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Abstract MicroLED display is considered one of the most promising tec hnologies for next-generation
displays. However, the high manufacturing cost has been a ma jor obstacle to its accessibility to the general
consumer market, and mass transfer, an essential process to achieve cost-e�ective manufacturing, has not
yet reached commercial maturity. Critical issues, such as m icroLED chips, transfer equipments, and process
materials, need to be addressed for the mass transfer techno logies. In this work, we present a 1.63-inch full
color microLED display module fabricated with laser mass tr ansfer, which has a pixel density of 403 pixels
per inch (PPI), the highest resolution ever achieved in the i ndustry using mass transfer technologies. The
laser mass transfer is realized with three process nodes: la ser lift-o�, laser induced forward transfer, and
carrier bonding. Each node has been well explored to improve yields. Insights into the present progress and
the future development of the laser mass transfer will be sha red in this work.

Keywords microLED, mass transfer, LLO, chip on wafer, chip on carrier

1 Introduction

MicroLED display is composed of arrays of light-emitting diodes (LEDs) with sizes reduced to below
50 � m. It is an interdisciplinary technology integrating LED fabrication wit h 
at panel display manufac-
turing, featuring its advantages of self-emission, high e�ciency, low power consumption, high integration,
high stability, and all-weather performance. Therefore, microLEDis treated as one of the most promising
technologies for next generation display [1{ 6]. Jiang et al. [7] invented the �rst microLED display at the
laboratory in 2001. Sony's 55-inch \Crystal LED Display" released in 2012, was the �rst commercial
product of a microLED display [8]. In 2018, Samsung launched \The Wall" a 146-inch microLED display
based on thin �lm transistor (TFT) driving technology [ 9]. However, the mass production of microLED
has been a huge challenge. In 2024, Apple was said to scrap plans to develop microLED displays for
the Apple Watch, casting a shadow over the future of microLED displays [10]. Compared to OLED and
LCD displays, the high manufacturing cost is a major obstacle to its accessibility to the general consumer
market. Furthermore, mass transfer, an essential process toachieve cost e�ective manufacturing, is not
ready yet [11].

Apart from the monolithic integration scheme used in microLED displays for AR/MR applications,
usage of transfer technologies is inevitable in other application scenarios of microLED displays, where
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Table 1 (Color online) Comparison of pixel density of microLED disp lays for smartwatches, released by di�erent companies

Manufacturer AUO PlayNitride CSOT Vistar Innolux

Sample

PPI 338 338 328 326 338

Dimensions (inch) 1.3 1.39/1.58 1.37 1.84 1.1

Drive type Active (LTPS) Active (LTPS) Active (LTPS) Active (LTPS) Active (LTPS)

Resolution 472 � 472 472 � 472 { { 374 � 374

Die size ( � m) < 20 < 20 20 � 40

microLEDs need to be electrically connected with display backplanes [12,13]. However, the costs incurred
in achieving high throughputs (> 100 million dies per hour) and yields (> 99.999%, 5N) with current
transfer technologies have not yet reached comparable levels to OLED or LCD manufacturing. This is
closely related to the choice of transfer strategies and the iterative process of transfer technologies. The
transfer strategies can be divided into probabilistic transfer, mainly based on 
uidic self-assembly (FSA),
and deterministic transfer, including pick-and-place and laser induced forward transfer (LIFT) [ 6,14{ 16].
FSA transports chips in a 
uid and has the chips self-aligned over receptor sites by minimizing the
surface free energy of the liquid solder [17{ 19]. This method is a scalable process that can cover glass
sizes in today's display production. Thus, the assembly time is insensitive to the transfer area, as well
as the number of receptor sites within the glass [20]. However, this method does not work for selective
transfer, meaning that both OK and NG (no good) chips are transferred simultaneously, and repair
has to be carried out after the transfer, inevitably increasing theoverall process time. In the pick-and-
place strategy, the stamp scheme is currently the most mature and mass-producible method. However,
limitations such as poor repeatability and limited stamp size hinder high transfer throughputs [21, 22].
The optimal stamp size results from a trade-o� between process capabilities (how large a stamp can be
used without a�ecting the yield and the placement accuracy) and epi-wafer utilization (waste at the edge
and its impact on the die cost). LIFT is highly e�cient with a maximum tra nsfer rate of 100 million
units per hour [23, 24]. Laser based processes usually feature die-level addressability (also known as a
\selective" process), making it easy to bin dies and/or switch from one display pitch to another. In the
laser transfer process, chips are transferred to a receiving substrate at a high speed. After the chip array is
transferred according to the backplane's pixel pitch thermocompression bonding or laser bonding, which
is one of the pick-and-place methods, is required to realize the electrical connection between microLEDs
and pixel pad on the backplane. Therefore, in practical applications, a hybrid transfer scheme combining
LIFT and pick-and-place is typically used. Among the aforementioned transfer technologies, it is still
unclear which transfer strategy will be adopted for the commercialization of microLED displays. It is
crucial to reach a balance among robustness, high throughput, high yield, and low cost. The optimal
strategy may vary considerably depending on the speci�c application.

