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Abstract

Micro-LED undoubtedly stands out as a highly anticipated technology when it comes to the
innovation of future display technologies. Micro-LED technology surpasses traditional display
technologies regarding color representation, energy efficiency, and flexibility by individually
assembling tiny light-emitting diodes on a substrate. Micro-LED technology, a further evolution of
LED, is considered the most promising next-generation display technology due to its outstanding
brightness, high contrast ratio, and extremely high pixel density. The application of laser technology
in Micro-LED displays is increasingly becoming a focus of research and industry. As a highly
integrated light source, lasers offer unique advantages in Micro-LED applications, including high-
energy density processing, non-contact processing, precise microstructure processing and sculpting
capability, efficient packaging, and improved device quality and reliability. These advantages
provide a distinctive edge in achieving high-precision manufacturing and assembly of Micro-LED
chips. Laser epitaxy substrate technology utilizes laser heating and material deposition to grow
Micro-LED chips on a substrate. Laser etching technology achieves precise control of lasers to
enable microstructure processing and sculpting of Micro-LED devices. Laser lift-off technology

utilizes laser-induced decomposition of GaN to peel off the underlying material, allowing for the



separation of Micro-LEDs. Laser-based massive transfer technology uses the energy of lasers to
swiftly and accurately transfer Micro-LEDs from the substrate to the target substrate, enabling rapid
device transfer. Lastly, laser repair technology is employed for the detection and repair of potential
defects in Micro-LEDs, enhancing device quality and reliability. By utilizing lasers, we can expect
to achieve higher production efficiency, more precise device manufacturing, and superior
optoelectronic performance in the field of Micro-LED, thereby presenting broader prospects for
future display technology and lighting applications. These laser technologies provide new solutions

for Micro-LED devices' high-precision and high-efficiency production.
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laser repair.

1. Introduction

1.1 Micro-LED

Micro LED technology has emerged as a frontier field in the next-generation display landscape,
attracting widespread attention and research. The current mainstream display technologies include
liquid crystal display (LCD), organic light-emitting diode (OLED), and micro-light-emitting diode
(Micro-LED). These three display technologies exhibit significant differences in various
performance metrics, such as high ambient contrast ratio (ACR), fast motion picture response time
(MPRT), wide viewing angle, wide color gamut, low power consumption, high pixel density, low
cost, long lifespan, and thin/flexible form factors [1-14].OLED and Micro-LED, owing to their self-
emissive nature, can achieve extremely high ambient contrast ratios up to 100,000:1, far surpassing
the typical 5:1 contrast ratio of conventional LCDs [3], even though the recently developed Mini-
LED backlit LCDs for VR applications can reach a contrast ratio of 106:1. Additionally, Micro-LED
displays have a speedy response time, typically in the nanosecond range. OLED displays can
achieve a response time of 0.1ms, significantly better than the 2-8ms of LCDs, effectively mitigating

motion blur[3]. The self-emissive nature of Micro-LED and OLED also grants them wide and



uniform viewing angles of more than £80°, far surpassing the severe viewing angle dependence of
LCDs [12].

In terms of color performance, quantum dot (QD)-based liquid crystal displays (LCDs) can
achieve over 85% of the Rec. 2020 color gamut [15]. This allows them to match or even exceed the
color range of advanced OLED televisions in certain cases [3,6,14]. Both QD-LCDs and OLEDs
demonstrate wider color gamuts compared to RGB micro-LEDs, primarily due to the full width at
half maximum (FWHM) of the green LEDs, which is approximately 50 nm. Although micro-LED
technology is often lauded for its potential low power consumption, the actual power consumption
is influenced by various factors, such as resolution, pixel size, brightness, ambient contrast ratio,
and average picture level (APL) [16]. Furthermore, as the chip size of micro-LEDs decreases, their
external quantum efficiency (EQE) may decline, impacting overall energy efficiency [7]. Therefore,
while micro-LEDs can provide significant energy savings, these benefits depend on specific
operating conditions and design choices. Regarding pixel density, both OLED and micro-LED
technologies have demonstrated resolutions ranging from 5,000 to 10,000 PPI, effectively meeting
the high-resolution requirements of AR/VR applications [3,5]. For LCDs, utilizing silicon-based
liquid crystal on silicon (LCoS) instead of active matrix LCDs is advantageous. AR-based LCoS
panels typically feature pixel pitches of less than 4 um, resulting in pixel densities greater than 6,000
PPI, which also satisfies the demands of AR applications [17,18]. However, micro-LED technology
exhibits more pronounced advantages over both OLED and LCoS technologies. The self-emissive
nature of micro-LEDs enables independent control of each pixel, resulting in higher contrast ratios
and faster response times, which are particularly critical for dynamic scene displays.

On the cost front, traditional LCDs are relatively low-cost, around $200 per square meter, but
the introduction of mini-LED backlighting has increased the cost to $500 per square meter. OLED
costs have steadily decreased with process optimization, approaching LCD levels, while Micro-
LED costs remain higher at around $1,000 per square meter [7]. In terms of lifespan, Micro-LED
can achieve over 100,000 hours, on par with LCDs, while OLED organic materials have a relatively
shorter lifespan. However, new device structures and encapsulation techniques have extended
OLED lifetimes to 30,000-50,000 hours [1,6,8,10-12,14]. Furthermore, the organic-based OLED
exhibits excellent flexibility, enabling the realization of ultra-thin displays with a thickness of only

0.5mm and showcasing applications in rollable and foldable screens [2,9]. In contrast, LCDs are
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limited by the backlight unit, typically 6-10mm thick. Micro-LED has also demonstrated
applications on Sum-thick flexible substrates[5]. These advantages position Micro-LED as a

promising technology for televisions, smartphones, wearable devices, automotive displays, and

AR/VR applications.
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Figure 1. Display performance metrics comparison between mLCD, RGB OLED, and RGB micro-LED displays.
[13]

Micro-LED is essentially a technology that miniaturizes LEDs. 1991 the first gallium nitride
(GaN)--based blue LED chip was developed, laying the foundation for large-scale LED color
displays [19]. Early color LED displays used a combination of RGB colors, but the package size
was large, with a pixel spacing of about 20mm. With the advancement of LED miniaturization and
packaging technology, the pixel spacing gradually decreased to about 3mm. Subsequently, mini-
LEDs emerged, with LED sizes reduced to less than 100um and pixel spacing of about 0.2mm.
Micro-LEDs reduce the LED size to less than 50um [20]. In 2000, Hong Xing Jiang's laboratory
team at Texas Tech University successfully fabricated blue Micro-LEDs based on InGaN/GaN
quantum well structures, creating a chip array with a size of 0.5mm x 0.5mm, with individual chip
sizes of 12um [21]. In 2004, Chan and other researchers fabricated the first UV Micro-LED array
based on AllnGaN structures, with an emission unit size of 20um [21]. In 2012, Hong Xing Jiang's
laboratory team further fabricated a 10x10um chip array and integrated it with a CMOS active array
driver, achieving display performance [22]. In 2013, the research group LED by Liu at the Hong
Kong University of Science and Technology fabricated a silicon-based light-emitting diode (LEDoS)

micro-display with a size of 50um and a pixel density of 360 ppi. One year later, they forged a blue
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LEDoS with a size of 15um and a pixel density of 1700ppi [23][24]. In 2015, Han and other
researchers reported a full-color RGB LED with a size of 35%35um and a pixel spacing of 40pm,
achieving color display using aerosol jet printing of quantum dots [25]. In 2018, Liu's team
fabricated a Micro-LED with a pixel density 2500ppi, driven by CMOS, and equipped with various
functions such as micro-display, temperature sensing, illumination, and light detection [26]. In 2020,
Smith and other researchers used self-alignment technology to fabricate Micro-LED chips with a
minimum diameter of 1pum. They observed that their surface mesa structure formed a conical shape
with a tilt angle 60°. The research showed that green LEDs smaller than 10pm were no longer
affected by side effects, while blue LEDs still exhibited side effects [27]. In 2021, Zhang and other
researchers based on silicon-based CMOS driving of Micro-LED arrays and combined with red and
green quantum dot technology achieved a full-color display with a pixel density of 317ppi [28]. In
the same year, Samsung Group introduced an advanced 1000-inch version of their "The Wall"
product. In 2022, a research team led by H.W. Jang explored a multi-layer sapphire thin film
technology, which facilitated the transfer of Micro-LEDs and significantly reduced the efficiency
degradation issues encountered during the transfer process [29]. Then, in 2023, a team led by J. Kim
from the Massachusetts Institute of Technology developed a vertical stacking Micro-LED
technology. This approach achieved an array density as high as 5100 PPI, with a pixel size of only
4 um [30]. Due to the size reduction, Micro-LEDs can be used to create presentations with high
pixel density. Innovative fabrication techniques and advancements in equipment have also improved
the optoelectronic performance of Micro-LEDs, offering broad prospects for development in the
display field.

Micro-LED revolves around the fabrication and packaging of micro-sized LED chips. Each
Micro-LED chip has dimensions ranging from tens to hundreds of micrometers and consists of red,
green, and blue LEDs. Due to their small size, Micro-LED chips exhibit superior performance in
terms of flexibility and stretchability compared to larger-sized chips. Compared to traditional LCD
and OLED technologies, Micro-LED offers smaller pixel pitch and higher pixel density, enabling
the display of more pixels within the same area, resulting in finer and more realistic image quality.

Like traditional large-sized LEDs, Micro-LEDs have three different device structures: flip-
chip, inverted chip, and vertical chip [31]. Flip-chip Micro-LEDs are the most commonly used

because they are easier to bond and integrate onto the driving backplane. They are more efficient
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than their top-emitting counterparts [32]. Vertical chips are also highly efficient, but their integration

is more complex due to the relative positioning of the two electrodes.

1.2 Luminescence Principle

Micro-LED is an electroluminescent device composed of P-type and N-type semiconductors.
It utilizes the radiative recombination of holes generated in the P-region and electrons developed in
the N-region [33]. Due to the concentration gradient, the holes caused in the P-region and the
electrons generated in the N-region diffuse towards the N-region and P-region, creating a built-in
electric field at the junction, forming a PN junction. Under the influence of the built-in electric field,
electrons drift toward the N-region while holes drift toward the P-region. Diffusion and drift reach

a dynamic equilibrium in the absence of an external electric field, as shown in Figure 2(a);
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Figure 2. (a) without quantum well structure (b) with quantum well structure.

Applying a forward bias voltage weakens the strength of the built-in electric field, enhancing
the diffusion motion and promoting the recombination of electrons and holes. Radiative
recombination generates photons, resulting in LED emission. The region where radiative
recombination occurs is known as the active region. Researchers have proposed using quantum well
structures to increase the probability of electron-hole recombination, as shown in Figure 2(b).
Quantum wells are formed by the periodic growth of two thin-film materials with varying band gaps.
The materials with different bandgap widths include a potential barrier and a potential well, typically

having a narrower bandgap and the wall having a wider bandgap. This arrangement effectively



confines electrons and holes within the potential well, increasing the probability of recombination.
The emitted wavelength of the LED can be determined by the bandgap width of the semiconductor
material in the quantum well layers, given by A (nm) =1.24 / Eg. The LED wavelength can cover
the ultraviolet to infrared by changing the fabric. Multiple quanta well structures can precisely
control the position and structure of energy bands, enabling efficient electron-hole recombination.
However, poor carrier matching and reduced radiative recombination rates can occur in multiple
quantum wells under low current density injection conditions, decreasing light emission efficiency.
To address this issue, recent research has found that reducing the number of quantum wells improves
carrier matching, enhancing light emission efficiency. Figure 3 illustrates the relationship between
the number of quantum wells and carrier matching under low current-density injection conditions.
The bilayer quantum well exhibits the highest radiative recombination rate and light efficiency due

to its excellent carrier-matching effect [34].
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Figure 3. Matching of Quantum Well Quantity and Carrier at Low Current Density. [34]

Not all of the energy from electron-hole recombination is converted into photons. During this

process, some of the recombination energy is released as heat. This energy-release process is known

as non-radiative recombination, while the energy-release process in the form of light is referred to

as radiative recombination. Non-radiative recombination processes include Shockley-Read-Hall

(SRH) recombination, Auger recombination, carrier leakage, and others, depending on the specific

circumstances [35,36]. SRH recombination refers to recombination processes that occur in defects,

and dislocations, impurities, and other factors increase the likelihood of SRH recombination,

affecting device performance. Auger recombination generally refers to transferring recombination

energy to a third carrier, which is then dissipated in the form of photons. Compared to SRH
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recombination, Auger recombination occurs with a much lower probability. Carrier leakage refers
to electrons crossing over the quantum well and recombining with holes in the P region. The electron
leakage from the quantum well to the P region is more likely to occur in a polarized electric field,
where the energy bands are tilted and the barrier is lowered. An electron-blocking layer is added to
the epitaxial layer structure to suppress carrier leakage.

Compared to LEDs, high-performance Micro-LED chips exhibit a higher probability of
radiative recombination between electrons and holes, resulting in a greater likelihood of emitting
photons from the surface of the device. Efficiency parameters associated with Micro-LEDs include
internal quantum efficiency, light extraction efficiency, external quantum efficiency, and
optoelectronic conversion efficiency. Internal quantum efficiency is the ratio of the number of
photons generated per second from the active region to the number of electrons injected into the
chip. External quantum efficiency is the ratio of the number of photons emitted into space per second
to the number of electrons injected into the chip. Light extraction efficiency is the ratio of the
number of photons emitted into the free room per second to the number of photons generated in the
active region. It can be observed from the definitions that the ratio of external quantum efficiency
to internal quantum efficiency gives the light extraction efficiency. Wall-plug efficiency (WPE)
refers to the balance of the optical power of emitted photons to the input electrical power (product
of forward voltage and forward current) after applying a forward current [37]. Optoelectronic
conversion efficiency is a macroscopic concept, while external quantum efficiency is a microscopic
concept.

Micro-LEDs' high-performance characteristics include increased radiative recombination
probability between electrons and holes, improved photon emission probability, enhanced internal
quantum efficiency, light extraction efficiency, external quantum efficiency, and optoelectronic
conversion efficiency. Researchers have utilized laser processing to study and improve LED
technology, leading to several advancements. Laser processing exhibits the following benefits in
enhancing the light-emitting performance of Micro-LEDs:

- Laser processing enables precise micrometer-scale fabrication. By creating microstructures or
optical surface treatments on the Micro-LED structure, light reflection and refraction within
the device can be increased, thereby improving light extraction efficiency. By optimizing light

extraction efficiency, more photons can escape from the device, resulting in higher output
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brightness and efficiency.

- Laser processing helps produce more uniform and regular Micro-LED structures, reducing
defects and impurities, thus lowering the probability of non-radiative recombination and
improving external quantum efficiency. This means more electrons and holes will release
energy through radiative recombination, generating more photons.

- Laser processing enables the fabrication of exact and consistent device structures and
dimensions, ensuring similar probabilities of electron-hole recombination for each Micro-LED,

thereby enhancing internal quantum efficiency.

1.3 Laser Manufacturing in Micro LED

Micro-LED, as an emerging display technology, possesses numerous advantages. However,
the commercialization of Micro-LED technology still faces several challenges, including the precise
operation, high efficiency, and high cost involved in Micro-LED chips' fabrication and packaging
processes. To address these issues, laser technology has been introduced into the fabrication and
packaging of Micro-LEDs, providing new solutions.

Firstly, the fabrication process of Micro-LEDs is highly complex and requires precise
techniques. Due to the small size of Micro-LED chips, typically ranging from tens to hundreds of
micrometers, micro-level positioning, alignment, and assembly operations are extremely
challenging. As the size and surface area of LED chips decrease, the proportion of etch-damaged
regions to active regions increases, forming more defects during the etching process. This leads to
an increase in non-radiative Shockley-Read-Hall (SRH) recombination rates and a decrease in light
efficiency [38]. Additionally, there is a risk of leakage current in the sidewall-damaged regions,
further reducing the reliability of the chips. Moreover, the fabrication of Micro-LEDs also demands
highly uniform light-emitting characteristics and color consistency, imposing higher requirements
on material selection, growth condition control, and process optimization.

Secondly, the mass transfer process of Micro-LEDs also encounters difficulties. Mass transfer
is crucial in transferring Micro-LED chips from the growth substrate to the target substrate. Multiple
massive transfers of Micro-LED chips are required to integrate Micro-LED with circuit driving in

display arrays (at least from a sapphire substrate to a temporary substrate and then to a new
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substrate), and each transfer involves many chips. This process demands high stability and precision
in the transfer technique [39]. For RGB full-color displays, since each process can only produce
chips of one color, the R/G/B chips need to be transferred separately. This requires extremely
accurate positioning of the chips, greatly increasing the difficulty of the transfer process. Micro-
LED chips have a thickness of only a few micrometers, making it challenging to place them onto
the target substrate precisely. Moreover, the chip sizes and spacing are small, presenting a significant

challenge in connecting the chips to the circuitry [40,41].
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Currently, the fabrication and transfer processes of Micro-LEDs primarily rely on
semiconductor processes and manual operations, which are feasible for small-scale production but
present many challenges for large-scale production. Issues such as the high cost of production
equipment, stability and consistency of growth processes, chip selection, and screening need to be
addressed. Ensuring high efficiency, repeatability, and consistency in the production process is also
challenging.

