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An overview on the principle of inkjet printing
technique and its application in micro-display
for augmented/virtual realities
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Augmented reality (AR) and virtual reality (VR) are two novel display technologies that are under updates. The essential
feature of AR/VR is the full-color display that requires high pixel densities. To generate three-color pixels, the fluorescent
color conversion layer inevitably includes green and red pixels. To fabricate such sort of display kits, inkjet printing is a
promising way to position the color conversion layers. In this review article, the progress of AR/VR technologies is first re-
viewed, and in succession, the state of the art of inkjet printing, as well as two key issues — the optimization of ink and
the reduction of coffee-ring effects, are introduced. Finally, some potential problems associated with the color converting
layer are highlighted.
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Introduction economy. On the other hand, the pandemic provided an

Progress of augmented/virtual realities opportunity for the development of AR/VR technology.

With the rapid development of artificial intelligence, im- COVID-19 started a new era of remote office interaction

o I and remote consumer interaction, and the market once
age recognition and 5G communication technology, aug-

mented reality (AR) and virtual reality (VR) technolo-
gies are growing at remarkable rates. Tech giants, such as

again turned its attention to VR and increased invest-

mentin technology applications. For future develop-

Facebook, Google, Samsung Electronics and Apple, have
been investing in the AR/VR industry. Specifically, near-
eye displays (NEDs) and head-mounted displays (HM-
Ds) are seed equipment studied by major technology
companies and research institutes. In 2020, the outbreak
of COVID-19 led to the stagnation of the global market

ment, AR/VR technology will be the key to improving
human living standards and quality. The breakthrough
of this technology will also elevate human civilization to
anew level. According to International Data Corpora-
tion (IDC), a market research institution, the market
scale of the global AR and VR industries will both grow
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from approximately ¥28 billion and ¥62 billion, respect-
ively, in 2020, to ¥240 billion in 2024, with a compound
annual growth rate (CAGR) of approximately 66% and
45%, as shown in Fig. 1. In addition, the global AR/VR
terminal shipments will reach ¥41.25 million and ¥33.75
million by 2024, with a CAGR of approximately 188%
and 56%, respectively'. The main reason for the market
outbreak is the breakthrough of new display technolo-
gies with excellent performance, while the need was aug-
mented during the lockdown. The display kits, as essen-
tial elements of AR/VR, should have ultra-high pixel
density and have fast refresh speeds, in addition to being
both light and small**. To date, the two mainstream dis-
play technologies, the liquid crystal display (LCD) and
organic light emitting diode (OLED), have been adapted
to the NEDs and HMDs*. Researchers have been ex-
ploring various techniques to further improve the resolu-
tion in these two sorts of display fields.

Compared with self-power-consuming OLED techno-
logy, the LCD technology is superior in terms of lifetime,
cost, resolution and peak brightness®. Many technology

giants are employing cost-effective LCDs for AR dis-

https://doi.org/10.29026/0ea.2022.210123

plays. At 2017 SID display Week, Samsung launched a
1.96-inch ultra-high definition (UHD) display for HM-
Ds, with an amazing pixel density of 2250 PPI, and BOE
exhibited a retina VR display (2300 PPI) with a size of
5.3 cm. Although the LCD technology has the advant-
ages as mentioned above, its response time is about 100
times larger than that of the OLED technology®, as listed
in Table 1. To solve the problem of long response time in
traditional LCD, Gou et al. reported a fire-new mode, in-
cluding a hole-type vertical alignment-fringe field
switching (VA-FFS) technique, which optimized liquid
crystal materials by electrodynamic optimization®. And
the response time is 1.5 ms under corresponding condi-
tions for the motion picture. Nevertheless, such re-
sponse time is still large that it leads to serious ghosting
and poor user experience. Subsequently, a new type of li-
quid crystal display, liquid crystal on silicon (LCoS), was
developed with a lower response time (sub-millisecond).
Due to its small size (< 1.5 inches (1 inches=2.54 cm)),
high brightness (> 30000 nits), high optical efficiency (>
90%) and high resolution (> 4000 PPI), the LCoS has
rapidly developed in the application of HMDs".
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Fig. 1 | The growth of market share of AR/VR'.

Table 1 | Performance comparisons of LCD, OLED and micro-LED?#

Display technology LCD OLED Micro-LED
Mechanism Backlight Self-emissive Self-emissive
Contrast ratio >10000:1 ~1080000:1 >1080000:1
Lifetime Medium Medium Long
Response time ms us ns
Power consumption High Medium Low
View angle Low Medium High
Brightness (cd/m?) 3000 1500 10000
Color rendering 75% NTSC 124% NTSC 140% NTSC
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Although the LCoS is widely used in intensity modulat-
ors, holographic display and other AR display systems
are in need of high-quality images. Due to the use of po-
larization beam splitter, its contour is too cumbersome
and heavy’, and it is not suiltable for use in NEDs and
HMDs. In addition, LCD display has the disadvantages
of low conversion efficiency and color saturation, which
has caused it to be gradually replaced by an OLED dis-
play with self-illumination, wide viewing angle, high
contrast, low power consumption, fast response and oth-
er advantages®.

Asthe OLED technology emerged in the 1990s, re-
searchers have been attempting various ways to improve
its performance. Kwak et al. proposed a new pixel circuit
which consisted of four p-channel metal-oxide-semicon-
ductor field-effect transistors (MOSFETSs) and one capa-
citor (4T1C), for OLED micro-display’. With the pro-
grammable voltage control, this circuit not only aims to
achieve threshold voltage compensation of FET, but also
accurately control the emission current. The OLED dis-
play made by this method obtained revolution of 2822
PPI and high luminous uniformity. However, the max-
imum brightness of OLED is only about 300 cd/m?and
the pixel circuit has the disadvantage of high power con-
sumption. To achieve high-performance OLED with low
power consumption, high resolution and high response
speed, Motoyama et al. reported an optical collimation
technology, including microlens array and high trans-
mittance layer, which was applied to the 0.23-inch OLED
microdisplay. This technology has successfully realized
the maximum brightness of more than 5000 cd/m?, low
power consumption and wide viewing angle (+50°)%.
The 0.7-inch full high-definition OLED micro-display
was further developed as well. Vieri et al. reported a 4.3-
inch display panel with a pixel density of 1443 PPI for
HMDs, prepared on glass with white OLED equipped
with a color filter!!. For faster response, in the work, the
n-type low-temperature poly-silicon (LTPS) TFTs with
higher mobility were selected to obtain a refresh fre-
quency of 120 Hz, to solve the ghost effect and to meet
the requirements of the panel driving. In the field of
commercialization, Epson, an world’s leading techno-
logy company, launched the Moverio BT-40 smart AR
glasses in the first half of 2021. Compared with the previ-
ous Moverio BT-30C, 350 and 300, BT-40 has incompar-
able advantages over these previous products which all
adopt the OLED technology. For instance, the BT-40 has
a resolution of 1920x1080, a monocular panel size of

0.45 inches, a contrast of 500000:1, a wide color gamut
(16.77 million colors) and a wide field of view (34°)
which is equivalent to view a 120-inch screen from 16
feet away; Surprisingly, it weighs only 95 g'2.

However, due to the inherent characteristics of organ-
ic light-emitting materials, the defects of fast aging, short
service lifetime and low color purity are gradually ex-
posed®. Therefore, both LCD and OLED technologies
have their disadvantages. Consequently, these two tech-
nologies cannot fully adapt to the high requirements of
AR/VR display performance, which will more or less re-
duce the user experience. Fortunately, micro-LED, based
on inorganic light emitting diodes, have emerged and are
considered the next generation, ultimate display techno-
logy, by combining the strengths of display technologies
such as LCD and OLED, or even other superior methods.
It is considered as an ideal display technology for
AR/VR.

