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ABSTRACT

In this study, a dual-color patterned perovskite quantum dot color conversion layer with a light-blocking matrix was created by combining
laser drilling with micropore filling technology. When the blue micro-LED and the quantum dot color conversion layer make contact, the
fluorescence crosstalk effect can be simulated to be near zero. The color conversion layers with high color gamut (111.2% of the National
Television System Commission) were further confirmed to have outstanding optical isolation performance through experimental observa-
tions. This work may have significant advantages for its applications in photonic integration, micro-LED, and near-field displays due to sim-

ple operation process, maskless, harmlessness to quantum dots, short process period, and low crosstalk effect.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0161855

Micro-LED is widely considered as the next-generation display
technology following liquid crystal and organic light emitting devices
(LCD and OLED) owing to its high resolution and contrast, quick
response time, low energy consumption, and prolonged lifetime.'
Full-color display technology of micro-LED is critical to its industriali-
zation, which can be achieved mainly through massive transfer and
quantum dot color conversion layers (QDCCLs)." Massive transfer
technology involves attaching millions of different micro-display chips
to the same target substrate, but it faces significant obstacles in com-
mercialization, such as low production rate, high maintenance cost,
and testing expense.”” Quantum dots (QDs) featured solution pro-
cessability, facile color tunability, narrow emission bandwidth, and
high luminescence efficiency and can be excited by blue or ultraviolet
micro-LED to emit red—green-blue light as color conversion layers.”
Inkjet printing,” ' and lithography'* '* are two traditional methods
of patterning QDs. Inkjet printing is commonly utilized due to its ben-
efits of non-contact processing, material efficacy, and repeatable pro-
cessability, but it has also some drawbacks, such as poor edge
morphology, QD aggregation, thin QD film layer, high cost, and oper-
ational complexity, which affect its application in display.'”*' High
pixel density can be achieved by the photolithography technique but
results in significant QD waste and degradation of the photolumines-
cence properties of QDs when photoresist doped with QD is used.”” >

In the article, we propose a simple and low fluorescence crosstalk
method for patterning full-color QDCCLs on a black SU8 photoresist
mold (BM) utilizing micropore ﬁHingZ(’ and laser drilling technol-
ogy.””*® Laser drilling is an advanced machining technology that
employs a maskless and no lithography process, which significantly
avoids pollution and damage to QDs. The high degree of automation,
precision, and efficiency of laser drilling allow for QDCCL fabrication
with short processing time, low cost, and high resolution. As a result,
advantages of laser drilling combined with the straightforward opera-
tion of the micropore filling technique make it easier to manufacture
the high-quality perovskite quantum dot color conversion layers
(PQDCCLs). Additionally, systematic simulation and experimental
observation revealed that the light crosstalk effect between adjacent
pixels was significantly suppressed by using the black SU8 photoresist
as a light-blocking matrix, as opposed to the transparent SU8 photore-
sist mold (TM). Based on this method, the single-color and dual-color
PQDCCLs with a minimum micropore diameter of 35um were
fabricated.

For the preparation of single-color QDCCLs, four key steps are
involved in Fig. 1(a): laser drilling [the operating equipment is shown
in Fig. S1(a)], PQD gel filling, UV exposure curing, and surface polish-
ing. The BM (the detailed manufacturing technique is displayed in the
supplementary material) was first made by laser drilling, and the
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FIG. 1. (a) Preparation process of monochrome patterned QDCCLs by laser drilling and micropore filling technology. (b) Green and red PQDCCLs with pixel sizes of 100 um

and micropore diameter of 40 um under a fluorescence microscope.

corresponding optical microscopy images are shown in Fig. S1(b).
Following that, a dropper was used to drop the green or red PQD UV
curing gel (the detailed fabrication technique of PQDs refers to supple-
mentary material) on a BM. The surface of the micropore mold was
then repeatedly scratched and coated with a squeegee so that the PQD
gel could fill into the micropore. To facilitate the next production of
dual-color PQDCCLs, the PQD gel must be exposed to ultraviolet light
with lower power for 3min after scraping. Finally, the fluorescent
images of PQDCCLs shown in Fig. 1(b) were obtained after the resid-
ual PQDs were removed via the polishing process. The manufacturing

