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Interface identification in micro-
LED repair applications via depth
profiling using femtosecond laser-
induced breakdown spectroscopy
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The commercialization of micro light-emitting diode (micro-LED) display technology depends on the
efficient transfer of millions of individual micro-LEDs onto display panels with high spatial precision
and yield. However, the extremely high pixel density in 4 K and 8 K displays poses a significant
challenge for defect-free transfer. To maintain display quality and ensure production viability, it is
crucial to develop effective strategies for repairing defective chips. While conventional laser-based
repair methods have been widely used, they often fall short due to the lack of real-time monitoring
capability, making it difficult to precisely control ablation depth without causing unintended damage
to adjacent structures. In this study, femtosecond laser-induced breakdown spectroscopy (fs-LIBS)

is proposed as a repair tool, offering simultaneous real-time elemental analysis and high spatial
resolution. Custom-fabricated micro-LEDs with multilayer structures were analyzed using fs-LIBS
under varying laser pulse energies. Spectral emissions from key constituent elements were successfully
detected, and variations in Ga and Au signals enabled identification of the interface between the
p-pad and p-contact layers. Depth profiling further confirmed this interface by monitoring normalized
intensities of Ga and Au signals during consecutive laser pulses. These results were validated by
elemental mapping of the ablation craters using scanning electron microscopy with coupled energy
dispersive X-ray spectroscopy (SEM-EDS). This study highlights the potential of fs-LIBS as an effective
technique for monitoring micro-LED repair, reducing the risk of peripheral damage, and improving
repair precision in micro-LED displays.

Keywords Micro-LED repair, Femtosecond laser, Laser-induced breakdown spectroscopy, Depth profiling,
Interface identification

Light-emitting diodes (LEDs) convert electrical energy into light through electroluminescence, offering high
luminous efficiency and low power consumption, which has enabled their widespread adoption in lighting',
biosensing?, signage®, and displays*. Among these, micro-LEDs—typically a few micrometers in all dimensions—
are considered a promising next-generation light source for portable electronics, augmented and virtual reality
(AR/VR) systems, and unconventional display form factors such as flexible, stretchable, and transparent devices.
Their self-emissive nature, high energy efficiency, short response time, broad color gamut, and scalability make
them well-suited for advanced display applications. However, large-scale commercialization requires overcoming
persistent challenges in high-yield heterogeneous material integration.

Lindustrial Transformation Technology Department , Research Institute of Sustainable Development Technology
Korea Institute of Industrial Technology , 89 Yangdaegiro-gil, Ipjang-myeon, Seobuk-gu, Chungcheongnam-do
31056, Cheonan-Si, Republic of Korea. 2Department of Mechanical Engineering , Yonsei University , 50 Yonsei-
ro, Seodaemun-gu, 03722 Seoul, Republic of Korea. 3Department of Physics , Yonsei University , 50 Yonsei-ro,
Seodaemun-gu, 03722 Seoul, Republic of Korea. “*School of Mechanical and Robotics Engineering, Gwangju Institute
of Science and Technology , 123 Chemdangwagi-Ro, Buk-Gu, 61005 Gwangju, Republic of Korea. *Department of
Mechanical Engineering , Chung-Ang University , 84 Haekseok-ro, Dongjak-gu, 06974 Seoul, Republic of Korea.
®Department of Robotics and Mechatronics Engineering, Daegu Gyeongbuk Institute of Science and Technology,
42988 Daegu, Republic of Korea. ’Woonkyeong Jung and Janghee Choi contributed equally to this work. *email:
yjkim40@yonsei.ac.kr; hkeum@kitech.re.kr

Scientific Reports|  (2025) 15:40897 | https://doi.org/10.1038/s41598-025-24765-3 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-24765-3&domain=pdf&date_stamp=2025-10-22

www.nature.com/scientificreports/

Micro-LED fabrication processes are largely adapted from semiconductor manufacturing, with III-V
compound LEDs grown on sapphire or silicon (Si) wafers. Sapphire remains the preferred substrate due to its
low dislocation density and superior crystalline quality for gallium nitride (GaN) epitaxy, while Si wafers offer
significant cost advantages and compatibility with conventional Si-based integrated circuits. For full-color, high-
resolution displays, processed micro-LED chips must be separated from their growth substrate and transferred
onto spatially distinct display panels in large quantities.

