0.2 173.12 8.83 0.017 70 °C (Not Mentioned) - - -

6. [18] Water:EG =7:3 11.29 2.88 0.15 - - - -

7. [19] Hexane:Octane:oDCB = 3:1:1 92.05 6.74 0.028 150 °C, (N, and Vacuum) - - ~2.5 -
Our study Hexane:oDCB = 1:2 55.75 6.58 0.046 115 °C, 30 min, (High Vacuum) 13,445 4.21 1.29 172 (LTsp)

2. Materials and Methods

2.1. Materials

For hole injection layer (HIL) material, poly (3,4—ethylenedioxythiophene):poly (styrene sulfonate)
(PEDOT:PSS) (Clevios P VP AI 4083, Heraeus Co., Hanau, Germany) was mixed with isopropyl
alcohol (IPA) in a ratio of 1:1, and sonication was performed at room temperature (RT) for 5 min.
Next, poly (9,9-dioctylfluorene—co-N—(4—(3—methylpropyl)) diphenylamine) (TFB) (OSM Co., Goyang,
Korea) was selected as hole transport layer (HTL) was dispersed in toluene (Samchun Chemical Co.,
Pyeongtaek, Korea) at a concentration of 8 mg/mL, and then stirred for 24 h at 50 °C and 400 rpm.
For EML material, QDs of CdZnSeS core/ZnS shell structure were purchased from In-visible Co.
(Suwon, Korea), and the ligand of the QDs was formed by mixing trioctylphosphine and oleic acid.
The QDs were dispersed in solvents with four mix ratio conditions of (1) only hexane; hexane and
oDCB at ratios of (2) 1:1 and (3) 1:2; and (4) only oDCB at a concentration of 20 mg/mL. The QD solution
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was stirred at 400 rpm for 2 h at RT and then refrigerated. Hexane and oDCB were purchased from
Sigma-Aldrich (St. Louis, Missouri (USA), Germany).

2.2. Fabrication of QLEDs

First, PEDOT:PSS/IPA mixed solution used as HIL was spin-coated at 2000 rpm for 30 s on the
cleaned indium-tin-oxide (ITO) coated glass substrate, and then annealed at 100 °C for 30 min. Next,
TFB solution of concentration of 8mg/mL was spin-coated at 4000 rpm for 30 s and annealed at 150 °C
for 30 min. TFB film was used as HTL. After that, in order to compare the performance of QLEDs
depending on process method, the QD EML was formed by two solution methods, either spin-coating
or ink-jet printing. In the case of the spin-coating process, the QD solution was spin-coated at 5000 rpm
for 30 s and annealed at 115 °C for 30 min. In the case of the ink-jet printing process, QD ink was ink-jet
printed using a DIMATIX DMP 2800 (Fujifilm Co., Tokyo, Japan) ink-jet printer with DMC-11610
cartridge (Fujifilm Co., Tokyo, Japan) under air atmosphere; cartridge nozzles and substrates were
maintained in an un-heated state. The distance from the nozzle to the substrate was 0.6 mm, the speed
of the droplet was about 3 m/s, and the time per cycle of the applied voltage waveform was about
50 ps. Through fine adjustment with proper nozzle purging, the applied voltage was selected from
a range between 10 and 10.5 V. After ink-jet printing, QD EML was annealed at 115 °C for 30 min
under air, Np, and vacuum atmosphere. The entire solution process was carried out in air at RT.
Next, 1, 3, 5-tris (2-N—phenylbenzimidazolyl) benzene (TPBi), lithium fluoride (LiF), and aluminum
(Al) used as the electron transport layer (ETL) and cathode electrode, respectively, were sequentially
deposited by thermal evaporation. TPBi was deposited to a thickness of 25 nm at 0.8 A/s, and LiF and
Al were deposited to a thickness of 1 nm and 100 nm at 0.5 A/s and 2 A/s, respectively. The thermal
evaporation process was conducted under high vacuum pressure of 2 X 10~ Torr. Finally, after the
thermal evaporation process, all fabricated devices were encapsulated in N, atmospheric conditions.

2.3. Characterization and Measurements

The ink-jet printed QLEDs were encapsulated by ejecting a XNR5570-B1 resin (Nagase ChemteX
Co., Osaka, Japan) using an S-SIGMA-CM3-V5 dispenser (Musasi Engineering Inc., Tokyo, Japan) with
a SHOTMASTER300Q)X tabletop robot (Musasi Engineering Inc., Tokyo, Japan). The viscosity levels of
the QD inks prepared under each cosolvent process condition were measured at a shear rate of 8000 s~
at RT with a uVISC Portable Viscometer (RheoSense Inc., San Ramon, CA, USA). An Alpha-Step 1Q
(KLA-Tencor Co., Milpitas, CA, USA) was used to measure the height of the QD EML pixels. An NX10
(Park Systems Co., Seongnam, Korea) was used to measure the surface roughness of the QD EML pixel.
An M6100 OLED I-V-L Test System (McScience Co., Suwon, Korea) and an M6000 plus OLED Lifetime
Test System (McScience Co., Suwon, Korea) were used to measure the current-voltage-luminance (IVL)
characteristics and lifetime of QLEDs, respectively. C11347-11 (Modoo Technology Co., Seoul, Korea)
was used to measure the photo-luminescence-quantum yield (PLQY) characteristics of the ink-jet
printed QD EML.

