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Abstract

Microdisplay panels are critical components for metaverse technology. Aiming to achieve high-resolution and full-
color microdisplay, we report the photolithographic fabrication of color-converted Micro-quantum dot light emitting
diodes (QLED) panel by combining blue Micro-QLED electroluminescence (EL) device and red-green quantum dot
color converter (QDCCQ). Pre-patterned templates were firstly photolithographically fabricated and then applied as
substrate to fabricate patterned blue Micro-QLED device, achieving an ultra-high pixel resolution up to 6350 pixels per
inch (pixel size ranging from 20 pm X 20 pm to 2 pm x 2 pym). Notably, the patterned blue devices achieve a peak
external quantum efficiency (EQE) of 7.8% and a maximum brightness of 39,472 cd m~2. The patterned red devices
achieve a peak EQE of 18% and a maximum brightness of 103,022 cd m~2 By integrating a dual-color red and green
QDCC arrays on the top of the blue Micro-QLED, a prototype full-color Micro-QLED panel was fabricated, achieving a
resolution up to 1184 pixels per inch with a peak EQE 4.8%, and a maximum brightness of 10 065cd m™~2 The
photolithographic fabrication of color-converted Micro-QLED provides an easy-operated method for achieving cost-

effective microdisplay panels.

Introduction

Metaverse is a platform to connect digital and physical
realities, enabled by immersive technology of augmented
reality (AR) and virtual reality (VR)'°. As crucial com-
ponents of AR and VR technology, microdisplay panels
have attracted a great number of attentions from both
academic and industrial researchers®™'®, To date, there
are a few of methodologies to achieve microdisplay panels,
including liquid crystal on silicon (LCos)'*™'”, organic
light emitting diode on silicon (OLEDos)"®~%°, and micro
light emitting diode (Micro-LED)*'~2°. However, there are
still great challenges to meet the requirements of high
resolution and high brightness of AR technology, due to
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the brightness limitation of LCos and OLEDos and the full
color limitation of Micro-LED. Quantum dot light-
emitting diodes (QLED) are emerging as an alternative
microdisplay technology due to their high brightness and
solution-processed ability”’~>*, Therefore, it is of great
importance to develop high-resolution patterning pro-
cessing for fabricating high-resolution Micro-QLED,
especially the full color panels®>*°,

In the previous works, the fabrication of Micro-QLEDs
strongly relies on the patterning of quantum dots (QDs),
motivating the developments of inkjet printing®
transfer printing*'~**, and direct photolithography of
QDs*°, After a decade of efforts, great successes have
been made in patterning process of QDs, resulting in the
fabrication of high resolution and full color QDs pat-
terns®*%, To our knowledge, only a few works have
evaluated electroluminescence (EL) devices of patterned
QDs, due to the challenges of processing compatibility
and current leakage between pixels with QLED fabrica-
tion process® *"**%375% In this work, we develop a non-
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destructive and easy fabrication process for fabricating
high-resolution Micro-QLEDs using pre-patterned pho-
tolithography templates, thereby enabling high-resolution
blue and red Micro-QLEDs with a resolution up to 6350
pixels per inch (ppi) (pixel size ranging from 20 pm x
20 pm to 2 pm x 2 pm). Notably, the patterned blue
devices achieve a peak EQE of 7.8% and a maximum
brightness of 39 472 cd m ™2, which is the highest resolu-
tion and EQE value in reported high-resolution QLEDs
(Supplementary Table S1). The patterned red devices also
achieve excellent performance with a peak EQE of 18%
and a maximum brightness of 103,022 cd m 2. By inte-
grating the dual-color (red/green) quantum dot color
converter (QDCC) layer on a blue Micro-QLED panel, we
further demonstrate full-color color-converted Micro-
QLED displays achieving 1184 ppi resolution with a
maximum brightness of 10 065cd m™> and a peak EQE
of 4.8%, representing one of state-of-the-art performances
in full-color Micro-QLED displays (Supplementary
Table S2).

