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ABSTRACT ARTICLE HISTORY
Micro light-emitting diode (MicroLED) displays possess excep- Received 28 February 2025
tional advantages including rapid response speed, autono- Accepted 27 April 2025

mous light emission, high contrast, and long service life. The KEYWORDS
technology is emerging alongside rapid advancements in Mass transfer strategy;
wearable devices, virtual reality, augmented reality, and TV MicroLED chip; pick-and-
displays. Due to these strengths, MicroLED displays are widely place; fluidic self-assembly
recognized as the most disruptive and revolutionary next-

generation display technology. However, the miniaturized

characteristic of MicroLED chips poses significant challenges

for efficiently, accurately, and cost-effectively transferring mil-

lions of these chips from the donor substrate to the receiver

substrate. Over the past two decades, numerous innovative

mass transfer strategies have been developed. These strategies

aim to overcome the limitations of traditional transfer techni-

ques. Such advancements are driving the commercialization of

MicroLED displays. Herein, we review the development of mass

transfer strategies for MicroLED chips and classify these stra-

tegies into two primary categories: pick-and-place technique

and fluidic self-assembly method. The former is further classi-

fied based on different adhesion modulation mechanisms,

while the latter is classified based on different driving forces.

Furthermore, this review provides an in-depth analysis of the

working mechanisms, along with a comprehensive evaluation

of the advantages and disadvantages associated with specific

strategies.
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1. Introduction

As a fundamental technology for the development of the modern information society,
display technology has experienced rapid advancement [1,2]. From digital watches to
virtual reality glasses, and from large-scale video billboards to the micro light-emitting
diode (MicroLED) TVs named the Wall [3], the iteration of display technology has signifi-
cantly transformed social production and modern life [4,5]. The first generation of display
technology, the cathode ray tube (CRT) [6], accelerated the emergence and widespread
adoption of video displays. However, due to their inability to meet modern requirements for
low power consumption and high resolution, CRT displays have gradually been phased out
[7]. They have been replaced by liquid crystal displays (LCDs) [8-10] and organic light-
emitting diode (OLED) displays [11-14], which have become the two dominant display
technologies in contemporary applications [15]. Despite their prevalence, both LCD and
OLED technologies exhibit certain limitations [16]. For instance, the slower response time of
LCDs results in suboptimal dynamic image performance, while long-term use of OLED
displays can lead to screen aging, reduced brightness, and color distortion. In contrast,
MicroLED display technology, characterized by its high brightness, self-luminous properties,
high resolution, low power consumption, fast response time, and long lifespan, has been
hailed as the next-generation mainstream display technology [17].

In the year 2000, Jin et al. pioneered the development of MicroLED chips based on
Group Il nitrides [18,19], thereby introducing the concept of MicroLED. Over the past two
decades, extensive scientific research has significantly propelled the growth of the
MicroLED industry [20-31]. A complete manufacturing chain of MicroLED displays
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Figure 1. The manufacturing chain of MicroLED displays as well as this paper’s focuses on chip transfer
technologies, including pick-and-place techniques and fluidic self-assembly methods.

encompasses three critical processes: chip production, chip assembly, and chip detection
and repair (Figure 1). However, as commercialization efforts have progressed, numerous
technical challenges have become increasingly prominent [32-40]. Among these, the
mass transfer technique is currently regarded as the most critical bottleneck [5,41,42].

MicroLED displays utilize multi-colored self-emitting elements, comprising tens of
millions of MicroLED chips in red, green, and blue (RGB) colors [43]. Consequently,
MicroLED chips from different donor substrates must be precisely and rapidly integrated
onto a receiving substrate that provides both electrical drive and mechanical support.
However, for a display with a resolution of 1920 x 1080, the traditional pick-and-place
method can take several weeks to complete the assembly process. Moreover, for high-
definition displays, maintaining an extremely low defect rate is critical. To achieve both
high efficiency in MicroLED chip assembly and ensure a very high yield rate, the devel-
opment of mass transfer strategies for MicroLED chips has emerged as a key research
focus for numerous research teams and companies globally [44-53].

Figure 2 summarizes the representative mass transfer strategies for MicroLED chips since
the inception of MicroLED technology. These strategies cover two main approaches. The first
involves pick-and-place techniques that use van der Waals forces, electromagnetic forces, or
vacuum suction. The second employs fluidic self-assembly methods powered by gravity,
capillary forces, and dielectrophoretic forces. Meeting critical performance metrics including
high efficiency, high precision, high yield, and low cost remains challenging. Addressing this
issue requires both significant investment and sustained long-term research efforts. In recent
years, a significant number of comprehensive and detailed review papers have been published
regarding the development history of MicroLED displays. By 2022, Prof. YongAn Huang's
group had made remarkable progress in laser-assisted technology and provided an in-depth
analysis of mass transfer printing strategies primarily based on laser-assisted techniques [5,32].
Zhu et al. conducted a systematic review of the production process of MicroLED displays,
covering mass transfer, detection, and repair technologies [38]. Moreover, Chen et al. reviewed
the key integration technologies for MicroLED displays, including transfer integration, bonding
integration, and growth integration [17]. Additionally, there are extensive review articles
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Figure 2. Developmental history and representative achievements in mass transfer strategies for
MicroLED chips.

available on quantum dot display technology, full-color display technology, and the overall
industrial chain development of MicroLED displays [54-59]. In this review, the focus is on two
aspects of mass transfer strategies, namely, pick-and-place techniques and fluidic self-
assembly methods. Each strategy is analyzed in detail, discussing the working mechanisms,
advantages, and disadvantages based on specific research findings. It is anticipated that this
review will facilitate further research on mass transfer strategies for MicroLED chips and
contribute to the advancement of the MicroLED display industry.

2. Mass transfer strategies for MicroLED chip assembly

Mass transfer of MicroLED chips typically involves two key processes: releasing the MicroLED
chips from the donor substrate and accurately transferring them to a receiving substrate with
electrical drive functionality using a temporary transfer medium [60]. In the release process,
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a sacrificial layer (e.g. a GaN buffer layer) is introduced on the donor substrate [61-70], allowing
the MicroLED chips to be detached via high-energy methods such as laser ablation or chemical
etching. The transfer process uses various temporary media including elastic stamps, electro-
static stamps, vacuum stamps, and fluidic systems. Their goal is to precisely position MicroLED
chips on designated binding sites [71]. The mass transfer strategy utilizing stamps as transfer
media is referred to as the pick-and-place technique, whereas the strategy employing fluids as
transfer media is known as the fluidic self-assembly method.