3. Results and Discussion

In a solution process using ink-jet printing, the following three dimensionless numbers are used
to design the properties of inks suitable for ink-jetting [20,21]. These dimensionless numbers are

expressed as:
vpa
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The value v is the speed of a droplet, p is the density of the fluid, a is the diameter of the nozzle, y
is the surface tension of the ink, and 7 is the viscosity of the ink. The Reynolds number is the ratio of
force due to inertia to force due to viscosity and quantitatively indicates the relative importance of
these two forces in a given flow condition. The Weber number can be considered a measure of the
relative importance of fluid inertia compared to surface tension. This value is useful for analyzing the
formation of droplets and bubbles. The Reynolds number and Weber number are two of the most
important dimensionless numbers in fluid dynamics and are used with other dimensionless numbers
to determine the dynamic similitude. The viscosity and surface tension of the ink in the ink-jetting
process are very important in the process of forming and jetting droplets stably from nozzles. The ratio
of Reynolds number to Weber number is the Ohnesorge number. The speed term of a droplet ejected
from the nozzle term is erased so that the number is composed of the ratio of the viscosity of the ink to
the surface tension. As introduced earlier, the Weber number is a dimensionless number related to the
surface tension, and the Reynolds number, related to the viscosity, is set to an appropriate range for
ejecting ink from the nozzle. If the Weber number is less than 4, the droplet is insufficient for jetting
from the nozzle. If (We)/2(Re)/* is larger than 50, the ink droplet ejected from the nozzle will splash
without maintaining a sphere shape. Even if the Weber number is a dimensionless number related
to the surface tension, it is also affected by other factors (speed of droplet, density of fluid, diameter
of nozzle) and should be considered. When only the surface tension of the ink is adjusted, it may be
difficult to obtain stable ink-jetting properties and to form suitable droplets. Therefore, the Ohnesorge
number must also be used in the optimization of inks. Previous studies have shown that when the
Ohnesorge number is less than 0.1 or 0.07, satellite droplets are generated; when the Ohnesorge number
is greater than 0.25 or 1, droplet tails are lengthened due to excessive viscosity [20]. In this experiment,
Ohnesorge numbers between 0.07 and 0.25 were chosen as the optimal range for stable jetting.

Figure 2a shows the Ohnesorge map, obtained through calculation of the dimensionless numbers
and by considering the parameters of organic solvents commonly used in solution processes.
The parameters of the organic solvents are listed in Table 2. Figure 2a shows that cyclohexylbenzene
(CHB) and a-chloronaphthalene (CINaph) are in the jettable range for ink-jetting with a single solvent,
without the cosolvent process. However, the solvents used for ink-jet printing of QD EML should have
low boiling point properties to avoid thermal degradation of QDs under the annealing process for
solvent evaporation [22,23]. This is because excessively high temperatures can lead to QD surface
defects due to non-radiative recombination. CHB and CINaph have high boiling points and were
not considered in this experiment. Hexane, used in our previous studies [24], has a low boiling
point, which is advantageous for achieving effective solvent evaporation with annealing of QD EML.
However, the low viscosity of hexane makes it unsuitable for use as a single solvent in ink-jet printing,
and so the cosolvent process with oDCB was used to control the ink solution properties. In the QD EML
annealing process for solvent evaporation, the high boiling point of oDCB can be disadvantageous for
complete evaporation of the solvent; however, this property of oDCB could compensate for the poor
viscosity and surface tension of hexane. The solution properties, which depend on the mix ratio of
hexane and 0DCB, are shown in Table 3. The properties of each mixed solvent’s condition, considering
the calculated dimensionless numbers are shown in Figure 2b. In the case of viscosity, which is the
dominant characteristic in QD ink production, the dimensionless numbers obtained using the viscosity
values in the literature and those obtained using the viscosity values measured in the experiment
were compared. It was found that the actual measured viscosity value was higher than the viscosity
values in the literature; the measured value can be seen to be within the error range according to the
measurement conditions. Considering only dimensionless numbers, using oDCB as a single solvent
may be a good choice. However, considering surface tension values suitable for the cartridges used
in this experiment, it was expected that the best ink properties would be obtained when hexane and
oDCB were mixed at a ratio of 1:2. Unfortunately, the dimensionless numbers of the four cosolvents
condition considered in this experiment do not meet the jettable range on the Ohnesorge map.
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Figure 2. Ohnesorge map of (a) each organic solvents and (b) cosolvents inks of each mix ratio. Each dot
with numbers on the Ohnesorge map represents the organic solvents from Tables 2 and 3, respectively.

Table 2. List of solution properties of the organic solvents. In these experiments, hexane and
oDCB were used in the cosolvent process because the solution properties between the two solvents
are complementary. Solvent information was referenced from PubChem (U.S. National Library of
Medicine). (B.P.: boiling point, V.P.: vapor pressure).