Results
Fabrication of color-converted Micro-QLED

Figure la shows the schematic structure of color-
converted Micro-QLED that includes two components of
blue Micro-QLED and dual-color (red/green) QDCC. The
device structure of blue Micro-QLED is ITO/PEDOT:
PSS/TFB/QDs/ZnMgO/Al. Figure 1b shows the fabrica-
tion process of color-converted Micro-QLED. First, the
pre-patterned template was prepared by photolithography
process including photoresist spin coating, UV exposure
and developing. The functional layers of QLED were
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subsequently spin-coated on the pre-patterned templates,
guiding the formation of micron-scale pixels, achieving a
high-resolution blue-emitting Micro-QLED device. After
that, we employed direct photolithography QDs photo-
resist to prepare red-green QDs arrays on a blue Micro-
QLED panel, finally achieving a full-color color-converted
Micro-QLED device with 8 pm x 8 um sub-pixel.

Figure 2a and Supplementary Fig. S1 show the as-
fabricated high-resolution photolithography template
with the pixel size ranging from 20pm x20pm to
2pumx 2 pm. Cross-sectional analysis reveals that the
photolithography templates have a depth of ~300nm
(Fig. 2b). As shown in Fig. 2c, the contact angle of ITO
substrate with photolithography template is 6.5°, which is
slightly less than that of bare ITO substrate of 9.5°. The
reduced contact angle can be explained by the enhanced
hydrophilicity due to the increased surface roughness
of photolithography templates®. Figure 2d—f shows
the as-fabricated 12 um x 12 um and 2 um x 2 um blue
Micro-QLED devices. The Micro-QLED devices can emit
blue light with uniform distribution (Supplementary Fig.
S2 and Supplementary Fig. S3). With the driving voltage
increasing up to 4V, the spatially isolated pixelated EL
were observed continuously within individual pixels
(Supplementary Fig. S4).

Monochrome Micro-QLED performance and analysis
Figure 3a, b compare the device performance of blue
pristine QLED and 12 pm x 12 um Micro-QLED devices
with the same device structure and fabrication process.
These devices have similar current density (J)-voltage
(V)- luminance (L) curves, external quantum efficiency
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Fig. 2 High-resolution blue Micro-QLEDs. a SEM images of photolithography template. Scale bar, 100 um. b Height profile of the photolithography
template pixels. ¢ Water contact angle on the surface of the ITO substrate and photolithography template. d Electroluminescence (EL) image of blue
patterned Micro-QLED device. EL active area is 1 mm?. Scale bar, 1 mm. Here e is a magnified optical microscope image of the marked square in (d).
Scale bar, 100 um. f Blue Micro-QLED with pixel size of 2 um x 2 um. Scale bar, 50 um

(EQE) curves, and EL spectra (Supplementary Fig. S5),
confirming the non-destructive feature of photo-
lithography template assisted processing (PTA). This blue
Micro-QLED device with a pixel of 12 um x 12 um has a
peak EQE of 7.8% and a maximum luminance of
39,472 cd m 2. We further evaluate the influence of pixel
size on blue Micro-QLED device performance. Figure 3c
shows the evolution of average peak EQEs with pixel size
decreasing from 20 pm x 20 pm to 2pum x 2 pum. The
average EQE of pristine devices is 8.1%. The average
EQEs are 7.8%, 5% and 3% for the devices with pixel size
of 20umx20um, 4pumx4pum, and 2pm x2pm
respectively. To illustrate the observed EQEs decreasing
in Micro-QLEDs with small pixel sizes, we evaluate the
influence of pixel size on red Micro-QLED device per-
formance. As-fabricated patterned red Micro-QLED
devices show uniform distribution with different pixel
sizes from 12 pm x 12 um to 2 pm x 2 um (Supplementary
Fig. S6-8). As shown in Supplementary Fig. S9 a—c, the
patterned red Micro-QLED (12 pm x 12 um) device
shows a peak EQE of 18% and a maximum brightness of
103,022 cd m™?, similar with the pristine QLED device
performance. As shown in Supplementary Fig. S9d, the
red emissive pristine device and patterned devices also
show similar device performance when the pixel sizes are
larger than 8 um x 8 um. Meanwhile, similar EQEs
decreasing phenomenon was also observed in the red

Micro-QLEDs with small pixel sizes of 4 um x 4 um, and
2 um x 2 ym.