Micro-LEDs face difficulties and challenges in areas such as fabrication, mass transfer, texture
treatment, and large-scale production, and laser technology plays an indispensable role in the

manufacturing and processing of micro-LEDs. The technology that lasers can provide for the
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manufacturing of Micro LEDs is shown in Figure 4. Laser technology offers specific applications

and advantages of micro-led output, primarily in the following aspects:

- High precision: Laser technology enables high-precision fabrication of Micro-LED chips.
Techniques such as laser etching and laser-induced growth allow for micro-level structural
processing and precise control of crystal growth. This high-precision fabrication can improve
the pixel uniformity, device performance, and display quality of Micro-LEDs.

- Efficient packaging: Laser technology has advantages in the packaging process of Micro-LEDs
in terms of efficiency. Laser lift-off and mass transfer techniques enable fast and precise chip
separation and transfer, improving packaging efficiency and production speed. Compared to
traditional mechanical delamination and transfer methods, laser technology features non-
contact, high efficiency, and high precision, reducing chip damage and enhancing packaging
quality.

- High-energy density processing: Lasers possess high energy density, enabling precise
processing of Micro-LED chips. Laser etching techniques can achieve micro-level texture
treatment, enhancing light extraction efficiency and optical uniformity. Laser repair techniques
can perform localized chip repairs, improving chip reliability and repeatability. These high-
energy density processing techniques provide more flexibility and refinement to the fabrication
and packaging processes of Micro-LEDs.

- Non-contact nature: Laser processing is a non-contact method that does not require physical
contact with the material surface, thereby reducing damage and contamination to Micro-LED
chips. This is crucial for ensuring the quality and reliability of Micro-LEDs.

The article provides an overview of various applications of laser technology in Micro-LED
processing, including substrate epitaxy, laser etching, substrate removal, laser mass transfer, and
laser repair. These laser techniques play a significant role in fabrication by enabling precise
processing and optimization of Micro-LED chips through their high precision, efficiency, and
controllability. Hopefully, these laser technologies will contribute to the development and industrial

application of Micro-LED technology.
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2. Laser processing method in Micro-LED manufacturing

The manufacturing process of Micro-LED includes substrate epitaxy, laser etching, substrate
removal, and laser mass transfer. Firstly, GaN and other materials are grown layer by layer on the
substrate through substrate epitaxy. Next, photolithography techniques transfer patterns onto the
epitaxial layer, including electrodes and micro-groove structures. Subsequently, excess materials are
removed through the etching process to achieve the desired structures and morphology. Then, the
epitaxial layer is detached from the substrate using peeling techniques. Following that, the Micro-
LED chips on the detached epitaxial layer are massively transferred onto a target substrate using
laser technology. Finally, in the integration stage, the transferred Micro-LED chips undergo

packaging and interconnection processes to realize their final applications.
2.1 Substrate Epitaxy

In the fabrication process of Micro-LEDs, substrate epitaxy technology plays a crucial role.
Laser, as a powerful tool and method, is widely employed in the substrate epitaxy process of Micro-
LEDs, providing new possibilities for achieving high-quality Micro-LED devices. The unique
advantage of laser substrate epitaxy technology lies in its ability to precisely control the growth and
structure of materials, thereby optimizing the performance and reliability of Micro-LEDs.

When selecting a substrate for GaN-based LED materials, several factors need to be considered,
including lattice matching with GaN, matching of thermal expansion coefficient with GaN, good
stability, high thermal conductivity, and low cost. Currently, most commercially available GaN-
based LEDs are fabricated on sapphire substrates. This is mainly because sapphire has the same
wurtzite crystal structure as GaN, and its Al,03(0002) plane can serve as the epitaxial surface [47].
Additionally, sapphire exhibits good thermal stability and high mechanical strength, ensuring the
stability of LED device performance.

However, there exists a significant lattice mismatch (approximately 13.2% [47,48]) and a
mismatch in thermal expansion coefficients (approximately 27%) between sapphire and gallium
nitride. Moreover, sapphire has lower thermal conductivity (0.25 W/(cm'K)), which poses

challenges for the development of "high-performance, high-power, and low-cost" LED chips on
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sapphire substrates.

Despite the limitations of sapphire's low thermal conductivity, it has the advantage of high
transparency, making it suitable for visible and ultraviolet light and enabling efficient light
transmission. This allows for the selection of shorter-wavelength lasers on sapphire substrates to
improve material absorption efficiency. In contrast, silicon substrates have higher absorption
capabilities for visible and near-ultraviolet light, requiring the selection of longer-wavelength lasers.
Additionally, sapphire exhibits excellent thermal conductivity, aiding in efficient heat dissipation
and temperature control during growth. However, as a semiconductor material, silicon has higher
thermal conductivity, enabling better heat dissipation. The physical properties of the sapphire
substrate and silicon substrate are shown in Table 2.

Table 2. Physical Properties of Sapphire and Silicon. [47,48]

Sapphire Si
lattice constant(nm) A=0.4760 A=0.5431
C=1.2991 C=0.5431
lattice mismatch(%0) 0.08 17
Thermal expansion coefficient(10%/K) 9.03 // ¢ axis 2.62
5.0 1 c axis
thermal conductivity(W/(cm*K)) 0.23 // ¢ axis 156
0.25 1 ¢ axis
Bandgap(eV) 8.1-8.6 1.1
melting point(‘C) 2030 1414

The preparation steps for the substrate include surface treatment, growth of the emission layer,
and electrode preparation. The growth of the emission layer requires the use of substrate epitaxy
techniques. Currently, the widely applied techniques for growing gallium nitride (GaN) layers
include Metal-Organic Chemical Vapor Deposition (MOCVD), Pulsed Laser Deposition (PLD), and
Laser Molecular Beam Epitaxy (LMBE). Both pulsed laser deposition and laser molecular beam
epitaxy involve the use of lasers. Regarding the defect density and crystal quality of the epitaxial
layers, the laser-assisted LMBE technique can produce the highest-quality epitaxial layers, with a
defect density as low as 10* cm™ [49]. Some advanced LMBE systems and optimization methods
can even reduce the defect density to the 10° cm level[50], achieving the best crystal quality. In

comparison, the MBE process can also reach a defect density in the 10%-10° cm™ range[51-53], with
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excellent crystal quality. The laser-assisted PLD [54] technique can also improve the quality of the
epitaxial layers, with a defect density in the 10*-10° cm™ range. MOCVD [55] epitaxy has a slightly
higher defect density, generally in the 10°-107 cm™ range[56-58].

In terms of the epitaxial growth rate, the laser-assisted PLD technique shows a clear advantage,
with a high growth rate of 10-15 um/h[59,60], significantly shortening the epitaxial preparation time
[61]. MOCVD and MBE[62,63] are relatively slower, with growth rates of only around 2-3 pm/h
and 1 um/h, respectively [64]. The growth rate of laser-assisted LMBE is slightly higher compared
to MBE, at around 3-5 um/h[65,66], but still relatively slow.

From the mechanism perspective, MOCVD relies on chemical vapor deposition[67,68], MBE
utilizes the precise control of molecular beams, while PLD and LMBE leverage laser technology to
achieve epitaxy. The two laser-assisted methods can better control the heat input and material
transport processes, thereby improving the epitaxial quality. For applications seeking high epitaxial
growth rates and good epitaxial quality, the laser-assisted PLD technique is undoubtedly the optimal
choice[69,70]. However, if there are higher requirements for the fine control of the epitaxial layer
and the defect density, the MBE and laser-assisted LMBE processes would be more suitable[71].
As a more traditional method, MOCVD has certain advantages in terms of cost and production
efficiency[72,73].

In addition to epitaxy techniques directly applied to the substrate, laser-patterned sapphire

substrate (LPSS) can indirectly assist in obtaining high-quality GaN during epitaxial growth.
2.1.1 Pulsed laser deposition (PLD)

PLD is a surface treatment technique used for epitaxial growth. Figure 5 illustrates the
principle of PLD. The principle of PLD involves irradiating the target material with laser pulses and
transferring energy to the surface atoms and molecules of the target material. This imparts sufficient
kinetic energy to them, causing them to leave the target surface at high speeds. The atoms and
molecules leaving the target form a plasma plume, which deposits onto the substrate, forming a thin
film.

Compared to the widely used MOCVD technique, PLD offers highly precise material control.
The laser provides precise energy focusing, allowing for localized growth and deposition at the

micron level, enabling more accurate structural control. PLD can be performed at relatively low
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temperatures for material growth. In contrast, MOCVD typically requires high-temperature
chemical reaction processes, which can lead to thermal decomposition and uneven growth of
materials. PLD applies to various types of materials and substrates, including silicon, sapphire, and

other substrate types.

\—

Deposited Film

Figure 5. Schematic Diagram of PLD Principle.

The PLD technique was first employed in 1965 to fabricate optical thin films successfully [74].
However, due to limitations in laser technology, the results were not satisfactory, and the PLD
technique remained stagnant for several years. It was not until the 1970s, when short-pulsed lasers,
particularly the application of KrF excimer lasers, emerged that the PLD technique regained
attention. Notably, Dijkkamp et al. from Bell Laboratories [75] achieved the successful fabrication
of high-temperature superconducting thin films, specifically YBa,Cu307-6, using the PLD
technique with KrF excimer lasers. This breakthrough propelled the rapid development of the PLD
technique, making it one of the best methods for thin film fabrication within a few years. Moreover,
it gradually found application in the field of epitaxial growth of GaN thin films.

The distance between the laser pulse and the substrate is a parameter that requires careful
control. M. Kawwam [76] investigated the influence of different target-substrate distances and laser
energy densities on substrate epitaxy. As shown in Figure 6(a), the distance between the GaN target
and the sapphire substrate and the deposition axis was modified. The study revealed that, in the
(0002) direction, as the working distance increased from 8§ to 10 cm, the intensity increased, while
the root mean square (RMS) value of surface roughness decreased to approximately 10 nm. SEM
images (Figure 6(b)) demonstrated that as the working distance increased to approximately 10 cm,
particle elimination occurred, resulting in improved surface smoothness.

The energy density of the laser pulse is another important parameter. By adjusting the energy

density of the laser pulse, the deposition rate and quality of the material can be controlled. Higher
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energy density can promote faster deposition rates, but if the energy density is too high, it may lead
to structural deformation and the generation of defects in the material. While maintaining the same
spot size and shape, M. Kawwam [76] increased the laser energy density from 0.75 to 1.25 J/cm?
by raising the discharge voltage of the light source. XRD data in Figure 6(c) shows an intensity
increase in (0 0 0 2) orientation of samples grown at lower fluence down to 0.75 J/cm?. SEM images
in Figure 6(d) demonstrate that as the fluence decreases, the surface roughness reduces, and the
target droplets begin to disappear from the surface. The RMS surface roughness is less than 3 nm at
the lowest fluence. The initial energy flux of material in PLD is typically on the order of 100 eV,
significantly higher than the optimal value (<10 eV) required for high-quality thin film growth.
Therefore, increasing the distance between the target and the substrate is necessary while reducing
the laser energy density. PLD has certain advantages in research and small-batch production. It uses
laser pulses to evaporate source materials and deposit them onto substrates, offering high flexibility
and adaptability. It enables rapid sample preparation and prototype development. However, there
may be some challenges in large-scale production, such as slow growth rates and control of

uniformity.
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Figure 6 (a) XRD spectra were obtained for GaN thin films grown on conventional sapphire substrates at varying
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target-substrate distances, ranging from 8 cm to 10 cm. (b) SEM images were taken of GaN thin films deposited on
conventional sapphire substrates at different target-substrate distances. (¢) XRD spectra were collected for GaN
thin films grown on conventional sapphire substrates using different laser energy densities. (d) SEM images were
captured of GaN thin films deposited on conventional sapphire substrates at different laser energy densities. [76]

In recent years, research on GaN thin film growth using PLD epitaxial techniques has shown
two major trends. Firstly, researchers have been exploring the advantages of low-temperature
growth using PLD and continuously investigating the epitaxial growth of GaN thin films on novel
substrates other than sapphire and silicon, such as SiC and metallic materials [77]. Secondly, buffer
layer techniques have been employed to overcome the lattice mismatch issue between GaN films
and substrates, thereby improving the quality of GaN thin films. For example, Si substrates are
suitable for large-scale production.

The quality of the substrate itself and its compatibility with the thin film directly impact the
crystal quality and optoelectronic properties of GaN films. Therefore, selecting a suitable substrate
is crucial for heteroepitaxial growth of GaN thin films. PLD technology, by providing the driving
force for thin film growth through lasers, lowers the temperature requirements for substrates, thus
significantly expanding the range of substrate choices. From the existing research literature on PLD-
grown GaN, substrates used include not only sapphire but also SiC, metallic substrates, and others
[77-80].

The lattice mismatch between SiC substrates and GaN is only 3.5%, which is much lower than
that of sapphire. Additionally, SiC has good conductivity and high thermal conductivity, making it
suitable for the fabrication of vertical device structures. However, SiC does not have a thermal
advantage over sapphire, and the wetting behavior between GaN and SiC is poor. Although this can
be improved by using an AIN buffer layer, it increases the resistance between the GaN thin film and
the substrate, which is detrimental to the fabrication of vertical device structures [81].

Metal materials have good conductivity, which is beneficial for the fabrication of vertical
structures. They have low resistance and heat generation. Metal materials also have excellent
thermal conductivity, which is advantageous for device heat dissipation, reducing junction
temperature, and improving the quantum effects within the device [82]. To overcome the drawbacks
of insulating sapphire, researchers have used laser lift-off techniques to transfer GaN thin films from

sapphire substrates to metal substrates before device fabrication [83]. However, the process of
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transferring GaN thin films from sapphire substrates is complex and significantly increases the cost
of device fabrication. With the advancement of epitaxial techniques, researchers have begun to
prepare GaN thin films directly on metal substrates. PLD has the advantage of low-temperature
deposition, making it an ideal epitaxial method for high-temperature reactive metals. Okamoto et al.
[77,79,80] have made significant contributions in this regard. They have grown AIN buffer layers
on metals such as Cu, Fe, Ni, Ag, and Ta and successfully epitaxially grown single-crystal GaN
films on the AIN buffer layers. The researchers investigated the epitaxial relationship and growth
mechanisms between GaN films, AIN buffer layers, and metal substrates. The results showed that
GaN films on metal substrates typically exhibit a 30° rotation. Haider et al. [83], while studying the
influence of annealing processes on the performance of PLD-grown GaN films, used metal Ta as
one of the experimental substrates. The results indicated that the heating and cooling rates during
the epitaxial growth of GaN films on Ta strongly influence the film's performance. It is
recommended to anneal the films at lower temperatures (300-500°C) for longer durations (2-4 hours)
to release thermal stress gradually, thereby significantly improving the crystal quality and surface
smoothness of the films.

One of the research directions pursued by researchers is the use of buffer layer techniques to
overcome the lattice mismatch issue between GaN films and substrates, thus improving the quality
of GaN films. Silicon (Si), as one of the most abundant materials on Earth, has become an ideal
substrate material for achieving high-performance, high-power, and low-cost GaN-based LEDs due
to its advantages of low cost, large size, high thermal conductivity, good conductivity, and mature
manufacturing processes. Therefore, the use of PLD technology to prepare GaN films on Si
substrates is currently a hot research topic. However, there are challenges in the epitaxial growth of
GaN on Si substrates. Si and Ga are prone to melt-back etching at high temperatures [84], there is a
significant lattice mismatch [47,48], and high crystal defect density. The large coefficient of thermal
expansion mismatch [47] and the susceptibility of epitaxial films to cracking pose challenges for
the epitaxial growth of GaN on Si substrates.

In 1995, Vispute et al. [85] first reported the epitaxial growth of smooth AIN single-crystal
films on Si(111) substrates using a combination of pulsed laser deposition (PLD) and sintered AIN
ceramic targets. Jagannadham et al. [86] investigated the performance variation of AIN films grown

on Si(111) substrates using PLD at different temperatures (300-750°C). The test results showed that
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as the growth temperature increased from 300°C to 750°C, the grain size of AIN increased from 18
nm to 30 nm, and AIN films grown at lower temperatures exhibited higher residual compressive
stress. These results demonstrated the close relationship between the stress state in AIN films and
the PLD growth temperature [86]. During PLD, when a pulsed laser irradiates the AIN target, high-
energy species are generated and diffuse toward the Si substrate, gradually depositing as AIN films.
However, at lower substrate temperatures, the mobility of these precursors is reduced, leading to
atomic misarrangements in the crystal and introducing compressive stress in the film. Ohta et al.
[87] studied the interface structure of Si/AIN in AIN films grown on Si(111) substrates using PLD.
The findings revealed a minimal interface roughness of 0.5 nm for Si/AIN, signifying the near
absence of a SiNx interfacial layer between the AIN film grown through PLD and the Si substrate.
This is in stark contrast to AIN films prepared by MOCVD [88], highlighting the superiority of PLD
in epitaxially growing IlI-nitride films on Si substrates. To address the issue of poor film uniformity
in PLD growth, Li et al. [89] employed a combined laser grating technique during PLD growth and
successfully obtained crack-free AIN films with uniform thickness. The obtained 2-inch single-
crystal AIN films exhibited a root mean square thickness variation of less than 3.6% and a surface

roughness of only 1.4 nm, demonstrating high film uniformity and surface flatness.