No. Solvent B.P.(°O) n y p V.P. (cm-Hg)
1 Hexane 69 0.003 17.89 0.66 12.4
2 Methylbenzene (Toluene) 110.6 0.0056 27.73 0.87 2.31
3 Octane 131.7 0.0073 23.93 1.11 14.05
4 Chlorobenzene (CB) 131.7 0.0073 23.93 1.11 0.88
5 1,3-Dichlorobenzene mDCB) 172 0.0104 36.2 1.29 0.138
6 1,4-Dichlorobenzene (pDCB) 174 0.00839 314 1.458 0.174
7 Decane 174.3 0.0085 23.37 0.73 1.43
8 1,2-Dichlorobenzene (0DCB) 180.5 0.0132 36.63 1.31 0.136
9 Ethylene Glycol 197.6 0.162 47.3 1.1132 0.006
10 Cyclohexylbenzene (CHB) 240.1 0.0269 33.29 0.95 0.004
11 a-chloronaphthalene (CINaph) 259.3 0.0293 39.23 1.19 0.003

However, the results in Figure 3 show that a QD EML can be formed in a pixel with cosolvent
inks using only organic solvents without any other additives. Figure 3a shows ink-jetting motion
depending on the four different cosolvent conditions. In the case of the hexane-only ink, the ink
leaked around the nozzle and the jetting direction of ejected droplets was twisted. This phenomenon
appears to be due to non-uniformity of the viscosity and surface tension of the nozzle edging caused
by ink leaking around the nozzle. Therefore, the jetting direction of the droplet ejected from the nozzle
twisted randomly; this type of jetting condition is not reliable in terms of accuracy of position of droplet
reaching the substrate. For the jetting condition using cosolvent QD inks, in which hexane and oDCB
were mixed at a ratio of 1:1, ink also leaked around the nozzles, similar to the jetting condition when
using the hexane-only ink. Although the jetting direction of the ejected droplet was not twisted, due to
insufficient viscosity of the cosolvents QDs ink, satellite droplets were unable to join the main droplet
and jetted separately. Since such satellite droplets drop outside the desired area, they are not suitable
for achieving the original purpose of ink-jet printing and may adversely affect the jetting direction of
the ejected droplet, twisting it. On the other hand, when hexane and oDCB were mixed at a ratio of
1:2, the cosolvent QD ink did not leak around the nozzle and maintained a constant jetting direction
of ejected droplet. Although there was a problem that satellite droplets remained at the tail of the
main droplet, the satellite droplets joined the main droplet and constant ink-jetting was maintained.
Finally, in the case of ink-jetting condition using oDCB-only ink, excessive surface tension of the ink
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obstructed droplet ejection from the nozzle and, when the waveform voltage was increased, the droplet
was sprayed by excessive ejection pressure. The QD EML pixel information and the 5-drop process
condition are shown in Figure 3b. The active pixel has an area of 60 pm X 240 um (80 pixels per inch,
ppi) and fills one pixel with 5-drop ink-jet printing in a 45 um drop space using cosolvent QD ink of
hexane and oDCB at a ratio of 1:2.

Table 3. Re number and Oh number of the cosolvent inks depending on the mix ratio of hexane
and oDCB.

Calculated Value Measured Value
No. Solvent Mix rRtio 7 (g/cm-s) Re Oh 1 (g/cm-s) Re Oh

1 Hexane-Only Ink 0.0031 132.01 0.019 0.0038 105.88 0.024
2 Hexane:oDCB = 1:1 0.0056 7273  0.035 0.0092 64.31 0.039
3 Hexane:oDCB = 1:2 0.0073 66.67  0.038 0.0117 55.75  0.046
4 oDCB-Only Ink 0.0132 59.27  0.043 0.0147 53.31 0.048

Figure 3c is a photograph taken with an optical microscope (OM) with ultraviolet (UV) light after
forming QD EML pixels by ink-jet printing. It can be seen that the QD ink fills the pixels well, without
messy surface caused by satellite droplets. In addition, it was confirmed that dewetting and pinholes
did not occur on the QD EML pixel surface. For this reason, if the boiling point of the solvent is high,
it helps to form a film of higher thickness, which can suppress dewetting of the ink-jet printed film from
a thermodynamic aspect. In addition, if the viscosity of the solvent is high, dewetting of the ink-jet
printed film can be suppressed from a kinetic aspect. There have been reports of good quality film
formation achieved using the different viscosities and boiling points of the two different solvents [15].
In this experiment, this interaction helped to form QD EML without dewetting or pinholes. Figure 3d
shows the height profile of ink-jet printed QD EML,; the height of the two ink-jet printed pixels can
be compared under the two conditions of 5-drops and 7-drops. In order to use ink-jet printing to
print fine patterns, it is most important to control the surface energy of the substrate to optimize the
spread of the droplets; however, it is also necessary to control the spacing between droplets, so that
the droplets overlap properly with each other. It is also important to prevent bulging, in which
later-printed droplets affect the position of previously printed droplets, so that patterns cannot be
aligned in line [25]. In this experiment, the film properties of QD EML pixels were observed under
ink-jet printing conditions of drop spaces of 5-drops and 7-drops. The heights of both drop space
conditions of the QD EML pixel were measured at about 20 nm; however, for the 7-drop condition,
the ink piled up on the polymer partition wall. According to the inherent properties of the particles in
a liquid, when a liquid is present in an interior space surrounded by a solid interface, the phenomenon
of flow of particles in the liquid through the solid interface wall surrounding the interior is called
the pile-up effect [26]. As can be seen in Figure 3e, the surface roughness root-mean-square (RMS)
value of the QD EML pixel surface was measured by atomic forced measurement (AFM) and found to
be 1.59 nm; the formation of QD EML pixels by ink-jet printing was successful because the surface
roughness RMS value was not a hurdle to the fabrication of multi-layered QLEDs.