To investigate the influence of pre-patterned substrates
on device performance, we characterize the surface
morphology of each functional layer of QLED device.
Figure 3d and Supplementary Fig. S10 show the height
profiles of atomic force microscopy (AFM) images of ITO,
ITO/HIL/HTL, ITO/HIL/HTL/QDs. Thickness gradient
increasing can be observed at the edges of the bank for all
functional layers, due to the formation of a pile-up on the
bank edges (pixel size of 20 pum x 20 um). With the pixel
size decreasing to 4 um x 4 um, the formation of a pile-up
on the bank edges leads to the thickness increase of the
functional layer in the entire pixel areas (Supplementary
Fig. S11). The formation of the pile-up has been further
demonstrated by AFM characterization on 4 pm x 4 pm
device (Supplementary Fig. 12), corresponding to the
EQEs decreasing. This phenomenon is attributed to the
superior wettability of the side walls and bottom of pho-
tolithography template, which has also been observed in
inkjet printing QLED processing®*°"%,

To further illustrate the EQEs decreasing in Micro-
QLEDs with small pixel sizes, we investigate the influence
of thickness on the device performance. We first com-
pared the J-V characteristics of hole-only devices (HODs)
for pristine and 4 um x 4 pm devices. As shown in Fig. 3e,
the current density (161.1 mA cm™2 at 1V, and
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devices (pristine blue QLED and blue Micro-QLED). Error bar represents the standard deviation of the data collected from >6 samples. d Height
profiles of atomic force microscopy (AFM) images in the Micro-QLED manufacturing process. e J-V characteristics of hole-only device (HOD) using the
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594.1 mA cm ™2 at 3V) of 4 um x 4 pm devices are almost
20 and 6 times than that (8.5mA ecm™ 2 at 1V, and
92.3mAcm ® at 3V) of pristine devices, suggesting
imbalanced hole carrier injection in 4 um x 4 pum devices.
Therefore, the decrease of EQE can be attributed to
increased current leakage paths and imbalanced hole
injection. By reducing HIL solution concentration from
100% to 20% in 4 um x 4 pm devices (Fig. 3e right), the
HOD device can be greatly optimized, resulting in a
current density decreasing from 594.1 mA cm™ > at 3V to
78.2mA cm 2 at 3V, close to the values of pristine HODs
(Supplementary Fig. S13 and Supplementary Fig. S14).
The optimization of HIL layer can also induce balanced
carrier injection, boosting peak EQEs from 5.5% to 9.0%
for blue Micro-QLED with a pixel size of 4 pm x 4 um
(Fig. 3f) and 7.2% to 13.7% for red Micro-QLED with a
pixel size of 4 um x 4 pm (Supplementary Figs. S15-18).

Full-color color-converted Micro-QLED performance

To demonstrate potential application in AR technology,
we fabricate a high-resolution full-color color-converted
Micro-QLED panel by combining blue Micro-QLED
device and dual-color red-green QDCC. As-fabricated
full-color color-converted Micro-QLED panel was shown

in the inset of Fig. 4a (right bottom). The schematic dia-
gram of full-color Micro-QLED pixel is shown in Sup-
plementary Fig. S19. The dual-color red and green QDCC
was fabricated through direct photolithography of a QDs
photoresist (QDPR) (Supplementary Fig. S20). The details
of fabrication process are described in Experimental
Section. The QDPR films with the thickness of 5 pum show
blue light absorbance efficiency of ~96% and ~94% for red
QDPR and green QDPR respectively. The photoconver-
sion efficiency (PCE) are ~56% and ~51% for red QDPR
and green QDPR (Supplementary Fig. S21). We fabricate
the full-color Micro-QLED using green QDPR with
thickness of 5.2 pm and red QDPR with thickness of
3.8 pm.