process of the QDCCLs took place at room temperature, which
ensured no harm to the PQDs.
We fabricated additional red and green PQD patterns [Figs. 2(a)
and 2(b)] with the pixel sizes of 80 um [Fig. 2(a)] and 60 um [Fig.
2(b)] under a fluorescence microscope. The size of the single micro-
pore, the distance between the adjacent micropores, and the depth of a
single PQD pixel can be altered by adjusting the power, scanning space
of the fiber laser, and thickness of the BM. By varying the power and
scanning speed of the fiber laser, micropores with different diameters
could be attained, e.g., as represented in Figs. 2(a) (50 um for green
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FIG. 2. Fluorescence images: (a) The English abbreviation (green letters “ciomp”) and the emblem (red image) of our school and (b) the logo (the green image on the left) and
English abbreviation (red letters “CAS”) of Chinese Academy of Sciences and a vivid “panda” excited by 365 nm UV light. (c) Fluorescence spectra of green and red perovskite
QDs microarrays excited by 465 nm blue light and spectra of exciting light from blue micro-LED. (d) The color gamut of PQDCCLs, when excited by blue micro-LED, and the
color gamut of NTSC. (e) The color conversion efficiency and (f) absorptance curve of PQD Pixels at various thicknesses.
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and 55 pum for red QD arrays) and 2(b) (35 um for green and 45 um
for red QD arrays). Due to the limitation of fiber laser light spot, it is
difficult for the micropore to achieve a very small diameter size below
35 um via laser drilling. However, using femtosecond laser processing
technology or designing an appropriate optical lens structure,” * it
will be simple to obtain micropores as small as several micrometers
and even sub-microns, leading to an extension of applications to AR/
VR displays. When excited by a blue micro-LED with a wavelength of
465 nm and a full-width at half-maximum (FWHM) of 16 nm, the red
and green PQD arrays exhibit a narrow fluorescence emission peak
maximum intensity at 536 and 641 nm respectively, with FWHM of
21 and 35 nm, as shown in Fig. 2(c). The color space of the PQDCCL
coverage reaches 111.2% of the National Television System
Commission (NTSC) standard, as depicted in Fig. 2(d). The thickness
of BM with a range from 5 to 50 um is closely related to the speed at
which the photoresist is spun onto the glass substrate, which is equiva-
lent to the thickness of a single PQD pixel. However, the self-
absorption phenomena of QD pixels grows with thickness, leading to
a decrease in color conversion efficiency. Figure 2(e) illustrates the
color conversion efficiency of green and red PQDs under different
thicknesses, with the maximum value of 27.551% for green PQD pixels
at 19 um and 17.873% for red PQD pixels at 23 um, respectively.
Therefore, the thickness of the QD film selected in this article is
approximately about 20 um. Figure 2(f) illustrates the absorbance
curve of green and red PQD:s as a function of the thickness, reaching
92.9% and 95.2% at the thickness of 19 and 23 um for green and red
PQDs, respectively.

The dual-color QDCCLs (the detailed preparation process is
described in the supplementary material) were manufactured by reus-
ing the micropore filling and laser drilling method, which are depicted
in Fig. 3(a). The second graph depicted in Fig. 3(a) displays a
PQDCCL that involves two sets of micropore arrays—one with PQDs
and the other without PQDs, and the corresponding optical micros-
copy image is displayed in Fig. S2(a). To facilitate light emission from
the blue micro-LED, a third set of micropore arrays without PQDs
were created in the final step of Fig. 3(a) using the dual-color QDCCL
as the mold, whose optical microscopy image is displayed in Fig.
S2(b). Furthermore, the dual-color photo of a car with a pixel size of
100 um is shown in Fig. 3(b), demonstrating the flexibility and
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FIG. 3. (a) Fabrication process of dual-color QDCCLs. (b) A dual-color car image
under a fluorescence microscope with a pixel size of 100 um and its locally
enlarged QD arrays.
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feasibility of our QDCCL fabrication method, which further promote
the development of full-color displays based on micro-LED.

Due to the wide view-angle feature of a single QD pixel, conven-
tional patterned QDCCL structures without a light-blocking matrix
are susceptible to severe light crosstalk effects among adjacent pixels.
Therefore, to further investigate the factors related to the crosstalk
effect in this study, a structure comprising a single blue micro-LED
pixel and five QD pixels on the BM or TM was proposed, as shown in
Figs. S3(a) and S3(b). Focused on this structure, the fluorescence cross-
talk value was defined as’’

F adj-pixel

Fluorescence crosstalk ratio (FCR)% x 100%, (1)

pixel

>

where “Fyixe” represents the fluorescence luminance of the QD pixel
aligned to the blue micro-LED and “F,gj.pixel” represents the fluores-
cence luminance of the adjacent QD pixel. In this model, two compo-
nents are considered to contribute to the fluorescence crosstalk effect:
the gap, which is the vertical distance between the blue micro-LED
and QDCCLs, and the space, which is the blank distance between adja-
cent QD sub-pixels, as shown in Fig. S3(a). Prior to simulating fluores-
cence crosstalk effects, the transmittance of SU8 photoresist film was
measured at various thicknesses. Figure $4 shows that when the thick-
ness of the black SU8 film exceeds 9 um, the transmittance in the
green and red spectral regions (with central wavelengths at 536 and
641 nm, respectively) is below 20%. However, when the thickness
increases to more than 23 um, the transmittance plummets to less
than 3% and 1.3% for the red and green spectral regions, respectively.
In contrast, the transparent SU8 film with a thickness of 25 um has a
transmittance higher than 95% across the entire light emission range
from 500 to 800 nm.