Figure 4 provides a schematic of the ink-jet printed QLEDs. Toluene, used to disperse the TFB film
used as HTL, is not an orthogonal solvent with hexane and oDCB in QD EML. The organic solvents
used in the formation of the two layers (HTL and QD EML) may interact with each other and adversely
affect QLEDs, by such processes as dissolving, intermixing, pinhole formation, and dewetting; however,
in our previous research, such processes were not found in TFB under 150 °C annealing conditions [24].
In this experiment, the annealing temperature of TFB was fixed at 150 °C.

As confirmed by the OM image obtained with UV light, none of the pixels of the ink-jet printed
QLEDs showed dissolving or pinhole formation, as can be seen in the electroluminescence (EL) image
provided in inset of Figure 5a. This result shows that the sufficient hardness of the TFB film and
the use of the cosolvent process of QD EML contributed to the prevention of adverse effects on film
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properties. However, the IVL characteristics comparison graph results shown in Figure 5a,b indicate
that ink-jet printed QLEDs have lower IVL and efficiency characteristics than those of spin-coated
QLED:s; this is to be expected though because the spin-coating process and ink-jet printing process
have different solvent evaporation mechanisms during film formation. In the case of the spin-coating
process, dynamic evaporation of the solvent by centrifugal force starts from the moment spinning
begins, and most of the solvent evaporates during the first 30 s of spinning. On the other hand, in the
case of the ink-jet printing process, static evaporation of the solvent starts from the moment a droplet is
ink-jet printed and forms a film on the substrate; unlike spin-coating, there is no assistance by external
forces in the solvent evaporation process. Therefore, although the annealing conditions are the same,
differences in amount of solvents before the annealing process cause differences in quality of QD EML.
A phase diagram of the vacuum annealing process, used to lower the boiling point of the solvent,
is shown in Figure S1. Lowering the pressure around the solvent lowers the temperature at which the
solvent evaporates. Since the vacuum atmospheric pressure has a lower torr value than that of normal
atmospheric pressure, the boiling point of the solvent is also lowered; solvent in the QD EML can thus
be minimized by vacuum annealing.
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Figure 3. (a) Ink-jetting motion capture for each cosolvent condition. (b) Bank pixel information and
5-drop space conditions. (c) OM images with UV light of QD EML pixels. (d) Height profile of the QD
EML by ink-jet printing of cosolvents QDs ink of hexane and oDCB with ratio of 1:2 under 5-drop and
7-drop space conditions. (e) AFM images of the QD EML pixel surface. Surface roughness RMS value
was measured 1.59 nm.
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Figure 4. Schematics of ink-jet printed QLED structure and ink-jet printed QD EML pixel arrays.
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Figure 5. (a) Comparison of current density and luminance-voltage characteristics of spin-coated
QLEDs and ink-jet printed QLEDs. (Inset: EL images of ink-jet printed QLEDs under applied voltage
of 5 V. Scale bar: 100 um) (b) Comparison of current efficiency and EQE-current density characteristics
of spin-coated QLEDs and ink-jet printed QLEDs.

It is necessary to not only study the uniform and good properties of active pixels obtained by
stable ink-jet printing process, but also improvement of lifetime, to allow devices to emit light stably
and uniformly for a long time. W. Cao et al. have improved the lifetime of QLEDs by using QD
EML with tailored energy band structures to improve the hole transport property between the highest
occupied molecular orbital (HOMO) level of the HTL and the HOMO level of the QD EML [27]. Chang
et al. have reported that degradation of QLEDs performance is due to two phenomena caused by
a discrepancy of the hole-electron injection rate into the QDs [28]. First, the luminance efficiency of
the QD EML is reduced due to accumulation of excessive electrons in QDs; the second is electron
leakage, which causes non-radiative recombination centers to generate irreversible physical damage in
the HTL [28]. Solvents in the QD EML may also cause problems in IVL characteristics and lifetime
of LEDs [29-32]. To improve the characteristics of ink-jet printed QLEDs by effectively evaporating
the solvents that cause degradation of film properties of QD EML, IVL and lifetime characteristics of
QLEDs depending on annealing conditions of QD EML were analyzed.