Figure 4b, ¢ show the microscopic images of the red,
green, and blue EL emission from color-converted Micro-
QLED. The pixel resolutions of the panels are 473 ppi and
1184 ppi for sub-pixel 20 pm x 20 pm and 8 pm x 8 pm
respectively. As shown in Fig. 4d, the panel can realize
pure red, green, and blue EL emission with emission peaks
at 476 nm, 537 nm, and 630 nm and full width at half
maximum (FWHM) of 21nm, 22nm, and 21nm
respectively. The EL emission spectra of full-color panel
under various driving voltage from 4 V to 12V are shown
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in Fig. 4d. The CIE coordinate of the full-screen white
light for the operated panel is (0.3515, 0.3893) with a
coverage ratio 95.8% for the NTSC color gamut and a
coverage ratio of 91.1% for the DCI-P3 color gamut
(Supplementary Fig. S22). Figure 4e, f shows the J-V-L
curves and calculated EQEs of the as-fabricated panel
(statistical results from the full pixelated panel). All values
are measured under full-screen white emission during
operation. The panels achieve a peak brightness of
10065 cdm 2 and a peak EQE of 4.8% for QDCC of
8 um x 8 um and a peak brightness of 9235cd m 2 and a
peak EQE of 5.2% for QDCC of 20 pm x 20 pm (Supple-
mentary Fig. $23). It is noticed that the brightness of
color-converted Micro-QLED is mainly determined by
blue QLED panel. Considering the AR applications, the
brightness and efficiency can be further improved by
optimizing the martials and device structures of blue
QLED**®*%*, In addition, the photostability issues of
QDCC also needs to be addressed®>®.

Supplementary Table S1 and Supplementary Table S2
summarize the literature reports on monochrome and full
color Micro-QLED devices. Regarding the performance of
Micro-QLED, only a few works evaluated the EL perfor-
mance of pixelated QLEDs (Supplementary Fig. S24), due
to the challenges of processing compatibility with QLED
fabrication process and current leakage between pixels.

The photolithography template assisted processing phy-
sically isolates the HIL/HTL layers of each pixel, which is
critical to reduce electrical crosstalk’®. The photo-
lithography template assisted processing in this work is
compatible with QLED fabrication process, enabling a
non-destructive patterning of QLED devices, and
achieving high-resolution and highly-efficient QLED
devices. Supplementary Fig. S25 presents a comparison
between as-fabricated device and previously reported
Micro-QLED devices. As a state-of-the-art of the devel-
opments of Micro-QLED panels, the photolithography
template assisted processing greatly improves the reso-
lution and EQEs of monochrome Micro-QLEDs devices.
The Blue Micro-QLEDs can achieve EQE 9.0% at 3175
ppi, and EQE 4.3% at 6350 ppi. The Red Micro-QLEDs
can achieve EQE 15.8% at 3175 ppi, and EQE 13.5% at
6350 ppi. Compared to reported RGB Micro-QLED
devices, the full-color color-converted Micro-QLED
show advantages of resolution and EQE. These advances
provide a new pathway for fabricating high resolution and
high efficiency microdisplay panels compatible with AR/
VR applications.