Smartwatch is an ideal test case for microLED applications: it can beused to (in)validate technology
choices, manufacturing processes and supply chain. Here we demonstrate a super retina TFT based full
color microLED display tailored for smartwatches and other mobile devices. This display has a pixel
density of 403 PPI, which is, to the best of our knowledge, the highest among the microLED displays
currently released for smartwatches with mass transfer technology (Table 1). We have solved critical
technology issues encountered in the process nodes of the laser mass transfer, including (1) the laser
lift-o� (LLO), (2) the LIFT, and (3) the carrier bonding. At the en d of this work, we also share our
insights into the present progress and the future development ofthe laser mass transfer technology.

2 Experiment and procedure

The blue and green microLEDs used in this work are based on InGaN epitaxial layers grown on 4 inch
patterned sapphire substrates (PSS), while the red microLEDs utilize AlGaInP epitaxial materials grown
on 4 inch GaAs substrates. Compared with InGaN, AlGaInP epitaxial materials have a lower mechanical
strength. To prevent chip fragmentation during the temporary b onding and the transfer process, a
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Figure 1 (Color online) (a) Blue, (b) green, and (c) red microLEDs fab rication procedures adopted in this work.

Table 2 Main speci�cations of the microLEDs and 1.63 inch TFT backpl ane in this work

Wafer size Chip size ( � m2 ) X axis pitch ( � m) Y axis pitch ( � m) Pad size ( � m2 ) Wavelength of peak (nm) Chip materials

4 inch 15 � 30 31.5 63 8 � 11 463 Blue-InGaN

4 inch 15 � 30 31.5 63 8 � 11 519 Green-InGaN

4 inch 15 � 30 31.5 63 8 � 11 638 Red-AlGaInP

Backplane
size

PPI
Active area

(mm 2 )
Resolution

Pixel
arrangement

Pixel pitch
( � m)

Backplane
technology

1.63 inch 403 29.2 � 30.2 480 � 464 SPR RGBG 63 LTPS

2 � m-thick SiO2 layer is deposited on the surface of the AlGaInP LED wafers to increase the chip
strength. Subsequently, the temporary bonding is performed with a sapphire substrate coated with
temporary bonding adhesive (TBA). The GaAs substrate is then removed through wet etching, namely
a chemical lift-o� process forming an AlGaInP epitaxial structure o n the sapphire substrate. With this
process, the height of the red microLEDs is 2� m larger than that of the blue and green chips. Chips on
wafer (CoW) are obtained with subsequent device fabrication, including photolithography, dry etching,
passivation deposition, metal electrode pad deposition and sapphire back polishing for blue and green
cases. Each CoW contains 3288784 pixels with a dimension of 30� m � 15 � m, and pitches ofx = 63 � m
and y = 31.5 � m corresponding to integer multiples for the pixel pitch of the TFT backplane The
procedures to fabricate blue, green and red CoWs are schematically presented in Figure 1.