Figure 6 shows a simple process diagram of an annealing process used to vary the annealing
conditions of QD EML. The equipment consists of a loading chamber for loading device samples
and a main chamber for the annealing process. The QD EML were annealed under three different
conditions: air, Np, and vacuum; each annealing process condition was precisely controlled to ensure
that the process time, from sample loading to sample collection after annealing, was exactly the same.
In addition, for a fair comparison of device characteristics depending on each annealing atmospheric
condition of the QD EML, all other process conditions, except the annealing process of the QD EML
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(anode (ITO coated on glass substrate), HIL, HTL, ETL, and cathode) of QLEDs were kept identical. The
annealing process using N, removes moisture and oxygen in the air atmosphere and performs annealing
in a closed chamber in which only the inert gas N, circulates to prevent adverse effects of moisture and
oxygen on the QD EML surface. Annealing in vacuum conditions can effectively evaporate solvents
inside the QD EML, as demonstrated in previous studies [33], and can prevent degradation of film
quality by external atmospheric components such as oxygen and moisture [32]. By controlling the
annealing atmospheric condition of the QD EML to improve film quality, recombination in the QD EML
of electron-hole pairs can be improved. In addition, the IVL characteristics and the lifetime degradation
of QLEDs caused by electron accumulation effect between QD EML and ETL will be improved.

Gate Load-lock
(
[ f
Heater

““% -Arm .8585. 1 I Sample In
:saméle » r[ —
N2 Vac ‘

[ 5 I I Annealing « ﬁ M I Arm Out

Figure 6. Schematic diagram of an annealing chamber for the annealing atmospheric conditions

Main Chamber

experiments of the QD EML pixel.

The AFM results in Figure 7a show that the surface roughness RMS values for the N, and vacuum
annealing conditions are smaller than those for the air annealing condition. This might be because
annealing processes under N, and vacuum conditions are less affected by external components than
is the case for the air condition. Thus, it can be assumed that better QD EML film properties were
obtained in the N and vacuum annealing conditions than in the air annealing condition. In Figure 7b,
results of PLQY analysis are shown for QD EML under each annealing atmospheric condition. The QD
EML surface was ink-jet printed with 45 pm drop space; the annealing process was the same as that
used for the QD EML ink-jet printed QLEDs. It was confirmed that the photoluminescence peaks for all
atmospheric condition annealed QD EML showed normal green emission at 525 nm. The PLQY values
were 33.2%, 49.3%, and 57.2%, respectively, for air, N, and vacuum annealing conditions. The PLQY
values for the N, and vacuum annealing conditions were 48.49% and 72.29% higher than those for the
air annealing condition. As with the AFM analysis, low moisture and oxygen reduction in N, and
vacuum annealing conditions can prevent degradation of QDs [34,35], which may result in improved
PLQY values. In particular, efficient solvent evaporation due to the high vacuum pressure of the
vacuum annealing condition, compared to air and N; annealing conditions, may also have contributed
to the increase in the PLQY value.

Figure 8 compares the IVL and lifetime characteristics of ink-jet printed QLEDs; the IVL and
lifetime (LTs() characteristics showed different trends. Values of luminance, CE, EQE, and LTj5 of
QLEDs annealed under N, condition increased by about 23.46% (12,719 cd/m?), 29.22% (3.98 cd/A),
19.81% (1.27%), and 4.9% (1 h 4 min), respectively, compared with QLEDs annealed under air condition.
In the case of the QLEDs annealed under vacuum condition, values of luminance, CE, EQE, and LT5,
increased by 30.51% (13,445 cd/mz), 33.77% (4.21 cd/A), 21.70% (1.29%), and 181.97% (2 h 52 min),
respectively. In order to more accurately observe the decrease in normalized luminance over time,
the LT5o of QLEDs is shorter because the constant voltage (CV) mode is used instead of the constant
current (CC) mode, which is typically used for LED lifetime measurement. However, there was no
problem in identifying trends for each annealing atmospheric condition, and when the QD EML of
QLEDs was annealed in vacuum condition, the longest device lifetime was clearly identified. As with
previous experimental results, the IVL and LT5j characteristics of QLEDs were the lowest in air
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annealing condition. The IVL characteristics of QLEDs annealed under N, and vacuum conditions
did not differ significantly from each other. However, comparing the LT5y values of QLEDs annealed
under each atmospheric condition, the LT5p of the QLEDs annealed under N; condition was not
significantly different from the case of air annealing condition, but the QLEDs annealed under vacuum
condition had an LT5( value about three times larger than those of the cases of air and N, annealing
conditions. The N, annealing condition shows less degradation of QD EML because the QDs are less
exposed to oxygen and moisture than they are in the air annealing condition. However, since there
was no significant difference in atmospheric pressure between the air (740 mTorr) and N (780 mTorr)
atmospheric conditions, the evaporation rates of the solvents were similar, such that the LTsy of QLEDs
annealed under N, condition did not improve compared to that of the QLEDs annealed under air
condition. On the other hand, for the QLEDs annealed under vacuum condition, the QDs were not
exposed to oxygen or moisture, and efficient solvent evaporation was probably achieved due to low
atmospheric pressure in the annealing process.
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Figure 7. (a) AFM images and (b) PLQY characteristics of the QD EML pixel surface annealed under
air, N, and vacuum atmospheric conditions.
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Figure 8. Comparison of (a) current density and luminance-voltage, (b) current efficiency and
EQE-current density, and (c) LT5g characteristics of the ink-jet printed QLEDs annealed under each
annealing atmospheric condition.
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4. Conclusions