Discussion
In summary, we have successfully demonstrated full-
color color-converted Micro-QLED panel by combining
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blue Micro-QLED EL device and red-green QDCC array.
The blue Micro-QLED device was fabricated by a non-
destructive and easy fabrication process using photo-
lithography pre-patterned templates, achieving a resolu-
tion up to 6350 pixels per inch (pixel size ranging from
20pum x 20 um  to 2pum x 2 pm). The patterned blue
devices achieve a peak EQE of 7.8% and a maximum
brightness of 39,472 cd m 2, which is one of the best
device performances in high-resolution QLEDs. The
patterned red devices also achieve high performance with
a peak EQE of 18% and a maximum brightness of
103,022cdm 2 The designed photolithography pre-
patterned template can effectively address current leak-
age between pixels, achieving spatially isolated pixelated
EL within individual pixels and similar EQEs with pristine
QLED devices. The as-fabricated full-color Micro-QLED
panel demonstrates an outstanding performance with
1184 ppi resolution, 4.8% peak EQE, and 10,065 cd m >
maximum brightness, representing one of state-of-the-art
Micro-QLED displays. The photolithography template
assisted processing provide an easy-operated method to
fabricate high resolution Micro-QLEDs, paving a new way
of full-color microdisplay panels for AR and VR
technology.

Materials and Methods
Experimental section

Chemicals: Zinc acetate dihydrate (Zn(OAc),-2H,0),

magnesium acetate tetrahydrate (Mg(OAc),-4H,0),
lithium hydroxide (LiOH), dimethyl sulfoxide (DMSO),
and ethanol were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. The PEDOT:PSS 4083
aqueous solution (13 mg mL ") was purchased from Xi’an
Polymer Light Technology. Poly[(9,9-dioctylfluorenyl-2,7-
diyl)-co-(4,4'-(N-(4-s-butylphenyl))diphenylamine)]
(TFB) was purchased from Xi'an Polymer Light Tech-
nology at a concentration of 6 mg mL ™" in chlorobenzene
for use. Quantum dots (QDs) with core-shell structures,
including red (CdZnSe/CdZnS/ZnS) and blue (CdZnSe/
ZnS) were provided by TCL Inc. Photoresist EOC-260
and red/green QD photoresist were supplied by the Hefei
Innovation Research Institute of Beihang University.
Photoresist SUN-2210N was purchased from Suntific
Materials (Weifang) Co., Ltd.

Synthesis of ZnMgO nanoparticle solution: First, 1.5 mmol
of Zn(OAc),-2H,0 and 0.15 mmol of Mg(OAc),-4H,0O were
dissolved in 15 mL of dimethyl sulfoxide (DMSO) to prepare
a precursor solution. Separately, 2.5 mmol of LiOH was
dissolved in 25 mL of absolute ethanol, followed by 20 min
of ultrasonication to ensure complete dissolution. The
ethanol solution of lithium hydroxide was then slowly added
dropwise into the DMSO solution, which contained zinc
acetate and magnesium acetate. The mixture was stirred at
50°C for 2h to facilitate the formation of ZnMgO
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nanoparticles. After the reaction, the resulting product was
thoroughly washed with ethanol and ethyl acetate several
times to remove impurities. The ZnMgO nanoparticles were
then dispersed in ethanol.

Photolithography process for high-resolution photo-
lithography template:

The high-resolution photolithography template was
fabricated using EOC-260 photoresist through standard
lithography processing as follows:

i. Substrate Cleaning: Glass substrates underwent
ultrasonic cleaning with deionized water, ethanol,
and acetone (15min each), followed by oxygen
plasma treatment (100 W, 5 min).

ii. Photoresist Spin-Coating: EOC-260 photoresist
was deposited via a three-stage spin coating
process of 1000 rpm/s for 5s, 3000 rpm/s for 5,
and 7000 rpm/s for 40 s

ili. Soft Bake: Substrates were thermally baked at 80 °C
for 5 min on a hotplate.

iv. UV Patterning: i-line lithography (365nm) was
used with 2-second exposure at 50-100 m] cm-
2 dose.

v. Development: Pattern development in propylene
glycol monomethyl ether acetate (PGMEA) for
ultrasonic cleaning 60s to remove unexposed
resist.

vi. Hard Bake: bake at 230 °C for 30 min to enhance
structural integrity and thermal stability.

This process can produce photolithography templates
with 2-micron resolution.

