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ABSTRACT

In this study, quantum dot color conversion layers (QDCCLs) for full-color micro-LED display were successfully fabricated using microflui-
dics to conduct red and green perovskite quantum dots to the position of the pixel array. The QDCCL with full-color pixel size of
200 x 200 um and sub-pixel size of 140 x 50 um was achieved. Perovskite quantum dots with high quantum yield and narrow full width at
half-maximum were used to achieve a wide color gamut, which was 131% of National Television Systems Committee standard. The proposed

microfluidics-based QDCCL featured easy fabrication, low cost, high performance, and good integration prospects.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047854

In recent years, micro-LED displays have attracted increasing
research and commercial attention because of their unique advantages,
including high resolution, low power consumption, high brightness,
flexibility, fast response, and high reliability.1 However, there are still
some remaining issues that hinder the practical implementation of
full-color micro-LED displays. It is nearly impossible to realize mono-
lithic integration of RGB micro-LEDs via high-efficiency epitaxial
RGB fabrication on a single wafer because of incompatibility of the
material systems.”” Transfer printing, as a commonly used technology
to realize full-color micro-LEDs," has undergone a lot of research,”
including elastomer stamping, electrostatic transfer, electromagnetic
transfer, laser-assisted transfer, and fluid self-assembly. Yet, the high
cost and low yield of transfer printing are the main obstacles to the
commercialization of full-color micro-LED display.””

To overcome these issues, a compromise that combines a blue or
ultraviolet (UV) monolithic micro-LED array with a quantum dot
color conversion layer (QDCCL) has drawn interest.”® Quantum dots
(QDs) are usually synthesized via solution-based methods and have
unique properties, such as high quantum yield (QY), size-dependent
emission wavelength, and narrow bandwidth emission.”'* As
reported in previous studies, there are mainly two schemes to pattern
QDCCLs: one is to spray QDs on the micro-LED array or on a

13-15

transparent substrate by ink-jet printing, and the other is to pat-
tern the QDs via mixing the QDs with the photoresist in a certain ratio
and using multiple photolithography methods.'™'” However, ink-jet
printing depends on the nozzle, which is more suitable for QD pixels
with larger sizes, and it is difficult to control the edge morphology of
the QDs using this method. Photolithography has a good control on
the size and morphology of the QDs; however, a large amount of QDs
is wasted because they need to be mixed with composite materials,
such as a photoresist for lithography and development, and the photo-
resist has a large influence on the fluorescence efficiency of the QDs.
Microfluidics has been widely used in chemical and biological
analysis because of its advantages for transporting small amounts of
reagents.'” " The microchannels are usually fabricated via lithography
using various materials, including silicon, glass, and polymers. The
handling sizes of microfluidics are about several to hundred micro-
meters, which are suitable for the pixel sizes of micro-LED display.
Herein, we propose a much easier way to fabricate a low-cost and
high-resolution QDCCL by using microfluidics. Benefiting from the
characteristic that the patterns of QDs are determined by the precision
of photolithography, high precision of several micrometers for micro-
channels of microfluidics becomes possible. Moreover, the large
amount of QD losses can be easily avoided as the QDs only exist in
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the microchannels, which is challenging for the photolithography
method.

The structure of a single pixel of the proposed full-color micro-
LED display is shown in Fig. 1(a). The device is composed of a blue
micro-LED array and a QDCCL with red and green QDs. Blue micro-
LEDs are used as the excitation light source to irradiate the red and
green QDs to convert blue light to red and green, respectively. The
QDCCL is made by bonding a glass substrate and a PDMS mold with
microchannels. The converted red and green light from the QDs and
blue light through the transparent QDCCL form the three primary
colors required to realize the full-color display. The QDs are con-
ducted into the microchannels in solution via syringes, as shown in
Fig. 1(b). The solvent (hexane) is easily volatilized to form the solid
QDs. After the solvent is volatilized, the outlet and inlet of the micro-
channels are sealed to protect the QDs from degradation by air and
water vapor. The PDMS mold was fabricated via SU-8 mold photoli-
thography [Fig. 1(c)], PDMS casting, PDMS and SU-8 mold separa-
tion, PDMS drilling, and PDMS bonding with transparent glass
substrates [Fig. 1(d)], as reported in previous work.”"*” Figure 1(e)
shows the magnified image of the microchannels. The pixel size was
200 x 200 um, which is approximate to the resolutions of display
monitors, and contained red and green QD sub-pixels and a blue
sub-pixel. The sub-pixel size was 140 x 50 um, as shown in Fig. 1(e).
Further details are provided in the supplementary material.