In conclusion, the cosolvent process was used to optimize the ink-jetting conditions of QD ink,
without any additives that could degrade the properties of the QD EML. Although the dimensionless
number properties of the cosolvents QD ink of hexane and oDCB at a ratio of 1:2 did not enter the
printable fluid region on the Ohnesorge map, it has been confirmed that the QD ink had suitable
viscosity and surface tension characteristics for cartridge use because satellite droplets were minimized.
Under optimized ink-jetting conditions, ink-jet printed QD EML pixels achieved uniform surface
properties without dewetting or dissolving. Furthermore, the drop space between each droplet
(45 um) was controlled to prevent pile-up effects on the bank walls. To improve the performance of
ink-jet printed QLEDs, the QD EML were annealed under air, Np, and vacuum conditions, and the
IVL characteristics and LTs( values of the QLEDs under each annealing atmospheric condition were
analyzed. As a result, by eliminating moisture and oxygen during annealing, both N, annealing and
vacuum annealing were found to improve the IVL characteristics of QLEDs. In particular, for vacuum
annealed QLEDs, the LT5 increased by 181.97% because the low atmospheric pressure in the annealing
environment caused solvent evaporation of QD EML; this result is expected to help solve the lifetime
issue of QLEDs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/21/4754/s1,
Figure S1: Temperature-pressure phase diagram for solvent. This is an overview of how to lower the boiling point
of solvent by lowering the pressure in the space around the solvent.

Author Contributions: Conceptualization, Y.J.H., B.-K.J., and K.H.C.; data curation, Y.J.H., D.YK,, and KH.C.;
funding acquisition, K.-T.K. and K.H.C.; investigation, Y.J.H., B.-K.J., and K.H.C.; methodology, Y.J.H. and K.A ;
project administration, K.-T.K. and K.H.C.; writing—original draft, Y.J.LH.; writing—review and editing, B.-K].
and K.H.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was conducted with support from the Korea Institute of Industrial Technology as Research
Source Technique Project (KITECH, UI200007), and supported by Ministry of Trade, Industry & Energy (MOTIE,
No. 10077471).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Caruge, ].M.; E Halpert, J.; E Wood, V.; Bulovi¢, V.; Bawendi, M.G. Colloidal quantum-dot light-emitting
diodes with metal-oxide charge transport layers. Nat. Photonics 2008, 2, 247-250. [CrossRef]

2. Shirasaki, Y,; Supran, G.J.; Bawendi, M.G.; Bulovi¢, V. Emergence of colloidal quantum-dot light-emitting
technologies. Nat. Photonics 2012, 7, 13-23. [CrossRef]

3. Dai, X,; Zhang, Z.; Jin, Y;; Niu, Y,; Cao, H.; Liang, X.; Chen, L.; Wang, J.; Peng, X. Solution-processed,
high-performance light-emitting diodes based on quantum dots. Nat. Cell Biol. 2014, 515, 96-99. [CrossRef]

4. Qian, L; Zheng, Y.; Xue, J.; Holloway, P.H. Stable and efficient quantum-dot light-emitting diodes based on
solution-processed multilayer structures. Nat. Photonics 2011, 5, 543-548. [CrossRef]

5. Kim, L.; Anikeeva, P.O.; Coe-Sullivan, S.A.; Steckel, J.S.; Bawendi, M.G.; Bulovi¢, V. Contact Printing of
Quantum Dot Light-Emitting Devices. Nano Lett. 2008, 8, 4513-4517. [CrossRef]

6. Schwartz, G.; Tee, B.C.-K.; Mei, J.; Appleton, A.L.; Kim, D.H.; Wang, H.; Bao, Z. Flexible polymer transistors
with high pressure sensitivity for application in electronic skin and health monitoring. Nat. Commun. 2013,
4,1859. [CrossRef]

7. Kim, T.-H.; Cho, K.-S.; Lee, EK,; Lee, S.Y.; Chae, J.; Kim, ] W,; Kim, D.H.; Kwon, J.-Y.; Amaratunga, G.;
Choi, B.L.; et al. Full-colour quantum dot displays fabricated by transfer printing. Nat. Photonics 2011, 5,
176-182. [CrossRef]

8. Wood, V,; Panzer, M.].; Chen, J.; Bradley, M.S.; Halpert, ].E.; Bawendi, M.G.; Bulovi¢, V. Inkjet-Printed
Quantum Dot-Polymer Composites for Full-Color AC-Driven Displays. Adv. Mater. 2009, 21, 2151-2155.
[CrossRef]