Micro-LED and inkjet printing

The micro light emitting diode array has very recently
emerged as a hot research topic since it was recognized
as a promising candidate for next generation displays>'.
Compared with OLED, the micro-LED possesses equal
optical properties but much longer longevity, owing to
the all-inorganic features*®. The micro-LED is being de-
veloped in two directions in terms of the screen sizes.
The large screen display, in which the pixels are located
far from each other, has been under commercialization
into television and movie screens. The small screen dis-
plays, on the other hand, exist as prototypes that barely
display color images. However, some obstacles prevent
commercialization; among these obstacles, full-coloriza-
tion, which deals with the color rendering and fidelity, is
a major one. There are two main solutions leading the
way to full-colorization: one is to make three primary
color chips and integrate them into one pixel. The integ-
ration process involves moving chips from the substrate,
where they are gown, precisely onto the target position,
where they connect with electrodes. This introduces
mass transfer, which is another major obstacle. Another
solution is to fabricate one chip with short wavelength
(thus high photon energy), which is to be covered by col-
or conversion layers (CCL). This solution, on one hand,
prevents the mass transfer process, as the chips can func-
tion in situ. On the other hand, it can reach very high
pixel densities required in the near-eye display, such as
AR and VR’. In this solution, one key issue is how to
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choose the color down-conversion fluorescent material.
It already has a definite answer, that is, to choose
quantum dots (QDs) as the down-converter, owing to
the narrow spectral line width, nano-scale size, and the
short fluorescent decay times, aiming for large gamut,
high spatial resolution, and high refreshing rate, respect-
ively. It is, therefore, critical to investigate the second
question —how to integrate the QDs with the chip. To
date, inkjet printing techniques have been used to depos-
it QDs directly onto the chip surface'® or onto a transpar-
ent substrate, forming a pattern that covers the chip ar-
ray. According to the different strategies of driving the
ink, there are aerosol inkjet printing (AJP)', piezoelec-
tric inkjet printing (IJP)"!%, and electrohydrodynamic
(EHD) inkjet printing". All these strategies, by exerting
some external forces, eject the ink through the nozzle.
The size of the ejected droplets depends on the driving
force and the aperture size of the nozzle. For the piezo-
electric inkjet printer, an external pressure pulse is exer-
ted upon the ensemble ink molecules, generating a
mechanical pressure that is large enough to overcome
the surface tension at the nozzle and eventually drives
the ink out. Generally, the final droplet size is in the
range of 25 to 125 um®. As for aerosol inkjet printer®,
the external gas flow carries the aerosol stream to the
nozzle. The ejected inks are composed of numerous
droplets with a diameter of 0.4 to 7 pm instead of a single
droplet*.. In EHD inkjet printer, ink molecules are polar-
ized by the electric field between the nozzle and sub-
strate. Subsequently, the applied high electrostatic
stresses overcome the capillary forces and pull the mo-
bile ions in the ink out of the nozzle. The inner diamet-
ers of the nozzle can be as small as 100 nm. Such ejec-
tion in traditional IJP is not possible because the capil-
lary force is too large in the small tip to jet?’. Meanwhile,
the distribution of electric field lines minimizes the later-
al diameter in the droplet placement. Therefore, the
EHD inkjet printing can generate droplets 2 to 5 orders
of magnitudes smaller than the size of nozzle diameter®.
For the high-resolution EHD inkjet printing, its nozzle
diameter is less than 20 pm, which is also called super
inkjet (SIJ) printing*’. The high-resolution EHD inkjet
printing breaks the limit of nozzle diameter, thereby be-
ing able to produce ultra-fine QDs patterns.

The techniques of inkjet printing, especially EHD
printing, are key to fabricating CCLs to the adaptation of
micro-LED for the AR/VR application with high pixel
densities. This technique has received substantial atten-

tion, and the EHD inkjet printing has emerged as a new
strategy in very recent years. This review article intends
to give an overview on the state of the art of inkjet print-
ing techniques in the application of AR/VR and to point
out existing drawbacks. The review is organized as fol-
lows. In the first part, we present an introduction of the
development of high-pixel density micro-LEDs and their
adaptive application in AR/VR. In the second part, the
state-of-the-art inkjet printing techniques are reviewed
with a focus on problem-solving. The optimization of the
rheological properties of inks and solutions for eliminat-

ing the coffee-ring effects are presented in succession.

Progress on the micro-LED-based AR/VR
Micro-LED technology and AR/VR application

Research progress of micro-LED high resolution
display

Since Jiang’s group, from Texas Institute of Technology,
first prepared a micro-LED with the structure of
InGaN/GaN quantum wells (QWs) and a diameter of ~
12 pm, in 2000%. It has attracted substantial attention in
the display field and from the scientific community. As
shown in Table 1, compared with traditional display
technologies (LCD and OLED), micro-LED has incom-
parable advantages. It can produce a small-size UHD dis-
play for applications that require extremely high
performance.

For fabricating the micro-LED array, the epitaxial
wafer of the traditional LED is etched into arrayed, mini-
aturized chip matrix, through the micro process techno-
logy. Then, the functional layer, including p-type and n-
type GaN, active layer etc, is lifted off from the substrate,
and transferred to the circuit board in batch through the
mass transfer technology. The protective layer is manu-
factured by physical deposition, and finally the pack-
aging is completed to form micro-LED. The key techno-
logy mainly includes two steps: miniaturization process
technology and mass transfer technology. To be suitable
for AR/VR applications, research institutes and techno-
logy companies continue to innovate processes, break
through technical bottlenecks and realize high-resolu-
tion micro-LED. GaN-based micro-LED has been de-
veloped for decades. Liu et al. exhibited a GaN-based mi-
cro-LED with superior performance, driven by Si CMOS
active matrix. Its pixel density is as high as 2500 PPI*.
The micro-LED micro-display had two modes, low
brightness and high brightness, with power consump-
tions of 0.5 W and 5 W, respectively. Low power
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consumption is very important for AR/VR display. It is
difficult to achieve small pixelation at the sub-micron
level for micro-display, and the pixel size directly affects
the resolution of the device. The flip-chip technology
usually is used for the hybrid integration of silicon-based
pixel integrated circuits, but the pixel sizes generated by
this method are usually more than 50 pum?. Zhang et al.
reported a wafer level batch manufacturing method
based on silicon integrated circuits?’. A 4-inch red, green
and blue monochrome active-matrix micro-LED (AM-
HLED) micro-display with high brightness and the pixel
density of more than 5000 PPI was successfully fabric-
ated by this method. On the other hand, Lee et al. pro-
posed a silicon CMOS backplane based on 4T1C pixel
circuit driven by pulse amplitude modulation, which can
be used to drive 0.5-0.7-inch micro-LED display with ul-
tra-high pixel density (> 5000 PPI) and can be used for
AR/VR micro-display in the future to improve the users’
feelings of immersion:. However, for intelligent displays
with higher resolution requirements, 4T1C pixel circuit
is not a better choice, because the control panel will be
extremely large as the pixel density increases, which is
the least desirable. Therefore, a new pixelation strategy is
necessary. Park et al. made use of tailored ion implanta-
tion to manufacture InGaN micro-LED, which was
highly efficient and electrically-driven pixelated. It has
extremely high pixel density (8500 PPI) and excellent
performance, and it is considered to be an ideal solution
for full-color ultra-high definition micro-displays of AR
glasses”. Although micro-LED has many advantages, it
faces main challenges including low mass transfer yield,
uneven pixel brightness, full color, high cost and re-
duced external quantum efficiency (EQE) at a small mold
size (EQE is 50% when the pixel size is reduced to 5 pm)*’,
which makes its research and industrialization difficult.
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QD micro-LED