Figure 7. RHEED patterns were obtained during the growth of GaN films using an AIN buffer layer. The following
patterns were observed: (a) Si(111) substrate, (b) 0.6 nm AIN, (c) 1.2 nm AIN, (d) 27 nm AIN, (e) 80 nm AIN, and
(f) 45 nm GaN on an 80 nm AIN buffer layer. [87]

Research on low-temperature epitaxial growth of GaN films on Si substrates has been proposed
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following the successful use of PLD to grow AIN films on Si substrates [90]. Ohta et al. [87]
employed PLD to sequentially grow an AIN buffer layer and a GaN film on Si(111) substrates and
elucidated the growth mechanism. As shown in Figure 7, directly growing GaN films on Si(111)
substrates using PLD resulted in poor crystal quality, exhibiting an amorphous state. However, with
the introduction of an AIN buffer layer, the GaN films grown on top of it were single-crystalline.
This indicates that regardless of low-temperature or high-temperature epitaxy, the AIN buffer layer
is a crucial factor for achieving high-quality GaN growth on Si substrates.

Tong et al. [91] employed a gas discharge-assisted PLD technique to investigate the properties
of GaN films grown by epitaxy at different growth temperatures and laser energies. Figures 8 and 9
show the performance of GaN under different growth temperatures and laser energies. The
experimental findings indicated that the GaN films exhibited a wurtzite crystal structure, and the
crystal quality of GaN was enhanced as the growth temperature increased. This improvement was
primarily attributed to the enhanced surface atom mobility and improved thermal stability of GaN
films at higher growth temperatures. However, excessive growth temperatures led to a decrease in
the crystal quality of GaN films due to surface evaporation at elevated temperatures. Additionally,
they studied the influence of laser energy variation on the surface morphology of GaN films. At a
laser energy of 220 mlJ/pulse, the epitaxially grown GaN films exhibited the lowest surface
roughness of 3.3 nm. However, when the laser energy was either higher or lower than 220 mJ/pulse,
a multitude of large particles were observed on the surface of the GaN films. This phenomenon can
be explained from two perspectives. Firstly, lower laser energy fails to provide sufficient kinetic
energy, resulting in the incomplete migration of precursor particles and the subsequent formation of
large particles on the film surface. On the other hand, excessively high laser energy during target
bombardment produces precursor particles with larger diameters, which hinder their sufficient

motion on the film surface and lead to the formation of rough film surfaces.
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Figure 8. XRD results of the GaN grown at different temperatures of (a) 400 “C, (b) 600 ‘C, (c) 700 ‘C and (d)
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Figure 9. AFM images of GaN films grown at different laser incident energies of (a) 150, (b) 180, (c) 220, and (d)
250 mJ/pulse. [91]

Yamada et al. [92] first proposed the use of a two-step method with a low-temperature AIN
interlayer for the epitaxial growth of GaN films on Si substrates. In this method, a 70 nm thick low-
temperature AIN layer was deposited on the Si substrate using reactive sputter deposition at 350 C.
Subsequently, the sample was transferred to MOCVD, where GaN was grown at a high temperature
of 1100 C. A comparison revealed that the dislocation density in the GaN epitaxial layer grown
using the two-step method was reduced by an order of magnitude compared to GaN grown using
the traditional one-step method.

Similarly, Wang et al. [93] also utilized an epitaxial sputter deposition of a low-temperature
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AIN layer to achieve the growth of GaN epitaxial films on Si substrates. Additionally, they
investigated the influence of the GaN nucleation stage on the crystal quality of the epitaxial film.
They found that by controlling the number of GaN nucleation islands and prolonging the lateral

growth time of the islands, the dislocation density in GaN could be effectively reduced.
2.1.2 Laser molecular beam epitaxy (LMBE)

LMBE is an advanced technology used for the manufacturing of Micro-LEDs. Its principle is
based on the precise control of atomic and molecular beams using laser beams. By employing laser
evaporation techniques, metallic Ga and nitrogen gas are converted into high-energy atomic and
molecular beams. The laser beam allows real-time adjustment and control of the shape, direction,
and intensity of the molecular beam, which is then directed toward the surface of the substrate for
deposition and growth. Through optimization of the growth conditions, high-quality crystal growth
and excellent electrical and optical properties can be achieved. The core principle of LMBE lies in
the ability to position atomic and molecular beams precisely using laser beam control, enabling

high-precision crystal growth and improving the performance and reliability of Micro-LED devices.

Ramesh et al. [94] reported the growth of epitaxial GaN films on the a-plane sapphire using
LMBE technology, achieving crystalline GaN films at temperatures close to 600°C, confirming the
feasibility of LMBE for GaN film preparation. V. Aggarwal et al. [95] investigated the growth
sequences of GaN film, NC-GaN, and NP-GaN under different conditions. Figure 10 illustrates the
growth sequences of GaN on (11-20) plane sapphire substrates under different conditions. By
carefully optimizing the process parameters of laser MBE, high stoichiometric ratio GaN crystal
films can be prepared in an ammonia-free environment and at relatively moderate growth
temperatures. The growth temperature, pre-nitridation, and laser scanning speed are key factors

influencing LMBE.
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Figure 10. Schematic diagram of the growth sequence of GaN on a (11-20) plane sapphire substrate under different
conditions. [95]

The growth temperature can have an impact on various aspects of the LMBE process, such as
material structure, crystal quality, and growth rate [96]. The growth temperature can influence the
crystallinity and crystal quality of the material. An appropriate growth temperature provides
sufficient thermal energy to promote crystal growth and crystallization, facilitating the formation of
high-quality crystal structures. The growth temperature also affects the growth rate. Generally,
higher growth temperatures can accelerate the growth rate, but excessively high temperatures may
cause material melting, increase surface roughness, or introduce impurities. Therefore, it is
necessary to control the growth temperature to avoid adverse effects while maintaining the desired
growth rate. The growth temperature can also influence the composition and doping behavior of the
material. In the epitaxial process, an appropriate growth temperature can facilitate compositional
control and doping effects to meet the specific requirements of Micro-LEDs. Low-temperature
growth can reduce the formation of thick interfacial compounds. Compared to MOCVD and PA-
MBE techniques, LMBE has the advantage that high-energy thin film precursors generated by laser
ablation can be used to grow GaN films at lower deposition temperatures and moderate deposition
rates [97,98]. Dixit [99] studied the impact of growth temperature on LMBE within the range of
500-700°C. Figure 11 shows the surface morphology and Raman spectra of GaN layers grown on
sapphire substrates at different temperatures. The results showed that the growth mode of GaN
significantly affects the in-plane strain of LMBE GaN layers. GaN grown at lower temperatures

exhibited significantly higher in-plane stresses of around 1 GPa, while the in-plane stress values
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decreased significantly for GaN grown at the highest temperature. The mechanical strength of the
GaN layer grown at high temperatures also increased significantly. The influence of growth

temperature should be considered in the strain reaction of the GaN layer.
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Figure 11. (a) AFM surface morphology of LMBE GaN layers grown on sapphire (0001) at various growth
temperatures. (b) The Raman spectra of LMBE-grown GaN layers on sapphire (0001) substrates were recorded at
room temperature under various growth temperatures. [99]

Nitrogen flow rate refers to the amount of nitrogen gas input through the gas source during the
epitaxial growth process. Changes in nitrogen flow rate can impact material properties and the
quality of epitaxial films in the LMBE process, particularly for nitride materials growth. Before
growing GaN films, a buffer layer is formed on the Al,O3 surface of the sapphire substrate through
intense nitrogen plasma treatment [100]. As a result of this process, the substrate undergoes
nitridation, which serves as a beneficial means of compensating for the lattice mismatch
(approximately 16%) between sapphire and GaN films [100]. Following the nitridation step, GaN
films are grown on the modified sapphire substrate using varying nitrogen flow rates (ranging from
1 to 3 sccm), while keeping all other process parameters constant.

Sheetal Dewan prepared highly c-axis-oriented GaN films using different nitrogen flow rates
[101]. The obtained GaN films exhibited point diffraction patterns in the RHEED images, indicating
the growth of GaN films with LMBE (Figure 12). The AFM images showed that the surface
roughness increased from 0.7 nm to 1.1 nm as the nitrogen flow rate increased from 1 sccm to 3
sccm (Figure 13). Additionally, p-n junction structures of GaN/Mg: GaN on a GaN template were
achieved at a low nitrogen flow rate of 1 sccm, exhibiting characteristics similar to a rectifying

diode. XRD spectra confirmed the growth of single-phase c-axis (0002) oriented wurtzite GaN films
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at different nitrogen flow rates.
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Figure 12. (a) GaN thin films grown at different nitrogen gas flows. (b) XRD pattern of the GaN thin films at

varying nitrogen gas flow. [101]

Figure 13. AFM images of GaN thin films grown at (a) 1 sccm (b) 2 sccm and (¢) 3 sccm nitrogen gas flow. [101]
The nitrogen flow rate directly determines the nitrogen content in nitride materials. By
adjusting the nitrogen flow rate, the proportion of nitrogen in the film can be controlled, thereby
influencing the composition and properties of the material. An appropriate nitrogen flow rate
enables the attainment of the desired nitride composition and enhances specific material properties
such as bandgap and refractive index. The nitrogen flow rate also plays a crucial role in the crystal
quality of nitride materials. Optimal nitrogen flow rate promotes crystal growth, improves
crystallinity, and reduces defect formation. Excessive or insufficient nitrogen flow rates may lead
to increased surface roughness or decreased crystal quality. Changes in nitrogen flow rate can also
affect the growth rate. Increasing the nitrogen flow rate generally accelerates the growth rate, but
excessively high nitrogen flow rates can result in increased surface roughness. Therefore, it is
necessary to balance the impact of the nitrogen flow rate while controlling the growth rate.

Laser scanning frequency refers to the rate and frequency at which the laser beam scans over
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the epitaxial surface. Changes in laser scanning frequency can impact material growth rate, crystal
quality, and surface morphology in the LMBE process. S. S. Kushvaha [102] used an LMBE system
on c-plane sapphire substrates to grow GaN layers by ablating with radio-frequency nitrogen plasma
in the laser repetition frequency range of 10-30 Hz. The SEM image in Figure 14(a) demonstrates
the higher crystalline quality of GaN at a laser repetition frequency of 30 Hz. Raman spectroscopy,
as shown in Figure 14(c) and (d), also confirmed the growth of high-quality GaN films at 30 Hz.
The AFM image in Figure 14(b) revealed the growth of three-dimensional GaN under nitrogen-rich
flux conditions. GaN epitaxial layers grown at 30 Hz exhibited minimal stress and demonstrated
high structural and optical performance. These results indicate that LMBE technology can produce
high-quality, low-stress thin GaN layers for Micro-LED applications with minimal polarization

effects.
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Figure 14. (a) GaN films on sapphire (0001) were imaged using plan-view FE-SEM at different laser repetition
rates. (b) GaN films on sapphire (0001) were imaged using 3D AFM at varying laser repetition rates. (c¢) Room
temperature PL spectra were obtained for GaN films on sapphire (0001) grown at different laser repetition rates.
(d) Normalized NBE PL spectra were measured for GaN layers grown at 10 and 30 Hz, indicating the NBE peak
position. [102]

The laser scanning frequency has several major effects on LMBE:

- Growth rate: Increasing the laser scanning frequency results in an increased growth rate
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because the fast laser scanning speed reduces the amount of time the material stays on the
epitaxial surface. By adjusting the laser scanning frequency, it is possible to control the
growth rate and achieve the desired growth speed and thickness.

- Crystal quality: Optimal laser scanning frequency can promote crystal growth and
crystallinity, thereby enhancing crystal quality. Higher scanning frequencies can reduce
crystal defects and surface roughness, producing higher-quality epitaxial films.

- Surface morphology: Changes in laser scanning frequency also influence the surface
morphology of the epitaxial film. Higher scanning frequencies can improve surface
flatness and uniformity, reducing surface defects and roughness. This is crucial for the
fabrication of Micro-LEDs as better surface morphology helps improve light emission
efficiency and device performance.

LMBE, as a highly controllable growth technique, is widely considered a suitable method for
large-scale production in the epitaxial growth of Micro-LEDs on sapphire substrates. LMBE offers
high growth rates, excellent uniformity, and repeatability, making it an ideal choice to meet the
demands of large-scale production. Current research indicates that in GaN grown on the c-plane of
sapphire, the formation of GaN layers and heterostructures induces an internal electric field due to
polarization-induced charges, resulting in the Quantum Confined Stark Effect (QCSE) [5,6]. This
effect hampers the performance of light-emitting diodes and other optoelectronic devices as it causes
spatial separation of electrons and holes, decreasing their recombination efficiency and
subsequently reducing the quantum efficiency of these devices. To address this issue, researchers
have turned to non-polar GaN growth surfaces. However, non-polar GaN growth surfaces face
challenges due to the formation of a thick interfacial layer between a-plane GaN and r-plane sapphire
caused by high-temperature growth. To overcome these limitations, Tyagi et al. [7] successfully
grew flat and tightly bonded GaN layers on r-plane sapphire by introducing an HT-AIN buffer layer
and using the LMBE technique. This innovative approach holds promise for improving the quality
of non-polar GaN growth and providing a better foundation for the performance of optoelectronic
devices.

Extensive research efforts have been dedicated to developing Gallium Nitride (GaN) films on
unconventional oxide substrates as alternatives to sapphire. Conventional sapphire substrates

exhibit significant lattice mismatch with GaN, leading to a high density of dislocations in the
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epitaxial layer and hindering the achievement of exceptional quality in grown epilayers. This, in
turn, adversely affects the performance of GaN-based optoelectronic devices and hampers further
advancements. To address this issue, various unconventional oxide substrates, including LaAlO;
[103], LaSrAlTaO¢ (LSAT) [104], and MgO [105], have been extensively studied. These substrates
offer several advantages over sapphire. Firstly, they possess minimal lattice mismatch with GaN,
facilitating nucleation during early growth and promoting the development of excellent crystalline
quality. Secondly, nonpolar GaN-based devices can be fabricated using various oxide substrates,
such as LiGaO; (1 0 0) and LiAlO; (1 0 0), which eliminates the QCSE and enhances the radiative

recombination efficiency.
2.1.3 Laser-patterned sapphire substrate (LPSS)

In substrate epitaxy techniques, apart from direct epitaxy, LPSS technology can indirectly
assist in obtaining high-quality GaN films, improving crystal quality, and enhancing light extraction
efficiency.

Sapphire is the most widely used substrate material in the GaN-based LED industry due to its
mature manufacturing process, good stability, and high-temperature performance. However, there
still exists a significant lattice mismatch (16.1%) and thermal mismatch (34.7%) between sapphire
and GaN. The large lattice mismatch results in the generation of a high density of dislocations (up
to 108-10'° cm) during the GaN epitaxial growth process, leading to lower crystal quality and
adversely affecting the internal quantum efficiency of LEDs. The presence of thermal mismatch
leads to biaxial compressive stress between GaN and sapphire substrates, making it prone to
cracking in the GaN epitaxial layers. Additionally, the high refractive index of the sapphire substrate
and GaN layer restricts the light extraction angle of LEDs to only 23%, resulting in lower light
extraction efficiency of LED devices. Moreover, the light trapped within the device is absorbed and
converted into heat, reducing the reliability of LEDs.

To address these issues of low-quality GaN epitaxial layers on sapphire substrates and low light
extraction efficiency of LED devices, the use of Patterned Sapphire Substrates (PSS) is widely
adopted as a solution. PSS changes the growth mode of GaN epitaxy, reducing the upward extension
of dislocations in the epitaxial layer and lowering the epitaxial layer stress, thereby improving the

crystal quality and internal quantum efficiency of LEDs. Additionally, PSS improves the photon
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propagation path in the active region, increasing the chances of light emission from within the LED
and thus enhancing the light extraction efficiency of LEDs.

The principle of LPSS involves creating micron-scale patterned structures on the surface of a
sapphire substrate using laser processing. Typically, femtosecond laser pulses are utilized to achieve
high precision and non-thermal damage processing. Sapphire substrates possess high optical quality
and thermal conductivity, making them preferred substrates for Micro-LED devices. LPSS aims to
improve substrate quality and enhance the performance of Micro-LED devices.

The origin of the patterned sapphire substrate (PSS) technology can be traced back to the
Epitaxial Lateral Overgrowth (ELOG) technique. In 1994, Kato et al. [106] applied this technique
to reduce the dislocation density of GaN films during epitaxial growth. ELOG is a method that
reduces the dislocation density in GaN epitaxial layers through a two-step growth process. Firstly,
a GaN layer with a thickness of approximately 2-3 um is grown on a sapphire substrate. Then, a
patterned mask layer, typically made of silicon nitride or silicon dioxide, is created on the GaN layer.
Finally, a second growth process is performed on the GaN epitaxial layer. In this secondary growth
process, GaN starts to grow from the openings of the mask layer laterally and gradually fills the
gaps between the mask patterns. This approach suppresses dislocations during the lateral growth,
resulting in a reduced dislocation density in the GaN epitaxial layer. With the ELOG technique,
obtaining GaN epitaxial layers with lower dislocation densities is possible.