Several mass transfer strategies have been developed, including laser-based®, electrostatic®, fluidic self-
assembly”S, elastomer stamp®!?, and roll-to-roll'!~!3 methods. These techniques aim to achieve high spatial
precision, transfer yield, and throughput. Nonetheless, high-end 4 K displays contain 3840 x 2160 pixels—
over 22 million RGB subpixels—making defective pixels inevitable, even when applying advanced six sigma
(60) methodologies with state-of-the-art automation. In consumer electronics, defective pixels are unacceptable,
necessitating effective repair strategies. Miniaturization exacerbates this challenge, as direct removal and
replacement of defective LEDs becomes impractical'?, creating a significant bottleneck in commercialization.

Conventional repair approaches often employ redundant designs, in which redundant pixels are incorporated
to replace defective pixels after defects are detected'®. While this method can be effective, it reduces pixel density,
increases circuit complexity, and raises production costs. To achieve ultra-high pixel densities, repair methods
that avoid redundancy are essential. Laser-based repair techniques have attracted considerable interest due to
their non-contact nature, relatively low cost, and high controllability of processing parameters such as energy,
spot size, penetration depth, and scanning speed!>!°. These methods typically involve laser ablation to selectively
remove defective chips, for example by eliminating anisotropic conductive films (ACFs) that connect chips to
TFT electrodes'’"'%. A key limitation, however, lies in avoiding peripheral damages to neighboring electrodes,
transistors, and circuits, which are located in close proximity in micro-LED displays. Electrode damage can
impair electrical contact, rendering pixels non-functional?>?!. This makes real-time, depth-resolved monitoring
during the repair process critical for accurate targeting and minimal peripheral damage.

Laser-induced breakdown spectroscopy (LIBS) presents a promising approach to address this need. LIBS is
an atomic emission spectroscopy technique in which a focused laser pulse generates high-temperature plasma at
the sample surface??. The resulting plasma emission lines, characteristic of the material’s elemental composition,
enable both qualitative and quantitative analysis>*?*. LIBS requires no sample pretreatment, can be performed
under ambient conditions, and offers real-time, in-situ analysis, making it attractive for applications such as
welding monitoring®, trace element detection’*?’, and depth profiling®®. Unlike conventional techniques,
LIBS can be integrated directly into the repair process, allowing simultaneous material removal and elemental
identification. Depth profiling with LIBS involves applying successive laser pulses to a single location, with each
pulse ablating a thin layer of material. Plasma emission from each pulse is recorded, and the intensity of element-
specific spectral lines is plotted against pulse number, revealing the layer-by-layer composition?. This capability
has been demonstrated for multilayer materials®*-*? and could enable precise identification of material interfaces
in micro-LED repair.

In this study, a femtosecond laser was selected for LIBS due to its ultra-short pulse duration, which minimizes
thermal effects and reduces the heat-affected zone (HAZ)**34, Femtosecond pulses lower the ablation threshold,
allowing the removal of extremely small volumes per pulse, enabling high-resolution, depth-resolved elemental
analysis. Micro-LED devices, typically <5 1 m thick, consist of metallic electrodes (Au, Pt, Al) and RGB emission
layers made from GaAs, GaAsP, and AlGaP. For such ultra-thin multilayers, femtosecond LIBS (fs-LIBS) provides
the precision necessary for selective ablation without damaging surrounding features. Preliminary experiments
were conducted on custom-fabricated micro-LEDs to assess the feasibility of fs-LIBS for real-time monitoring in
micro-LED repair. LIBS-based depth composition analysis was applied to identify material interfaces, enabling
the selective targeting of defective pixels while minimizing peripheral damage. To the best of our knowledge, this
represents the first reported use of LIBS as an in-process monitoring technique for LED repair, underscoring its
novelty and its potential to overcome one of the primary bottlenecks in micro-LED defect management.