We utilize the low temperature polycrystalline silicon (LTPS) TFT backp lane provided by Tianma
company, featuring an SPR (SubPixel Rendering) arrangement in RGBG format. In this arrangement,
there are 111000 red and blue pixels each, while the number of greenpixels amounts to 222000. The
pixel pitch is 63 � m, resulting in a pixel density of 403 PPI. According to Apple's retina display standard
tailored for smartwatch applications, this display backplane has ful� lled the criteria for a super retina
screen1) . The bonding pads on the backplane are sized as 15� m � 15 � m, corresponding to the 8� m �
11 � m p-type and n-type pads for the 30� m � 15 � m microLEDs. Given the redundancy stemming from
position deviations during the transfer and the bonding processes, the size of the backplane's bonding
pads is slightly larger than that of the chip pads in the design evaluation. Table 2 summarizes the main
speci�cations of the microLEDs and 1.63 inch TFT backplane.

Based on the backplane architecture and chip structures, we have selected a mass transfer process 
ow
as shown in Figure 2, including (a) the LLO; (b) the LIFT, and (c) the carrier bonding using thermal
compression. In the mass transfer, we have utilized a 266 nm picosecond pulsed laser for the LLO process,
while a 355 nm nanosecond pulsed laser for the LIFT process. Additionally, following the �rst step of
LIFT, we perform in-situ repair on the carrier substrate using a 266 nm nanosecond pulsed laser. The
speci�c selection criteria will be elaborated in subsequent paragraphs. Considering the aforementioned

1) Retina display. https://en.wikipedia.org/wiki/Retina display#Competitors .

https://en.wikipedia.org/wiki/Retina_display#Competitors
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Figure 2 (Color online) Laser mass transfer process 
ow adopted in th is work. (a) LLO; (b) LIFT; (c) carrier bonding.

reasons, the height of the red microLEDs is 2� m larger than that of the blue and green chips. This
requires two steps of bonding processes. One is for the blue-green microLED arrays and the other is
followed for the red microLED arrays, as depicted in Figure 2. In the carrier bonding process, the
connection between microLEDs and TFT substrates is realized usinganisotropic conductive particles in
anisotropic conductive adhesive �lm (ACF).

3 Result and discussion

3.1 LLO process

Currently in industry, a diode pumped solid state laser (DPSS laser) with a wavelength of 266 nm is used
for LLO to fabricate traditional vertical LEDs. The spot energy o f the DPSS laser follows a Gaussian
distribution. The process parameters of LLO include laser energy,spot size, and spot overlap pitch.
Although the blue and green microLEDs on the PSS substrates (PSS-microLEDs) exhibit distinctly
higher light extraction e�ciency compared to microLEDs on 
at sapp hire substrates [25], the LLO yield
of the PSS-microLEDs remains a challenge. Figures 3(a){(c) depictscanning electron microscopy (SEM)
images of single blue PSS-microLED after LLO under conditions of Gaussian beam diameter of 100� m,
peak energy density of 402 mJ/cm2, and spots overlap pitches of 15, 20, and 25� m, respectively. It can
be observed that with a smaller spot overlap pitch, the defect areaat the edge or center region of the
chip becomes larger, and the depth of the damage increases. However, when further increasing the spot
overlap pitch, the amount of chips cannot be detached from PSS. Even though the laser energy and spot
overlap pitch are optimized to minimize the chip damage, the overall delamination yield remains below
90%. Therefore, it is necessary to develop an innovative LLO process to address this challenge.