9. Liu, Y, Li, F; Xu, Z;; Zheng, C.; Guo, T.; Xie, X.; Qian, L.; Fu, D.; Yan, X. Efficient All-Solution Processed
Quantum Dot Light Emitting Diodes Based on Inkjet Printing Technique. ACS Appl. Mater. Interfaces 2017, 9,
25506-25512. [CrossRef]


http://www.mdpi.com/1996-1944/13/21/4754/s1
http://dx.doi.org/10.1038/nphoton.2008.34
http://dx.doi.org/10.1038/nphoton.2012.328
http://dx.doi.org/10.1038/nature13829
http://dx.doi.org/10.1038/nphoton.2011.171
http://dx.doi.org/10.1021/nl8025218
http://dx.doi.org/10.1038/ncomms2832
http://dx.doi.org/10.1038/nphoton.2011.12
http://dx.doi.org/10.1002/adma.200803256
http://dx.doi.org/10.1021/acsami.7b05381

Materials 2020, 13, 4754 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yang, P; Zhang, L.; Kang, D.J.; Strahl, R.; Kraus, T. High-Resolution Inkjet Printing of Quantum Dot
Light-Emitting Microdiode Arrays. Adv. Opt. Mater. 2019, 8. [CrossRef]

Rayleigh, L., XIII. Further observations upon liquid jets, in continuation of those recorded in the Royal
Society’s ‘Proceedings’ for March and May, 1879. In Proceedings of the Proceedings of the Royal Society of London;
The Royal Society: London, UK, 1883; Volume 34, pp. 130-145.

Fromm, J.E. Numerical Calculation of the Fluid Dynamics of Drop-on-Demand Jets. IBM |. Res. Dev. 1984,
28, 322-333. [CrossRef]

Yarin, A.L. DROP IMPACT DYNAMICS: Splashing, Spreading, Receding, Bouncing ... . Annu. Rev. Fluid
Mech. 2006, 38, 159-192. [CrossRef]

Martin, G.D.; Hoath, S.D.; Hutchings, .M. Inkjet printing—The physics of manipulating liquid jets and
drops. J. Physics: Conf. Ser. 2008, 105, 012001. [CrossRef]

Ding, Z.; Xing, R.; Fu, Q.; Ma, D.; Han, Y. Patterning of pinhole free small molecular organic light-emitting
films by ink-jet printing. Org. Electron. 2011, 12, 703-709. [CrossRef]

Jiang, C.; Zhong, Z.; Liu, B.; He, Z.; Zou, ].; Wang, L.; Wang, ].; Peng, J.; Cao, Y. Coffee-Ring-Free Quantum
Dot Thin Film Using Inkjet Printing from a Mixed-Solvent System on Modified ZnO Transport Layer for
Light-Emitting Devices. ACS Appl. Mater. Interfaces 2016, 8, 26162-26168. [CrossRef] [PubMed]

Tekin, E.; Smith, PJ.; Hoeppener, S.; Berg, AM.J.V.D.; Susha, A.S.; Rogach, A.L.; Feldmann, J.; Schubert, U.S.
Inkjet Printing of Luminescent CdTe Nanocrystal-Polymer Composites. Adv. Funct. Mater. 2007, 17, 23-28.
[CrossRef]

Bao, B.; Li, M.; Li, Y,; Jiang, J.; Gu, Z.; Zhang, X,; Jiang, L.; Song, Y. Patterning Fluorescent Quantum Dot
Nanocomposites by Reactive Inkjet Printing. Small 2015, 11, 1649-1654. [CrossRef]

Azzellino, G.; Freyria, F.S.; Nasilowski, M.; Bawendi, M.G.; Bulovi¢, V. Micron-Scale Patterning of High
Quantum Yield Quantum Dot LEDs. Adv. Mater. Technol. 2019, 4, 1800727. [CrossRef]

McKinley, G.H.; Renardy, M. Wolfgang von Ohnesorge. Phys. Fluids 2011, 23, 127101. [CrossRef]

Rapp, B.E. Microfluidics: Modelling, Mechanics and Mathematics; Elsevier BV: Amsterdam, The Netherlands,
2017.

Zhao, Y.; Riemersma, C.; Pietra, F; Koole, R.; Donega, C.D.M.; Meijerink, A. High-Temperature Luminescence
Quenching of Colloidal Quantum Dots. ACS Nano 2012, 6, 9058-9067. [CrossRef]

Yuan, X.; Zheng, J.; Zeng, R.; Jing, P; Ji, W,; Zhao, ]J.; Yang, W.; Li, H. Thermal stability of Mn?* ion
luminescence in Mn-doped core-shell quantum dots. Nanoscale 2014, 6, 300-307. [CrossRef]

Han, YJ.; An, K,; Kang, K.T.; Ju, B.-K.; Cho, K.H. Optical and Electrical Analysis of Annealing Temperature
of High-Molecular Weight Hole Transport Layer for Quantum-dot Light-emitting Diodes. Sci. Rep. 2019, 9,
1-9. [CrossRef] [PubMed]