2.1. Pick-and-place techniques

The pick-and-place techniques fundamentally depend on the precise control and switch-
ing of adhesion strengths at three critical interfaces: MicroLED chip/donor substrate,
transfer stamp/MicroLED chip, and MicroLED chip/receiver substrate. In the pickup
phase, the adhesion strength is increased between the transfer stamp and the
MicroLED chip. This ensures the chip is reliably lifted from the donor substrate. It also
keeps the chip securely held during rapid transfer. In the placement phase, the adhesion
strength is reduced between the transfer stamp and the MicroLED chip. This allows quick
release of the chip. It also ensures accurate positioning on the receiver substrate.
Consequently, various pick-and-place techniques have been developed, leveraging dif-
ferent adhesion mechanisms to achieve parallel regulation of interfacial adhesion [72-87].

2.1.1. Pick-and-place techniques by viscoelastic stamp

The pick-and-place technique utilizing viscoelastic stamps was initially introduced by the
research groups of Prof. Rogers and Prof. Yonggang Huang at Northwestern University,
U.S.A. [88]. Viscoelastic stamps are typically fabricated using superelastic materials, such
as polydimethylsiloxane (PDMS), through a demolding process. During the peeling pro-
cess, viscoelastic dissipation occurs at the adhesion interface between the viscoelastic
stamp and the substrate, as illustrated in Figure 3(a). The viscoelastic stamp is shown
under a peeling force F from the contact surface. The separation velocity between the
viscoelastic stamp and the MicroLED chip significantly influences the interfacial adhesion
force. Specifically, a lower separation speed results in weaker adhesion, while a higher
speed leads to stronger adhesion. Consequently, the adhesion force between the viscoe-
lastic stamp and the MicroLED chip can be modulated by adjusting the peeling speed of
the stamp during the pick-and-place operation [89,90]. In the steady-state condition, the
energy release rate G for crack propagation at the interface can be generally expressed as

G=— (1)
w

where w is the width of the viscoelastic stamp. The adhesion force is determined by the
energy release rate at the adhesion interface and the crack length at the peeling interface.
However, the viscoelastic energy dissipation near the crack tip must be taken into
account in the dynamic-state condition. Consequently, the critical energy release rate for
the viscoelastic stamp peeling from the contact surface increases monotonically with
velocity, as illustrated in Figure 3(b). This relationship follows a general power law and can

be expressed as
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Figure 3. Pick-and-place techniques by viscoelastic stamp. (a) Schematic of the viscoelastic stamp
peeled from the contact surface. (b) The relationship of the critical energy release rate for the
viscoelastic stamp and the peeling velocity, reproduced with permission from [89]. (c) Pick-and-
place operations of the MicroLED chips by a viscoelastic stamp, reproduced with permission from [88].
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Vo
where Gy is the critical energy release rate when the peeling speed approaches zero, v is
the peeling speed, v, is the reference speed associated with Gy, and n is the scaling
parameter. Notably, both the donor substrate, the MicroLED chip, and the receiver
substrate exhibit elastic behavior [91]. This suggests that the critical energy release
rates at the interfaces between the MicroLED chip and the donor substrate, as well as
between the MicroLED chip and the receiver substrate, remain approximately constant.
Consequently, the adhesion strengths of these interfaces are nearly independent of the
peeling speed. Therefore, there exists a critical peeling speed at which the critical energy
release rates at the interfaces between the MicroLED chip/donor substrate and the
viscoelastic stamp/MicroLED chip are equal. Similarly, there exists another critical peeling
speed at which the critical energy release rates at the interfaces between the MicroLED
chip/receiver substrate and the viscoelastic stamp/MicroLED chip are equal. When the
peeling speed exceeds the critical peeling speed, the MicroLED chip detaches from the
donor substrate. Conversely, when the peeling speed is below the critical peeling speed,
the MicroLED chip releases from the viscoelastic stamp and transfers to the receiver
substrate. Based on this adhesion force regulation mechanism, the pick-and-place opera-
tions of the MicroLED chips can be effectively realized, as illustrated in Figure 3(c).
Compared with flat viscoelastic stamps, stamps featuring a structured contact surface
design can dynamically adjust the contact area in response to varying loads, thereby
modulating adhesion performance. Utilizing this strategy, the research group of Prof.
Rogers and Prof. Yonggang Huang introduced a pyramidal microstructure on the stamp's
contact surface [92]. During the pickup of the MicroLED chip, these pyramidal micro-
structures deform under high loads, resulting in a contact area nearly equivalent to that of
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a flat stamp. This allows for rapid peeling of the MicroLED chip from the donor substrate,
enhancing the adhesion strength between the stamp and the chip. During MicroLED chip
placement on the receiving substrate, the pyramidal microstructures return to their
original shape when the load is removed. This recovery reduces the contact area between
the stamp and the chip. The stamp is then slowly peeled off from the chip, facilitating its
placement on the receiving substrate. Experimental results demonstrate that the range of
adhesion modulation achieved by the pyramidal microstructures before and after defor-
mation exceeds three orders of magnitude.

In addition to the structured design of pyramidal microstructures, the group also
introduced viscoelastic stamps featuring inclined micropillars, as illustrated in
Figure 4(a) [93]. Compared with conventional flat viscoelastic stamps, this inclined
micropillar structure introduces a directional dependence on the adhesion strength
between the viscoelastic stamp and the MicroLED chip. This characteristic makes
the viscoelastic stamp particularly suitable for roller operation mode applications,
as depicted in Figure 4(b) [94]. Specifically, as shown in Figure 4(c), during forward
rolling, the inclined micropillar structure forms a relatively smaller contact angle
with the substrate, whereas during reverse rolling, it forms a relatively larger
contact angle [93]. Consequently, the energy release rate during forward rolling

is significantly higher than that during reverse rolling, considering the viscoelastic
effect.
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Figure 4. Pick-and-place techniques by structured viscoelastic stamp. (a) Viscoelastic stamps featuring
inclined micropillars, reproduced with permission from [93]. (b) Roller-type stamps with inclined
micropillar structures, reproduced with permission from [96]. (c) The relationship of the energy release
rate for the Roller-type stamps and the peeling velocity during forward and reverse rolling, repro-
duced with permission from [93]. (d) Roll-to-roll technique utilizing roller-type viscoelastic stamps for
MicroLED chip transfer printing, reproduced with permission from [105].
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Roller-type stamps have been developed for roll-to-roll transfer techniques owing to
their advantages such as lower cost and higher efficiency [95-104]. In 2017, Choi et al.
introduced a roll-to-roll technique utilizing roller-type viscoelastic stamps for MicroLED
chip transfer printing, as illustrated in Figure 4(d) [105]. During the initial two steps of
transfer printing, silicon thin-film transistors, and MicroLED chips were sequentially
adhered to the roller stamp by rolling it over a block-type insulated-on-silicon wafer
and an AllnGaP wafer, respectively. After completing the pickup operation, the array of
silicon thin-film transistors and MicroLED chips on the stamp are transferred onto
a stretchable rubber or flexible plastic substrate. This three-step transfer printing process
is performed using an automated roll-to-roll transfer system equipped with overlay
alignment capabilities, ensuring high stability and reliability. Consequently, the roll-to-
roll transfer method demonstrates significant potential for mass transfer printing of
MicroLED chips due to its rapid transfer rates, high transfer yields, scalability, stability,
and reliability.