In 2005, Wang et al. [107] demonstrated the advantages of PSS in fabricating high-performance
near-ultraviolet LEDs on both flat sapphire substrates and PSS. The dislocation density of GaN
decreased from 1.1x 10° cm ™2 to 2.8 x 108 cm 2, the internal quantum efficiency increased from 36%
to 38%, and the external quantum efficiency improved by approximately 29%. This conclusion
indicates that the performance enhancement of PSS is not only attributed to the improved internal
quantum efficiency resulting from dislocation reduction but also to the enhanced light extraction
efficiency provided by PSS. In 2006, Lee et al. [108] utilized photolithography and wet etching
processes to fabricate PSS with a diameter and spacing of 3 um. The 450 nm LED grown on these
PSS substrates exhibited a 1.15-fold higher light output power compared to devices grown on flat
sapphire substrates, reaching an output power of 9 mW under a 20 mA injection current. In 2008,
Chen et al. [109] fabricated nano-patterned sapphire substrates (NPSS) using nanosphere

lithography and dry etching techniques. They grew 450 nm GaN-based LEDs on NPSS, and under
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a 20 mA injection current, the output power of LEDs grown on NPSS was 1.3 times higher than that
of LEDs grown on flat sapphire substrates and 1.11 times higher than that of LEDs grown on micro-
sized PSS substrates. In 2011, Park et al. [110] fabricated NPSS using nanoimprint lithography and
dry etching processes. The photoluminescence and electroluminescence intensities of LEDs grown
on NPSS were found to be twice and 2.8 times higher, respectively, compared to those grown on
flat sapphire substrates. In 2014, Zhang et al. [111] utilized a self-assembled monolayer of SiO;
nanoparticles as a template and employed dry etching techniques to fabricate NPSS with varying
spacing. Due to epitaxial lateral overgrowth, GaN grown without spacing on the top of NPSS
exhibited the best crystal quality. In the same year, Guo et al. [112] prepared NPSS using a hybrid
nanoimprint soft lithography technique. They utilized a nickel mask and inductively coupled plasma
(ICP) etching to create NPSS with a period of 550 nm and a conical shape. In comparison to LEDs
grown on both NPSS and flat sapphire substrates, the NPSS LEDs showed a 57.9% increase in
overall electroluminescence intensity and a 43.8% improvement in light output power. In 2015,
Jiang et al. [113] fabricated volcano-shaped patterned sapphire substrates using imprint lithography
and wet etching techniques. The larger sidewall reflection area and smaller tilt angle of the substrates
enhanced the light extraction efficiency of LEDs. In the same year, Wu et al. [114] utilized a wet
etching process to fabricate concave-shaped sapphire substrates with a period of 3 um. They
observed that the crystal quality of GaN grown on the concave-shaped sapphire substrates improved
as the pattern spacing (c-plane percentage) decreased. However, when the pattern spacing decreased
to 0.41 micrometers, the crystal quality decreased due to the difficulty in GaN film formation caused
by the reduced c-plane percentage. This indicates that, while ensuring film formation is essential, a
smaller c-plane percentage leads to higher crystal quality. In 2020, Hu et al. [115] fabricated
patterned sapphire substrates with a silica array (PSSA) using a dry etching process. Benefiting from
the reduced threading dislocation density and improved light extraction efficiency, UV LEDs based
on PSSA exhibited more than a two-fold increase in external quantum efficiency compared to LEDs

fabricated on flat sapphire substrates.
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Figure 15. (a)Schematic diagram of the GaN film growth process on PSS.(b) Cross-sectional SEM micrographs of
the GaN grown on PSS. [116]

By summarizing the development of PSS technology, we can conclude the following key points:
- In addition to effectively reducing threading dislocation density in the epitaxial layer,

improving internal quantum efficiency (as shown in Figure 15), increasing light scattering

probability, and enhancing light extraction efficiency (as shown in Figure 16), PSS technology
is also applicable for the growth of visible and ultraviolet LED structures.
- Compared to ELOG techniques, PSS technology requires only a single growth step during the

GaN growth process.

- PSS structures can be designed and controlled by changing structural parameters, allowing for
flexibility in optimizing their performance.

- As manufacturing processes advance, PSS technology is gradually evolving towards more
precise and higher-quality NPSS.

Tian[100][117] successfully fabricated green GaN-based Micro-LEDs by preparing a PSS
structure and utilizing the laser lift-off (LLO) technique. Figure 17 shows the SEM image of the
LLO process with PSS structure. Experimental results have demonstrated that combining the
advantages of PSS epitaxy with a GaN-based LED laser lift-off process significantly enhances the
performance of the chips. Therefore, PSS technology offers various advantages in improving LED
performance, and with advancements in manufacturing processes, it is moving towards the

development of higher-precision NPSS.
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Figure 16. Schematic diagram of internal light propagation in LEDs grown on patterned substrates. [118]

Figure 17. SEM images of PSS structure Micro-LED chip after LLO: (a) 3D diagram (b) top view (c) Local array
devices diagram. (d) Sapphire interface after Micro-LED separation. [117]

Currently, the most advanced technology for PSS fabrication is femtosecond laser processing.
Femtosecond laser processing technology offers capabilities for micro/nanopattern configurations,
nanoscale processing accuracy, strong design flexibility, simplified process flow, and the ability to
process challenging materials like sapphire. However, the main challenge in using femtosecond
laser processing for PSS fabrication is the relatively low processing efficiency.

In femtosecond laser processing, material is typically processed by scanning a focused laser
beam. The structures fabricated using high-precision femtosecond laser processing are typically on
the micrometer scale, while sapphire substrates usually require centimeter-scale patterns. This
challenges large-scale processing equipment and high-precision femtosecond laser processing

efficiency.
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2.2 Laser Etching

Laser etching is a process that involves focusing a high-energy laser beam onto specific areas
of a chip's surface, causing the material to heat up and undergo chemical or physical changes,
thereby removing it. This etching process allows for precise control by adjusting the laser's power,
pulse duration, and focal point position, enabling highly controllable etching processes to meet the
requirements of different structures and sizes in chip fabrication. The production of Micro-LED
chips requires the definition and formation of complex microstructures at the nanoscale to achieve
high precision and high-resolution etching. Figure 18 illustrates the basic etching shapes of Micro

LEDs.

P-type electrode

p-GaN N-type electrode
AllnGaN EBL E
InGaN MQW
n-GaN
Buffer layer

Figure 18. Schematic illustration of Micro-LED after etching.

Laser etching plays a crucial role in the manufacturing of Micro-LED devices. It is used to
create the necessary structures and patterns for circuitry connections, optimizing light emission
efficiency and enhancing optical performance. Precise laser etching enables high-density circuitry
connections and the fabrication of micro- and nano-scale structures, thereby improving the
performance and reliability of Micro-LED chips. Laser etching offers several technological
advantages, including high precision, small feature sizes, excellent controllability, and non-contact
processing, making it a key process for producing high-quality Micro-LED devices.

Laser processing allows for instantaneous material removal, enabling the creation of micro-
sized trenches on GaN surfaces with minimal edge collapse and microcracking. Laser etching is a
non-contact processing method that does not cause physical damage to the chip's surface, reducing

the risks of material contamination and degradation.
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2.2.1 Laser-assisted Dry Etching

Currently, dry etching technology is one of the most widely used and mature techniques for
GaN processing. Dry etching, in a broad sense, refers to etching techniques that do not involve
chemical solution corrosion. Currently, inductively coupled plasma (ICP) / reactive ion etching (RIE)
dry etching is the most commonly used method for etching Micro LEDs, utilizing ICP or RIE
techniques. Compared to the ICP/RIE process, laser-assisted dry etching exhibits clear advantages
in key performance indicators. For instance, the typical etching rate of the laser-assisted process can
reach 50 nm/s [119,120], while ICP/RIE is only 3 nm/s [121], making the former about 16 times
faster. In terms of etching uniformity, the laser-based process can achieve a spatial uniformity of 1-
3% [122], superior to the 3-5% of ICP/RIE [123], representing a 33-50% improvement. Moreover,
the throughput of laser-assisted dry etching can reach 50-100 wafers/h [124], compared to 10-20
wafers/h for ICP/RIE, a 2.5-5 times enhancement. In the aspect of Micro LED device sidewall
quality control, the laser-assisted process also exhibits advantages, including a sidewall verticality
of 88-90° [125], outperforming the 85-87° of ICP/RIE [126], and a surface roughness (RMS) of 0.5-
I nm [127], better than the 1-2 nm of ICP/RIE. These performance advantages are crucial for
improving the optical performance and reliability of Micro LEDs.

Laser-assisted dry etching essentially replaces traditional plasma etching methods with laser
etching, involving laser-based micro-nano processing. Among existing dry etching techniques for
semiconductor micro-nano structures, photolithography is the first and most crucial step in
semiconductor micro-nano structure fabrication. It is also the most complex and technologically
challenging step in dry etching processes. The photolithography process is essentially a process of
pattern transfer, including the transfer of patterns from a mask to a photoresist layer and from the
photoresist layer to the wafer surface. Figure 19 demonstrates the photolithography process
described above. The process consists of four main steps: exposure, development, etching, and
stripping. Exposure involves precise alignment of the mask and pattern on the wafer, where a laser
beam is directly used to illuminate the photoresist layer. The laser beam is focused using lenses or
other optical components to concentrate the light energy onto specific regions of the photoresist.
Development is the step where unexposed or untreated portions of the photoresist are removed,

leaving behind the desired pattern. After development, the pattern is transferred from the mask to
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the photoresist layer. Etching removes the exposed portions of the photoresist layer on the wafer
surface using laser etching, creating openings for pattern transfer from the photoresist layer to the
wafer surface. Finally, the photoresist layer on the wafer is removed using methods such as acetone,

completing the pattern transfer process.
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Figure 19. Laser-assisted dry etching process.

UV lasers are typically chosen as the laser source. By using UV lasers to etch the exposed
material, the pattern is transferred to the underlying layers. Dai et al. [128] utilized a deep ultraviolet
pulsed laser to etch a gallium nitride coating on a sapphire substrate. Figure 20 demonstrates the
patterns formed by scanning with a 157 nm wavelength laser with a 20 ns pulse width. Analysis
revealed that the average roughness decreased with increasing scanning speed and increased with
higher laser repetition frequency. During the laser etching process, direct photodissociation or
photochemical reactions played a dominant role. To achieve sharp sidewalls for microgrooves, a

narrower laser spot size should be used.
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Figure 20. The square pattern was formed by scanning with a 157 nm laser on a gallium nitride film. [128]
Due to the shorter wavelength of UV lasers, their energy is more easily absorbed by materials
and interacts with the surface. However, this results in relatively shallow etching depths. For Micro-
LEDs that require greater depths, multiple processing steps or alternative methods may be necessary
with UV lasers. E. Gu [129] utilized UV laser processing by employing a group of internally
modulated beams that oscillate in a scanning line pattern. The beam oscillation combines circular

motion with linear motion, resulting in a spiral motion of the laser beam. This technique is illustrated

36



in Figure 21(a). The cross-sectional image in Figure 21(b) demonstrates the fabrication of
microgrooves using this method. It can be observed that the microgrooves have smooth sidewalls.
However, the bottom surface is not flat, and the maximum depth is located at the bottom edges. Due
to the high photon energy of UV laser processing, there is a tendency for redeposition of material
on the sidewalls and bottom of the microgrooves, making it challenging to achieve deep processing

of the grooves.
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Figure 21. (a)Laser process strategy to fabricate micro-trenches in GaN. (b) SEM image of a micro-trench in GaN.
[129]

Laser lithography can utilize a variety of photoresists, including photo-polymer-based and
thermally sensitive photoresists. Laser-assisted dry etching enables efficient etching processes and
allows for different pattern definitions by changing the mask. However, this technique requires the
use of masks, making the fabrication process more complex and requiring high precision in mask

preparation and alignment.
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Figure 22. Dry etching-assisted femtosecond laser processing. [130,131]

The combination of femtosecond laser and dry etching has gradually attracted the attention of
researchers. Liu et al. [130,131] utilized a process involving dry etching-assisted femtosecond laser
processing to fabricate micro-lens structures on the surfaces of materials such as Si, sapphire, SiC,
and quartz glass (as shown in Figure 22). In the case of Si material, the dry etching-assisted
femtosecond laser processing was conducted using inductively coupled plasma (ICP) etching, with
the oxygen content deposited on the processed surface controlled by adjusting the femtosecond laser
processing parameters. The results indicated that the deposition of oxygen species from the ambient

air during femtosecond laser processing had an impact on the subsequent dry etching process.
2.2.2 Laser direct writing(LDW)

LDW, also known as maskless laser etching, is a laser etching technique that directly defines
patterns on the surface of a material without using traditional photolithography masks. The principle
involves controlling the positioning of the laser beam to form the desired patterned structures on the
material directly, utilizing the high energy density and focusing of the laser beam to induce localized
chemical or physical reactions for pattern definition and etching. By adjusting the intensity, focal
point, and scanning speed of the laser beam, the processing parameters during the lithography
process can be controlled to achieve high-precision pattern fabrication. This technique enables the
direct fabrication of small-scale micro and nanoscale patterns on materials in a single-step process

with high precision and efficiency [132—-138]. Therefore, it is suitable for multiple patterning and
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selective patterning of GaN thin films.

Compared to laser-assisted dry etching, it enables the fabrication of smaller microstructures
and does not require masks, allowing for more flexible pattern designs. It applies to various types
of materials and offers faster processing speeds.

Yu et al. [139] demonstrated the fabrication of InGaN-based Micro-LEDs with feature sizes
ranging from 1 to 20 um using the LDW technique. Figure 23 illustrates the process, and the results

confirmed the suitability of the LDW technique for manufacturing Micro-LEDs.
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Figure 23. (a) processing scheme for GaN-based micro-LED (b) SEM micrograph of a 1 um diameter blue micro-
LED, with extended positive and negative pads. (c) -(¢) SEM micrographs of mesa etching with different chip
sizes correspond to the second step in (a). [139]

Compared to conventional LDW, ultrafast LDW offers advantages in achieving higher
precision and reduced thermal damage. Ultrafast lasers are characterized by extremely short pulse
durations, typically in the femtosecond (107!°) range. Because the pulses are very brief, the laser's
interaction time with the material is extremely short, preventing heat from propagating significantly
within the material and thus avoiding significant thermal damage. Research by C. Momma
demonstrated the use of femtosecond laser processing [140], confirming that femtosecond lasers
cause less thermal damage compared to other laser processing methods because they can cool down
electrons and heat the lattice within femtoseconds. As a result, femtosecond lasers have become a
new method for processing GaN thin films.

Extensive research has been conducted to better understand the mechanisms behind the
femtosecond laser processing of GaN. Ozono et al. [141] achieved linear control over the depth of
microgrooves in GaN thin films by adjusting the number of femtosecond laser pulses. The

experiments demonstrated that although the effective etching rate was lower compared to
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nanosecond laser ablation, a more defined ablation process could be achieved. T. Kim et al. [142]
proposed the use of femtosecond laser micromachining on single-crystal GaN substrates. They
found that by optimizing the laser energy density and scanning speed, ideal microgroove sizes could
be obtained. G. Rice et al. [143] suggested that by adjusting the average laser power and the number
of scans of the femtosecond laser, micron-scale grooves could be obtained on the surface of GaN.
They observed that increasing the scanning time effectively removed the re-deposited material
within the grooves. Nakashima et al. [144,145] explored a new method involving wet chemical-
assisted femtosecond laser ablation. They achieved successful fabrication of well-crafted arrays of
ablation holes on single-crystal GaN substrates, aiming to improve the light extraction efficiency of
LEDs. Almeida and Nolasco [146,147] studied the latent period effect of the damage threshold as a
function of the number of pulses during femtosecond laser micro-processing of GaN films with
different wavelengths. Figure 24(a) shows the SEM image of a straight groove microfabricated on
the sample surface with a fixed scanning speed. The research indicates that with the increase of laser
energy density, the width of the line increases. Additionally, due to the increased generation of
defects in this mechanism, higher roughness is observed in microfabrication lines with a higher
impact. Wei [26][148] conducted a study on the impact and interactions of process parameters
during femtosecond laser processing of single-crystal GaN substrates, focusing on microgroove
depth, microgroove width, heat-affected zone (HAZ), and material removal rate (MRR). In Figure
24(b), it can be observed that increasing the laser scanning speed led to a significant reduction in
microgroove depth and HAZ, while the microgroove width remained relatively stable. The MRR
showed an increase. As the number of scans increased, the microgroove width initially increased
rapidly until reaching a critical value, after which it stabilized. However, once the microgroove

depth reached a certain critical value, it started to decrease.

40



F = (0,72 £ 0,08) Jcm*

F=(14£01)Jcm?

F=(25202)Jcm?

F=(40£03)Jcm?

Microgroove depth (pum)

F=(51+04)Jcm?

210 0.5 0.0 0.5 1.0 1.0 05 0.0 0.5 1.0
F=(62£05)Jcm Process parameters (Coded units) Process parameters (Coded units)
Microgroove depth Microgroove width
35 L) ) ! 12 2.0+10°
= —P---§
3.0 + 4
25¢ T 4
€20} 1
T
15 \ .
1 2
10 ‘_ 1 0 0.0
L n 1 -1.0 0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0s 1.0
1.00 272 7.39 Process parameters (Coded units) Process parameters (Coded units)
(a) Peak fluence (J cm”) (b) HAZ MRR

Figure 24. (a) SEM image showing the influence of micro-patterning lines on GaN film and the square half-width
of the micro-patterning lines as a function of peak GaN flux. [147](b) Effects of laser power (P), scanning speed
(S), scanning cycles (n), and repetition frequency (f). [148]

Based on previous research, it can be concluded that laser power, scanning speed, and scanning
time have significant effects on the depth and width of microgrooves. Increasing the laser power
can increase the depth of the grooves, while lower scanning speeds, more scans, and lower repetition
rates can increase the width of the grooves. From previous studies, the following observations can
be made:

- Laser power control: Increasing the laser power can increase the etching depth. However, it is
important to avoid excessively high power that can lead to over-etching or thermal damage.