Experimental details
The schematic of the fs-LIBS setup used in this study is presented in Fig. 1. Plasma was generated using a
diode-pumped ytterbium femtosecond laser (s-Pulse HP; Amplitude systems) operated at its third harmonic
(A =343 nm) with a pulse duration of 550 fs and a repetition rate of 1 Hz. To enhance material absorption and
depth resolution, the third harmonic of the femtosecond laser (343 nm) was selected. The micro-LED used in
this experiment was coated with a carbon-based layer, which was nearly transparent in the visible to NIR range.
UV wavelengths are known to be more strongly absorbed by such transparent materials, enabling more efficient
plasma formation and ablation®. In contrast, longer wavelengths such as 1030 nm tend to pass through the
transparent surface with minimal interaction. A 20 X objective lens (NA = 0.39, LMU-20 x -UVB) was used to
focus the laser beam on the sample surface, with a spot size of approximately 2.25 y m. The generated plasma
emission was focused into an optical fiber through a dichroic mirror and a plano-convex lens (focal length
= 50 mm). A spectrometer equipped with an intensified charge-coupled device (ICCD; PI-MAX3, Princeton
Instruments, USA) as a detector was employed to capture plasma emission, using a 2400 grooves/mm grating
and a gain of 10. The gate width of the ICCD was set to 1 1 s, without any gate delay. The detection of key
elements in the LED sample, including carbon (C), gold (Au), and gallium (Ga), was achieved by acquiring
wavelength ranges of 220-280 nm, and 270-330 nm. Spectra were collected by applying 10 laser pulses at each
energy to a single point, starting from the p-pad region. The laser pulse energy was set to 0.3, 0.5, 0.7, and 0.9
J, corresponding to laser fluences of 15.09, 25.15, 35.21, and 45.27 J/cm?, respectively.

The micro-LED samples used in this study were fabricated with a multilayer heterostructure design.
As presented in Table 1, the custom-fabricated micro-LEDs were sequentially deposited in the order listed,
following the typical architecture of micro-LEDs. To enhance surface stability and minimize contamination, the
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Fig. 1. Schematic of the fs-LIBS system for micro-LED analysis.

Layer Composition | Thickness (1« m) | Dopant | Doping (cm™3)
p-pad Pt/Ti/Pt/Au | 0.14 - -

p-contact GaAs 0.05 Zn 1.00E+19
p-spreader Al ,sGaAs 0.8 Zn 1.00E+19
p-cladding Al ,GaAs 0.2 Zn 5.00E+17
Active region | GaAs 0.01 - -

n-cladding Al ;;GaAs 0.2 Si 1.00E+18
n-spreader Al ,sGaAs 0.8 Si 1.00E+18
n-contact GaAs 0.5 Si 5.00E+18
Sacrificial Al 5:GaAs 0.5 - -

Table 1. Layer composition, thickness, and doping specifications of custom-fabricated micro-LEDs.

fabricated micro-LEDs were coated with a thin layer of carbon. Additionally, the sacrificial layer was included
but was not used in the actual experiments because the sacrificial layer was removed before proceeding with
the experiments. The micro-LEDs were fabricated with micro-scale dimensions to align with the application
requirements of micro-LED display repair. The final fabricated micro-LED chips had an area of 280 x 280
1 m, with a total thickness of 2.72 y m. Contact pads were designed with an area of 80 x 80 p m and had a
thickness of 0.14 p m.

Results and discussion

Spectroscopic analysis

In general, LIBS spectra exhibit background emission, primarily originating from continuum radiation due to
bremsstrahlung, which occurs when electrons are decelerated by the electric field during collisions®. Therefore,
applying an appropriate gate delay is critical for suppressing background emission and acquiring spectra with
high signal-to-background (SBR) and signal-to-noise ratios (SNR)*”*%. However, in this study, no gate delay was
applied. This decision was based on the specific characteristics of the femtosecond laser, which generated low
background emission due to reduced plasma temperature resulting from minimal laser-plasma interaction®*. In
addition, the use of low pulse energy (0.3-0.9 1) in our experiments generated a highly localized plasma that
cooled rapidly and produced minimal continuum emission®*°. To prioritize capturing the emitted light from
the early stage of plasma evolution for interface identification, rather than achieving the highest possible SBR
and SNR, we collected the entire spectral emission without temporal gating. The residual background emission
was subsequently removed using baseline estimation and denoising using sparsity (BEADS)*!. This method
assumes that an observed spectrum consists of sparse characteristic peaks, a baseline, and Gaussian noise-an
assumption that corresponds well with the typical structure of LIBS signals.