The utilization of viscoelastic stamps for transferring quantum dots (QDs) onto
MicroLED chips to achieve full-color display represents one of the current research focal
points [54,55,58,106—112]. The technologies employed for QD transfer primarily encom-
pass letterpress printing [22], gravure printing [113], sacrificial layer-assisted printing
[114], and printing integrated with Langmuir-Blodgett film [115]. Kim et al. proposed
the use of a PDMS stamp featuring a tabular structure to pick up QD films from a donor
substrate [66]. Owing to the viscoelastic properties of the PDMS stamp, the adhesion
between the QD film and the PDMS stamp is highly sensitive to the peeling speed applied.
Detaching the PDMS stamp from the donor substrate at a sufficiently high peeling speed
ensures robust adhesion of the QD film to the PDMS stamp’s surface, as depicted in
Figure 5(a). In 2011, Samsung achieved a breakthrough with this technology. They
fabricated full-color MicroLED arrays, each with sub-pixel dimensions below 100 pm.
These arrays were integrated with a driver backplane, enabling a 4-inch patterned full-
color display, as illustrated in Figures 5(b,c). Choi et al. employed a flat PDMS stamp to
efficiently collect QDs across an entire surface [113]. Patterned QD films were fabricated
through a controlled process. First, low pressure was applied to establish conformal
contact between the collected QDs and the substrate grooves. Subsequently, a slow
separation step was performed. This sequential method ensured precise adhesion mod-
ulation and film patterning. This method enables the fabrication of RGB QD pixels with
a resolution of 2460 PPL. In 2022, Meng et al. integrated transfer printing with Langmuir-
Blodgett film technology, as shown in Figure 5(d) [115]. QDs were initially dispersed on
the water surface and self-assembled into a dense film under the compression induced by
a slip stack. Thereafter, a PDMS stamp featuring micro-pillars was utilized to pick up and
transfer the QDs onto the target substrate, forming a honeycomb pattern. Finally, the QDs
were filled into the honeycomb micro-vias via spin-coating. Through this approach, ultra-
high pixel density red and green quantum dot light-emitting devices with a resolution of
25,400 PPI were successfully realized, as shown in Figures 5(e,f).

The pick-and-place technique implemented using viscoelastic stamps modulates
interface adhesion by dynamically adjusting the peeling speed in real-time. This
method is distinguished by its low cost and high efficiency for transferring
MicroLED chips. Nevertheless, there exists an inherent trade-off between peeling
speed and transfer printing accuracy. An increase in peeling speed leads to
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Figure 5. Pick-and-place techniques for QDs. (a) QD transfer by the letterpress printing method,
reproduced with permission from [22]. (b) and (c) full-color MicroLED arrays fabricated by Samsung,
reproduced with permission from [22]. (d) QD transfer by the printing method integrated with
Langmuir-Blodgett film, reproduced with permission from [115]. (e) and (f) red and green quantum
dot light-emitting devices, reproduced with permission from [115].

a significant reduction in the placement accuracy of MicroLED chips, thereby
posing challenges in fulfilling the stringent requirements of high-resolution dis-
plays. Furthermore, the deformation of the viscoelastic stamp results in significant
displacement of the MicroLED chip post-transfer, adversely impacting its alignment
and bonding accuracy with the receiving substrate.

2.1.2. Laser-assisted pick-and-place techniques

Laser serves as a high-energy external light source. By precisely adjusting the parameters
of the laser, various physical or chemical reactions can be induced at the interface
between the stamp and the MicroLED chip [116-118]. Depending on the extent of the
temperature increase, various phenomena such as heating, melting, vaporization, abla-
tion, and plasma formation may be induced. These phenomena serve as the foundation
for several laser material processing techniques, as illustrated in Figure 6. Such processes
result in alterations to the contact area between the stamp and the MicroLED chip. As
discussed in the previous section, modulating adhesion through changes in the contact
area is one of the primary strategies for implementing the pick-and-place technique.
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Figure 6. Various laser-material interactions, including heating, surface vaporization, and plasma
formation.

2.1.2.1. Thermal expansion mismatch. For viscoelastic stamps fabricated from PDMS,
their optical transparency enables a pulsed laser beam to penetrate the stamp and focus
precisely at the interface between the stamp and the MicroLED chip. Saeidopourazar et al.
reported a pick-and-place technique that exploits the thermal expansion mismatch
properties of different materials [119]. As illustrated in Figure 7(a), a viscoelastic stamp
holding a MicroLED chip is positioned near the receiving substrate. Subsequently, an
infrared pulsed laser beam with a wavelength of 805 nm is directed through the trans-
parent stamp to focus on the adhesion interface. The laser light is absorbed by the
MicroLED chip, heating the adhesion interface. Due to the significant difference in the
coefficients of thermal expansion between the two materials at the interface, their free
expansion is constrained by each other. This thermal expansion mismatch results in
bending delamination of the stamp from the MicroLED chip, as depicted in Figure 7(b)
[120]. This phenomenon has been validated through high-speed camera observations
and theoretical calculations [121-124]. Moreover, this pick-and-place technique is largely
independent of the surface characteristics and structure of the receiving substrate,
enabling printing on low-adhesion surfaces, curved surfaces, and recessed areas.
Consequently, this pick-and-place technique is also referred to as laser-assisted non-
contact transfer printing.
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Figure 7. (a) Schematic of the pick-and-place technique based on the thermal expansion mismatch
properties of different materials, reproduced with permission from [119]. (b) Theoretical modeling of
thermal expansion mismatch, reproduced with permission from [120].
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2.1.2.2. Vaporization and ablation. Adding a laser-absorbing layer to the adhesive
side of the stamp and utilizing the ablation or vaporization of this layer to detach the
MicroLED chip is a widely adopted strategy [125]. This approach, initially introduced in
1986 by Bohandy et al. [126], is known as laser-induced forward transfer (LIFT) [127-129].
Subsequent research has led to the development of numerous pick-and-place techniques
based on LIFT, each with notable limitations [130-132]. For instance, high-energy shock
waves generated during the ablation or vaporization process may damage the chip, while
the rapid detachment of the chip may adversely affect placement accuracy. These issues
significantly restrict the practicality of this strategy.