Moon, YJ.; Kang, H.; Lee, S.H.; Kang, K.; Cho, Y.J.; Hwang, J.Y.; Moon, S.J. Effect of contact angle and drop
spacing on the bulging frequency of inkjet-printed silver lines on FC-coated glass. J. Mech. Sci. Technol. 2014,
28,1441-1448. [CrossRef]

Uhlmann, D.R.; Chalmers, B.; Jackson, K.A. Interaction Between Particles and a Solid-Liquid Interface.
J. Appl. Phys. 1964, 35, 2986. [CrossRef]

Cao, W,; Xiang, C.; Yang, Y.; Chen, Q.; Chen, L.; Yan, X.; Qian, L. Highly stable QLEDs with improved hole
injection via quantum dot structure tailoring. Nat. Commun. 2018, 9, 1-6. [CrossRef]

Chang, ].H,; Park, P; Jung, H.; Jeong, B.G.; Hahm, D.; Nagamine, G.; Ko, J.; Cho, J.; Padilha, L.A.; Lee, D.C;
et al. Unraveling the Origin of Operational Instability of Quantum Dot Based Light-Emitting Diodes.
ACS Nano 2018, 12, 10231-10239. [CrossRef]

Nuyken, O.; Jungermann, S.; Wiederhirn, V.; Bacher, E.; Meerholz, K. Modern Trends in Organic Light-Emitting
Devices (OLEDs). Monatshefte fiir Chemie - Chemical Monthly 2006, 137, 811-824. [CrossRef]

Taylor, P.G.; Lee, J.-K.; Zakhidov, A.A.; Chatzichristidi, M.; Fong, H.H.; DeFranco, J.A.; Malliaras, G.G.;
Ober, C.K. Orthogonal Patterning of PEDOT:PSS for Organic Electronics using Hydrofluoroether Solvents.
Adv. Mater. 2009, 21, 2314-2317. [CrossRef]

Sax, S.; Rugen-Penkalla, N.; Neuhold, A.; Schuh, S.; Zojer, E; List, EJ.W.; Miillen, K. Efficient
Blue-Light-Emitting Polymer Heterostructure Devices: The Fabrication of Multilayer Structures from
Orthogonal Solvents. Adv. Mater. 2010, 22, 2087-2091. [CrossRef]

Yoon, D.G.; Kang, K.-T.; Cho, K.H. Thermally transferred emitting layer at low pressure for residual
solvent-free organic light-emitting diodes. Org. Electron. 2019, 67, 287-293. [CrossRef]


http://dx.doi.org/10.1002/adom.201901429
http://dx.doi.org/10.1147/rd.283.0322
http://dx.doi.org/10.1146/annurev.fluid.38.050304.092144
http://dx.doi.org/10.1088/1742-6596/105/1/012001
http://dx.doi.org/10.1016/j.orgel.2011.01.027
http://dx.doi.org/10.1021/acsami.6b08679
http://www.ncbi.nlm.nih.gov/pubmed/27608850
http://dx.doi.org/10.1002/adfm.200600587
http://dx.doi.org/10.1002/smll.201403005
http://dx.doi.org/10.1002/admt.201800727
http://dx.doi.org/10.1063/1.3663616
http://dx.doi.org/10.1021/nn303217q
http://dx.doi.org/10.1039/C3NR04319C
http://dx.doi.org/10.1038/s41598-019-46858-6
http://www.ncbi.nlm.nih.gov/pubmed/31316166
http://dx.doi.org/10.1007/s12206-013-1179-3
http://dx.doi.org/10.1063/1.1713142
http://dx.doi.org/10.1038/s41467-018-04986-z
http://dx.doi.org/10.1021/acsnano.8b03386
http://dx.doi.org/10.1007/s00706-006-0490-4
http://dx.doi.org/10.1002/adma.200803291
http://dx.doi.org/10.1002/adma.200903076
http://dx.doi.org/10.1016/j.orgel.2019.01.041

Materials 2020, 13, 4754 14 of 14

33. Ni, ZH.; Wang, HM.; Luo, Z.Q.; Wang, Y.Y,; Yu, T.; Wu, Y.H.; Shen, Z. The effect of vacuum annealing on
graphene. J. Raman Spectrosc. 2009, 41, 479-483. [CrossRef]

34. Kalyuzhny, G.; Murray, R.W. Ligand Effects on Optical Properties of CdSe Nanocrystals. . Phys. Chem. B
2005, 109, 7012-7021. [CrossRef] [PubMed]

35. Tu, C.-C; Hoo, ].H.; Bohringer, K.E,; Lin, L.Y.; Cao, G. Red-emitting silicon quantum dot phosphors in warm
white LEDs with excellent color rendering. Opt. Express 2014, 22, A276—-A281. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/jrs.2485
http://dx.doi.org/10.1021/jp045352x
http://www.ncbi.nlm.nih.gov/pubmed/16851797
http://dx.doi.org/10.1364/OE.22.00A276
http://www.ncbi.nlm.nih.gov/pubmed/24922236
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of QLEDs 
	Characterization and Measurements 

	Results and Discussion 
	Conclusions 
	References