Using colloidal quantum dots (QDs), which are nano-
scale, small semiconductor crystals with properties that
are very different from those of bulk semiconductors, as
a color conversion layer (CCL) and combining UV mi-
cro-LED or blue micro-LED to realize full-color micro-
LED chip has become an ideal method to solve the prob-
lems of full-color and mass transfer. Colloidal QDs have
the advantages of narrow emission line width, high pho-
toluminescence quantum vyield, wide color gamut, high
color saturation, solution processing and low manufac-
turing cost. Figure 2 shows two methods to achieve full-
color by using QDs CCL, Fig. 2(a) shows the full color of
red, green and blue QDs excited by UV micro-LED. Fig.
2(b) shows that blue micro-LED excites red and green
QDs, and the full-color is achieved by the combination
of the electroluminescence of blue micro-LED and the
photoluminescence of red and green QDs. In the color
conversion scheme, the color conversion efficiency is the
key parameter to the luminous performance of CCL. Due
to the large space between the active layer in the LEDs
and QDs, the photon radiation of quantum dots is dom-
inated by the radiative energy transfer mechanism. En-
ergy loss from re-emission decreases the color conver-
sion efficiency. At present, the special design based on
quantum dots and blue micro-LED based on a non-radi-
ative energy-transfer (NRET) mechanism is used to solve
this problem. One method is to increase energy transfer
efficiency by reducing the spatial distance between QW
and QDs, the research has shown that the efficiency of
non-radiative energy transfer () is 55% when the dis-
tance is 2 to 3 nm®'. And the author thinks that nearly
100% 7, can be achieved by further optimizing the
structure of QW/QDs and improving the quality of QW.

 § &

Fig. 2 | Two methods for achieving full-color by using QD CCL. (a) RBG three-color QDs excited by UV chips. (b) RG two-color QDs excited

by blue chips.
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In contrast, the estimated efficiency of radiative energy
transfer (#,,,) is less than 0.3% for a close-packed nano-
crystal monolayer. Another method is to increase the
contact area of QW/QDs by opening or etching the peri-
odic nano-hole array on the surface of an LED chip. The
excitation efficiency can be improved by employing the
NRET mechanism*. Prof. Liu’s group proposed a NRET
route, which was realized by inserting CdSe/ZnS nano-
crystals (NCs) into QW layer that was etched on the chip
surface in Fig. 3. By a close attachment, the energy gener-
ated from the QWs is directly transferred to NCs without
forming blue photons, with an efficiency as high as
80%%. The structure of nano-ring (NR) micro-LED has
also been developed to deposit QDs, which can expose
both the inner and outer sides of the ring wall of QW,
the surface area of the QW in direct contact with the
Hper Of the QD-NR-uULED can

reach 66.4%'°, indicating that the non-radiative energy

QDs increases. Therefore,

transfer can significantly improve the performance of
CCL.

At present, a great number of methods have been em-
ployed to deposit QDs, including spin coating, litho-
graphy, microcontact printing and nanoimprinting®*-¢.
But these methods have their shortcomings that may re-
quire pre-mask making, complex operation, and high
cost. The full-color micro-LED produced in this way has
poor performance and is not enough to meet the applica-
tion of AR/VR. Inkjet printing technology has the ad-
vantages of simple process, low cost, high automation,
and no need of contact and mask'**. Therefore, it has

p-GaN
p-AlGaN

InGaN/GaN MQWs
n-GaN—"

been considered one of the best choices for full-color
micro-LED.

Realization of color conversion layer using inkjet
printing technology

Common inkjet printing technologies include AJP, EHD
inkjet printing, and SIJ printing. In 2015, Kou’group
used AJP technology to spray RGB three-color colloid
CdSe/ZnS QDs on the surface of UV LED to prepare a
full-color micro-LED display with a pixel density of 282
PPI'. To increase the utilization of UV light, a distrib-
uted Bragg reflector with a wavelength of 400 nm was
covered on the QD layer to reflect back excess UV light.
Figure 4 shows a schematic diagram of the AJP process.
However, the prepared micro-LED display has the prob-
lem of optical crosstalk. Therefore, the research group
proposed to make a molded baffle with photoresist (PR)
to provide a window for AJP technology to spray QDs
(Fig. 4(b))*. This approach not only solves the impact of
optical crosstalk but also solves the low resolution caused
by the "coffee ring" effect, and achieves a high-quality
full-color micro-display with a minimum QDs linewidth
of 30~40 pm. Moreover, in order to further improve the
resolution of QDs-based micro-LED, Kuo et al. used SIJ
technology to spray red CdSe/ZnS QDs on blue nanor-
ing (NR) - micro-LED" and prepared hybrid QD-NR-
Micro-LED, as shown in Fig. 4(c). It achieves a full-color
high-quality micro-LED display with a line width less
than 2 um. Ho et al.*’reported that R, G and B QDs-NaCl
inks were prepared by adding NaCl solution to three-color

Fig. 3 | Structures of realizing the NRET from chip to QDs?*. Figure reproduced with permission from John Wiley and Sons.
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Fig. 4 | (a) Schematic diagram of AJP process. (b) Processes of fabricating the full-color micro-LED display based on lithography and AJP tech-

nique. (c) Full-color design of QD-NR-Micro-LED display. Figure reproduced with permission from: (a) ref.'®, The Optical Society; (b) ref.*!, (c)

ref.’, Chinese Laser Press.

QDs inks. QDs-NaCl was sprayed on PET substrate
coated with PDMS by the EHD inkjet printing techno-
logy, and a flexible full-color conversion film with a
single-pixel size of 3.74+0.5 um was prepared (as shown
in Fig. 5(a)). The QDs CCL was combined with UV mi-
cro-LED to achieve a full-color micro-LED screen.

To achieve efficient photoconversion of CCL, the CCL
must maintain a certain thickness. The light conversion
efficiency (LCE) from blue to green and red light can be
adjusted by changing the thickness of the CCL. Some
substrates with bank structure with a depth of 3-11 pm
have been used for printing green and red QDs**. Re-
search by Hu et al. showed that the LCE reaches 90%
when the red QDs layer is 10.2 pm, the LCE reaches 33%
when the green QDs layer is 10.5 pm?*. This design
makes red and green subpixels higher than blue ones,
resulting in the difference in display performance of the
three subpixels. To solve this problem, patterns contain-
ing TiO, sphere scatters were fabricated on the blue sub-
pixel®>. CsPbBrsz QDs and CdSe QDs were printed in the
bank to prepare red and green CCLs with the thickness
of 6 and 9.8 pm, respectively. Based on these designs,
The LCE of CsPbBr3; QDs and CdSe QDs CCLs of 55.6%
and 31.8% were achieved. Yin et al.** reported that the
CCL was combined with the bottom emitting blue mi-
cro-LED to achieve a high-efficiency full-color micro-
LED display. The bottom emitting backlight design was
adopted to reduce the serious crosstalk effect caused by
pixel distances that are too small. Figure 5(b) and 5(c)

show the principle structure of the prototype. The
linewidth was approximately tens of microns, and the
color gamut of the micro display was as high as 129%
NTSC and 78.2% Rec. 2020. From this point of view, the
linewidth of QDs CCL prepared by IJP technology is ap-
proximately several tens of microns. In contrast, using
the novel SIJ technology, the linewidth below 2 pm can
be achieved by adjusting the driving voltage, motion
speed and acceleration of the nozzle, pulse frequency and
the distance between the nozzle and the substrate. The
differences between different printing methods are listed
in Table 2. Figure 6 shows NCTU, SCLAB and XMU lo-
gos with a line width of 1.65 um printed by Kuo's group
using SIJ printing. With the increased popularity in
AR/VR display, high resolution and small size displays
have become the goals pursued by major manufacturers.
In the future, II-VI core-shell or perovskite QDs CCL
will be prepared by SIJ printing. Combined with blue mi-
cro-LED, it is expected to have high-resolution and full-
color micro-LED with wide color gamut, high bright-
ness and good stability®!, which can be used for AR/VR
display.