Marinov et al. developed a thermo-mechanical selective laser-assisted transfer method
to address the above challenges [133,134]. As illustrated in Figure 8(a), this technique
involves adding a dynamic release layer (DRL) consisting of a blistering layer and an
adhesive layer to the stamp’s adhesion side. When the laser focuses on the DRL, only
a localized portion of the blistering layer undergoes ablation, confined within the adhe-
sive layer, as depicted in Figure 8(b). The DRL forms an expanding bubble akin to a soft
needle, gently releasing the MicroLED chip from the stamp. The entire release process
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Figure 8. (a) Schematic of dynamic release layer based on thermo-mechanical response, reproduced
with permission from [133]. (b) SEM image of the expanding bubble confined within the adhesive
layer, reproduced with permission from [133]. (c) Schematic of parallel laser transfer technique,
reproduced with permission from [135].
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occurs in less than 50 us, achieving a placement error of merely 1.8 um. Moreover,
advancements in laser technology have enabled the parallel laser transfer technique.
This technique facilitates the simultaneous transfer of a large number of MicroLED chips
using a single laser pulse, as shown conceptually in Figure 8(c) [135]. However, the
irreversible nature of the ablation process prevents stamp reuse, posing a significant
challenge for this pick-and-place technique.

2.1.2.3. Thermal expansion. To address the challenges of non-reusability, Luo et al.
developed a reusable stamp featuring a microcavity structure [136]. This stamp comprises
a microcavity filled with air, a metal layer adhered to the cavity walls, and an adhesive
layer with microstructures. Upon laser irradiation, the metal layer absorbs the laser
energy, generating significant heat that causes the air within the cavity to rapidly expand.
Consequently, the adhesion strength of the stamp transitions from a strong to a weak
state, with a difference exceeding three orders of magnitude. However, reducing the
geometric size of this ingeniously designed stamp while maintaining high precision
remains a significant challenge for this technique.

In 2020, Wang et al. introduced a strategy involving the incorporation of expandable
microspheres into the stamp material [137]. By altering the contact area under laser
irradiation, they achieved modulation of the adhesion force. Initially, the small size of the
expandable microspheres ensures a flat topography on the contact surface, resulting in
minimal impact on the stamp’s adhesion strength. When stimulated by laser light, these
microspheres expand dramatically, inducing layered microstructures on the contact surface
and significantly reducing the adhesion strength, as illustrated in Figure 9(a). Figures 9(b,c)
depict the surface micromorphology of the stamps at room temperature and high tem-
perature, respectively. The thermally expanding microspheres increased in volume from
a diameter of 10 um to 45 um without forming any air bubbles. Additionally, the measured
surface profile shows the simple yet robust way to actively form visible surface hierarchical
microstructures on a shape-conformal stamp through external thermal stimuli (Figure 9(d)).
A thin MicroLED chip was positioned on the stamp both before and after heating, clearly
demonstrating the significant change in contact area (Figure 9(e)). As shown in Figure 9(f),
leveraging the rapid and exceptional adhesion switching capability of this stamp under
laser stimulation, a promising transfer technique can be developed. The method integrates
a digitally controllable, highly localized laser heating system. It facilitates the programmable
and selective transfer printing of MicroLED chips with high precision (Figure 9(g)).

Integrating expanding bubbles with thermally expanding microspheres represents
a promising strategy for realizing pick-and-place techniques. In 2023, Chen et al. developed
a novel stamp design that integrates expanding bubbles and thermally expanding micro-
spheres. The combined mechanisms form a layered air-needle structure that enables
dynamic transitions between non-contact and near-contact operational modes [138]. This
stamp utilizes a dual laser system (UV and IR lasers) to achieve a three-step transfer process,
as illustrated in Figure 10(a). First, by adjusting the UV laser energy density and pulse
accumulation, photo-thermal conversion carbon layers form expanding bubbles on the
stamp’s contact surface, constituting the first layer of air needles. This initial formation does
not cause chip detachment but reduces the distance between the stamp and the receiving
substrate. Next, an infrared laser irradiates the structure, causing the expanding bubbles to
absorb the laser energy and convert it into heat. As the internal gas warms and expands, it
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Figure 9. (a) Working mechanism of the thermal expansion stamp, reproduced with permission from
[137]. (b) SEM image and (c) corresponding profile of the thermal expansion stamp before and after
heating, reproduced with permission from [137]. (d) Profile of the stamp before and after heating,
reproduced with permission from [137]. (e) SEM images of the ultrathin MicroLED chip on the stamp
before and after heating, reproduced with permission from [137]. (f) Schematic prototype of the laser-
assisted programmable pick-and-place technique via automated translational stage, reproduced with
permission from [137]. (g) Selectively printed Si chips with a robot-like pattern on PDMS substrate,
reproduced with permission from [137].

brings the chip closer to or even into contact with the receiving substrate. Finally, when
sufficient heat is conducted through the internal gas, numerous thermally expanding
microspheres on the surface of the first layer of air needles expand. The volumetric expan-
sion induces geometric deformation at the stamp-chip interface, and contact area reduction
below the adhesion threshold enables spontaneous chip release. The sequential formation
of the layered air needles is critical for adhesion switching and preventing thermal damage
to the chip. The programmable control of the laser projection system fulfills the requirement
for patterned transfer of the chip. As shown in Figure 10(b), a stamp is utilized to pick up the
chips from a sapphire substrate and selectively place the chips onto a PDMS substrate. A key
advantage of this laser-assisted pick-and-place technique is its proximity printing mode,
which can transition from non-contact to contact mode when the initial gap distance
between the stamp and the receiving substrate is appropriately set. However, as the authors
state in their summary, the dimensions of the thermally expanding microspheres play
a crucial role in determining the efficacy of ultrasmall chip transfer.
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2.1.2.4. Shape memory polymers. In addition to common viscoelastic materials such as
PDMS, Ecoflex, and Dragon Skin, shape memory polymers (SMPs) are frequently utilized in
pick-and-place techniques for stamp fabrication [139,140]. SMPs, as a class of smart
materials with temporary shape memory, consist of a fixed phase and a reversible
phase (Figure 11). The fixed phase retains the original shape of the material regardless
of temperature changes, while the reversible phase exhibits temperature-dependent
softening and hardening. Below the transition temperature, the molecular chains in the
reversible phase remain immobilized, fixing the material’s shape. Above this temperature,
these chains enter an elastic state, allowing them to deform under external forces or
revert to their original configuration due to the influence of the fixed phase.
Consequently, SMPs exhibit macroscopic shape recovery behavior.