- Scanning speed and scanning time: Lower scanning speeds and longer scanning times can
achieve greater etching depth and width. The etching results can be controlled by adjusting the
scanning speed and scanning time.

- Repetition rate: Lower repetition rates can result in larger etching depth and width. However,
it is important to note that excessively low repetition rates may lead to sintering effects or other
non-ideal etching characteristics.

- HAZ: Femtosecond laser ablation has a smaller heat-affected zone, indicating less thermal

damage during the etching process.
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2.3 Substrate Removal

There are several reasons for removing the substrate in GaN-based LEDs grown on sapphire.
Firstly, sapphire has a relatively low thermal conductivity, which hinders efficient heat dissipation
and limits the performance of high-power LEDs. Secondly, due to the significant difference in
refractive index between sapphire and air, a large amount of light gets trapped inside the sapphire,
resulting in limited light extraction efficiency. Thirdly, the thick sapphire substrate leads to strong
sidewall emission, where light leaks out from the side edges. This causes undesirable optical
crosstalk during display applications, reducing the graphic quality and contrast of the displayed
images. [149—151] This is particularly important for displays based on Micro-LED technology,
where the substrate must be removed to mitigate these issues.

Traditional chemical [152] and mechanical [153] peeling methods can also achieve peeling,
but they have obvious limitations. Chemical peeling requires a large amount of chemical reagents,
which not only makes the process complex but also easily causes environmental pollution.
Mechanical peeling relies on precise equipment and is very likely to damage the fragile Micro LED
materials. In comparison, laser peeling technology has shown unique advantages. Laser energy is
concentrated, which can achieve instant peeling [154], and the peeling speed can theoretically reach
up to 10 meters per second, greatly improving production efficiency. At the same time, the energy
utilization rate of laser peeling is much higher than traditional methods, which can significantly
reduce material waste and lower manufacturing costs [155]. Furthermore, laser peeling has excellent
controllability, allowing precise control of the peeling position and depth, avoiding problems such
as chemical contamination and mechanical damage. Based on these outstanding advantages, laser
peeling has undoubtedly become an indispensable key technology in Micro LED manufacturing.

In the fabrication process of Micro-LED chips, laser lift-off is a technique used to separate the
epitaxial wafer from the substrate. It is commonly employed to detach Micro-LED epitaxial wafers

grown on sapphire or other substrates, allowing for subsequent processing and packaging.

2.3.1 Laser Lift-Off (LLO)

Laser Lift-Off (LLO) originated in 1996 when Kelly et al. [156] discovered that short laser

pulses could induce high spatial resolution decomposition of GaN. They successfully demonstrated
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the removal of GaN films from sapphire substrates using 355 nm pulsed lasers. As the laser passes
through the sapphire, its energy is absorbed by the GaN epitaxial layer, causing a thin layer of GaN
to decompose into liquid Ga and N, gas. Finally, the stress generated at the interface by the
decomposition products facilitates the release of the epitaxial layer from the substrate. Based on this
principle, Wong et al. [157,158] utilized laser lift-off to fabricate InGaN thin-film LEDs in 1999.
Since then, laser lift-off technology has been widely applied for substrate removal in both LED and
Micro-LED [159] production processes.

The bandgap energies for sapphire, GaN, and AIN are 9.9 eV, 3.39 eV, and 6.2 eV, respectively.
Figure 25 illustrates the principle of LLO. It involves the use of a short-wavelength laser with photon
energy higher than the energy bandgap of GaN but lower than the bandgaps of sapphire and AIN.
The laser irradiation starts from the sapphire side, and after passing through the sapphire and AIN

layers, it is absorbed by the surface layer of GaN.

3 F Buffer Layer
(a) JT ; ? (b) Sapphire fo—
Sapphire Substrate hv n-GEN
Laser () |\ E,.can
[ I B— ]
I '—lBonding Glue— L )
— Laser pulse absorbed position
Temporary Substrate Ey> #V> Eycan™ Encan

Figure 25. (a) LLO schematic diagram. (b) Schematic diagram illustrating the photon energy in the peel-off
mechanism. [117]

During this process, the surface GaN undergoes thermal decomposition. Since the melting
point of Ga is around 30°C, it generates N> gas and liquid Ga. The nitrogen gas escapes and the
separation between the GaN epitaxial layer and the sapphire substrate is achieved through
mechanical force [156]. The decomposition reaction occurring at the interface can be represented
as follows [160,161]:

2GaN(s) » 2Ga() + N, (g) 1T

According to the formula for photon energy, the optimal laser wavelength that satisfies the
aforementioned conditions falls within the following range: 125 nm < 209 nm < A <X 365 nm.
The laser pulse width, laser wavelength, and laser energy density are key factors in achieving the
laser lift-off process. The ultraviolet range, specifically the wavelength range of 209 nm to 365 nm,
is well-suited for this purpose. It should be noted that due to the thickness of GaN, a single pulse is

not sufficient to achieve effective laser lift-off. Multiple pulses are often required. For example,
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when using a 248 nm laser to decompose GaN with a thickness of 400 nm to 1200 nm, it is
recommended to use 10 to 30 pulses. Currently, various laser sources can be used for laser lift-off,
including wavelengths such as 194 nm [162], 248 nm [162], 266 nm [163], 308 nm [164], 355 nm
[156], 532 nm [165], and 1030 nm [166]. Different types of lasers and process parameters have a
significant impact on the Micro-LED transfer process. To better understand and optimize this
technology, we have summarized the key parameters of the typical LLO processes reported in the
recent literature, such as the laser type, pulse energy and width, carrier materials, and bonding
methods, as shown in the table below. The selection of these parameters directly determines the
efficiency and quality of Micro-LED transfer, which is crucial for the performance and reliability

of Micro-LED devices.

Table 3. Various Micro-LED Transfer Methods Based on LLO [167]

Laser type Pulse energy  Pulse Handing Bonding method Lift-off Reference
width  carrier area
248 nm KrF laser PET Wafer bonding 20 x 20 [168]
(Ti/Au/AuSn/Au) mm?
248 nm KrF laser 900mJcm?2  5ns  Si Wafer bonding [169]
(Cr/Pd)
266 nm Nd: YAG laser / / 11.3 x0.46 [170]
mm?
266 nm DPSS laser >600mJcm™2 10ns  Glass Adhesive bonding 4-inch [171]
using polyimide
266 nm DPSS laser 300mJem™2  Sns UV tape Adhesive bonding [172]
using UV tape
266 nm DPSS laser <600 mJ cm™2 Glass Adhesive bonding [173]
using polyimide
248 nm KrF >950mJecm2  20ns  Glass PDMS glue bonding 14 x 14 [174]
Array

A reliable LLO process not only requires achieving complete separation at the interface but
also avoiding the occurrence of electrical/optical performance defects. The bonding strength
between GaN and sapphire is closely related to the laser energy density, which has a threshold value.
High-energy lasers can induce certain thermodynamic effects such as crack formation, bending due
to thermal stress, vapor pressure of nitrogen, thermal shock, etc., making the damage-free lift-off
process a challenging task. Whether LLO can avoid defects depends on the optimization of various
laser processing parameters. Specifically, it includes laser energy density [175], laser scanning
method [176], laser parameters [163], etc. Among them, the appropriate energy threshold is a key
parameter for the success of the delamination process. To expand the process window for the energy
threshold, Tang et al. [175] inserted sacrificial layers composed of InN/InGaN superlattices at the
interface when preparing GaN films on sapphire substrates. This approach resulted in GaN films

with greater thickness and lower defects, reducing laser-induced damage. The laser scanning method
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also affects the performance of GaN films [176]. Delmdahl et al. [176] used two laser scanning
methods, namely, the linear scanning method (line beam) and the step-and-repeat scanning method
(rectangular spot beam). They found that the linear scanning method caused less damage to the GaN
film compared to the step-and-repeat scanning method.

Laser scanning speed is an important parameter that significantly affects the outcome of LLO.
XLTong [177] conducted a study on the influence of laser scanning speed on LLO performance.
The threshold laser energy density for LLO of GaN films is approximately 400 mJ/cm? [178]. To
investigate the impact of laser scanning speed on the structural and optical properties of LLO GaN
films, samples were scanned at speeds of 0.5 mm/s and 1.0 mm/s, respectively, at the same laser
energy density of 600 mJ/cm?. Increasing the laser scanning speed leads to a shorter thermal
annealing time, which results in a reduction in grain size. When the thermal annealing time is too
long, GaN grains can overgrow, becoming larger and agglomerated. GaN separated from sapphire
at a laser scanning speed of 1.0 mm/s exhibits better surface morphology.

The laser scanning speed is also an important parameter that significantly affects the results of
LLO. XLTong[177] studied the influence of laser scanning speed on the performance of LLO. The
threshold laser energy density for laser ablation of GaN films is approximately 400 mJem 2 [178].
To investigate the impact of laser scanning speed on the structural and optical properties of LLO
GaN films, the samples were scanned at speeds of 0.5 mm/s and 1.0 mm/s, respectively, with the
same laser energy density of 600 mJem™2. Figure 26 shows the corresponding Raman spectra.
Increasing the laser scanning speed leads to a shorter annealing time, resulting in a reduction in
grain size. When the annealing time is too long, GaN grains tend to overgrow and become coarse
and agglomerated. Figure 26 presents the AFM image of GaN grains, showing that the GaN
separated from the sapphire substrate at a laser scanning speed of 1.0 mms™! exhibits a better surface

morphology.
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Figure 26. Raman spectroscopy and AFM images of sample scans before scanning (a), at a speed of 0.5 mms™' (b),
and a speed of 1.0 mms™' (c). [177]

In addition to laser scanning speed, the laser pulse width also has an important influence on
the LLO process. Wu et al. [179] observed that GaN films were damaged at a laser energy density
of 300 mJ/cm? with a pulse width of 5 ns. However, they also found that at a pulse width of 35 ns,
a laser energy density of 900 mJ/cm? was required to cause damage to the GaN film. This is because
lower energy density and narrower pulse width can generate the same temperature and pressure as
higher energy density and wider pulse width.

CHEN et al. [180] systematically studied the effects of laser pulse width on the GaN LLO
process and performance. Under narrower pulse widths, picosecond lasers showed superior peel-off
effects compared to nanosecond lasers, and they had less thermal impact on the LED chip region.
This is attributed to the reduced energy required for peel-off due to the shorter pulse width and
wavelength. Additionally, narrower pulse widths resulted in less damage to the GaN film due to the
smaller heating area, lower transient temperature, and lower nitrogen vapor pressure during the LLO
process. Understanding the temperature distribution of GaN films during the LLO process is crucial
since the vapor pressure of nitrogen (N») is temperature-dependent [60]. Taking into account optical
losses and substrate temperature rise, the temperature can be calculated using a one-dimensional
heat equation. The heat equation can be expressed as (1).

aT a 0 aT
ot pCpo, (k E) W

where the thermal diffusivity factor a is defined asa = k/p - Cp;k, Cp» T are the thermal
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conductivity, density, specific heat and temperature, respectively; I(z, t)is the incident power
density at a depth z and time ¢, and it can be written as (2).

I(z,t) = Iy(t)(1 = Ry)exp(—asds) - (1 — Rgan)exp(—aganz) (2

Where as. agan are the optical absorption coefficients of sapphire and GaN, respectively;Rs

and Rgan are the surface reflectivities at the air/sapphire and sapphire/GaN interfaces,

respectively;ds is the thickness of the sapphire substrate, [o(t) is the output laser power density per

pulse.
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Figure 27. (a) Temperature distribution at the GaN/sapphire interface under different pulse widths and laser energy
densities during quasi-continuous wave laser irradiation. (b) Threshold energy density for the LLO process as a
function of the pulse width. (¢) The decomposed thickness of the GaN film as a function of pulse width for
different fluctuations of the pulsed laser energy. [180]

As shown in Figure 27(a), with the increase of laser energy density I, the interface temperature
Tint shows a linear increase. Furthermore, when the pulse width is narrower, the increment of Ty is
greater compared to wider pulse widths. In ideal conditions, for double-polished sapphire substrates,
optical scattering can be neglected. As illustrated in Figure 27(b)and(c), emission can be achieved
under the threshold energy density condition when the decomposition thickness of GaN is only a
monolayer. However, in actual experiments, the laser energy density used is consistently higher than
the threshold energy density, and the decomposition thickness can reach 100 nm [181]. These
fluctuations may arise from the non-uniformity of energy distribution within the irradiation area and
variations between pulses [181,182]. Only when the temperature of the entire irradiation area
reaches the decomposition temperature Tq the GaN film be completely delaminated. LLO with
shorter pulse widths causes less damage to GaN crystals. Due to the characteristics of narrow pulse
widths, the laser energy is delivered to the crystal in an extremely short time, leaving almost no time
for thermal conduction effects. This reduces the possibility of thermal diffusion and thermal damage,
thereby minimizing the potential risks of damage to Micro-LED chips and ensuring the performance

and integrity of GaN crystals to the maximum extent.
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As the laser energy density I, increases, the interface temperature T’ exhibits a linear increase,
especially with narrower pulse widths, and under experimental conditions exceeding the threshold
energy density, the decomposition thickness of GaN can reach 100 nm [181] for double-polished
sapphire substrates. These fluctuations may arise from the non-uniformity of energy distribution
within the irradiation area and variations between pulses [181,182]. Only when the temperature of
the entire irradiation area reaches the decomposition temperature Tq can the GaN film be completely
delaminated. LLO with shorter pulse widths causes less damage to GaN crystals. Due to the
characteristics of narrow pulse widths, the laser energy is delivered to the crystal in an extremely
short time, leaving almost no time for thermal conduction effects. This reduces the possibility of
thermal diffusion and thermal damage, thereby minimizing potential risks of damage to Micro-LED

chips and ensuring the performance and integrity of GaN crystals to the maximum extent.
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Figure 28. (a) Comparison of typical forward I-V characteristics before and after LLO. (b) Comparison of typical
current efficiency-luminance characteristics of LED array device. The inset shows the typical picture of light
emission. [117]

Tian et al. [117] fabricated GaN-based micro-LEDs on PSS and analyzed their 1I-V
characteristics, as shown in Figure 28(a) and (b). The results showed that the reduction in LED
forward voltage (VF) after LLO can be attributed to significant improvements in current spreading
and rapid heat dissipation caused by Joule heating and PN junction temperature. Another reason is
that the LLO process caused partial damage to the epitaxial lattice, opening a pathway in the original
PN MQW layers. The decrease in operating voltage of the chip device implies a reduction in power
consumption of the display at a fixed brightness level, meeting the demand for low-power display

products.
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Stephan KRAUSE et al. [183] used femtosecond laser pulses of different wavelengths to study
the ultrafast non-thermal ablation-induced LLO of ultrathin layers at the interface of two materials.
They determined a non-damaging processing window and confirmed the suitability of femtosecond
lasers for LLO. Femtosecond lasers in LLO exhibit the following characteristics:

- Non-thermal damage: The extremely short pulse duration of femtosecond lasers results in
minimal heat transfer to the material. As the pulse duration is too brief, there is almost no time
for thermal conduction to occur.

- High precision and controllability: Femtosecond lasers offer high spatial and temporal
resolution, enabling precise and controlled ablation processes. By adjusting laser parameters
such as power and focal depth, the interaction between the laser and the chip interface can be
precisely controlled, resulting in high-quality and consistent ablation outcomes.

- High efficiency: Femtosecond laser ablation typically employs micrometer-sized spots,
allowing for the processing of large chip areas in a short amount of time.

- Wide applicability: Femtosecond laser ablation is suitable for various types of materials and
structures, including thin films, multilayer structures, and complex devices.