Introduction on inkjet printing

A brief review on the state-of-the-art inkjet printing

As has mentioned above, there exist several types of
inkjet printing. The different strategies they use to eject
the ink leads to variation in the line width, the essential
parameter measuring the resolution. In general, the finer
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Fig. 5| (a) Sketch of the full color RGB QD-converted micro-LED array based on an UV backlight module and the device image (inset). (b)

Schematic illustration of the full-color prototype . (¢) Cross-section structure diagram of the prototype. Figure reproduced with permission from:

(a) ref.*2, American Chemical Society; (b, c) ref.*>, John Wiley and Sons.

Table 2 | The differences between different printing methods.

Printing method Droplet generation principle Single droplet size Droplet volume Printing size
IJP Pressure pluse 25~125 ym 1~80 pL 10~100 pm*’
AJP Gas flow 2~5 um 1~5 fL 3~30 pm*®
EHD EHD force 10-5~10-2 of nozzol diameter 0.1 fL~several tens of pL 100 nm~400 pm*°
SIJ EHD force Sub-micron 0.1 fL~10 pL 100 nm~100 pm®°

1.65 pm! LM

1.65 umy
t

Fig. 6 | Fluorescence images of (a) NCTU and (b) logo of XMU printed by SIJ printing. Figure reproduced with permission from: (a)'®, Optica Pub-

lishing Group.

lines or dots an inkjet technique can yield, the higher res-
olution it can reach. In Fig.7, a distribution of line
widths during the recent decades is presented. In IJP, the
highest resolution of printed dots is 10 um. And when
the distances of the adjacent dots are 20 pm, the resolu-
tion of 1336 PPI can be achieved. This resolution is not
enough for AR/VR. So, advanced EHD inkjet printing,

especially the SIJ printing is concerned. According to our
knowledge, the minimum diameter of printed per-
ovskite dot array printed by SIJ printing is 1 pm!”’. For
example, a dot is regarded as a sub-pixel, and the space
between sub-pixels is 2 pm, in this case, resolution of
13368 PPI can be achieved, which is sufficient for the
AR/VR application. It indicates that the SIJ printing is
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Fig. 7 | A distribution of line widths of various inkjet printing in recent decades6-9:42-44:48,50,52-115,

able to produce the finest line width, among other main- ricated QDs, that is, as the precursors are in general
stream inkjet printing techniques. Here, we give brief de- more stable under ambient conditions. Similar strategies
scription of some representative works. can be seen in very recent work proposed by Huang's

In 2019, Prof. Tang’s group adopted precursors solu- group, in which the perovskite precursor inks were in-
tion of lead-halide perovskite QDs as the ink for EHD corporated into EHD inkjet printing to fabricate flexible
inkjet printing". In this method, the precursors (CsBr and high-resolution image detectors'””. Although the
and PbBr,, etc.) were dissolved in DMSO with some sta- solvent in the precursor ink partially swelled and dis-
bilizers. This ink was then ejected onto the substrate, solved with the polymer substrate, the precipitated
upon the vaporization of DMSO, the precursor ions crys- quantum dots were embedded in the polymeric matrix.

tallized into QDs, as illustrated in Fig. 8. With this The films printed by this precursor ink did not show ex-
strategy, line widths decreased to 5 pm. In addition, the cellent stability. It affected the service life of perovskite

18-crown-6 was added directly into the ink as the stabil- films in the device. In the work of Jia et al., phenethylam-
izer and it could also confine the growth of perovskite monium bromide (PEABr) was introduced into the pre-
QDs during the in situ crystallization process. Another cursor inks composed of methylammonium bromide
solution, as proposed by Zhong’s group, is to eject the (MABr), lead bromide (PbBr;) and N, N-dimethylform-
pure precursor solutions onto various types of polymer amide (DMF) solvent!'®. The quasi-2D perovskite mi-
films fabricated in advance®. It is the unique advantage croarrays were formed on the polyvinyl chloride (PVC)
for perovskite QDs that the ink can be fabricated in the substrate after the precursor droplets dropping on the
precursor stage, and form the final product in an in situ surface of polymer sheets. The invasions of O, and water
way on the target substrate after being ejected. This solu- were blocked due to the hydrophobicity of PEA* cations.
tion avoids the possible degradation of ink with as-fab- In addition, PEA* improved the crystallinity of quasi-2D

° In situ crystallization
00253 repEp
—> 900009 » Qi il
22 990000 0 oo o
I=——————————5 t¢ R¢ 5
Precursor ink CsPbl,Br

0000(53

Cs Pb | BrPEABrCrown

Fig. 8 | (a) Photographs of the CsPbX3 inks. (b) CsPbX3 films with different halide compositions under a 365 nm UV lamp and (c) schematic of
perovskite transformation from CsPbX3 ink to CsPbX3 nanocrystal. Figure reproduced with permission from ref.”®, John Wiley and Sons.
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Fig. 9 | (a) Schematic diagram of the in situ inkjet printing strategy. (b) The optical images of printed PQD patterns on different polymer sub-

strates under UV light. Figure reproduced with permission from ref.5°, John Wiley and Sons.

perovskite and reduced the defects, which can result in
degradation. Therefore, the dots on PEA-PVC displayed
excellent stability against air, water, light irradiation and
chemical erosion. This work confirms the feasibility and
effectiveness of preparing large area, highly stable and lu-
minescent perovskite-polymer composites by piezoelec-
tric inkjet printing. In summary, commonly used QDs
inks for CCLs are divided into two categories: one is the
“fluorescent” QDs ink, which is prepared by dispersing
the pre-synthesized QDs in solvents or polymers. The
other is the “non-fluorescent” precursor ink, which is
prepared by mixing the raw materials of QDs with some
common solvents such as DMF and DMSO or with some
soluble polymer such as PVP and PVA. The uniform dis-
persion of QDs in ink is the basic requirement of ink
characteristics, but the aggregation of QDs often occurs
in the process of ink preparation, especially the disper-
sion of QDs in polymers with high viscosity. The aggreg-
ation of QDs in ink can be avoided by dispersing QDs
precursors in polymers. The QDs are crystallized in situ
during the heating and drying process. The long chain of
the polymer provides a confined space for the precipita-
tion of the quantum dots. The heating temperature and
concentration of polymer affect the size of the precipit-
ated QDs and the morphology of the film. The lower
polymer concentration'? and temperature'® will cause
the uneven distribution of the QDs in the film, even the
appearance of the coffee ring. In addition, QDs or QDs
precursors are dispersed in pure solvents to prepare QDs
ink, which can ensure good dispersion. But the thickness
of the printed pattern is small, usually tens to hundreds

of nanometers. In practical device applications, QDs are
deposited by printing many times to prepare CCLs*7",

For all types of inkjet printing techniques, the ink
plays a key role throughout the whole printing proced-
ure. The rheological properties of the ink strongly de-
termine the ejection of the ink, and the line width there-
after; the boiling point affects the evaporation of inks. All
these properties should be modified according to the
type of forces that eject the inks, that is, the type of the
inkjet printing strategies. For all strategies, processes of
evaporation of ink on the substrate are similar. In the fol-
lowing sections, we present existing methods for optim-
izing ink ejection and evaporation. For the former, the
objective is to generate fine ink lines/dots, and for the
latter, the aim is to eliminate the local density inhomo-
geneities — the “coffee-ring effect”.

Rheological modification of inks

The rheological parameters of the ink play a vital role in
printing performance. These parameters are directly re-
lated to the formation of the stable droplet, accurate jet-
tability, ink long-term stability, and they can also con-
trol the movement of the three-phase line of the ink on
the surface of the substrate and inhibit the coffee ring ef-
fect. Therefore, the adjustment of rheological paramet-
ers ultimately affects the printed pattern resolution and
morphology. The optimization strategies vary from dif-
ferent types of inkjet techniques.