In order to clarify the cause of the issue, we simulated the energy distribution at the interface between
the PSS and GaN for a single microLED using the ray tracing method. The simulation software is
TracePro R
 software from LAMBDA RESEARCH CORPORATION. The Gaussian bea m pro�le and
spot overlap at a peak energy density of 402 mJ/cm2 and pitches of 15, 20, and 25� m, are shown in Fig-
ures 4(a){(d). From the �gure, it can be observed that the energy distribution at the PSS/GaN interface

uctuates signi�cantly as the pitch of the beam spot changes from 15 to 25 � m. Due to the e�ect of
Gaussian spot overlap, the energy density reaches peak values atthe apex of the PSS concave, reaching
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Figure 3 SEM images of blue microLED chips after LLO with a Gaussian be am. The beam size is 100 � m, the peak energy
density is 402 mJ/cm 2 , and the beam overlap pitch is (a) 15 � m, (b) 20 � m, and (c) 25 � m.

Figure 4 (Color online) (a) Contour map of the Gaussian laser energy i ntensity used in simulation, with a spot diameter of
100 � m and a peak energy density of 402 mJ/cm 2 . Contour maps illustrating the distribution of laser energ y at the interface
between the PSS and GaN of a 30 � m � 15 � m microLED chip under overlaid spot pitches of (b) 15, (c) 20, and (d) 25 � m,
respectively. (e) Contour map of a 
at top spot pro�le with di mensions of 36 � m � 18 � m. (f) Contour map showing the
distribution of laser energy at the interface between the PS S and GaN of a 30 � m � 15 � m microLED chip under a 
at-top laser
spot. Energy distribution curves in the (g) horizontal and ( h) vertical directions of the chip along dashed lines for the four laser
spot parameters respectively, with the positions indicate d in (b), (c), (d), and (f).

1795 mJ/cm2, 1025 J/cm2, and 706 J/cm2 respectively, far exceeding the energy threshold for GaN
decomposition. It results in damage to the chip at the apex of the PSS concave, leading to a reduction
in the LLO yield. Since the Gaussian spot overlap deteriorates the 
uctuation in the energy distribution,
we also attempted to use a uniform beam to simulate the energy distribution at the PSS/GaN interface,
as shown in Figures 4(e){(h). Although the peak energy density still appears at the apex of the PSS
concave, the uniformity of the energy distribution at the PSS/GaN interface is improved even at higher
incident energy densities, such as 506 mJ/cm2. Therefore, we conclude that using a 
at top spot pro�le
can enlarge the LLO window for PSS-microLEDs and then improve theyield. To achieve this, we added
a di�ractive optical element (DOE) kit to the original DPSS LLO spatia l optical path to realize a uniform
output of 266 nm laser, as shown in Figure 5. Through laser exposure of PSS-microLEDs by a 
at top
spot pro�le with a dimension of 36 � m � 18 � m, at an energy density of 506 mJ/cm2, we achieved a
PSS-microLED LLO yield of > 99%. As shown in Figure 6, although some PSS debris, which can be
completely removed in subsequent dry etching, remains in the channel of the chips after LLO, it can be
observed that the PSS concave pro�le is clear and distinct, and no damage is observed at both the edges
and the center of the chip. Finally, we achieved high yield fabrication of blue, green, and red freestanding
chips on carrier (FCoC) through 
at top DPSS combined with the afo rementioned procedures, as shown
in Figure 7.

3.2 LIFT process

We summarize the process 
ow of LIFT to fabricate at-pitch chips on carrier (ACoC), as shown in Fig-
ure 8. This includes (1) selecting transfer adhesives with strong absorbance at the laser wavelength,
(2) testing di�erent laser energy ranges to ensure that the transfer yield meets requirements under various
transfer adhesive thicknesses, (3) evaluating whether photoluminescence (PL) intensity of chips decreases
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Figure 5 (Color online) Schematic diagram of the LLO optical path usi ng the DPSS homogenization scheme.

Figure 6 SEM images of (a) the chip array and (b) a single chip after LLO of PSS-microLEDs with a 
at-top laser at an energy
density of 506 mJ/cm 2 .

Figure 7 (Color online) Optical microscopy images of (a) blue, (b) gr een, and (c) red FCoC; magni�ed confocal laser scanning
microscopy images of (d) blue, (e) green, and (f) red microLE Ds.

under di�erent laser energies to assess chip damage, (4) conducting batch transfer tests to determine the
optimal transfer process, (5) integrating automated optical inspection (AOI)/PL inspection results for
in-situ repair of NG chips.