Micro-QLED device fabrication:

The QLED device structure is: ITO/PEDOT: PSS/TFB/
QDs/ZnMgO/Al. Fabrication process initiates with oxy-
gen plasma treatment (100 W, 5min) of pre-patterned
photolithography template on ITO substrates. A PEDOT:
PSS layer was spin-coated (3500 rpm, 45 s) and thermally
annealed (150°C, 30 min) under ambient conditions.
Subsequent processing was operated in an N,-filled glo-
vebox (<1 ppm O,/H,0).

The TFB layer (6 mgmL ™" in chlorobenzene) was
deposited via spin-coating (2000 rpm, 30 s) followed by
thermal annealing (150°C, 30 min). Quantum dot
(20 mgmL ™' in octane) was deposited via spin-coating
(2000 rpm, 30s) followed by thermal annealing (80 °C,
10 min). ZnMgO nanoparticle (20 mg mL ™" in ethanol)
layers were sequentially spin-coated (2000 rpm, 305s)
followed by thermal annealing (90 °C, 30 min). Final Al
electrodes were thermally evaporated (Kurt J. Lesker
Mini Spectros, 2 x 10”7 Torr) through shadow masks.
Pristine QLEDs were fabricated using standard ITO
substrates. Patterned Micro-QLEDs were fabricated
using pre-patterned templates prepared via the descri-
bed process.
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For hole-only devices (PEDOT: PSS/TFB/QDs/MoOs/
Al), 8 nm MoOj; was thermally evaporated under identical
vacuum conditions. All lithography templates were stored
in N,-filled glovebox prior to processing.

Photolithography process for dual-color red and green
quantum dot color converter (QDCC):

The red/green QDCC array includes four functional
components: a black barrier matrix, red QD photoresist
patterns, green QD photoresist patterns, and blank pixels.
The black barrier matrix was fabricated using SUN-
2210N negative photoresist through the following litho-
graphy process:

i. Photoresist Deposition: Spin-coating at 1000 rpm/s
for 20s and 3000 rpm/s for 40s to achieved
uniform 3 pm-thick films.

ii. Soft Bake: Substrates were thermally baked at 80 °C
for 7 min on a hotplate.

iii. UV Patterning: i-line (365nm) exposure at
200 mJ cm 2 through chromium photomasks.

iv. Pattern Development: Immersion in TMAH-based
alkaline developer (2.38 wt%) for 40s to remove
unexposed regions.

The red/green QDCC arrays were fabricated using red
QDs photoresist and the green QDs photoresist. Using
the pre-patterned black barrier matrix, the fabrication
process are as follows:

i. Red QD Photoresist Patterning
Spin-coating: at 500 rpm for 10 s and 3000 rpm for
50s.

Alignment and UV Patterning (365nm): i-line
(365nm) exposure at 150 mJcm 2 through
chromium photomasks.

Pattern Development: PGMEA immersion for 20 s
to remove unexposed regions.

ii. Green QD Photoresist PatterningSpin-coating: at
500 rpm for 10's and 3000 rpm for 50s.
Alignment and UV Patterning (365nm): i-line
(365nm) exposure at 150 mJcm 2 through
chromium photomasks.

Pattern Development: PGMEA immersion for 20s
to remove unexposed regions.

Finally, we obtained the red and green QDCC array. By
integrating the QDCC array with the patterned blue
QLED, we obtained the color-converted device.

Material characterization: Fluorescence microscopy
images were taken using an optical microscope. QLED
device characterization was performed at ambient tem-
perature utilizing a J-V-L (current density-voltage-lumi-
nance) measurement system comprising: a photodetector
(Thorlabs FDS1010), fiber-optic spectrometer (Avantes
HSC-TEC), 6-inch integrating sphere, and source mea-
surement unit (Keithley 2400). External quantum effi-
ciency (EQE) values were calculated through the
Lambertian emission model following established
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methods. Scanning electron microscope (SEM) images
were scanned by a Regulus 8230 SEM system (Hitachi,
Japan). Atomic force microscopy (AFM) images were
measured by Dimension Fast Scan AFM system (Bruker,
Germany).
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