For piezoelectric inkjet printing
In IJP, the drop-on-demand printer is the most
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commonly used due to its higher resolution. It includes
two driving forces to generate droplets: piezoelectric and
thermodynamic forces. In the former, the voltage wave-
form excites the piezoelectric element in the nozzle to
generate pressure pulses to eject the droplet. In the latter,
the ink is superheated through the voltage-controlled
resistor in the ink chamber, and subsequently, a thermal
bubble forms and then collapses, and a droplet is
ejected™. The viscosity of the ink suitable for IJP is relat-
ively low, and it usually ranges from 1 to 30 mPa-s. Gen-
erally, for a nozzle diameter of 20 um, the appropriate
values of ink viscosity and surface tension should be in
the range of 1-25 mPa-s and 25-50 mN-m™, respectively*.
In addition, the Z number was commonly used to
quantify the printability of ink formulation. Z number is
the inverse of the Ohnesorge number (Oh). Fromm
solved the Navier —-Stokes equation and found that the
jetting stopped when Z < 2!"7. Ohnesorge investigated
the important effect of fluid viscosity, surface tension
and inertia on the breakup of liquid jets in terms of the
dimensionless values Weber number We = pv*d/o and
Reynolds number Re = pvd/#. The new dimensionless
values Z was defined to delineate the boundaries of the
different operating regimes in the jetting process.

_VWe g
Oh = Re _,/pad' ()

The Z =1/0Oh = +/pod/n, as Eq. (1) has revealed. It
includes rheological parameters, such as density p, vis-

cosity #, and surface tension o, and printing parameters
such as nozzle diameter d. Additionally, the research in-
dicated that the fluid was printable when the Z value was
1-10"8. Meixner et al. also found that the polymer inks
exhibited printability only when Z was between 1 and
10%. The research of Tai et al. proved that when an
aqueous solution of glycerol was used as ink, the Z value
of the ink that can be ejected by a single droplet is in the
range of 0.67 -50'". Jang et al. defined the printable Z
value range as 4-14 in the jetting behavior experiment of
low viscosity fluids®. The above results show that the Z
value alone cannot be used as the only measurement
parameter of jettability. Derby” and Kim'* et al. intro-
duced Re - We number and Ca — We regime map based
on Z number to define the boundary of the fluid print-
ing characteristics, respectively. Nallan et al.*® further ex-
perimentally confirmed the jettability window of the Ca -
We space by inkjet printing nanoparticle non-Newtoni-
an fluid. The results were consistent with the previous

theoretical simulations'?’. The ink rheological character-
istic parameters also affect the final print pattern resolu-
tion and morphology characteristics. On the one hand,
viscosity and surface tension can regulate the contact
angle between the ink and the substrate. Larger viscosity
and higher surface tension will lead to a larger contact
angle, resulting in smaller diameter droplets. On the oth-
er hand, these factors affect the capillary flow and
Marangoni flow in the liquid during drying, and the lim-
ited capillary flow and the enhanced Marangoni flow res-
ult in a less rough surface. Ding et al. dispersed silica
nanoparticles (265 nm) in solvents with different surface
tensions as inks for pulsating jet mode printing, the res-
ults showed that at the same concentration, the solvent
EG with higher surface tension (48.4 mN/m) has a larger
contact angle (35°) than CA (29.0 mN/m) with contact
angle (10°). Larger contact angles result in smaller dia-
meter structures (50 pm). In addition, the work further
showed that the hydrophilic surface of the ITO substrate
contributes to a ring structure, and the hydrophobic sur-
face of the Teflon substrate contributes to a dome struc-
ture [Fig. 10(a)]*.

Duan et al. prepared UV curable ink by combining
perovskite quantum dots (PeQDs) and UV-curing acryl-
ic resin and fabricated the color conversion film by IJP.
Due to the solvent content in the ink system being low,
the evaporation of the solvent and monomer in the cur-
ing process is minor, the movement of solute particles is
suppressed because of the polymer network [Fig. 10(b)],
and the thick film is received with almost no coffee ring
(calculated coffee-ring factor is 1.6). The final PLQY of
PeQD film is around 40% while the PLQY of CsPbBr;
QDs octane solution is 96%. The brightness of the con-
verted green light is only 58 cd/m? when a blue OLED
with a luminance of 345 cd/m? is used, which demon-
strates that UV-curing acrylic resin can weaken the lu-
minescence properties of quantum dots. However, the
PeQD film can maintain high stability in the ambient at-
mosphere. Because the cured resin can block the air and
water so that the quantum dots are not destroyed. In a
word, the addition of polymer can improve the stability
of CCLs at the expense of quantum dot efficiency. The
prepared film as a color conversion layer provides a pos-
sible idea for realizing full-color micro-LED*.

Jiang et al. used a dual-solvent system to adjust the
surface tension of CdSe@ZnS/ZnS ink. The surface ten-
sion of the mixed solvent with 20 vol % 1,2-dichloroben-
zene and 80 vol % cyclohexylbenzene reduced to
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Fig. 10 | (a) Relationships between the concentrations of silica particles in colloidal inks and the contact angles of ITO glasses and silicon wafers
with Teflon layers. Optical images of the latex droplets and printed photonic crystals microstructures on the ITO glasses and silicon wafers with
Teflon layers. (b) Schematic illustration of the film forming process using thermal-curing and UV-curing inks, respectively. (¢) PL microscopic im-
ages and 3D morphology images of dot arrays, and film thickness profile of each single dot achieved by printing quantum dots inks with volume
ratios of 0, 10, 20, and 30% oDBC. (d) Fluid flow schematic of the AJP system with a dual atomizer module®'. (e) Fabricated 2D patterning of a
square grid on planar surfaces®'. (f) LZH logo printed on a freeform cylindrical surface''. Figure reproduced with permission from: (a) ref."s,
American Chemical Society; (b) ref.#%, John Wiley and Sons; (c) ref.", American Chemical Society; (d—f) ref.°', AIP Publishing.
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31.77 mN/m from the 41.31 mN/m of pure cyclohexyl-
benzene. The decreased surface tension of the ink leads
to a decreased contact angle, and the solvent volatiliza-
tion rate increases during short evaporation time, which
is conducive to inhibiting the coffee ring effect and ob-
taining a flat film. In addition, the decrease in the con-
tact angle leads to an increase in the diameter of the
printed point [Fig. 10(c)]. Therefore, it is not easy to ob-
tain a smooth pattern with a small line width or diamet-
er by adjusting the rheological parameters of the ink in a
pure solvent ink system without polymer!'”.

For aerosol jet printing

In AJP process, the ink is atomized by the pneumatic at-
omizer or the ultrasonic transducer and transferred to
the virtual impactor and finally to the print nozzle under
the load of nitrogen gas flow. The aerosol flow is gener-
ated by adjusting the N; flow strength in the print head.
Unlike traditional inkjet printing, which prints with inks
with viscosities ranging from 1 to 30 mPa-s, AJP can
print ink viscosity in a range of 0.5 to 1000 mPa-s'"".
Hildebrandt et al. atomized silver inks of different viscos-
ities through pneumatic atomizer or ultrasonic atomizer
for AJP, and the printing circuit was used for the metal-
lized grid on the front of the solar cell. Studies showed
that the ultrasonic atomizer was suitable for low viscos-
ity inks (less than 100 mPa-s). A synthesized particle free
silver ink with a viscosity less than 1 mPa-s was selected
for AJP. By adjusting the print parameters, high-resolu-
tion lines with a low aspect ratio could be obtained, with
a line width as small as 11 pm and thickness as small as
20 nm due to the low ink viscosity and small printing
throughput rate. Pneumatic atomizer was suitable for
highly viscous inks (100-1000 mPa-s). The silver particle
ink with a viscosity of 670 mPa-s and particle size less
than 2 pm was used for printing. After printing 15 layers,
the aspect ratio of the line was 2 ! 1, the layer height was
80 pm and the thickness was 36 pm. After firing, the as-
pect ratio increased to 4.5 : 1, the line thickness was 76
pum and the line width was 16 pm°’. In addition, AJP can
print pure polymers without adding solvents [Fig.
10(d-e)]. Obata et al. printed square grid on planar sur-
faces by using UV-curable PDMS composed of two high
viscosity components KER-4690-A and KER-4690-B
without other solvents. Moreover, a 3.00x8.07 mm? LZH
logo on a free-form cylindrical surface could also be
printed [Fig. 10(f)]. The thickness of the printed PDMS
film was 1.6 um, but if the uniform film with the same

thickness was prepared by the traditional spin coating
method, the PDMS must be diluted'?..