In fact, before the LLO process, it is necessary to con�rm the type of transfer adhesive used in the LIFT
process. LIFT is a direct laser writing technique based on laser ablation. A UV absorbing intermediary
layer is utilized as a sacri�cial dynamic release layer (DRL) to propel other materials forward without
damage [26]. LIFT can be divided into two types of transfer mechanisms: (1) the adhesive material
is decomposed by laser irradiation (laser induced decomposition, LID), causing the chip and residual
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Figure 8 (Color online) Flow chart of the ACoC fabrication process.

adhesive to fall onto the target substrate simultaneously, (2) the adhesive material expands upon laser
irradiation (laser induced expansion, LIE), causing the chip to be ejected onto the target substrate. In
LID mode, residual adhesive material may remain on the surface ofthe transferred chip, which needs to
be cleaned using dry or wet methods. To ensure that the chip can betransferred to the target substrate
accurately and stably, the DRL material in the microLED channels needs to be dry etched to the sapphire
substrate, leaving the DRL material only at the bottom of the chips to decompose to ensure the transfer
yield and the precision. As for the LIE mode, it is unnecessary to etch the DRL material in the channel,
as laser irradiation on the DRL material produces gas, causing the material to expand abruptly, and
ejecting the chips onto the target substrate. Ideally, for the LIE mode, no etching of the channel is
required before the transfer, and there is no residual adhesive on the surface of the transferred chips
afterward, making it a preferred option. Figure 9(a) illustrates th e LIE mode transfer mechanism. It is
found in experiments that the LIE mode can lead to a decrease in thetransfer yield according to the
transfer order of the chips, as shown in Figure 9(b). That is, after chips on the left and right sides are
transferred, the DRL material near the two chips will expand and deform. When the deformed area is
large enough, it causes the DRL material near the un-transferred chips in the middle to deform as well.
This deformation reduces the transfer precision or results in poortransfer of the middle chips under
the same transfer conditions. The contrasting method involves using the LID mode transfer adhesive.
Figure 9(c) illustrates the LID mode transfer mechanism. By transferring adjacent 3 � 3 microLED
arrays in the same sequence, no deterioration in transfer accuracy was observed. The mesa region of the
transferred chip is covered by residual adhesive, as shown in Figure 9(d). The residual adhesive can be
completely etched away, and the etching does not cause any chip misalignment, as depicted in Figure 9(e).
Considering the above experimental results, we preferred the LID mode transfer in our LIFT process to
ensure the transfer yield.

Based on the LID mode, the selection of transfer adhesive requires the material to possess certain
absorption capabilities at both 355 and 266 nm to meet the demands of the laser transfer and the repair
in this work. As shown in Figure 10, Type B adhesive is an alternative toType A. In addition to the
absorption coe�cient of the adhesive, the thickness of the transfer adhesive also needs to be evaluated.
After laser irradiation, it is desired to leave some residual adhesive on the surface of the chip, which
can be removed completely afterward with cleaning agents. A transfer adhesive of su�cient thicknesses
can e�ectively absorb the laser energy and reduce the damage to the chip's electrodes and active regions
caused by excessive laser energy. However, an excessive thickness of the transfer adhesive can also increase
the threshold energy of laser-induced gasi�cation, which drives the chip transfer [27]. Furthermore, it
prolongs the dry etching process to clean the microLED channels between chips after LLO, increasing the
risk of plasma induced damage to microLEDs. Consequently, it is necessary to �nd an optimal balance
between transfer adhesive thickness and transfer laser energy. Based on our experimental validation, the
optimized thickness of the transfer adhesive is 45� m.