Compared with the traditional QDs, perovskite QDs (PQDs)
have the advantages of a low cost and good luminescent properties,
such as high quantum yield, narrow excitation spectrum, narrow emis-
sion, and adjustable emission spectrum.””** In this work, CsPbX3
PQDs (CsPbBr3 for green light and CsPbI2Br for red light) were
synthesized via thermal injection at high temperature, as previously
reported.'’ Further details on the QD synthesis are provided in the
supplementary material. The stability of most fluorescent quantum
dots is the main technical bottleneck in practical applications, espe-
cially when exposed to high temperatures.””*° Some fluorescent QDs
decompose when the temperature gets 90 °C.”” Baking is necessary for
the photolithography process, usually at 100 °C, which may cause the

(a) ed QD Green QD (b)

‘PDMS
Glass  Green oD

FIG. 1. (a) Schematic diagram of a single pixel of the full-color micro-LED display. (b)
Red and green QDs are injected in the micro-channels by syringes. (c) SU-8 mold on
the silicon substrate. (d) PDMS microchannel bonding with the glass substrate. (€)
Magnified image of the micro-channels of the red and green QDs. The RGB pixel size
is 200 x 200 um and the sub-pixel size is 50 x 140 pm.
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degradation of QDs. On the other hand, it is a huge waste of QDs dur-
ing the development process. In this paper, the QDs array is fabricated
by microfluidics at room temperature, which has no harm to QDs.
And there can be a space between the blue LED and the QDs color
conversion layer that prevents the thermal transfer from the LED to
the QDs. Therefore, the proposed device shows obvious advantage less
requirement on the temperature-resistance of QDs.

The UV-Vis absorption (dash line) and photoluminescence (PL)
spectra (solid line) of the prepared PQDs were characterized, as shown
in Figs. 1(a) and 1(b). Two kinds of PQDs in hexane solution were
measured via UV excitation. The insets in Figs. 2(a) and 2(b) are
images of the red and green PQDs in hexane excited by 395nm UV
light. The emission peaks of the green and red PQDs were measured
as 517 and 647 nm, respectively, with full width at half-maximum
(FWHM) of 17.3 and 35.2 nm, respectively. The quantum yield (QY)
of green PQDs is 90%, and that of red PQDs is 51% (see supplemen-
tary material). Trap states in the PQDs significantly influence their
optical properties, and surface passivation of the PQDs can increase
their QY up to nearly 100%.”° The prepared red and green PQDs were
dried and characterized via scanning electron microscopy (SEM), as
shown in Figs. 2(c) and 2(d). It can be seen that the prepared green
and red PQDs presented a cubic shape and had good homogeneity.
The sizes of the red and green PQDs were ~20.9 *4.5 and
13.9 * 2.6 nm, respectively (see supplementary material).

To form the QDCCL, the PQD solution was injected into the
microchannels using syringes actuated by micro-pumps (LD-P2020).
As shown in Fig. 3(a), first, the green PQDs were slowly injected into
the green microchannel from the inlet, and it then flowed from the
corresponding outlet on the other side. The injection of a 20 x 20
array can be completed within several seconds, and the injection speed
could be tuned using the micro-pumps. Then, the red PQDs were
slowly injected into the microchannels, as shown in Fig. 3(b). Because
the red and green PQD microchannels do not cross each other, the
two kinds of PQDs could be simultaneously injected into reduce prep-
aration time of the proposed device.

The minimum pixel resolution of the proposed QDCCL was
approximately three times that of the width of the microchannels,
which is determined by photolithography (several micrometers or
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FIG. 2. Absorption and emission spectra of red (a) and green (b) PQDs. (c) SEM
image of the red PQDs and (d) green PQDs.
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FIG. 3. (a) Fabrication process for the green QDCCL and (b) red QDCCL.
QDCCLs with full-color pixel pitch and a pixel number of (c) 400 xm and 10 x 10,
(d) 200 um and 10 x 10, and (e) 200 um and 20 x 20.

even sub-micron). However, considering the aspect ratio of the micro-
channels, when the channel width decreased, its height decreased
accordingly, resulting in a thinner solidified PQDs layer. Thinner red
and green PQD layers could not adequately absorb the blue backlight,
which led to a lower electro-photo efficiency and leakage of blue light
from red and green sub-pixels. Therefore, a balance exists between the
resolution and efficiency. In this work, QDCCLs with different pitches
(resolution) and pixel numbers were demonstrated, as shown in Figs.
3(c)-3(e). The pitches, pixel number, and light emitting areas of the
QDCCLs were 400 um, 10 x 10 and 4 x 4mm [Fig. 3(c)], 200 um,
10 x 10 and 2 x 2 mm [Fig. 3(d)], and 200 um, 20 x 20 and 4 x 4 mm
[Fig. 3(e)], respectively. There was no obvious crosstalk between the
adjacent red pixels or between adjacent red and green pixels.
Additionally, the luminescence of the QDCCLs was uniform, and their
fabrication via the microfluidic method is very economical. For a 2K
(2048 x 1080) full-color display, a total ~1 mg of red and green PQDs
is required, assuming a concentration of 2 mg/ml and a microchannel
height of 30 ym.