Based on the mechanism of SMP described above, Eisenhaure et al. proposed a stamp
featuring pyramidal microstructures fabricated using SMP [141,142]. Laser heating can
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Figure 11. Working mechanism of SMP, reproduced with permission from [144].
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dynamically regulate the contact area between the SMP stamp and the chip, thereby
modulating the adhesion force. The pick-and-place technique operation process utilizing
this stamp is illustrated in Figure 12(a). Initially, the heated SMP stamp contacts the chip
while in its elastic state, resulting in a larger contact area. Subsequently, upon cooling, the
SMP stamp solidifies, allowing for easy pickup of the chip. As the SMP stamp moves over
the receiving substrate, a laser pulse selectively irradiates the interface between the chip
and the SMP stamp at the point of release. The laser-induced heating causes the SMP
stamp to revert to its original pyramidal shape, reducing the contact area and enabling
precise placement of the chip onto the receiving substrate. This strategy leverages the
thermally induced shape change of an array of microstructured SMP stamps. Experimental
measurements of the relationship between laser power and thermal response demon-
strate that carbon black-doped SMP facilitates rapid and localized heat transfer, as shown
in Figure 12(b). Furthermore, the gold-coated chips can almost completely reflect the IR
laser, preventing damage to the chip and enabling selective placement on a flexible
PDMS receiving substrate, as depicted in Figure 12(c).

In addition to transferring chips with flat surfaces, SMP stamps also facilitate the
transfer of chips featuring microstructures on their surfaces. Under laser heating,
the elastic modulus of SMP can decrease significantly from 3 GPa to 2 MPa. When
subjected to a load, the SMP stamp can achieve intimate contact with complex
chip surfaces. By maintaining the load and removing laser heating, the SMP stamp
becomes rigid and securely adheres to the complex chip surface, providing robust
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Figure 12. (a) Pick-and-place process by the SMP stamp featuring pyramidal microstructures, repro-
duced with permission from [141]. (b) Experimental measurements of the relationship between laser
power and thermal response, reproduced with permission from [141]. (c) Gold-coated chips placed on
a flexible PDMS receiving substrate, reproduced with permission from [141]. (d) Selective printing of
MicroLED chips using a programmable laser heating device, reproduced with permission from [143].
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pick-up force. To release the chip, laser heating is reapplied, causing the SMP
stamp to revert to its initial state. In 2020, Linghu et al. utilized this mechanism
of the SMP stamp for selective printing of MicroLED chips using a programmable
laser heating device [143]. As illustrated in Figure 12(d), five MicroLED chips were
selectively released from a 3 X 3array. Post-transfer printing, the MicroLED chips
demonstrated normal operating performance. In 2023, Linghu et al. elucidated the
working principle and developed a mechanics model for the SMP stamp that
successfully addressed the adhesion paradox and switchability conflict on rough
surfaces [144]. Specifically, their work enabled both enhanced adhesion and facile
separation on rough surfaces.

Recently, Li et al. leveraged the remarkable adhesion modulation capabilities of
SMP stamps to investigate pick-and-place techniques for LED chips, as illustrated in
Figure 13(a) [145]. The experimental results demonstrated that SMP stamps with
superior adhesion enhancement properties enabled successful pickup from adhesive
substrates such as blue tapes commonly used in industry while leaving the unheated
portions of the blue tape unaffected. This strategy was effective for both MiniLED
chips of larger sizes (Figure 13(b)) and MicroLED chips of smaller sizes (Figure 13(c)).
To systematically evaluate the speed and accuracy of laser heating for non-contact
printing of MicroLED chips, they developed a detection platform comprising
a displacement control system, an integrated laser and monitoring system, and
a pressure detection system. The displacement deviation was as low as 1.4 um,
representing only 2.3% of the chip size, and the placement process could be
completed within 3 ms. This high-precision performance facilitated the precise place-
ment of MicroLED chip arrays in the gaps between MiniLED chips, as shown in
Figure 13(d).

Laser-assisted pick-and-place technology, driven by programmable control systems,
facilitates the selective transfer of MicroLED chips with high precision and efficiency.
Nevertheless, the high cost of equipment and the demanding technological requirements
represent significant limitations of this approach. The selection of laser wavelength and
precise control of energy density are critical factors in achieving successful chip transfer.
Typically, lasers within the UV wavelength range (266 nm) possess high photon energy,
enabling them to decompose the photo-thermal response layer located between the chip
and the carrier via interfacial ablation. Rapid modulation of adhesion is achieved by
interfacial ablation. In contrast, lasers in the IR wavelength range (808 nm) enable more
controllable photothermal conversion, regulating adhesion forces through the thermal
expansion effect. Regarding energy density, an excessively low value (less than 1 mJ/cm?)
may result in insufficient interfacial reactions and residue formation on the chip.
Conversely, an overly high energy density (more than 5 mJ/cm?) can induce material
carbonization, potentially causing chip fractures or substrate damage. Thus, despite
significant advancements in laser-assisted pick-and-place techniques, transfer printing
of MicroLED chips remains challenging in achieving the commercial demands for high
precision, high throughput, and high transfer efficiency.

2.1.3. Electrostatic and electromagnetic-assisted pick-and-place techniques
Electrostatic-assisted pick-and-place techniques leverage the attractive and repulsive
forces of the electrostatic field to achieve transfer printing of MicroLED chips (Figure 14)
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Figure 13. (a) Design of laser-assisted pick-and-place process, reproduced with permission from [145].
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onto the stamp to form a 2D code pattern, reproduced with permission from [145]. (d) Deterministic
assembly of MicroLEDs and MiniLEDs on PDMS surface, reproduced with permission from [145].
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Figure 14. Working mechanism of Electrostatic adhesion.

[146-150]. LuxVue, which was acquired by Apple, has secured several U.S.A. patents in
electrostatic-assisted pick-and-place techniques [151-156]. A representative process flow
is illustrated in Figure 15(a). Initially, the array of MicroLED chips is immobilized onto
a transitional substrate via a primary bonding layer. Next, an electrostatic stamp array,
composed of an electrode layer and a dielectric layer, is positioned over the MicroLED
chips. Upon applying voltage to the electrostatic stamp array, an attractive electrostatic
force is generated between the stamps and the MicroLED chips, enabling each stamp to
pick up one MicroLED chip. Subsequently, the electrostatic stamp array, now carrying the
MicroLED chips, is transferred to the receiving substrate where the MicroLED chips are
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Figure 15. (a) Representative process of electrostatic-assisted pick-and-place techniques, reproduced
with permission from [35]. (b) SNE stamp composed of Al20s-coated multi-walled carbon nanotubes,
reproduced with permission from [157]. (c) Curve of the pull-off force vs external voltage, reproduced
with permission from [157]. (d) Operational workflow of the pick-and-place technique based on SNE
stamp, reproduced with permission from [157].

bonded. Finally, the electrostatic stamp array is separated from the MicroLED chips by
deactivating the voltage source, altering the AC voltage, or grounding the voltage source
to induce electrostatic repulsion.