However, LLO technology is only applicable to ultraviolet-transparent substrates, such as
sapphire substrates; for non-transparent substrates, like silicon or gallium arsenide, mechanical

grinding, and wet chemical etching techniques are feasible options.
2.3.2 Selective Laser Lift-Off (SLLO)

To achieve full-color emission in Micro-LED displays, it is necessary to precisely arrange and
integrate red, green, and blue Micro-LED chips on the same substrate, creating small and high-
resolution color display pixels. However, the LLO process is based on the full-area delamination of
chips of the same color. Complex transfer processes are required to achieve three-color integration,
which is not suitable for the selective integration of non-uniform red, green, and blue micro-LED
devices. Moreover, selective repair of a small number of damaged Micro-LED chips is crucial for
improving the yield of display products. Therefore, laser-based selective transfer technology has
emerged. This technology is applicable for heterogeneous integration and selective repair [183,184]
without requiring complex batch processing. It allows for the selective transfer of specific pre-

defined LEDs and repair of damaged LEDs. Figure 29(a) illustrates the scanning strategy for SLLO.
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Selective Laser Lift-Off (SLLO) is a technique that uses laser irradiation to selectively
delaminate the interface between Micro-LED chips and the substrate. Typically, UV light is used as
the light source. Shorter wavelengths of light have stronger interactions with the material, enabling
a more precise delamination process. Additionally, UV light generates relatively less heat during the
delamination process, reducing the risk of thermal damage. Jaegu Kim [184] utilized a 266nm
diode-pumped solid-state laser irradiation technique to study the relationship between light intensity
distribution and defocus length, as shown in Figure 29(b). SLLO of GaN-based Micro-LED on the
sapphire substrate was performed, and it was found that a larger beam size with a laser intensity of
approximately 37 kW/cm? provided better surface quality compared to a smaller beam size. The
feasibility of SLLO was validated by selectively lifting off the Micro-LED onto a release layer, as

depicted in Figure 29(c).
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Figure 29. (a) Schematic diagram of selective laser lift-off (SLLO). [184] (b) Variation of light intensity
distribution with defocusing length when the power is 150 mW and the focused beam size is 7.3 pm. [184] (c)
Selective emission onto the letter "K". [184]

To determine the feasibility of complete delamination in SLLO, it is necessary to investigate
the relationship between laser power density and substrate material adhesion. Junsu Park [185]
studied the impact of laser energy density on SLLO performance. An ultraviolet laser with a
wavelength of 266 nm, a pulse width of 20 ns, average power of 3 W, repetition rate of 30 kHz, and

a beam diameter of 2 mm was used. The laser power density was varied from 64 to 108 kW/cm?,
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with changes occurring every 6 kW/cm?. Figure 30 (a) shows that the material adhesion strength
remains relatively unchanged at laser power densities of 64-76 kW/cm?. However, at a laser power
density of 83 kW/cm?, the adhesion strength initially decreases to 43.2 MPa and then gradually
increases. Figure 30 (b) analysis reveals that at laser power densities greater than 83 kW/cm?, a
significant amount of Ga residues on the surface, resulting in increased surface roughness and
enhanced micro contact area between the LED and sapphire substrate, thereby increasing the friction
and adhesion forces between the materials. There is a significant variation in adhesion strength
within the laser power density range of 64-108 kW/cm?. To reliably separate GaN-based LEDs from
sapphire substrates, a higher power density is required than for Ga decomposition to ensure
sufficient Ga precipitation through laser irradiation. On the other hand, even with Ga precipitation,
higher power densities can lead to thermal damage and roughening of the interface, hindering the

separation of GaN LEDs from the sapphire substrate.
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Figure 30. (a) Influence of laser power density on adhesion strength. (b) SEM images at different laser power
densities. [185]

It can be concluded that laser power density has a direct impact on the separation efficiency of
Micro-LEDs. Higher laser power density provides more energy, making the separation process more
efficient. Laser power density has a complex influence on the separation quality. An appropriate
laser power density can achieve high-quality separation, resulting in smooth separation surfaces and
intact Micro-LED chips. However, excessively high laser power density may cause excessive
absorption and localized melting, leading to increased roughness of the separation surface, edge
burning, and cracks, thereby reducing the separation quality. The choice of laser power density is
also closely related to temperature control. During the SLLO process, laser power density can cause

localized heating of the material, requiring appropriate temperature control to avoid damage caused
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by overheating. By combining appropriate laser power density and temperature control, good
separation efficiency and quality can be achieved. Excessive laser power density may cause damage
to the substrate material. Excessive focusing and absorption of laser energy can result in thermal
damage, melting, and fracturing of the substrate. Therefore, it is crucial to choose an appropriate
laser power density that is high enough to achieve effective separation while avoiding damage to
the substrate.

Similar to LLO, SLLO with short pulse widths causes minimal damage to GaN crystals.
Therefore, it is necessary to investigate the capability of femtosecond laser SLLO. Steffen
Bornemann et al. [186] successfully fabricated independent Micro-LED chips with a thickness of
less than 5 pm using a two-step process. Figure 31 presents a two-step process flow, where the
selected separation area is scanned using a high-energy femtosecond laser, and high-quality
boundaries are obtained through laser-induced cracking. Then, in the second step, a lower pulse
energy was used to delaminate the selected areas to avoid chip damage. This two-step process
strategy fully utilizes the high power and fine control of a high-energy femtosecond laser with lower
pulse energy, demonstrating the successful fabrication of independent Micro-LED chips with a
thickness of less than 5 pm through femtosecond laser delamination. Femtosecond lasers, due to
their small heat-affected zone, high processing precision, and absence of thermal stress, are
particularly suitable for thin-film delamination applications in Micro-LED manufacturing. SLLO is

currently not in mass production and requires further research and development.
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Figure 31. Two-step process flow for an area-selective LLO.[186]

2.4 Laser mass transfer

LLO is a crucial step in separating Micro-LEDs from sapphire substrates. However, after

delamination, the Micro-LEDs still need to be transferred onto another substrate to complete the
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final device fabrication. This involves the chip transfer process.

To achieve precise and efficient bonding of millions or even tens of millions of Micro-LED
chips on a few square centimeters of a driver backplane, with a fault tolerance rate of one in a million
and a positional deviation between chips controlled within +0.5 um, it is necessary to meticulously
control each step of the process. With the current equipment and process methods, it is challenging
to accomplish such a massive number of transfers. Taking a 4K television as an example, it requires
the transfer of up to 26 million chips (calculated based on 4096x2160%3, where 4096x2160
represents the number of pixels, and each pixel contains R/G/B three-color chips). Assuming a
transfer of 20,000 chips per cycle, it would still require 1,300 cycles. Even with a transfer yield of
99.999%, it would still necessitate the repair of 260 LED defects, and the repair of Micro-LED
defects is extremely difficult.

Laser transfer is a technology that involves separating Micro-LEDs from the source substrate,
picking them up in batches, and then transferring them individually or in groups to the
corresponding pixel electrodes on the display substrate [187]. It can be applied to different sizes and
materials of display substrates. Compared to other non-laser transfer processes, laser-assisted
transfer technology performs more excellently in multiple key indicators. First, in terms of transfer
efficiency, laser transfer can reach an extremely high level of 99.99%, an almost perfect transfer
rate [ 188]. In contrast, other non-laser processes such as electrostatic [189] and fluid assembly [190]
generally have transfer efficiencies in the range of 50-90%. In terms of transfer speed, laser transfer
is far ahead, capable of an astonishing speed of 100 million chips per hour, over 100 times faster
than non-laser processes. For example, electrostatic transfer is only about 1 million chips/hour, and
fluid assembly is around 500,000 chips/hour. In chip size, laser transfer applies to chips of 1 micron
and above, covering most application areas, while non-laser processes are typically limited to the
10 - 100 micron range. In addition, laser transfer does not introduce any contaminant impurities,
ensuring device performance, which is difficult for non-laser processes to achieve. Of course, laser
transfer also has some limitations, such as the laser source potentially damaging the stability of chip
transfer. In comparison, non-laser processes like electrostatic transfer have better flexibility and
repeatability. The comparison between laser massive transfer and other transfer methods is shown

in table 4.
Table 4. Comparison of various mass transfer technologies.
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By generating certain interface phenomena through photothermal or photochemical reactions,

the microdevices adhered to the responsive layer material overcome adhesion forces and are

transferred to the target substrate. Based on the differences in laser parameters and responsive layer

materials, interface phenomena can be classified into three categories: direct delamination, bubble

formation, and stress-assisted transfer.

Direct delamination refers to the complete decomposition of the responsive layer material
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(such as GaN material) at the interface after absorbing laser energy, leading to a weakening of the
adhesion force between the device and the interface, thereby enabling transfer. Bubble formation
refers to the ablative reaction of the responsive layer material (such as metal films [193], polymers
[194], or thermally releasing adhesive layers [195]) at the interface, resulting in the generation of
gas products that form bubbles. The device attaches to the bubbles, and the chip is detached and
transferred to the receiving substrate due to the raised interface, reducing the surface contact area.
Stress-assisted transfer refers to the thermal expansion effect of the responsive layer material (such
as PDMS [196], SMP [197]) after absorbing laser energy, causing deformation under thermal or
shear stress. Interface cracks propagate, leading to the transfer of the chip to the target substrate.

Although these transfer techniques are based on different interface phenomena, they all utilize
laser pulses to control the adhesion forces between the laser-responsive layer material and the
microdevice interface, achieving chip detachment and transfer. The direct transfer method is similar
to laser lift-off and will not be reiterated. The large-scale manufacturing of Micro LED displays
hinges on the effective mass transfer of individual LED elements. Various laser-assisted transfer
techniques have emerged as promising solutions, each exhibiting distinct advantages and tradeoffs
across critical performance metrics.

The LLO approach leverages the direct decomposition of the GaN-sapphire interface under
266nm laser irradiation, enabling the peeling of individual GaN-based LED elements onto flexible
substrates [198]. This method demonstrates exceptional transfer efficiency, reaching an impressive
99.9%. However, the LLO process is limited by a relatively coarse transfer precision of =10 um.

In contrast, the [199] LIFT method stands out for its remarkable transfer speed, achieving rates
exceeding 100 parts per second or over 100 M/hour. Remarkably [200], the LIFT process also attains
a high transfer precision of 1.8 um [201]. These speed and precision attributes make LIFT a
compelling solution. Nevertheless, its transfer efficiency is lower, at 64% [202].

Other laser-assisted techniques, such as laser-driven microstructure transfer and laser-driven
SMP [203] transfer, exhibit more moderate performance profiles. Their transfer efficiencies range
from 50-70%, transfer precisions around +35 pm, and relatively slower speeds [204].

The tradeoffs between these key parameters - transfer efficiency, speed, and precision - must
be carefully weighed when selecting the optimal laser-assisted Micro LED mass transfer technique

for a given application. The LLO method excels in throughput, while the LIFT process offers
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unparalleled speed and precision. The other techniques present more balanced performance

characteristics. The comparison of laser transfer methods and technologies is shown in Table 4.

Table 4. Comparison of Laser Transfer Methods Technology.

method Interfacial interface mechanism laser Transfer Results References
Phenomena Object
laser lift-off direct Sapphire- GaN 266nm 100 um Realize the [198]
decomposition GaN decomposes into  solid- x 100 peeling of a
Ga and N? state umGaN single LED
laser LED onto a flexible
substrate
Laser-induced Quartz-DRL 355nm 680 um Yield: 64% [199]
forward Nd: x 680 Deviation
transfer YAG umX 65 angle: 3.5 °
laser Lm
silicon
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Double- DRL-restricted ) ) Ng: %300 p m. Speed:
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bubbling impact laser 130 B m
Bubble silicon
formation at water
the interface
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microcavity - Air expand due to fiber x 200 temperature
transfer heat, reducing laser pumLED non-contact
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reducing different
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the viscous layer LEDI0 successfully
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2.4.1 Blister

The origin of laser transfer technology can be traced back to the Laser-Induced Forward
Transfer (LIFT) technique. LIFT is a technology that enables the precise placement of various
functional materials and structures into user-defined patterns, allowing for the large-scale placement
of structures or devices with tiny feature sizes. LIFT technology was first proposed by Bohandy et
al. in 1986 [206]. In LIFT, a laser is directed through a transparent substrate to interact with the
interface material on the source substrate, causing it to melt or ablate. The resulting vapor pressure
transfers the interface material and the attached device to the target substrate.

For laser-induced forward transfer of microdevices, a Dynamic Release Layer (DRL) is
introduced between the transparent substrate and the microdevice [207]. The laser interacts with the
DRL on the transparent substrate, causing localized energy absorption, ablation, and decomposition
in the shallow region of the DRL at the interface. The remaining portion of the DRL remains intact,

confining the generated gas products within the undecomposed film. When the gas pressure exceeds
57



the yield limit of the confined film due to the stress generated by the gas, the film deforms and forms
a bubble. As the volume of the bubble increases, the gas pressure decreases until reaching a steady
state. The curvature change of the bubble reduces the adhesion between the device and the sacrificial

layer interface, while the instantaneous impact provides the kinetic energy for chip transfer.
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Figure 32. LIFT principle diagram. [208]

LIFT technology has successfully transferred electronic components ranging in size from 0.1
to over 6 mm? This technology enables reliable picking and releasing of micro-objects by
controlling the adhesion forces of the stamp. Figure 32 illustrates a typical LIFT process. In the
LIFT process, the laser passes through the transparent substrate and is absorbed by the dynamic
release layer. Through laser ablation or vaporization, the dynamic release layer generates high
pressure, quickly transferring the chip from the stamp to the receiving substrate.

The key to LIFT technology lies in selecting a DRL material that exhibits adhesion and can
release the chip after laser interaction. Among them, a monolayer metal film [209] is one of the
simplest DRL materials, and it has been used to transfer phosphor powders to fabricate phosphor
screens [210] through Au-DRL. However, metal DRLs may result in residual material on the device
surface, potentially contaminating the device. To address this issue, monolayer polymer materials
with volatile decomposition products can be employed, such as photo-decomposable triazene
polymers [211] (TP) or polyimide [212] (PI). These polymer materials have high absorption peaks
under laser irradiation and decompose into volatile products upon irradiation, generating a
shockwave that facilitates device transfer. Research by Fardel et al. [194] demonstrated the
successful transfer of OLED pixels using TP as a sacrificial layer. However, the shockwave
generated by ablation may cause device collision on the receiving substrate, potentially damaging

the devices. Further studies have shown that significant improvements in transfer efficiency can be
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achieved under smaller gaps and negative pressure conditions. Therefore, the use of polymer
materials with volatile decomposition products can minimize the contamination issues associated

with metal DRLs.
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Figure 33. (a) Schematic diagram of the PI ablation model. [212] (b) Principle diagram of laser ablation-
induced bubble generation in PI. [212]

PI is another commonly used DRL polymer material that achieves high-efficiency and high-
precision mass transfer by generating gas products and mechanical energy through thermal
decomposition under laser irradiation. Bian et al. [212] researched the foaming mechanism of PI
and found that, upon laser absorption, localized high temperatures at the interface between the PI
film and the glass substrate cause it to enter a molten state. As the temperature further increases,
chemical bonds decompose thermally, resulting in gas products, as shown in Figure 33(a). Due to
the shallow absorption depth of PI under ultraviolet light, the gas products can be encapsulated by
the remaining PI, forming a bubble enclosure, as shown in Figure 33(b). The chemical energy
generated during laser ablation is converted into mechanical energy, driving the device transfer and
achieving high-efficiency transfer. Additionally, PI possesses a low thermal diffusivity, which helps
to prevent thermal damage to devices attached to the outer surface of the bubble. By precisely
controlling parameters such as incident laser energy, spot size, and material thickness, this technique
enables high-efficiency and high-precision mass transfer that is only limited by the laser repetition
rate.

The effectiveness of this technology for microdevice transfer has been experimentally

validated. Karlitskaya et al. [200] successfully transferred silicon wafers with dimensions of
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300pumx=300pum and 95% of the transferred wafers achieved rotation angles within a 9° error range
at areceiving gap of 195um. Miller et al. [213] proposed a thermomechanical selective laser-assisted
mold transfer technique. By introducing a dual-layer DRL and an additional adhesive layer to
provide the necessary adhesion for picking up the chips, as shown in Figure 34, they transferred
silicon wafers with dimensions of 680umx>680umx=65um at a receiving gap of 195um. The transfer
yield was 64%, and the average errors for rotation and release angles were 3.5° and 14°, respectively.
To optimize the transfer performance, Hong et al. [214] studied the dynamic process of crack
propagation at the substrate/polymer interface during bubble formation. They found that bubble
height and crack length are sensitive to the laser energy density parameter. Higher laser energy
density tends to generate higher bubbles. When the laser energy density exceeds the critical value,
cracks will propagate, leading to chip detachment.
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Figure 34. Dual-layer DRL structure. [213]

Uniqarta has introduced the Massively Parallel Laser-Enabled Transfer (MPLET) technology
[215], building upon the LIFT technique. The working principle is depicted in Figure 35(a), where
a diffraction optical element is used to diffract a single laser beam into multiple sub-beams. The
number of sub-beams depends on the laser energy density, and each sub-beam corresponds to the
transfer of a Micro-LED. This significantly reduces the time required for scanning and transferring
with a single beam. Currently, the MPLET technology enables transfer speeds of up to 100 million
units per hour for large panels and exceeds 500 million units per hour for small panels. The transfer
accuracy is within £1.8 um.

The Coherent company has developed the UV transfer process [216], which is based on the
principles shown in Figure 35(b)(c). By projecting a UV laser beam through a photomask onto a

sapphire wafer, the beam's shape is transformed into a rectangular beam with a "flat top." This
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uniform intensity ensures the application of equal force at every point within the processing area.
Optical devices are configured to enable the detachment of large chip areas with each high-energy
pulse. UV transfer provides both high precision (1.5 pm) and high throughput, allowing the transfer
of thousands of chips with a single laser irradiation. To achieve uniform and consistent grain transfer
within the processing area, highly uniform laser irradiation is required. This results in the formation
of a highly uniform 2D field, which is then reshaped optically into a square or rectangular beam
with a large aspect ratio. As a result, the force is always perpendicular and does not cause lateral
displacement due to the Gaussian distribution or tilted shape of the beam profile. Having a uniform
beam intensity across a larger range (wafer width) is equally important to ensure the application of
equal-sized forces to each grain. In fact, due to the shorter wavelength of UV light, micrometer-
level resolution can be achieved in the future. Smaller grains only require a different projection

mask.
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Figure 35. (a) MPLET schematic diagram. [215](b) UV transfer process. [216] (c) High placement accuracy of
TopHat beams. [216]

However, due to the influence of gas dynamics and flight instability, this technology suffers
from the issue of low placement accuracy. Additionally, the shockwaves generated during the LIFT
process can potentially cause chip damage. Interface damage is permanent [217]; therefore, this
transfer technique requires continuous replacement of the response layer

Despite the significant role played by LIFT in device transfer, it also has some limitations. To
overcome these issues, researchers have started exploring new transfer techniques. One of the highly
promising methods is laser-induced thermal bubble transfer. This technique utilizes the thermal

effects of lasers to achieve efficient and precise device transfer by controlling temperature changes
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and expansion effects during the process. Compared to traditional LIFT, laser-induced thermal
bubble transfer offers better transfer control and higher success rates. When applied to massive
transfers, laser-induced thermal bubble transfer initially employs the van der Waals forces of a stamp
or the adhesive force of a sticky layer to pick up MicroLEDs from the source substrate or temporary
substrate onto the stamp. Then, laser-induced thermal bubble transfer is used to release the Micro-
LEDs from the stamp selectively onto the target substrate.