For electrohydrodynamic jet printing

To eject ink from a small nozzle to a substrate, IJP re-
quires high pressure to overcome the capillary force, AJP
requires annular sheath gas to carry atomized aerosol,
and EHD inkjet printing requires an enough electric field
between the nozzle tip and the substrate. The value of the
electric field can determine the size of the droplets, so
EHD inkjet printing can achieve controllable or even ul-
tra-high resolution (100 nm) by printing a range of
0.001-10 pL droplets. Although EHD inkjet printing can
be applied in a wider ink viscosity range 1-10000 mPa-s
compared with the IJP (1-30 mPa-s) and AJP (0.5-1000
mPa-s) process, the ink rheological characteristic para-
meters of viscosity and the surface tension play a key role
in the jet formation and final print pattern resolution
and morphology characteristics. In terms of the jet form-
ation, the Taylor cone jet is the major jet mode in con-
ventional EHD inkjet printing. Under the electric field,
the ink droplets are charged and form an ink protrusion
at the tip of the needle. When the macroscopic electric
field is large enough, the charged ink droplets will form a
stable jet. Yu et al. found that the formation of a stable
cone jet after adding PEO to glycerol/H,O Newtonian
ink instead of micro dripping and intermittent cone jet
formation. The effects of the viscosity parameter (y) and
elasticity parameter ({) on the operating window were
studied When
(x = 2.24 — 2.54), as & increases, it delays the formation

separately. elasticity ~ changes
of the cone and breakup of a cone jet, the Taylor cone jet
zone widens in a large dimensionless voltage () range.
However, when viscosity is changed (§{ = 0.69), as x in-
creases, the operating range of dimensionless flow rate
(o) increases for y <1, and the operating range of di-
mensionless voltage (f8) increases for y > 1. Although the
results showed that increasing viscoelasticity of the ink is
beneficial to the formation of a stable cone jet, whereas
an excessively high viscoelasticity would increase the jet
diameter thus decreasing the resolution of patterns'®.

In addition to adding a polymer, the two-solvent sys-
tem also affects the jetting method. Nguyen et al. used n-
butanol (b.p. of 117.7 °C)/n-hexane as mixed solvents to
disperse the red QDs to fabricate the large-area quantum
dot thin film. The QDs ink with different volume ratios
of hexane: n-hexane: n-butanol generated cone-jet mode,
multi-jet mode and electrospray mode respectively in the
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EHD inkjet printing. This phenomenon is mainly due to
the competition between electrostatic stress and surface
tension at the gas-liquid interface'??. The ink formula of
the two-solvent system is also conducive to improving
the pattern surface morphology. Li et al. introduced cyc-
lohexylbenzene (CHB) and nonane to CdSe/CdS/ZnS
QDs ink for manufacturing high quality and resolution
pixelated QLED devices. Thus, when the ratio was 8 : 2,
the contact angle of the ink was the largest, and the capil-
lary flow was weakened. Therefore, the coffee ring effect
was inhibited, and the surface with the lowest surface
roughness was obtained’’. The increased solvent viscos-
ity is also conducive to high resolution. Wang et al. util-
ized ionic liquid methylammonium acetate (MAAc) with
high viscosity as a solvent in MAPbXj; precursor inks for
the first time (Fig. 11(a)). As shown in Fig. 11(b), the
high-resolution dot array with a diameter of 1 um was
printed on the flexible PI substrate for the application in
a smallest printed full-color image photodetector!”’.

Li et al. prepared high viscosity perovskite precursor
ink with different PVP concentrations for fabricating in
situ crystallized microarrays combined with electro-
hydrodynamic printing. As the concentration of PVP in-
creased from 100 mg/mL to 500 mg/mL, the viscosity in-
creased sharply from 10.39 mPa-s to 610.33 mPa-s, and
the increased viscosity inhibited the capillary flow and al-
leviated the coffee ring effect, resulting in a dome-shaped
cross section structure. Moreover, the ink contact angle
on the ITO substrate increased from 10.88° to 30.25°, re-
ducing the diameters of dots!!2.

For super inkjet printing

SIJ printing is a novel EHD jet printing. The equipment
components of both are similar. But its principle of
droplet generation is different from the conventional
EHD jet printing. The conventional EHD jet printing op-
erates in a Taylor cone mode, which has a limitation to
the size of the nozzle diameter. The nozzle diameter
needs to satisfy Eq. (2). A smaller diameter of the nozzle
will not form a stable jet even when the electric field is E,
(Eq. (3)). When the diameter of the nozzle is small
enough, Eq. (2) is no more applicable. To pursue higher
resolution, it is expected that the diameter of the nozzle
can be further reduced. The emergence of SIJ printing
overcomes this limitation, droplet can be ejected from a
needle with a smaller diameter under d, > d,, h, > h,
and h, > d, Fig. 11(c)*. Under this condition, the effect-
ive electric field Ey,. (Eq. (4)) is sufficiently large to eject

droplets in a new mode: electrostatic suction. It is worth
mentioning that when a large-sized nozzle is used in SIJ
printing and the macroscopic electric field is sufficiently
large, the Taylor cone jet mode is also applicable.

ny  myh?
d> = , 2
LE GV @
1%
E =~
0 h bl (3)
14 2V
Eloc = @ = ma (4)

where d is the nozzle diameter, y is the surface tension of
the ink, &; is the vacuum dielectric constant, V and h are
the voltage and distance between the nozzle tip and the
substrate, respectively. The E,,, k and p are local electric
field, nozzle form factor (1.5 < k < 8.5) and the ink
meniscus curvature (p /= d/2).

In the electrostatic suction mode of SIJ printing, the
tiny size of the nozzle can be as small as 0.3 pm, the
volume of jetting droplets is only 0.0001~10 pL. The mi-
croscopic droplets dry quickly, and the viscosity of the
droplet increases at the moment of contact with the sub-
strate. The surface tension and viscosity of the ink con-
tinue to affect the morphology and accuracy of the prin-
ted pattern. To achieve continuous ejection of SIJ print-
ing, a suitable viscosity range should be controled from
0.5 to 10000 mPa:-s. If the viscosity of the ink is too high,
the ink cannot be loaded to the tip of the nozzle. The
metal nanoparticle conductive inks have been intens-
ively printed high-density circuitry for a MEMS Device®,
source/drain electrodes in OFETs” and other electronics
applications, such as resistive fuse-type write-once-read-
many (WORM) memory’®, metallization of the through
silicon vias** and mm-wave bandpass filter®>. The low
viscosity of the ink mentioned above was typically in the
range of 5~20 mPa-s, and the resolution reached 2 um.
Park et al. prepared polyurethane ink, PEDOT/PSS ink,
single-crystal Si rods ink, ferritin ink and SWNT ink by
dispersing polyurethane, PEDOT/PSS, single-crystal Si
rods, ferritin and SWNT solution in solvents such as
H,0 and I-octanol and by adding surfactants to reduce
the surface tension’. The diameter of the dots array was
490 nm (Fig. 11(f) ) and 240 nm (Fig. 11(d)) by printing
the polyurethane ink with 500-nm and 300 nm-internal-
diameter nozzles, respectively. Continuous lines with a
width of 3 um were printed with SWNT ink (Fig. 11(e)).
Kitamura et al. printed poly (butyl methacrylate)-block-
PAz (PBMA-b-PAz) ink on a spin coating azobenzene-
containing SCLCP film (poly [4’ -10 (methacryloyloxy)
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Fig. 11 | (@) Schematic illustration of the EHD inkjet printing fabrication process and perovskite transformation. (b) The EHD printed high-resolu-