In 2019, Kim et al. developed a soft nanocomposite electrically-networked (SNE) stamp
composed of Al20s-coated multi-walled carbon nanotubes, as illustrated in Figure 15(b)
[157]. Upon application of an external voltage, the robust electrostatic adhesion gener-
ated by the SNE stamp can surpass the adhesion between the MicroLED chip and the
donor substrate, thereby facilitating the pickup of the MicroLED chip, as depicted in
Figure 15(c). Once the voltage is removed, the adhesion force of the SNE stamp rapidly
diminishes to a negligible level due to its dry adhesive properties, allowing for the easy
release of the MicroLED chip. The operational workflow of the pick-and-place technique
based on the SNE stamp is presented in Figure 15(d). However, large-scale fabrication of
SNE stamps remains challenging, which restricts their broader application. Moreover,
excessive static electricity may pose a risk of damaging the MicroLED chip, potentially
leading to the failure of light-emitting pixels.

Compared to electrostatic-assisted pick-and-place techniques, electromagnetic-assisted
pick-and-place techniques necessitate the incorporation of an additional magnetically
sensitive layer within the MicroLED chips to facilitate adhesion with the electromagnetic
stamp. A typical process flow for transferring MicroLED chips using electromagnetic stamps
is detailed in a patent from the Industrial Technology Research Institute, as illustrated in
Figure 16 [158]. Initially, a laser stripping method transfers an array of MicroLED chips onto
a temporary substrate featuring an adhesion layer. Subsequently, an electromagnetic stamp
array, controlled by an electrical signal, selectively picks up MicroLED chips coated with
a sacrificial organic layer from the temporary substrate. Upon removal of the adhesion layer,
an attractive force generated between the electromagnetic stamp and the magnetic layer
on the MicroLED chip facilitates separation from the temporary substrate. To enhance
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Figure 16. Typical process flow for transferring MicroLED chips using electromagnetic stamps,
reproduced with permission from [35].

interaction with the electromagnetic stamp, a magnetic layer composed of Ni, nickel-iron
alloy, or other ferromagnetic metals is deposited over the sacrificial layer. The transferred
chips are then heated by a heater unit to form a metal alloy layer with the receiving
substrate, and the MicroLED chip array is released from the electromagnetic stamp array
via the repulsive force generated by the electromagnetic stamp. In electromagnetic transfer
techniques, the uniformity of the magnetic material significantly influences the accuracy
and consistency of the pick-and-place process.

2.1.4. Pick-and-place techniques by vacuum pickup head

The vacuum-assisted pick-and-place techniques utilize physical adsorption induced by air
pressure differences to achieve chip transfer printing [159,160]. During the pickup process,
the thimble beneath the chip is actuated upward to disrupt approximately 80% of the
adhesion interface between the chip and the blue tape. Subsequently, the vacuum pickup
head applies negative pressure to lift the chip, as illustrated in Figure 17(a) [161]. However,
this separation process can easily fail due to chip breakage or incomplete detachment from
the blue tape [162]. Particularly, as chips become thinner and lighter, the incidence of failure
during this process has significantly increased. In 2006, Cheng et al. conducted
a comprehensive numerical and analytical study on the peeling behavior of chips from
adhesive layers and the shear stress [163]. They concluded that the dimensions of the chip
and Young's modulus of the adhesive layer are critical factors influencing the success rate of
chip peeling from blue tape. Lin et al. employed the finite element method to examine the
impact of key process parameters, such as thimble lifting speed, vacuum pressure, and
thimble radius, on the peeling process, aiming to minimize chip breakage.

In 2015, Liu et al. conducted a comprehensive investigation into the competitive
fracture behavior of chips during the transfer process [164]. Figure 17(b) illustrates
a schematic and localized enlargement of the chip being peeled off from the blue tape.
Figure 17(c) outlines the four stages of chip transfer: initial contact between the thimble
and the blue tape, lifting of the thimble to strip the chip, pickup of the chip, and
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Figure 17. (a) Pickup process by vacuum pickup head, reproduced with permission from [161]. (b)
Schematic and localized enlargement of the chip being peeled off from the blue tape by vacuum
pickup head, reproduced with permission from [164]. (c) Four stages of chip transfer from the blue
tape by vacuum pickup head, reproduced with permission from [164]. (d) Schematic diagram of
competing crack paths, reproduced with permission from [164]. (e) Image of a crack propagating
through a chip, reproduced with permission from [164].

placement of the chip onto a roll-to-roll receiving substrate. The peeling and cracking of
the chip can be considered as two competing fracture mechanisms, namely interface
peeling and chip cracking. Figure 17(d) presents a schematic diagram proposed by Liu
et al., depicting competing crack paths, where region A represents successful peeling, and
region B represents chip cracking. Meanwhile, Figure 17(e) provides a physical image of
a crack propagating through a chip, leading to its fracture.

In 2023, Park et al. introduced a micro-vacuum assisted selective transfer (UVAST)
strategy for the transfer printing of MicroLED chips from a donor wafer to a receiver
substrate using microvacuum force [165]. The fundamental concept is illustrated in
Figure 18(a). The pick-and-place device comprises a rigid PDMS substrate with micro-
channels and a glass substrate featuring microholes, as depicted in the cross-sectional
view in Figure 18(b). During the pick-and-place operation, the pressure within the
microchannels of the PDMS substrate transitions from an atmospheric state to
a vacuum state by adjusting the pressure. This change generates suction at each
microhole in the glass substrate, effectively detaching the MicroLED chips from the
donor wafer. For the release process, the suction is promptly terminated by venting
the air, allowing the chips to be precisely printed onto the receiving substrate. The
vacuum adsorption force is sufficiently strong to sever the u-bridge connecting the
chip to the donor substrate without requiring mechanical lifting, thereby significantly
reducing the risk of chip damage. The adhesion force test results are presented in
Figure 18(c), demonstrating that uVAST achieves an adhesion switching ratio of
3.364 x 10°, which is three orders of magnitude higher than other transfer methods.
Figure 18(d) showcases the heterogeneous integration of thin-film microchips
achieved through pVAST, where chips of varying sizes and thicknesses are assembled
on the same substrate in a diagonal configuration.
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Figure 18. (a) Schematic of UVAST strategy, reproduced with permission from [165]. (b) SEM of the
cross-sectional view for the uVAST device, reproduced with permission from [165]. (c) Comparison of
adhesion switchability of uVAST with other strategies, reproduced with permission from [165]. (d)
Heterogeneous integration of thin-film microchips achieved through pVAST, reproduced with permis-
sion from [165].

Vacuum-assisted pick-and-place techniques represent one of the most widely adopted
methods for MicroLED chip transfer. However, the microhole and microchannel structures
within the pickup device pose a risk of clogging, necessitating routine inspection and
maintenance.