Compared to LIFT, the key difference in laser-induced thermal bubble transfer is that during
laser irradiation, only a small portion of the DRL is ablated, generating gas to provide the impact
energy. The DRL can create an expanding bubble shield that encapsulates the shockwave, acting as
a soft ejector to gently push the chip towards the receiving substrate, thereby improving transfer
accuracy and reducing damage.

The non-reusability of the stamp is a significant limitation for the application of laser-induced
thermal bubble transfer. To enhance cost-effectiveness, Luo et al. [202] developed a reusable laser-
induced thermal bubble transfer technique based on a clever design of reusable molds, as shown in
Figure 36. The mold is moved to the surface of the microdevice and pressed against it to maintain a
flat interface and contact with the device. Then, it is moved above the receiving substrate and aligned
to the desired position. With the action of the laser beam, the metal layer adhered to the cavity wall
absorbs heat, leading to rapid expansion of the air inside the cavity. This thermal expansion effect
causes the microstructure thin film to protrude, reducing the adhesion force with the device, thereby
enabling device transfer onto the substrate. To quantify the relationship between the expansion
pressure inside the cavity and the deflection of the membrane with increasing temperature,
researchers established a theoretical mechanical model. It was found that as the temperature
increases, the height of the bubble inside the cavity increases, thereby reducing the contact area and
decreasing the interfacial adhesion force. This technique can provide a conversion ability of up to
1000 times stronger or weaker adhesion when the temperature rises to 100°C. The feasibility of this
technique in Micro-LED applications has been demonstrated by transferring LED chips with

dimensions of 400 umx=200 um onto different display substrates.
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Figure 36. Schematic diagram of the programmable non-contact transfer printing process driven by an active
elastic microstructure stamp using a laser. [202]

In massive transfers, strong adhesion is required during the picking process to ensure reliable
pickup, while minimal adhesion is desired during placement to enable transfer. Therefore, the key
to the technology lies in improving the adhesion switching ratio. Wang et al. [205] embedded
expandable microspheres into the adhesive layer and utilized a laser heating system to generate
external thermal stimulation. During the picking process, the small-sized embedded expandable
microspheres ensure a smooth surface of the adhesive layer, while the influence of strong adhesion
on the adhesive layer can be neglected. During the transfer process, the external heat stimulus
generated by the laser heating system at 90°C is rapidly transmitted to the adhesive layer, resulting
in the rapid expansion of internal microspheres, as shown in Figure 37(a). This leads to the formation
of a hierarchical micro-bump structure on the surface, significantly reducing the surface adhesion
and enabling reliable release. However, selecting the appropriate laser power is a key challenge as
it needs to reach the thermal stimulation temperature for the embedded microspheres without
causing performance degradation of the microdevices. To further demonstrate the applicability of
this method for Micro-LED transfer, researchers successfully selectively transferred a 10x10 array
of Micro-LEDs from a thermal release adhesive (TRA) mold to a temporary PDMS receiving
substrate, proving the feasibility of the technique in large-scale transfers.

To achieve large-scale transfers, researchers have employed the thermal release tape (TRT)
laminating technique. The study conducted by Yan et al. [195] revealed the principle of TRT

(Thermo-Releasing Transfer) for microdevice transfer, where the successful transfer depends on the
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variation of adhesion force between TRT and the functional device, controlled by temperature
parameters, as shown in Figure 37(b). When the temperature is below the critical temperature (Tr),
the energy release rate between TRT and the functional device exceeds the critical energy release
rate between the functional device and the source substrate. As a result, cracks tend to propagate at
the interface between TRT and the functional device, enabling the pickup of the functional device.
During the transfer process, the temperature is increased beyond the Tr through laser heating. This
leads to a lower energy release rate between TRT and the functional device compared to the critical
energy release rate between the functional device and the target substrate. Consequently, the
functional device is successfully transferred onto the target substrate. The variation in adhesion force
during this transfer process and the control of temperature parameters provide a feasible solution
for large-scale transfers, demonstrating the potential of the TRT laminating technique in

microdevice transfer.
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Figure 37. (a)Schematic illustration of embedded microsphere bubbling [205] (b) Schematic illustration of thermal

release tape for batch transfer of micro-devices [195]
2.4.2 Laser stress-assisted transfer

To control the formation of bubbles in stamping for device transfer, it is necessary to control
the surface microstructures to adjust the adhesion energy and achieve proper pick-up and placement.
However, this method requires ensuring good contact between the device and the receiving substrate
surface. To overcome the limitations imposed by the characteristics and geometry of the receiving
substrate during the transfer process, Saeidpourazar et al. [218] introduced a laser-induced imprint
thermal stress response mismatch transfer technique called Laser-Driven Micro-Transfer Placement

(LMTP) technology. Figure 38 illustrates the steps of LM TP, the principle involves using a laser of
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a specific wavelength to pass through a transparent stamp and act on the device. The microdevice
(Si or GaAs) absorbs the laser energy, causing its temperature to rise. Due to the low thermal
conductivity of the stamp, a localized hot region is formed near the device-stamp interface. The
stamp, having a higher coefficient of thermal expansion (CTE), is constrained by the microdevice
and the surrounding unstressed regions of the stamp. As a result, localized interface shear forces are
generated at the contact interface under stress, leading to bending or protrusion. The driving force
generated by this bending strain energy exceeds the adhesive strength at the device-stamp interface,
causing the propagation of delamination cracks around the microdevice [219], thereby achieving
the purpose of microdevice transfer and release. When the stamp interface temperature decreases, it
can return to its original state, allowing for reuse. The introduction of LMTP technology eliminates
the limitations imposed by the characteristics and geometry of the receiving substrate, providing a

highly controllable and precise solution for microdevice transfer.
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Figure 38. Schematic of the LM TP steps [218]

The core challenge of laser-driven micro-transfer printing technology lies in effectively
controlling the thermodynamic properties and interface thermal stress between the stamp and the
device to avoid unpredictable deformations and cracks. The success of this technique depends on
precise control and adjustment of these factors. By adjusting process parameters such as laser energy
and transfer distance, non-contact transfers with small errors, high success rates, and reusability can
be achieved. However, it should be noted that to increase the release rate of strain energy, the
technique raises the chip interface temperature by increasing the laser power. This operation may
potentially cause thermal damage and have adverse effects on the stamp interface or the device.

Therefore, cautious operation is necessary during the application of the technology to ensure the
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integrity and performance of the devices are not compromised.

Currently, laser-driven micro-transfer printing technology has successfully demonstrated the
transfer of a limited number of Micro-LEDs. However, for its application in large-scale transfers,
further research is needed on factors such as chip spacing and beam organization and their impact
on the transfer performance. This will help improve the scalability and reliability of the technology
to meet the requirements of mass transfers.

In large-scale transfers, PDMS is commonly used as a transfer head. Although PDMS stamps
can adapt well to complex geometric shapes of microdevices under compression, they quickly
undergo elastic reconfiguration after the removal of compression preload, making them unable to
maintain their shape in the long term. This requirement necessitates a relatively large flat area on
the contact surface of micro devices to ensure effective contact and picking.

To overcome the limitations of elastic PDMS stamps in large-scale transfers, researchers have
explored the use of shape memory polymers (SMP) as alternative materials for transferring and
printing microdevices with different surface morphologies. SMPs exhibit shape-changing
characteristics triggered by external stimuli such as light [220] or temperature variations [221].
Temperature-based SMPs undergo deformation when subjected to external pressure above their
shape memory transition temperature (Tg), allowing them to conform to the shape of the device
during picking. Subsequently, the SMP is cooled below Tg to remove the external pressure and
retain its deformed shape. During the transfer process, when the temperature exceeds Tg, the SMP
undergoes a shape recovery to its original undeformed state due to the shape memory effect,
enabling the release of the picking force. The shape memory transition process of SMP is illustrated
in Figure 39(a).

Laser-driven SMP transfer technology utilizes laser pulses to heat the SMP, and by controlling
the laser parameters, the temperature variation can be controlled to induce the deformation transition
of'the SMP. The typical process of laser-driven SMP transfer technology [222] is illustrated in Figure
39(b). Firstly, the SMP stamp is uniformly heated to Tg and pressed onto the microdevices on the
substrate. Under the applied preload force, the SMP stamp is deformed and then cooled to room
temperature, maintaining the picking shape. Next, the SMP film with the picked devices is moved
above the receiving substrate, bonded to the desired position by applying a certain load, and then

the laser beam is directed onto the SMP interface to heat the deformed region, causing it to recover
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to its original state, thus releasing the microdevices.

The key to laser-driven SMP transfer technology lies in the deformation transition of the stamp
controlled by temperature. By utilizing the change in interface adhesion force caused by
deformation, the picking and release of microdevices can be achieved. By precisely controlling the
laser parameters and temperature variation, an efficient and accurate transfer process can be realized.

To better regulate adhesion force, improvements can be made in the deformation shape of the
stamp or through enhanced temperature control methods to achieve better transfer results. In terms
of improving the shape of the deformation, some SMP stamps have been fabricated with
microstructures such as cones [223], as shown in Figure 39(c) and (d). In the initial state, only the
tip of the cone or pyramid makes contact, resulting in a small contact area. However, upon
deformation, a larger surface contact area is generated, providing reliable adhesion and picking force.
After returning to its original shape, the device can be transferred due to the reduced contact area

and the force exerted by the elastic material.
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Figure 39. (a) SMP transformation process. [221] (b) Process of laser-driven SMP transfer technology. [222] (c)
Deterministic assembly achieved by the implementation of elastomeric micro tips. [223] (d) SMP cone structure.
[223];

To handle microdevices with more complex surfaces, Linghu et al. [204] proposed a gripper
structure, as shown in Figure 40. During picking, deformation is induced primarily through stiffness
variation, creating a mechanical hand structure that embeds the microdevice, thereby increasing

picking reliability without relying on interfacial adhesion. However, during release, the adhesion
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force on the microdevice surface plays a crucial role in the transfer process, especially as the device
size decreases. Surface treatments or increased surface roughness can be utilized to reduce adhesion

force and improve transfer reliability.
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Figure 40. Schematic illustration of the gripping and release process of the universal SMP gripper. (A to D)
Gripping process (E to H) Releasing process. [204]

In terms of improving temperature control, Eisenhauer et al. [197] embedded carbon black
particles into the contact surface between the stamp and microdevice, as shown in Figure 41(a).
These particles possess strong near-infrared absorption properties. By using near-infrared laser
irradiation, localized heating of the SMP stamp is achieved. Figure 41(b) displays its 2D cross-
sectional view. This composite carbon black-SMP (CBSMP) system enhances the material's
absorption of laser energy, greatly expanding the range of applicable materials and optimizing
temperature control methods. Serial transfer of individual wafers and parallel transfer of patterned
wafers were both achieved. Linghu et al. [204] successfully transferred an array of 20x8 LEDs (167
pm x 167 pum x 95 pum), as shown in Figure 42. The transferred LEDs were validated through light

emission and current-voltage characteristics, confirming the device's performance was unaffected.
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Figure 41. (a) SMP is filled with carbon black particles. (b) 2D cross-sectional view. [197]
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Figure 42. The transferred LEDs were characterized by their illumination and current-voltage (IV) characteristics.
[204]

Based on SMP-assisted laser-assisted transfer, a polymer mold with reversible adhesion force
is used as the manipulator. The mold is heated and cooled through laser irradiation at its glass
transition temperature, while the dynamic stiffness control of the SMP mold provides significant
adhesion enhancement during device picking. Additionally, SMP materials' shape-fixing and shape-
recovery properties offer considerable design flexibility for the stamp, allowing for more complex
surface patterns and heterogeneous surface features, further reducing adhesion forces during release.
This laser-based heating method offers superior speed and convenience, allowing for precise

alignment of the material to be transferred.

2.5 Laser-assisted bonding (LAB)

For the reliable connection between the chip and the backplane in Micro LED technology, in
addition to chip transfer, subsequent bonding processes [224-226] are crucial. Traditional methods
such as reflow soldering (RS)/thermocompression bonding [227,228] and anisotropic conductive
film (ACF) bonding [229,230] have been widely applied to relatively large-sized chips in
conventional semiconductor devices. However, these methods face significant technical challenges
when it comes to bonding Micro-LEDs with fine spacing. Difficulties in accurate alignment and
bonding non-uniformity are major issues. Prolonged heating and large-area bonding can result in
severe thermal stress and wafer warpage. Solder balls used for conventional flip-chip bonding may
exhibit height inconsistency, both of which contribute to non-uniformity in the bonding area.

Reducing the spacing and pixel size significantly increases the risk of wire short-circuits. On the

other hand, ACF bonding may lead to high contact resistance or open circuits in Micro-LED bonding.

The polymer particles in ACF are comparable in size to Micro-LEDs, which means only a limited

number of particles can be used for bonding Micro-LEDs. Additionally, ACF bonding is not
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repairable.

In contrast, LAB offers advantages such as selective bonding, localized heating, and rapid
temperature control [231,232], making it highly suitable for bonding Micro-LEDs with fine spacing.
LAB technology involves the use of a high-intensity laser beam to irradiate the metal surface,
causing its melting and facilitating electrical connection. LAB utilizes the high positional accuracy
and focusing capability of the laser beam to achieve selective heating and bonding in specific areas,
thereby enhancing bonding precision and stability. Localized heating reduces the risks of thermal
stress and wafer warpage [233,234], minimizing thermal impacts on sensitive components and
improving bonding stability and reliability. LAB enables rapid temperature control [235,236],
minimizing the influence of thermal stress and enhancing production efficiency. Its high bonding
precision ensures accuracy and consistency, reducing non-uniformity in the bonding area and
improving the reliability of the bonding interface. Additionally, LAB is a non-contact bonding
technique, reducing mechanical stress and pressure on the chips, thereby lowering the risks of
damage and contamination and improving bonding reliability and yield.

In the die-to-die bonding of Micro LEDs, LAB utilizes precisely focused laser irradiation to
locally heat the chip surface, forming a molten layer and enabling controllable chip-to-chip bonding.
By finely tuning key parameters such as laser power density, scanning speed, bonding temperature,
and pressure, the bonding strength and reliability can be ensured. [235,236] This precise local
heating characteristic makes LAB a prominent advantage in the integration of Micro LED at the
individual particle level. For chip-to-chip bonding, LAB can be employed to integrate individual
Micro LED chips with driver circuits, connectors, and other companion components [236]. The key
lies in the reasonable control of laser irradiation parameters, where reliable bonding is achieved
while also considering the potential impact of heat on the performance of Micro LED devices,
ensuring the overall integration reliability. In wafer-to-wafer bonding, LAB enables the large-area
bonding integration of entire epitaxial wafers with backplanes or substrates [231,232]. This requires
precise control of the laser irradiation uniformity to ensure consistent temperature distribution
across the bonding area, thereby improving production yield. LAB's advantage in this large-scale
bonding lies in its ability to achieve localized and precise heating without causing thermal damage
to the whole.

Joo et al. [237] developed a LAB process for integrating Micro-LEDs onto a driver board, as
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shown in Figure 43(a). The Micro-LEDs are aligned to the receiving substrate using a vacuum
bonding head, and the bonding pads on the receiving substrate are coated with anisotropic
conductive paste (ACP). Subsequently, an IR laser beam is applied to the bonding head. The laser
is transmitted through the intermediate layer and absorbed at the bonding junction, causing rapid
melting (<1s). After retracting the bonding head, the Micro-LEDs are integrated into the receiving
substrate. Using this method, a 20x20 array of Micro-LED was successfully integrated into the
driver board, as shown in Figure 43(b). PMMA balls in the ACP serve as spacers, forming Sn58Bi
solder joints between the Micro-LED electrodes and the substrate pads. The epoxy resin in the ACP
enhances bonding strength and acts as a filler between the Micro-LEDs and the substrate, as

illustrated in Figure 43(c).
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Figure 43. Laser-assisted bonding. (a) Working mechanism, (b) laser bonded Micro-LED array, (c) cross-sectional

SEM image of the bonded Micro-LED onto the circuit using solder bumps.[237]

Kwang-Seong Choi et al. [234] conducted a study on two bonding materials for LAB processes.
They introduced flux-filled underfill (FU) and hybrid underfill (HU), as shown in Figure 44(a) and
Figure 44(b), respectively. FU is a non-conductive paste (NCP) composed of polymer materials,
specifically designed for devices or packaging with solder balls or protrusions. Figure 44(c)
illustrates the top and cross-sectional optical images of FU after LAB treatment. On the other hand,

HU contains commercially available solder powder and is suitable for passive devices or packaging
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without solder balls or protrusions, such as Micro-LEDs. Figure 44(d) presents the top and cross-

sectional optical images of HU after LAB treatment.