tion dot array with dot diameters of 1, 2, and 3 uym respectively. (c) Printing mode of conventional EHD inkjet printing (1) vs SIJ (2) shown with
and without ink charging. (d) Three-dimensional AFM image of aligned arrays of dots. (e) Continuous lines printed using the single-walled car-
bon nanotube ink. (f) Optical micrograph of a portrait of an ancient scholar, Hypatia, printed using a polyurethane ink. (g) Schematic of the con-
cave (trench) formation. (h) Topographical AFM images demonstrating the mass transfer of a PAz film under UV-light irradiation and changes in
the cross-sectional profile obtained from the AFM data. Figure reproduced with permission from: (a, b) ref.'%”, John Wiley and Sons; (c) ref.?;
(d—f) 75, Springer Nature; (g, h) ref.®8, under a Creative Commons Attribution 4.0 International License.
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decyloxy-4-(heptylpheynylazo)phenyl]  (PAz)) (Fig.
11(g)). Due to the Marangoni effects, the fluid flows
from low surface tension to high surface tension. The
surface tension of PBMA-b-PAz ink is smaller than that
of PAz, and trenches with line widths of 5 um are formed
(Fig. 11(h)). When a polymer ink with higher surface
tension was printed, the ink migration resulted in an em-
bossment formation®®,

Coffee-ring effect diminution

In recent years, the rapid development of nano-material
solution processing technology and high-precision print-
ing technology has provided new ideas for applications,
such as printing integrated electronics and light-emit-
ting displays. The uniformity of printing dot matrixes
and lines is very important to the performance of the
device. For example, in the process of printing the color
conversion layer of micro-LED, the uniformity and
smoothness of each printed pixel are the prerequisites for
achieving uniform light emission. The coffee ring effect
is one of the important reasons for uneven printing. In
1997, Deegan et al. ascribed the coffee ring pattern to the
capillary flow. During the drying process, the volatiliza-
tion speed of the solvent at the edge is greater than the
center. Due to the pining of the contact line, the solvent
volatilizing at the edge is replenished by the liquid in the
interior, and the outward flow can carry the dispersed
material to the edge'”. It is known that the necessary
factors for the coffee ring effect are capillary flow and the
pining of the three-phase contact line. Therefore, the
corresponding methods used to suppress the coffee ring
effect are inhibiting the capillary flow and controlling the
movement of the three-phase contact line of the droplets
during the drying process®’. Mathematical simulation of
the evaporation process is conducted and it can guide ex-
periments. The simulation results show that solvent type,
contact angle and evaporation rate can improve the cof-
fee ring effect'*.

The specific methods to eliminate the coffee ring ef-
fect are summarized as follows. First, the following meth-
ods are often be applied to suppress outward capillary
flow. (i) Increasing the viscosity of the ink. High PVP
concentration (500 mg/mL) was added to the CsPbBr;
precursor solution by Li et al. to print the high-resolu-
tion microarrays. As observed in Fig. 12(a), the obtained
dome-shaped dots showed that the coffee ring was inhib-
ited due to the high viscosity polymer chains hindering
the movement of the particles''>. The poly(vinyl methyl
ether) buoyant block polymer was added to the TiO; ink
to inhibit capillary flow by forming the gel network'®.

(if) Increasing the surface tension of the ink. Li et al. op-
timized the mixed solvent ratio in the QDs ink system to
fabricate high-resolution pixelated QLEDs (Fig. 12(b)).
The addition of 20 vol % nonane to cyclohexylbenzene
(CHB) can increase the surface of the ink and increase
the contact angle. Thus, the capillary flow was
weakened”'. (iii) Increasing the interaction between the
particles or between the particles and the gas-liquid in-
terface. Yunker et al. studied the effect of the particle ma-
jor-minor diameter aspect ratio (¢) on the deposition po-
sition during droplet drying (Fig. 12(c)). The highly an-
isotropic ellipsoids with high & induced strong long-
ranged capillary attraction on the air-water interface, res-
ulting in eventual deposition of ellipsoids on particle-
rich regions'®. In larger particle size distribution sys-
tems, such as nano/micro particle droplet systems, the
larger particles were sedimented at the center while the
smaller particles flocculated at the edge owing to weaker
electrostatic interactions and van der Waals forces be-
fore the motion of the receding contact line. Then dur-
ing the movement of the receding contact line, the smal-
ler particles were preferentially driven inward to the cen-
ter of the droplet. Therefore, after the volatilization was
completed, large particles and small particles mainly ex-
isted in the center and edge of the droplet, and large
particles mainly existed in the middle position in a close-
packed manner. In addition, modification of dodecane-
thiol ligand molecules on the surface of gold nano-
particles (Au NPs) could increase the interaction
between gold nanoparticles and the liquid-gas interface.
This interaction induces the deposition and self-as-
sembly of nanoparticles at the interface to form long-
range ordered monolayers without the ring-like or lace-
like edges'*2. Multiple printing avoids the coffee-ring-like
structure because the droplets interact with the previous
drying layer during the deposition of the second and
third layers. This interaction is much larger than the in-
teraction with the substrate, and the diameter of the sub-
sequently deposited layer is smaller than the diameter of
the dry layer due to the smaller surface free energy of
polystyrene spheres, forming a pie-like structure (Fig.
12(d))'#. (iv) Reducing the volatilization rate at the edge
of the droplet. As shown in Fig. 12(e), Soltman et al.
studied the effect of substrate temperature on the mor-
phology of the dried droplets. The lower temperature can
suppress the faster volatilization of the edge and make
the volatilization speed of the center and the edge simil-
ar, thereby inhibiting the capillary flow'?. In the multi-
solvent ink, the concentration difference between the
edge and the center of the droplet drives the particles to
move to the edge during the drying process. Therefore,
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Fig. 12 | (a) Fluorescence microphotographs and three-dimensional white light interferometer images of dot arrays printed with different PVP
concentrations. (b) Fluorescence microphotographs, higher resolution fluorescence microphotographs and 3D morphology images of the white
light interferometer of QD dot arrays. (c) lllustration depicting deposition mechanism and binarized experimental images of deposits of spheres,
slightly stretched particles and ellipsoids. (d) SEM images of polystyrene ink drops printed in one, two, and three layers; AFM profile of deposited
drops of PS 450. (e) Cross section and 3D projection from an optical profilometer of single drops at different temperatures. (f) Confocal laser
scattering microscopic 3D images of dots with varying solvent compositions and corresponding two-dimensional profiles. Figure reproduced with
permission from: (a) ref.'2, The Royal Society of Chemistry; (b) ref.”’, John Wiley and Sons; (c) ref.’?¢, American Physical Society; (d) ref.'?’, John
Wiley and Sons; (e) ref.'?8, American Chemical Society; (f) ref.'?°, AIP Publishing.
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the rapid removal of low boiling solvent can reduce the
concentration difference and make the particles not have
enough time to move to the edge. At the same time, the
high boiling point solvent can maintain the morphology
of the droplet, reduce the evaporation rate of the droplet
at the edge, and effectively inhibit the coffee ring effect.
A three-staged gradient vacuum post-treatment (GVP)
method was adopted to remove the ternary solvents'*.
The three solvents have a low gap in their vapor pressure
and can form a continuous evaporation process. The
solvent with higher vapor pressure removes rapidly in
the first stage. Subsequently, the lower vapor pressure
solvents are removed gradually at lower pressure in the
second and third stages. Finally, a uniform layer without
pinholes guarantees good performance of the QLED
device. (v) Increasing the inward Marangoni flow. The
surface tension gradient inside the droplet results in the
Marangoni flow from a region with low surface tension
to a region with high surface tension. Therefore, the in-
ward Marangoni flow should effectively compensate the
outward capillary flow. On the one hand, introducing a
solvent with a higher boiling point and a lower surface
tension to the ink in a single solvent system is a good ap-
proach. Gans et al. printed polystyrene solution on hy-
drophobic glass coated with (tridecafluoro-1,1,2,2-tet-
rahydro-octyl) trichlorosilane. Studies have shown that
the dissolution of polystyrene in a single solvent such as
ethyl acetate with low boiling point solvent or acet-
ophenone with high boiling point, which can lead to dif-
ferent degrees of coffee ring phenomenon. However, the
coffee ring will be completely inhibited when the 80/20
wt% ethyl acetate/acetophenone mixture is used as a
solvent, and the minimum dot diameter of 29 pm can be
achieved!*’. This is mainly because the rate of evapora-
tion increases at the edge and the concentration gradient
between the contact line and the bulk can generate
Marangoni flow in the drying process, which makes the
droplet uniform. A similar method is used to solve the
inhomogeneity of QDs pattern in QLED. The inks that
contained the CdSe/ZnS nanoparticles in mixed solvents
of octane and CHB to tune the drying process of the
printed droplet and achieve uniform pixels®. The min-
imum pixel diameter of 20 um and high-resolution of
1000 PPI are achieved. The CHB and indane with appro-
priate volume ratio also contribute to smooth the film
morphologies, at the same time, the binary solvents show
good non-erosion to the PVK layer for maintaining the
integrity of layer structure of QLED, a high EQE of 17%
is demonstrated'®. For perovskite QDs inks, high-boil-
ing point dodecane and low-boiling point toluene are
used as solvents to tune the evaporation rate and surface