In addition to the above parameters such as the type of bonding adhesives and the adhesive thickness,
factors a�ecting the LIFT process also include laser energy density, laser pulse width, laser frequency, con-
version of mirror scanning speed, and error correction for transfer accuracy. The laser pulse width should
be selected based on the mechanism of interaction between the laser and the transfer adhesive. As the laser
irradiates the transfer material, photon energy is converted intokinetic energy for the transfer through
photothermal and photochemical ablation processes [26]. Experimentally, identifying these two processes
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Figure 9 (Color online) (a) Schematic diagram of the LIE mode transfe r mechanism; (b) optical microscopy image of microLEDs
on the target substrate, showing 
ipped and even damaged chi ps; (c) schematic diagram of the LID mode transfer mechanism ;
(d) optical microscopy image of a microLED array on the targe t substrate after LIFT; (e) optical microscopy image of a mic roLED
array on the target substrate after the cleaning of the resid ual adhesive.

Figure 10 (Color online) Absorption spectra of two types of transfer a dhesives.

is challenging due to their similar products, but the time scales of picosecond (6 ps) versus nanosecond
photothermal reactions may signi�cantly impact the kinetics of abla tion. Picosecond and femtosecond
lasers can induce two-photon and multiple-photon absorption, enhancing material absorptivity [ 28]. The
interaction of nanosecond lasers with transfer materials can be understood as a `hot' process, whereas
picosecond and femtosecond lasers represent a `cold' process. Higher laser energy absorption from smaller
pulse widths leads to greater kinetic energy from the material decomposition, potentially causing undesir-
able e�ects like chip deviation, standing, or fragmentation in the case of high transfer speeds. Certainly,
thicker transfer layers mitigate these risks but may lead to incomplete material decomposition and lower
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Table 3 Relationship between laser energy ratio and energy density

Energy ratio (%) Energy desnsity (mJ/cm 2 ) Energy ratio (%) Energy desnsity (mJ/cm 2 )

35 177 55 571

40 263 60 680

45 366 65 766

50 457 70 858

transfer e�ciency. Additionally, thinner transfer layers may lead t o damaged chips due to excessive laser
penetration. Therefore, nanosecond pulse lasers o�er better controlled material decomposition and a
broader process window compared to picosecond and femtosecond lasers. Considering the factors above,
we believe that nanosecond pulse lasers are currently the preferred choice for direct laser writing.

The transfer pitch multiplied by the laser frequency � equals the galvanometer scanning speedv. To
get stable laser energy, the laser typically works at the fundamental frequency. In this work, the laser
frequency is set to 10 kHz, theoretically achieving a transfer rateof 10000 dies/s in combination with the
galvanometer scanning. According to the calculation of the pixel pitch of the backplane, the galvanometer
scanning speed during the transfer is 630 mm/s. In addition, we use1 mm thick glass substrate with
a total thickness variation of < 5 � m as the target substrate for the chip transfer. The substrate is
covered with a 30� m thick PDMS layer with certain adhesiveness. The viscosity of the PDMS material
guarantees that during the wet cleaning to remove residual adhesive after transfer, the cleaning agents
do not displace the chips. On the other hand, the PDMS' viscosity is supposed to be lower than that
of the ACF adhesive to ensure the chips to be fully transferred to the backplane in the carrier bonding
process.