Figure 44. Process flow of the two bonding materials and SEM images after LAB treatment (a) LAB-FU (fluxing
underfill) process (b) LAB-HU (hybrid underfill) process (c) Printed FU on Cu substrate and cross-sectional
optical images of HU after LAB process Printed FU on Cu substrate and cross-sectional optical images of HU after

LAB process (d) Printed HU on Cu substrate and cross-sectional optical images of HU after LAB process.[234]

Due to the differences in production efficiency between the transfer and bonding processes,
various challenges arise during the configuration of production lines, leading to different issues. As
the yield of each process is not 100%, inspections are required after each step, which can be time-
consuming and challenging due to the small size of Micro-LEDs. Additionally, both the transfer and
bonding processes require separate equipment and space investments. The overall yield of the entire
process is determined by multiplying the yields of the transfer and bonding processes, which can
result in a lower overall yield. Furthermore, the complexity of the repair process may increase,
requiring significant time and hindering efforts to reduce manufacturing costs. Therefore, a new
technology called simultaneous transfer and bonding (SITRAB) was introduced by SID 2021 [236],
which combines the laser-assisted bonding with compression (LABC) process and SITRAB
adhesive to achieve high-yield transfer and bonding of Micro-LEDs. Figure 45 illustrates the
SITRAB process.

In the SITRAB process, SITRAB paste or film is deposited on the display panel substrate at
room temperature through processes such as screen printing, dispensing, or lamination, as shown in
Figure 45(a). The SITRAB paste and film consist of epoxy resin as the base resin, reducing agents
to remove oxide on the solder surface, curing agents, catalysts to control the chemical reaction rate,
and some additives to optimize processing performance. The top surface of the Micro-LEDs aligns
with the sticky PDMS on the glass intermediate layer, forming a constant area of an nxn matrix, as

shown in Figure 45(b). The glass intermediate layer with LEDs fixed by a quartz chuck is aligned
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with the display panel substrate. After alignment between the LED and the display panel substrate,

the solder pads below the LED move downward and make contact with the display panel substrate.

Subsequently, a laser is applied to the area of transparent quartz and PDMS on the glass intermediate

layer for a few seconds, as illustrated in Figure 45(c). In the SITRAB process, the temperature of

the metal phase is maintained at 80-100°C to minimize laser power. The laser penetrates through

the transparent quartz and PDMS on the glass intermediate layer, reaching the opaque metal pads

below the LED and heating the solder pads and adjacent SITRAB material to the solder point's

melting temperature. When the temperature reaches the melting point of the solder pads, the

activated SITRAB material removes the oxide on the solder surface and wets the solder pads to the

metal pads on the display panel substrate. Then, the LED is separated from the PDMS in the glass

intermediate layer because the bonding strength between the LED and the metal pads on the display

panel substrate is greater than the adhesive bonding strength between the LED and the PDMS, as

shown in Figure 45(d).
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Figure 45 Schematic diagram of the SITRAB process.[236]

SITRAB technology was developed based on the SITRAB adhesive technology. A tile-type

SITRAB process was adopted by Yong-Sung EOM et al. [238], and the process window of the
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SITRAB material was determined for a stable SITRAB process. The process window was identified
based on three different pot life: room temperature pot life (RPL), stage pot life (SPL), and laser pot
life (LPL).

Tian et al. [239] proposed a novel laser-assisted bonding process using pure metal Au/Sn for
high yield and cost-effective production, as illustrated in Figure 46(a). This technique was applied
to a 62x78 pixel full-color Micro-LED display. The Au-Sn solder alloy exhibits high yield strength,
corrosion and creep resistance, good wetting properties, as well as excellent thermal and electrical
conductivity. It achieved a low-temperature solid-liquid bonding method below 280°C for the first
time, ensuring reliable metal electrical connections between microscale LED devices and the
backplane, thus ensuring the normal operation of the driving backplane. Figures 46(b) and (c) depict

the morphology of Micro LEDs before and after the LABC process.
(a)

Figure 46. Pure metal Au/Sn laser-assisted bonding process (a) Schematic diagram of the process flow (b) SEM
image of RGB micro-led chips on the donor substrate after soldering before laser-assisted bonding (c) SEM image

of RGB micro-LED chips on substrate after welding.[239]

Despite its numerous advantages, there is still room for improvement in the bonding efficiency
of LAB technology, particularly when bonding a large number of LED chips for display panels.
There is a need to enhance the bonding efficiency to meet the requirements of high-volume
production. One crucial factor is ensuring the uniformity of the laser beam across the entire bonding
area. If the distribution of the laser beam is inconsistent or non-uniform, it may result in bonding
failures, thereby affecting the overall quality and reliability of the bonding process. Therefore,
precise control and optimization of laser beam parameters are essential for achieving reliable and
efficient LAB bonding.
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3. Laser detection and repair

During the manufacturing process of Micro-LEDs, defects or failures can affect their
performance and reliability due to their small size and complex structure. Therefore, it is necessary
to detect and repair defective Micro-LED devices. Traditional methods for detecting Micro-LEDs
can be challenging because their size is extremely small, and the dimensions of conventional probes
may exceed the size of the tested devices. High-resolution detection methods are required to assess

the light-emitting performance of Micro-LED devices.
3.1 Photovoltaic Detection

In LED chips, side-wall damage during the etching process can lead to the generation of
parallel resistance, resulting in unwanted leakage currents. While high-power LEDs designed for
general lighting operate at higher voltage and current levels, their internal resistance is relatively
small, causing minimal impact from parallel resistance. However, micro-LEDs have smaller
dimensions compared to conventional LEDs and operate at much lower voltages, typically only
slightly above the turn-on voltage (around 0.2V). This low operating voltage increases the internal
resistance, making it easier for carriers to find leakage paths and magnifying the effects of leakage
current compared to high-voltage LEDs. Thus, accurately evaluating the influence of this leakage
current on the photoluminescence (PL) characteristics in micro-LED devices is crucial due to their
unique operating conditions.

Among the parameters associated with the self-emissive display performance of Micro-LEDs,
the emission wavelength, emission intensity, and emission uniformity are crucial for achieving a
wide color gamut and high brightness. PL is a promising detection technique due to its non-contact
nature. When Micro-LEDs are excited by a high-energy focused laser beam, photoluminescence
occurs as a result of radiative transitions from the conduction band to the valence band. Figure 47
shows the schematic diagram of PL. Considering that the excitation energy from the laser should be
higher than the expected emission energy, ultraviolet laser diodes are preferred as the laser source

to detect defects in the visible light wavelength range.
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Figure 47. The schematic diagram of PL. [240]

Park et al. [44] conducted a performance analysis on a manufactured array of blue Micro-LEDs
using a micro-pulsed laser. They employed a 375 nm micro-pulsed laser diode to emit and irradiate
p-GaN on the chip surface, resulting in radiative transitions in multiple quantum wells (MQWs).
The recombination of electrons and holes generates emission at 450 nm, which can be detected
through spectroscopic methods. By comparing the spectra with those of high-quality chips, it was
easy to identify defective chips when the PL intensity was low, as shown in Figure 48(a). Due to the
adjustable spot size of the laser, which can be reduced to below 2 pm, photoluminescence techniques
hold promise for precise analysis of Micro-LEDs. Additionally, photoluminescence offers the
advantage of scanning detection for Micro-LED arrays. Figure 48(b) provides an example of a PL
intensity mapping image. Four chips with lower intensities were identified compared to the others,
and the positions of these chips were further determined using an optical microscope. As shown in
Figure. 48(c), the LED chip defects were confirmed, leading to leakage current and a decrease in

luminous intensity.
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Figure 48. (a) PL intensity of good and defective chips detected by micro-pulsed laser (inserted image: Schematic
illustrating how to measure adhesion; after a 1.5x1.5 cm? GaN piece on sapphire and the functional layer on the PI
substrate are attached, the force generated by detaching these samples was measured). (b) Mapping image of the
detected PL intensity after micro-pulsed laser irradiation. (c) Optical microscopy image of defective chips on a real

PLED wafer found using a PL intensity map. [44]
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Chen et al. [251,252] proposed a method that combines PL detection with confocal Raman
microscopy for non-destructive testing and in-depth analysis of LED chip electrical characteristics.
This approach can reveal damage-related information in LED chips related to electronic
performance, including dislocation density [241], stress distribution [242], carrier concentration
[243], and more. Photoluminescence techniques provide information about the optical properties by
measuring the emitted light signal from the LED chip under excitation. On the other hand, confocal
Raman microscopy measures the scattered spectra to obtain Raman signals from the LED device,
which can provide insight into the device's depth distribution. By analyzing both the PL and Raman
spectra, a comprehensive understanding of the LED device's performance can be obtained from both
optical and electronic perspectives. This approach offers the advantages of non-destructive testing,

simplicity, fast analysis, and accurate results.

3.2 Laser Repair

After identifying defects in Micro-LED chips, the key task is to remove these defective Micro-
LEDs and replace them with high-quality ones. However, efficiently repairing the damaged Micro-
LED chips among millions or even tens of millions of micron-sized chips is a challenging task.
Researchers and engineers have been exploring various repair techniques for Micro-LEDs to
address this issue, with laser repair technology being a commonly used method. Recognized
techniques include ultraviolet irradiation repair technology from Konica Minolta in Japan, non-
contact EL testing and Beam Assisted Removal (BAR) transfer method from TESORO in the United
States, and laser melting repair technology from Toray in Japan. In March 2020, South Korean
company KOSES officially delivered large-scale Micro/Mini LED repair equipment for mass
production to Samsung, which utilizes laser repair technology. It can be said that most mainstream
Micro-LED repair equipment adopts laser repair technology. Therefore, achieving efficient and
high-quality repair work requires precise and responsive control provided by laser repair technology.
Common laser repair methods include ultraviolet laser irradiation, laser micro-annealing, and
massive laser selective repair.

The repair of defective micro-LEDs can be achieved by using UV laser irradiation, which

involves ablating the defect area under high-energy conditions. This technique offers the advantages
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of speed and efficiency, allowing for the removal or repair of defects in micro-LEDs within a shorter
timeframe.

Thorsten Passow et al. [244] used a UV laser to repair defects in GaN-based LEDs. Figure 49(a)
provides a schematic representation of the laser repair process, showing the LED before (left) and
after (right) laser repair. The study revealed that the low current density brightness distribution
image exhibited large dark areas corresponding to local defects, as shown on the left in Figure 49(a).
However, after using 248nm nanosecond pulse irradiation, the local defects in the low current
brightness distribution image were removed, and the repaired defects are indicated by red circles,
as shown on the right in Figure 49(b). The research demonstrated the successful repair of Micro-
LED chips using UV laser irradiation.
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Figure 49. (a) illustrates the schematic representation of the LED before and after laser repair. [244] (b) shows the
low current density brightness distribution images of a GaN-based LED chip before (left) and after (right) defect
repair. [244]

Laser Micro-Annealing (LMA) is a process that involves localized heating of the defective
micro-LED using a laser, inducing small structural changes in the material and thereby repairing the
defects. Figure 50 (a) illustrates the principle of the LMA process. This technique offers high
precision and control, enabling precise repair of microchip-level devices. For instance, LMA can
induce the crystallization of amorphous silicon thin films into low-temperature polysilicon (LTPS)
films with high carrier mobility, without heating the substrate.

LMA is primarily used for the formation of low-resistance ohmic contacts in IlI-nitride LEDs.
[245-248] Forming ultra-low resistance ohmic contacts is crucial for improving the electrical and

optical performance of such devices, as high voltage drops at the GaN contact interfaces can lead to
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poor device reliability. Jang et al. [247] demonstrated that laser irradiation can effectively reduce p-
contact resistance and n-contact resistance. In the case of n-type[167] gallium nitride, pulsed KrF
excimer laser annealing was utilized to achieve ohmic contacts with a specific contact resistance of
1.7x10% Qecm?. The reduced contact resistance is attributed to the presence of nitrogen vacancies,
which induce a degenerated GaN layer near the surface. This mechanism enables efficient electrical
conduction through the contacts. Regarding p-type GaN, laser irradiation was found to increase the
acceptor concentration and enhance the activation efficiency of Mg dopants. This resulted in a
significant reduction in p-contact resistance to 3.6x10* Qcm?. The laser treatment effectively
improves the electrical properties of the p-type GaN, facilitating better current flow through the
contacts. Recently, M. Mikulics et al. [245] employed LMA technology for precise local tuning of
nano-LEDs, as shown in Figure 50(b). Experimental data confirmed a reduction in defect layer
depth from 17 nm to 5 nm determined by the LMA process. After laser annealing treatment, the
devices exhibited significantly improved I-V characteristics and electroluminescence (EL)
performance. Laser annealing offers the advantage of selective irradiation, allowing the formation
of local contacts without affecting other areas. While laser annealing has made progress in
enhancing device performance, it is considered a more expensive process. Compared to traditional
thermal annealing methods, laser annealing has practical limitations in achieving widespread

formation of good electrical contacts.

(a)
transparent focused
top contact laser beam

Figure 50. (a) depicts the schematic representation of the LMA process. [245] (b) illustrates the localized annealing
of individual nano-LEDs using the LMA technique. [245]

Massive laser selective repair is an efficient laser repair technique that can simultaneously

repair multiple defective Micro-LEDs. It utilizes a laser irradiation system and a high-precision

optical system to selectively repair multiple defect areas. This technology allows for the rapid repair

of a large number of defects, thereby improving repair efficiency.
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Uniqarta, a company specializing in LED array repair, has developed a highly efficient
technology called massively parallel laser-enabled transfer (MPLET) [215] for large-scale repair.
This technique utilizes a combination of single-beam (SB) and multi-beam laser systems for the
removal of defective chips and the transfer of good chips, respectively. The process is illustrated in
Figure. 51, begins with the transfer of LED chips from the source wafer to a DRL carrier using the
LLO method. During this transfer, even the identified defective LEDs are still transferred to the
DRL carrier. The MPLET equipment operates in SB mode to selectively remove defective LED
chips from the DRL carrier. Then, in a multi-beam mode, the remaining functional chips are
transferred onto display panels, followed by filling the vacant positions with good LED chips using
the SB mode of the MPLET system. This laser-based selective release technology enables pre-
transfer detection, selective mass transfer, and improved transfer yield. Uniqarta's MPLET
technology[249] offers a highly efficient approach to large-scale repair of LED arrays. By
combining single-beam and multi-beam laser systems, it achieves selective removal of defective
chips and successful transfer of good chips, resulting in improved transfer yield and overall

performance.
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Figure 51. Schematic illustration of Uniqarta’s laser repairing strategy. [215]

4. Conclusion and outlook

Due to its high reliability, fast response time, and long lifespan, micro-LED display technology
holds tremendous potential across various application domains. However, several manufacturing
and technological challenges must be overcome before consumer-oriented micro-LED display
products can enter the market. This paper provides a comprehensive review of the latest research
advancements in laser-based micro-LED display technology, discussing the working principles,
advantages, and limitations of different laser techniques.

As the first step in Micro-LED production, the quality of the substrate epitaxial layer
determines the performance of Micro-LEDs. Traditional epitaxial techniques involve additional
steps such as low-temperature buffering or lateral epitaxy, which increase manufacturing complexity
and cost. Laser processing can reduce epitaxy time by bypassing these steps, leading to a significant
cost reduction. Research by Tanya Paskova et al. [250] demonstrates that using GaN as a local
substrate during epitaxy can improve the quality of epitaxial films and crystal structures. GaN also
possesses important optoelectronic device characteristics such as low refractive index and high anti-
reflection. Therefore, it is necessary to investigate the feasibility of utilizing laser processing to
achieve GaN as a local substrate. Conventional etching methods involve mask lithography and
chemical etching, which generate waste and chemical substances that may cause environmental
pollution. Laser-based etching techniques offer a viable alternative, enabling high precision and
speed. LDW is a maskless approach that writes Micro-LED chips directly on the target substrate.
However, challenges in precise beam control and scanning strategies may result in surface
roughness and sidewall damage. Improvements in stable beam focusing and scanning strategies are
needed to enhance the stability of LDW.

The yield of LLO needs to be improved for industrial-scale production of Micro-LEDs.
Currently, achieving a yield of 99.9% is relatively easy, but defects in laser parameter selection and
beam uniformity control during the scanning process make it difficult to achieve a yield of 99.99%
or even higher for Micro-LED chips. Therefore, further improvement in the controllability and

stability of the delamination process is required to ensure the quality and integrity of the separated
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chips and substrates. This includes optimizing the selection of laser parameters, strengthening
monitoring and control of temperature and beam during the delamination process, and researching
delamination methods suitable for different types of bonding layers. laser-assisted massive transfer
techniques are widely regarded as the most capable for large-scale transfer due to the highly
localized laser action. For example, QMAT and Unigarta [249] utilize laser-guided release
technology to achieve high-volume, rapid transfer of Micro-LEDs from the original substrate, with
transfer capacities up to 100 KK/h. However, laser-induced damage (such as photothermal damage
and photochemical shock damage) can easily occur to the devices. Improving the controllability of
transfer-induced damage can be achieved by providing uniform energy output through optical
shaping systems. Additionally, changing the response layer material or structural system, using
sacrificial layers or intermediate structures as buffers for laser-induced forces, can reduce damage
defects and improve transfer yield.

Laser inspection techniques can effectively detect defects and faults, improving production
efficiency. Improvements in accuracy and sensitivity are needed to detect smaller defects more
precisely. Integration of image processing algorithms and machine learning can enhance the
efficiency and reliability of defect detection. Laser repair techniques can rectify defects in Micro-
LED chips during the manufacturing process. By employing laser repair techniques, damaged areas
can be restored to normal functionality, enhancing chip performance and usability. These repair
techniques are significant for improving product yield and reducing scrap rates. However, laser
repair techniques require better control of the repair process to ensure matching and consistency
with the surrounding areas.

With the continuous development and refinement of laser technology, it is believed that this
will further drive the progress of Micro-LED display technology, enabling higher-quality and more

reliable products while expanding the applications of Micro-LED in various fields.
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