To simplify the simulation process, only green PQDs were uti-
lized in the model, where, in addition to the central QD sub-pixel, four
other QD sub-pixels with different spaces (9, 15, 19, and 23 um) from
the central QD sub-pixel were constructed on the SU8 micropore
mold with a radius of 100 ym, as depicted in Fig. S3(b). The final sim-
ulation results of FCR are shown in Fig. 4(a), which clearly illustrates
severe fluorescence crosstalk in the TM, but none in the BM. Even
when the gap is zero, FCR for the TM is still more than 5.9% in spite
of the space. In contrast, FCR for the BM is nearly zero under the
same conditions. As the gap increases to 14um and the space
decreases to 9 yum, FCR for the TM increases to 12.3%, which is signifi-
cantly higher than that (FCR = 3.45%) of the BM. In conclusion, the
introduction of a BM is an efficient method of curbing fluorescence
crosstalk in comparison to the utilization of a transparent one.

Figure 4(b) depicts the view-angle light intensity profile of single
QD pixel with the size of 0.5 mm diameter on both the BM and TM
by the experiment observation. The use of the BM significantly reduces
the view angle at a half-brightness maximum from 58° to 25°, as
marked by the red dashed line in Fig. 4(b), compared to the TM. The
top views of the light beam profile emanating from a single-color PQD
pixel on the BM or TM are illustrated in the insets on the upper right
and lower right of Fig. 4(b), respectively. It is noteworthy that the light
beam emission profile of single-color PQD pixel on the TM is more
divergent than that on the BM, thus further demonstrating the
remarkable light-blocking ability of the BM.

Ensuring homogeneity in light-emitting brightness is a critical
factor in determining the display performance of QDCCLs. As shown
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FIG. 4. (a) The crosstalk simulation result for PQDCCLs excited by blue micro-LED under different spaces. (b) The light intensity distribution curve of single perovskite QD pixel
with the size of 0.5 mm diameter excited by 465 nm blue LED under different view angles by the experimental observation. (c) and (d) Radial fluorescence intensity distributions
of a green and a red single micropore QD. (e) and (f) The corresponding average fluorescence intensity distribution statistical histograms of a green PQD array composed of
28 x 18 micropores with a diameter of 40 um and a red PQD array composed of 23 x 13 micropores with a diameter of 45 um under 365 nm UV light excitation.

in Figs. 4(c) and 4(d), the photoluminescence (PL) intensity distribu-
tions of the individual green and red QD pixels along the white dashed
line in the inset indicate uniform PL intensity with minimal fluctua-
tions along the diameter direction. Additionally, the local fluorescence
graphs of a green PQD array composed of 28 x 18 micropores with a
diameter of 40 um and a red PQD array composed of 23 x 13 micro-
pores with a diameter of 45 um are displayed in the inset of Figs. 4(e)
and 4(f) under 365nm UV light excitation. 91.5% of the green PQD
pixels fall within the range of 74.6-76.5 and 90.2% of the red PQD pix-
els fall within the range of 72.6-74.5, as depicted in Figs. 4(e) and 4(f).
In fact, according to the “Measure methods of light emitting diode
(LED) displays” in the electronic industry standards of the People’s
Republic of China, the luminous uniformity (Ir;) of the 28 x 18 green
QD pixel array and 23 x 13 red QD pixel array can be calculated by

IR] =1- % X 100%)7 (2)
where I; is the fluorescence intensity of the QD pixels, and I is the
arithmetic average fluorescence intensity of 30 QD pixels selected ran-
domly from all the QD pixels. The result indicates that the green and
red QD pixels have a luminous uniformity of 98.837% and 97.754%,
satisfying the national standard.

In conclusion, we have fabricated PQDCCLs based on laser dril-
ling and micropore filling technology, with the characteristics of
shorter process period, lower production cost, simpler operation pro-
cess, and QDs saving compared to QDCCLs made using inkjet print-
ing and photolithography. Due to their contactless feature with masks
and chemical solvents, damage and waste of the PQDs are greatly

reduced. However, it is worth noting that the micropore diameter was
minimally restricted to 35 ym, owing to the limited light spot size of the
fiber laser employed in this experiment. It will be possible to obtain an
ultra-high resolution QDCCL with the aid of femtosecond laser interfer-
ence lithography and micro-lens arrays. Additionally, both simulation
analysis and experimental observation have proved that incorporating
black SU8 photoresist as a light-blocking matrix effectively mitigates the
issue of light crosstalk. By reusing laser drilling and micropore filling, we
also achieved the manufacturing of a dual-color QDCCL with high
luminance uniformity. These results show that QDCCLs fabricated by
laser drilling and micropore filling provide a potential pathway for the
commercialization of high-performance color-converted full-color dis-
plays by integrating with blue micro-LED.

See the supplementary material for the supporting content.
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