2.2. Fluidic self-assembly methods

Fluidic self-assembly represents an innovative and scalable strategy for the mass transfer
of MicroLED chips, distinct from traditional pick-and-place techniques [166]. By suspend-
ing a large number of MicroLED chips in a fluidic medium, these chips can be precisely
guided to predetermined positions through the combined effects of gravity, capillary
forces [167], dielectrophoretic force, and other driving forces [168]. Importantly, fluidic
self-assembly is not constrained by the size of the MicroLED chips and the precision
limitations of machinery. Consequently, this method holds significant potential to surpass
pick-and-place techniques, addressing the inherent trade-off between throughput capa-
city and packaging precision.

2.2.1. Fluid self-assembly via gravity

The gravity-driven fluidic self-assembly strategy leverages the geometric characteristics of
the chips and the precisely engineered microholes on the receiving substrate. MicroLED
chips suspended in the fluid medium randomly settle into corresponding microholes
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under gravitational influence, while excess chips sediment at the bottom of the container
for subsequent reuse [169,170]. Yeh and Smith pioneered the investigation of GaAs-LED
chip self-assembly on silicon substrates using a combination of fluid transport and shape
matching in 1994 (Figure 19(a)) [169]. They designed an inverted trapezoidal structure to
facilitate the insertion of the narrower end of the chips into the matched holes, with
unmatched chips being washed away by the fluid. Post-assembly, the silicon substrate is
removed from the fluid and dried. However, capillary forces during fluid evaporation can
dislodge some successfully assembled chips, limiting the highest transfer yield to approxi-
mately 70%.

In 2017, eLux refined the strategy initially proposed by Yeh and Smith based on their
fluidic self-assembly patent (Figure 19b) [171,172]. The enhancements primarily involved
redesigning the structure of the MicroLED chips and the microholes on the substrate.
Specifically, a representative cylindrical feature was added to the top of the MicroLED
chip. During the fluidic self-assembly process, when the cylindrical end is inserted face
down into a microhole, the tilt of the MicroLED chip causes the fluidic drag force to rotate
the chip into its correct orientation. If an inverted MicroLED chip flips over but does not
align properly, it may be ejected from the current microhole and captured by the
subsequent microhole. This improved method achieves yields exceeding 99.9%.

Stauth and Parviz introduced a complementary shape recognition approach for chip
self-assembly in 2006 [173]. As illustrated in Figure 19(a,c), a specially designed receiving
substrate is positioned at a specific angle within a fluidic container. Under gravitational
force, the chips slide downward along the substrate surface. Within 25 minutes of self-
assembly, up to 10,000 chips can be assembled, achieving transfer yields exceeding 97%
(Figure 19(d)).
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Figure 19. Fluidic self-assembly methods via gravity. (a) GaAsAs-LED chip self-assembly on silicon
substrates, reproduced with permission from [169]. (b) MicroLEDOLED chips with a representative
cylindrical feature self-assembly on silicon substrates, reproduced with permission from [171]. (c)
Schematic diagram of complementary shape recognition approach for chip self-assembly, reproduced
with permission from [173]. (d) Self-assembled Micrundefined chip array, reproduced with permission
from [173].
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2.2.2. Fluid self-assembly via capillary force

Compared to gravity-driven strategies, the capillary force-driven fluidic self-assembly
method eliminates the need to consider the shape of the chip. Furthermore, the minia-
turized design of the chip enhances the effectiveness of capillary forces. Typically, a liquid
or molten solder serves as the connecting medium at the interface between the chip and
the receiving substrate, facilitating self-assembly under the influence of surface tension
[174,175]. In 2001, Srinivasan et al. utilized water as the connecting medium to drive the
capillary force-induced self-assembly of micromachined silicon parts onto silicon and
quartz substrates [176,177]. Building on this mechanism, Morris and Parviz in 2007
explored the use of molten solder alloys as a connecting medium for self-assembling
chips onto the binding sites of a receiving substrate [178,179]. Initially, a dip-soldering
process was performed on the receiving substrate with gold pads etched on its surface.
Subsequently, after introducing a large number of chips into the self-assembly solution,
the solution was heated and the container rotated. This brought the chips into contact
with the molten alloy solder on the receiving substrate, forming a meniscus surface via
capillary forces, which guided the chips to their respective binding sites. The mechanism
is illustrated in Figure 20(a).

Recently, Lee et al. reported a method to achieve the self-assembly of 19,000 disk-
shaped MicroLED chips within 60 seconds by enhancing the viscosity of the self-assembly
solution based on the aforementioned mechanism, with a yield exceeding 99.88% [180].
Initially, the sapphire receiving substrate features a patterned circular gold layer at the
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Figure 20. Fluidic self-assembly methods via capillary force. (a) Working mechanism of the fluidic self-
assembly methods via capillary forces, reproduced with permission from [180]. (b) Dip-soldering
process for the receiving substrate features a patterned circular gold layer, reproduced with permis-
sion from [180]. (c) Schematic diagram of the fluidic self-assembly via capillary forces, reproduced with
permission from [164]. (d) Image of the self-assembled chip array, reproduced with permission from
[180]. (e) Image of blue-light MicroLED lighting panel, reproduced with permission from [180].
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binding sites, and a dip-soldering process is employed to form molten solder bumps, as
illustrated in Figure 20(b). The receiving substrate and the MicroLED chips, which have
a gold-patterned layer on their bottom surfaces, are immersed into the self-assembly
solution. Upon heating the self-assembly solution to 88 °C and stirring it, contact between
the solder bumps and the gold layer is induced, as depicted in Figure 20(c). Figures 20(d,e)
present images of the self-assembled chip array and a normally operating blue-light
MicroLED lighting panel, respectively.

2.2.3. Fluidic self-assembly via dielectrophoretic force

The dielectrophoretic force is the resultant force acting on a neutral particle in an
inhomogeneous electric field, arising from dielectrophoretic polarization. This force
induces the translational motion of particles within the electric field and causes varying
degrees of electrical dipolarization, aligning the particles along the direction of the
applied electric field. Dielectrophoretic force-driven fluidic self-assembly leverages this
mechanism to non-contactly manipulate and localize MicroLED chips to designated
binding sites. In 2004, O'Riordan et al. introduced a technique for assembling mesoscale
objects onto a receiving substrate using programmable electric fields (Figure 21(a)) [181].
The substrate featured a 4 x 4 array of circular receptor electrodes. By altering the electric
field configuration, a MicroLED chip with a diameter of 50 um could be precisely moved
between electrodes, as illustrated in Figure 21(b). In 2005, Lee and Bashir developed
a directed self-assembly method that combined dielectrophoretic forces with chemical
interactions (Figure 22(a)) [182]. They utilized a functionalized substrate to facilitate Au-S
bonding between the chip and the substrate, ensuring stable positioning during solution
evaporation, as depicted in Figure 22(b). In 2016, Park et al. demonstrated the successful
implementation of electric field-assisted nanorod LED self-assembly technology, utilizing
the dielectrophoretic force-driven fluidic self-assembly mechanism [183].