tension of the ink for forming Marangoni flow. There-
fore, CsPbBr3 QDs microarrays with low roughness and
uniform surface are generated on the poly-(9-vinyl car-
bazole) (PVK) layer'**. NMP with a high boiling point is
added to the DMF
Cso.0sMAg 14FA 6,/ PbL, 55Bry 45 precursor, which can pro-
long the crystallization time to form a homogeneous film
consisting of small grains'”. Kim et al. added ethylene
glycol (EG) with different mass ratios to the silver nano-
particle ink. When the mass ratio of EG reached 32%, an
additional inward Marangoni flow drove the movement
of the Ag NPs ink from the outer rim to the center and
the coffee ring effect was completely inhibited (Fig.
12(£))'?°. On the other hand, surfactants can also induce
Marangoni eddies. Still et al. found that the addition of
ionic surfactant sodium dodecyl sulfate (SDS) to the PS
particles suspension led to a more uniform deposition
after evaporation. A large number of SDS molecules ac-
cumulate at the interface of the contact line driven by ca-
pillary force, so that the surface tension of the edge of the
droplet is reduced, and the difference in surface tension
gradient causes the Marangoni flow toward the center of
the droplet'*.

Second, controlling the movement of the droplet’s
three-phase contact line so that it does not stick to the
surface of the substrate is another approach to overcome
the coffee ring effect during the drying process. The fol-
lowing methods are often applied to change the wettabil-
ity of ink and the adhesion of the substrate. (i) Chemical
treatment of the substrate. The prepared substrates in-
cluding silicon, PDMS, glass and Al with different chem-
ical surface modifications were used for the inkjet print-
ing of perovskite precursor inks®2. On the substrate with
lower adhesion such as 1H,1H,2H,2H-perfluorodecyltri-
methoxysilane (PFOS)-functioned PDMS and the PFOS
functioned silicon, the precipitated CH3NH3PbBr; crys-
tals were single crystals. On the substrate with higher ad-
hesion, the precipitated CH3NH3PbBr; crystals were nu-
merous. For substrates with lower adhesion, during the
droplet drying process, the three-phase contact line con-

solution of

tinuously moved to the center, and regular crystals pre-
cipitated in the center of the droplet. However, for sub-
strates with higher adhesion, during the drying process,
the three-phase contact line was fixed on the edge of the
droplet for a long time, and many small-sized multiple
crystals precipitated with a ring-like structure (Fig.
13(a)). The adhesion force for the actual substrate dir-
ectly determines the dynamic behavior of the droplet by
manipulating the contact line. (ii) Increasing the sub-
strate temperature during the drying process. Shi et al.
printed the perovskite precursor ink on the polymeric
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layer substrate. As shown in Fig. 13(b), by controlling the
temperature of the substrate, the size of the printed mi-
crodisk was reduced, because increasing the temperature
reduced the wettability of the ink on the substrate; thus,
the contact angle increased®. (iii) Deformation of
droplets induced by magnetic force. Wang et al. studied
the dynamic behavior of magnetic ink droplets under the
action of a magnetic field in the drying process. Since the
PDMS substrate treated with silicone oil had less adhe-
sion to the ink, under the force of a magnetic field, the
receding angle continuously increased, forming a 3-di-
mensional spindle structure. By absorbing different
volumes of silicone oil, the dewettability of the PDMS
surface was tuned to produce a 3D microstructure array
of cap-shape, cone-shape and spindle-shape (Fig.
13(c))*. (iv) Deformation of droplets induced by elec-
tronic force. The accumulation of conductive particles
during the process of droplet drying under the action of
an electric field was observed by Eral et al. The results
showed that an evaporated droplet to which an AC
voltage was applied became a uniform dot, while an
evaporated droplet without AC voltage became an irreg-
ular ring-like structure (Fig. 13(d)). This is mainly be-
cause electrowetting can set the movement of the con-
tact line and eliminate the hysteresis of the contact angle.
Under the excitation of eigenmodes, it can drive the in-
ternal flow of the droplet at flow velocities of several
hundred pum-s-!. Therefore, few particles gathered along
the contact line, the electrowetting effectively counterac-
ted the coffee stain formation'>’.

Conclusions and prospects

The micro-LED display paves the way for AR/VR com-
mercialization, and the fabrication of full-color micro-
LEDs with high pixel densities constitutes one of the bot-
tlenecks. The high pixel density rules out the mass trans-
fer printing solution and provides an opportunity for the
color conversion solution. Inkjet printing is the most
promising technique for fabricating the color conver-
sion layer. In this article, we review the existing AR/VR
applications, as well as the inkjet printing techniques, of
which the optimization of ink and the elimination of cof-
fee-ring effects are also introduced.

In the future, there are some technical problems to be
concerned.

The cross-talking. It is the lateral light propagation
among neighboring chips, which results in the local blur-
ring. Fine optical structures are required to suppress the
light leakage from sidewalls while the vertical light emis-
sions being enhanced.

Blue-light absorption. For pixels that are intended to
emit red and green light, the blue light should be shiel-
ded completely by the QDs layers. Recently, Prof. Liu’s
group added TiO; nano-scale powders as blue light scat-
ters'*. However, as the energy of blue-light is converted
to heat, the attenuation of blue light will cause overheat-
ing in QDs layers and consequently, thermal quenching
of QDs. Therefore, transforming the blue-light into
green/red light as much as possible is a better solution
than simply blocking it, which requires further
investigation.

Self-absorption effect. Besides blocking the blue light,
the QDs layers also absorb part of the light emitted, due
to the overlapping between the absorption and PL spec-
tra. This limited fluorescent output implies a higher de-
gree of nonradiative recombination, and consequently
higher heating effect. To limit this self-absorption effect,
fluorescent materials should be designed with larger
Stocks shift while being maintained the merits of current
QDs.
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