We then transfer chips of a 60� 60 array and analyze their arrangement precision and chip conditions
to determine an appropriate range of laser energy for transfer.The laser spot size during the transfer is
slightly larger than the chip size of 30 � m � 15 � m, conforming uniform laser irradiation on the entire
area of the chip. The relationship between laser output energy ratios and corresponding laser output
energy densities can be found in Table 3. When the laser output energy ratio is below 35% (energy
density < 177 mJ/cm2), the chips cannot drop from the FCoC to the target substrate. At an energy
ratio of 35%, the chips can be transferred down to the target substrate, but lay on the target substrate
randomly. When the output energy ratio exceeds 40%, the chips can be arranged in an ordered manner.
However, as mentioned above, excessive transfer energy density poses a risk of damaging the chips. We
conduct optical microscopy and PL measurements on microLEDs transferred with di�erent laser energy
densities, as shown in Figure 11. In the leftmost column of Figure 11,we include optical microscopy and
PL images of blue and red light microLEDs in the CoW stage, illustrating the surface topography and
PL distribution of chips before laser irradiation. It can be seen that when the output energy ratio for
transferring blue (red) light chips is > 55% (> 45%), traces of fusion appear on the chip electrodes, and
as the energy increases further, the electrode metal may splashout and become thin. This is because
the metal pad absorbs the laser light passing through the transfer adhesive, causing localized heating
instantaneously and leading to metal evaporation. Figure 12 showsthe dependences of the PL intensity
of blue and red chips on the laser energy ratio. When the laser energy ratio is > 55%, the average PL
intensity signi�cantly decreases, indicating that the high energy density of 355 nm laser damages the
multiple quantum well (MQW) region of the microLEDs. Therefore, in t he transfer process, in addition
to selecting transfer adhesives with strong absorption coe�cients for 355 nm laser light and su�cient
thicknesses, laser energy also needs to be controlled within an appropriate range to achieve high yields
and e�cient transfer without damaging the chips. Based on the above discussion, an output energy ratio
of 40% is used in this work.

We measured the current-density-voltage (J-V) curves of RGB microLEDs before (with chips in CoW
state) and after laser transfer (with chips on the carrier), as shown in Figure 13. The laser transfer energy
ratio was 40%. In the TFT panel, the driving current capability of a sin gle chip is less than 200� A,
corresponding to a current density of less than 50 A/cm2 for a 30 � m � 15 � m chip. As seen in Figure 13,
the operating voltages of blue and green microLEDs after the transfer are slightly higher than those of the
chips before the transfer, while the situation is the opposite for red light chips. After the laser transfer, the
voltages of blue and green chips are higher than those of the chips before the transfer, possibly due to the
stress release in InGaN-based microLEDs after removal of the sapphire substrates through LLO, which
weakens the quantum con�ned Stark e�ect (QCSE), and results in a slightly increased bandgap in the
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Figure 11 (Color online) At output energy ratios of 0% (without laser t ransfer), 40%, 45%, 50%, 55%, 60%, 65%, and 70%,
optical microscopy and PL mapping images of blue and red micr oLEDs after the laser transfer.

Figure 12 (Color online) Dependences of PL intensity of blue
and red microLEDs on the laser energy ratio after transfer.

Figure 13 (Color online) Current-density-voltage (J-V) char-
acteristics of the microLEDs before and after the laser tran sfer
(solid lines versus dashed lines, respectively).

QW region. Due to the reduced QCSE, the radiative recombination e�ciency is improved, compensating
for the increase of the operating voltage. The decrease of the operating voltage for the red chips after the
transfer may be due to the signi�cant improvement of the current spreading and the fast heat dissipation.
Overall, we believe that the laser transfer energy ratio of 40% has little impact on the J-V characteristics
of microLEDs.

After the �rst-step transfer is completed, AOI and PL inspection s are conducted for the microLEDs
on the target substrate. For positions where NG chips are detected, the backside of the target substrate
is irradiated with 266 nm laser to remove the NG chips. Subsequently,a similar LIFT scheme is adopted,
using 266 nm laser to transfer OK chips to the vacant positions. Forthe chip depicted after trimming
and repair, please refer to the optical microscopy images in Figure 14.

Based on the above transfer process, we fabricate ACoC according to the actual speci�cations of the
backplane pixels. Blue and green microLEDs are arranged on the same carrier (Figure 15), while red
microLEDs are arranged separately on another carrier. The one-step transfer yield of GB-ACoC reaches
99.87% in our work, while that of R-ACoC reaches 99.76%. To furtherimprove the yield of ACoC, we
use 266 nm laser for in-situ repair of NG chips in the ACoC. After repair, the yield of ACoC can reach
99.999%. Figure 15 shows optical microscopy images and PL intensitymaps GB-ACoC and R-ACoC
after repair.
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Figure 14 (Color online) (a) Optical microscopy image of the region co ntaining NG chips; (b) optical microscopy image after
trimming o� the NG chips; (c) optical microscopy image after in-situ repair of the NG chips.