In 2023, Chang et al. introduced a magnetic and dielectrophoresis-assisted self-
assembly technique (MDSAT) [184]. This method involves embedding nickel within
MicroLED chips, enabling magnetic control, and applying a localized dielectro-
phoretic force centered on microholes in the receiving substrate. As the

(a) (i)
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Force field
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Figure 21. (a) Schematic diagram of fluidic self-assembly via dielectrophoretic force, reproduced with
permission from [181]. (b) Simulation and optical micrographs of on-chip electrical field distribution
following checker-board addressing, reproduced with permission from [181].
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Figure 22. (a) Fluidic self-assembly via dielectrophoretic forces with chemical interactions, reproduced
with permission from [182]. (b) SEM images of the assembled device on a binding position, repro-
duced with permission from [182].

MicroLED chip approaches the microhole, the dielectrophoretic force traps and
assembles individual MicroLED chips into the designated microholes. Near the
receptor holes, the dielectrophoretic force dominates, while the magnetic force
facilitates long-distance transport of the MicroLED chips. Consequently, MicroLED
chips can be efficiently captured and assembled at their binding sites. The sche-
matic diagram of the MDSAT process is illustrated in Figure 23(a). Figure 23(b)
depicts the distribution of dielectrophoretic and magnetic forces between two
receptor holes during assembly. The research results indicate that the transfer
yield is influenced by both the applied voltage and the height of the receiving
substrate hole. As shown in Figure 23(c), the transfer yield initially increases and
subsequently decreases with the rise in voltage. Furthermore, an increase in the
hole height promotes the self-healing of shape mismatch defects (Figure 23(d)).
This technology enables the simultaneous self-assembly of red, green, and blue
MicroLED chips, achieving a transfer yield of up to 99.99% within 15 minutes.
Figure 23(e) presents a fabricated 100 mm x 100 mm RGB display panel, comprising
43,200 MicroLED chips. The light-emitting panel exhibits superior emission intensity
and brightness uniformity.

Fluid self-assembly is a crucial strategy for the mass transfer of MicroLED chips, offering
both low cost and high efficiency. However, the transfer yield remains a key performance
metric that requires further enhancement.

3. Conclusions

Mass transfer strategies, which involve the precise transfer of millions or even tens of
millions of MicroLED chips from a donor substrate to a receiver substrate, are crucial for
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Figure 23. (a) Schematic diagram of fluidic self-assembly via magnetic and dielectrophoretic forces,
reproduced with permission from [184]. (b) Distribution of dielectrophoretic and magnetic forces
between two receptor holes, reproduced with permission from [184]. (c) Relationship between
transfer yield and applied voltage, reproduced with permission from [184]. (d) Relationship between
transfer yield and receptor hole height, reproduced with permission from [184]. (e) Photograph of
a panel based on RGB MicroLED chips, reproduced with permission from [184].

commercializing MicroLED displays as a next-generation display technology. Over the
past two decades, research and development in mass transfer have primarily focused on
improving transfer efficiency, placement accuracy, yield of finished products, and redu-
cing manufacturing costs. Table 1 provides a comprehensive comparison of various mass
transfer strategies for MicroLED chip assembly, evaluating them based on placement rate,
transfer precision, chip size, transfer yield, and cost. Additionally, it systematically sum-
marizes the advantages, disadvantages, and applicable production scenarios of these
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strategies. Among these, pick-and-place techniques, particularly those assisted by lasers,
have achieved sub-micron placement accuracy and are considered core technologies for
high-precision mass transfer. In contrast, fluidic self-assembly methods offer a high-
performance cost ratio for large-scale production of low-resolution displays due to their
low-cost and high-efficiency advantages, but they are limited by lower accuracy and yield.

In recent years, as MicroLED display technology has progressively entered the main-
stream of the consumer electronics industry, mass transfer strategies, a critical bottleneck
for its industrialization, are experiencing multidimensional technological innovation and
cross-domain integration. The emergence of mixed strategies, such as pick-and-place
techniques utilizing laser-induced viscoelastic stamps and fluidic self-assembly methods
driven by magnetic and dielectrophoretic forces, is further transcending the physical
limitations of traditional transfer technologies by leveraging the flexibility and precision
of non-contact operations.

In future research, the development of mass transfer strategies may focus on the
following key areas.

3.1. Improvements in stamp materials

Development of composite stamp materials based on photo/thermally responsive hydro-
gels. By synergizing the laser-driven adhesion layer (PDMS) with the phase-change layer
(hydrogel), an on-demand adhesion and release function for micron-scale chips is
achieved. This enhances transfer precision to the submicron level. Furthermore, the
density of the hydrogel crosslinking network and nanoparticle doping (e.g. silicon car-
bide) can be optimized to enhance shear strength while preserving high flexibility. This
minimizes chip damage caused by stress concentration during the transfer process. In
terms of cost reduction, self-healing shape memory polymers can be developed via
dynamic covalent bonding or supramolecular network design.

3.2. Improvement in process technologies

The efficiency and precision of mass transfer printing may be achieved through the
development of advanced processes and technologies. For instance, a high-throughput
mechanical structure based on roller transfer, in conjunction with fluidic self-assembly
technology, enables chip self-alignment, effectively addressing the heterogeneous mate-
rial compatibility issue in MicroLED chip manufacturing. Moreover, the bipolar electro-
static transfer head can be synergistically combined with electromagnetic adhesion
technology to improve the compatibility between flexible substrates and rigid chips,
achieving a transfer yield exceeding 99.999%.

3.3. Improvement in intelligent manufacturing

Combining artificial intelligence with the mass transfer strategy enables the establish-
ment of a dynamic optimization model. This model analyzes in real-time the relation-
ships among parameters such as laser power, transfer speed, transfer yield, and
accuracy. Artificial intelligence-driven robots can perform fully automatic calibration
of transfer equipment, for instance, by achieving high-precision alignment of chips via
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a vision positioning system. Furthermore, a deep learning-based visual inspection
system is capable of identifying defects such as cracks or offsets in micron-sized
chips and adjusting process parameters in real-time through feedback control
mechanisms.

In summary, this paper reviews a variety of mass transfer strategies that have been
proposed since the inception of MicroLED chips. However, achieving large-area and high-
throughput transfer remains a significant challenge that hinders the commercialization of
MicroLED chips. With the cross-integration of multiple disciplines, an increasing number
of mass transfer strategies are demonstrating substantial potential for practical applica-
tion. Looking ahead, the widespread adoption and application of MicroLED display
technology will become increasingly prevalent. Consequently, research into mass transfer
strategies for MicroLED chips is expected to remain a vibrant area of investigation.
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