In this experiment, simultaneous detection of Ga and Au emissions was essential for distinguishing the
LED and electrode layers. Both signals were successfully observed within the wavelength range of 280-320 nm.
Figure 2 shows the averaged LIBS spectra from three repeated experiments performed with various laser pulse
energies (0.3, 0.5, 0.7, and 0.9 p]) at different points on the p-pad. These spectra represent the results of the
first to fifth laser pulses out of 10 consecutive laser pulses. The initial pulse produced a spectrum with notably
higher noise levels than those obtained in subsequent measurements, due to the highly reflective surface of the
polished coating layer, which reduces the absorption of laser energy*2. No emission line was detected at the
second laser pulse, likely because the laser interacted with a carbon-based coating layer whose emission lines
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Fig. 2. LIBS spectra of the micro-LED at different laser energies (0.3, 0.5, 0.7, and 0.9 1 J).

fall outside the analyzed wavelength range. In contrast, the Au (I) 312.3 nm line was observed at the third laser
pulse, indicating that the coating layer was removed during the first two pulses, thereby exposing the underlying
electrode material. In the fourth laser pulse, emission lines of Ga (I) line at 287.4 nm and 294.42 nm, Al (I) line at
308.22 nm and 309.28 nm, and Au (I) line at 312.3 nm were detected. Notably, the simultaneous detection of Au
and Ga in the fourth laser pulse suggests that the interface between the p-pad and p-contact layer corresponds
between the third and fourth pulses. At the fifth laser pulse, Ga and Al signals were still observed, whereas
the Au signal was no longer detected, indicating that the thin Au layer had been ablated under all laser energy
conditions. These spectral results match well with the known elemental composition of the micro-LED sample,
demonstrating that LIBS is a suitable technique for ultra-thin micro-LED structures.

To apply the LIBS technique for monitoring the micro-LED repair process, it is necessary to identify the
interfaces by analyzing the extremely thin layers of the LED. Typically, the laser-material interaction varies with
pulse energy, and as the laser energy increases, the ablated mass increases, thereby enhancing the LIBS signal
intensity*®. However, in the case of micro-LED depth profiling, a low average ablation rate (AAR) is also a
critical factor along with signal intensity, since an excessively low AAR can result in poor signal intensity, thereby
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Pulse energy (1 J) | SNR of Ga (I) 294.4 nm line | SNR of Au (I) 312.3 nm line
0.3 31.12 8.64
0.5 51.47 11.36
0.7 98.20 11.50
0.9 125.83 13.36

Table 2. SNR values of Ga and Au lines at different laser pulse energies, calculated from the 4th laser pulse.
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Fig. 3. Variations of the normalized line intensities of Ga (I) 294.4 nm and Au (I) 312.3 nm as a function of the
number of laser pulses at (a) 0.7 x Jand (b) 0.3 pJ.

hindering both detection sensitivity and profiling accuracy. Consequently, given that the thickness of the p-pad
is only 0.14 p m, it is necessary to select an appropriate laser energy condition that ensures a low AAR and
sufficient signal intensity to enhance the SNR. Table 2 shows the SNR values calculated at the fourth laser pulse.
The Ga (I) 294.4 nm and Au (I) 312.3 nm lines were selected as characteristic emission lines. In general, an SNR
value greater than 3 (SNR > 3) is considered sufficient to distinguish signal from noise*%. However, depending on
the experimental objective and noise environment, higher SNR thresholds may be applied to ensure greater data
reliability®. Although lower laser pulse energy is advantageous for the depth-wise analysis of micro-LED, the
SNR values at 0.3 and 0.5 p ] were significantly lower compared to those at 0.7 and 0.9 1 J. At 0.7 p ], scanning
electron microscopy (SEM; Su8230, Hitachi) and optical microscopy (Supplementary Fig. 1) revealed highly
localized ablation with no detectable damage to the surrounding regions. Thus, in this experiment, 0.7 1 ] was
selected for further investigation.