An easy way to improve the conversion efficiency from blue to
red and green light is by changing the concentration of the PQDs solu-
tion. Figures 4(a) and 4(b) shows the emission spectra of the red and
green PQDs, respectively, at six different concentrations ranging from
0.3 to 20 mg/ml in a hexane solution under excitation with a blue LED
source (peak wavelength of 457 nm). The PL emission peaks and
FWHMs of the red (red line) and green (green line) PQDs were found
to display a unidirectional change as the concentrations increased, as
shown in Fig. 4(c). Because of Forster resonant energy transfer or reab-
sorption, the PL peak wavelength redshifted as the concentration
increased for both the red and green PQDs.””” In contrast, the
FWHM decreased with increasing concentration. The concentration
dependent peak wavelength and FWHM provide a potential way to
adjust the optical characteristics of RGB micro-LED pixels to realize
improved display performance.

Figure 4(d) shows the relative intensity of the PL emission peaks
of the red and green PQDs at different concentrations ranges from 0.1
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FIG. 4. Emission spectra of (a) red and (b) green PQDs with different concentra-
tions. (c) Emission peak (left) and FWHM (right) of red and green PQDs at different
concentrations. (d) Emission peak intensity of red and green PQDs at different con-
centrations. (e) The ratio of the peak intensity of the red and green PQDs to blue
peak intensity at different concentrations. (f) Color gamut range of red and green
QDCCLs and blue LED.

to 20 mg/ml. It can be seen that the peak intensities of the red and
green PQDs increase first and then decrease. The peak intensities of
the red and green PQDs reach a maximum at 1.5 and 2 mg/ml, respec-
tively, indicating full absorption of the blue light. When the concentra-
tion of the PQDs exceeds the limits, the output photoluminescence
recedes because of scattering and absorption effects. Figure 4(e) shows
the ratio of the peak intensities of the red and green lights to the blue
light. Full blue light absorption by the PQDs is important, and full
conversion from blue to red/green light not only enhances the effi-
ciency of the proposed device but also allows the blue filter or Bragg
reflection layers to be omitted, which reduces fabrication complexity
and cost.

On the other hand, the geometry configuration of the red and
green QD color conversion layers and the blue LED is another impor-
tant factor to avoid blue light leakage and optical crosstalk in the sub-
pixel LEDs.”' The divergence angle of the blue LED, the shapes and
the refractivity of the QD dots, and the distance from the blue LED to
QD dots synergistically determine the performance of the full-color
micro-display. More geometry optimization of the QDs-based micro-
LEDs is needed to get better performance in the future.

The color gamut is an important index for displays and indicates
the ability to reproduce natural colors. PQDs have been demonstrated
as favorable materials to realize a wide color gamut as a color filter in
LCDs,””* color converters for LEDs,” or electroluminescent layers.9
In this work, the color gamut was measured based on red and green
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PQDs and blue LED, as shown in Fig. 4(f). The color space coverage is
as high as 131% of the National Television Systems Committee
(NTSC) standard, which is better than most previous reports. The
high efficiency and wide color gamut of the QDCCL-based micro-
LED will be beneficial in future practical applications.

In conclusion, the proposed microfluidics-based QDCCLs could
enable preparation of full-color micro-LEDs without mass transfer,
which is the current bottleneck for their broad application. Compared
with ink-jet printing and photolithography methods, microfluidics has
the advantages of high precision and economic QD utilization, which
can further promote commercialization of micro-LEDs. PQDs with a
high luminescence efficiency were synthesized via thermal injection.
The QY of the red and green PQDs reached up to 51% and 90%,
respectively, and their FWHMSs were narrow at 23.8 and 14.2nm,
respectively. By adjusting the concentration, a high fluorescence con-
version efficiency and a wide color gamut of 131% NTSC could be
realized.

See the supplementary material for the fabrication of the micro-
fluidics and the synthesis and characterization of PQDs.
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