Figure 15 (Color online) (a) Tilted-view SEM images of partial chips a rrangement for GB-ACoC; (b) optical microscopy image
of GB-ACoC chip; (c) PL emission microscopy image of the same region in (b); (d) tilted-view SEM images of partial chips
arrangement for R-ACoC; (e) optical microscopy image of R-A CoC chip; (f) PL emission microscopy image of the same region
in (e).

3.3 Carrier bonding on TFT substrate

In the carrier bonding process, we selected an ACF with a thicknessof 4 � m consisting of an epoxy resin
as the adhesive matrix, uniformly distributed with polystyrene (PS) particles plated with a nickel (Ni)
shell. The thermal expansion coe�cient of the conductive particles is close to that of the epoxy resin
adhesive matrix to ensure thermal stability after bonding. Figures 16(a) and (b) show the surface of
TFT substrates with attached ACF and microscopic images of the conductive particles. Since GB-ACoC
and R-ACoC are bonded to the TFT backplane in two steps, the bonding process involves pre-bonding
and main bonding to establish electrical connections between the chips and the TFT backplane. Initially,
the TFT backplane with ACF is heated to 50 � C to ensure that the viscosity of the epoxy resin adhesive
matrix is greater than that of the PDMS on ACoC, allowing accurate t ransfer of GB-ACoC and R-ACoC
microLEDs to the TFT backplane in sequence, with a bonding pressure of 5 MPa and a bonding time of
15 s. Subsequently, the temperature of both upper and lower bonding heads is raised to 150� C, and a
bonding pressure of 50 MPa is maintained for 30 s to conduct the mainbonding. The adhesive matrix
permanently solidi�es during this process, preventing adhesive rebound and ensuring reliable bonding.
Figures 16(c) and (d) are the respective cross-sectional SEM images of blue and red microLED after
the main bonding, clearly showing the connection of conductive particles between the chip pads and the
TFT backplane. The bonded TFT backplane is then illuminated by a vision test kit to evaluate the
yield. Once the yield of illumination reaches 99.99%, we proceed with encapsulation using epoxy resin
adhesive and cover glass on the backplane. Finally, IC chips for driving are bonded to the backplane and
post-image calibration is conducted. Figure 17 shows a fabricated 1.63 inch full-color microLED display,
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Figure 16 (Color online) (a) Image of the TFT backplane after ACF �lm la mination; (b) optical microscopy image of ACF
conductive particles applied on the TFT backplane; (c) cros s-sectional SEM image of a blue pixel after the carrier bondi ng;
(d) cross-sectional SEM image of a red pixel after the carrie r bonding.

Figure 17 (Color online) After completion of the mass transfer proces s, the 403 PPI microLED TFT backplane is illuminated
with (a) blue, (b) green, and (c) red. (d) Following the compl etion of the module encapsulation, a full-color display pic ture is
achieved. The inset shows the arrangement of sub-pixels in t his display.

where Figures 17(a){(c) depict monochromatic images of the illuminated screen, and Figure 17(d) shows
the �nal display module, with an inset showing a magni�ed image of localized pixels under an optical
microscope.
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4 Conclusion and perspective

In summary, we have illustrated a laser mass transfer process formicroLED displays and the critical issues
it encompasses. With this method, a 1.63 inch full color microLED display module has been fabricated
with a pixel density of 403 PPI, having the highest resolution ever achieved up to now using mass transfer
technology. However, the story of mass transfer technology is just beginning. From the cost perspective,
the mass transfer process is still intricate, and to obtain high yields, high requirements on yield control at
each process node are necessary. This requires comprehensive innovations in chips, transfer equipment,
and process materials. In addition, microdriver ICs could bring high performance of Si CMOS to large
area and high pixel density displays, bene�ting in brightness, grayscale resolution, stability and power
consumption, all at a cost competitive with TFT. Combining mass transfer with microdriver technology
has a potential to be developed as a new paradigm for microLED integration.
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