Depth profiling

For accurate depth profiling, fluctuations in the laser beam, variations in the working distance, and differences in
sample properties-which can lead to variability in the LIBS signal-should be corrected. In general, normalization
is commonly used to reduce such signal variations. In this experiment, the normalized intensities Ngq and
N were calculated as follows:

_ IGga — Tau
Nea = TautIga and Nau = TautIGga 1)

Where 4. is the integrated intensity of Au (I) emission line at 312.2 nm, and Ig. is that of Ga (I) emission line
at 294.4 nm. This normalization method is commonly used in LIBS depth profiling, as it enhances the layer-by-
layer distinction by enabling a relative evaluation of each signal.

Since the purpose of this study is to investigate the potential of real-time monitoring during the micro-LED
repair process using LIBS, it is crucial to interpret spectral variations based on a single measurement rather than
statistical averaging. Accordingly, the data presented in Fig. 3a and b represent the spectral variation observed
in a single representative experiment. Figure 3a illustrates the variation in the Ng, and Na,, as a function
of the number of laser pulses at a laser energy of 0.7 1 J. In the first and second laser pulses, the normalized
intensities of Ga and Au were both close to 0.5, indicating that the signals had comparable intensity levels. This
is because neither signal was detected due to the presence of the coating layer above the p-pad. As the laser pulse
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progressed along the depth direction, the normalized Au intensity increased sharply between the second and
third laser pulses as the pulse reached the Au-rich p-pad. Thereafter, the decrease in Au intensity between the
third and fourth pulses is attributed to the transition into the Ga-containing p-contact layer. In contrast, the
normalized Ga intensity exhibited the opposite trend. In the LIBS spectrum (Fig. 2), both Au and Ga emission
lines were simultaneously detected at the fourth laser pulse. In Fig. 3, however, the Au appears to be absent
at this pulse, which is attributed to the relatively much higher intensity of Ga compared to Au. Although the
normalization results do not fully reflect the raw spectral data, the presence of an interface between the third
and fourth laser pulses remains evident. Figure 3b shows the depth profiling results obtained at the laser energy
of 0.3 p]. The normalized intensity profiles of Au and Ga show a trend similar to those observed at 0.7 1 J.
The normalized intensities of Au and Ga remained close to 0.5 until the interface, after which the Au signal
sharply increased and then decreased, whereas the Ga signal showed the opposite trend. As mentioned above,
higher laser energy results in deeper ablation. Therefore, at 0.3 1 ], the sharp transition in normalized intensities
appears between the fourth and fifth laser pulses. These results indicate that the ablation rate and the number of
laser pulses required to reach the interface vary depending on the laser pulse energy, whereas the overall shape
of the normalized intensity profiles remains unaffected. From an industrial application perspective, variations
in laser energy due to on-site environmental factors are common. Such fluctuations can lead to either deeper
or shallower ablation in the depth-wise direction. In this context, LIBS can serve as a useful technique for the
real-time detection of interfaces.

The atomic force microscopy (AFM, NX10, Park Systems) analysis was performed to investigate the evolution
of the ablation crater depth as a function of the number of laser pulses. The AFM images of ablation craters and
their cross-sectional profiles are presented in Supplementary Fig. S2. Crater depth increases with increasing
pulses, demonstrating a cumulative material removal process. The measured depths of the craters were 1.244,
2.625,3.217, and 4.648 pm for 1, 2, 5, and 10 laser pulses, respectively. The ablation rate exhibited a nonlinear
trend with the number of pulses. Considering that the ablation depth at the 10th laser pulse was 4.648 1 m,
while the Rayleigh range in this experimental setup was 8.9 p m, the observed differences in ablation rate can
primarily be attributed to the material properties. In general, the ablation rate of carbon is higher than that of
Au and GaAs.

Validation of LIBS depth profiling by SEM-EDS

To evaluate the reliability of LIBS spectral data, a comparative analysis was conducted. Morphology and
elemental mapping of ablation craters were characterized using a SEM equipped with energy-dispersive X-ray
spectroscopy (EDS). Figure 4 presents the results of the EDS elemental mapping performed on samples after
1, 2, 5, and 10 laser pulses at the laser energy of 0.7 1 ]. Based on the LIBS spectra in Fig. 2, at the 2nd pulse—
which corresponds to the surface condition after a single laser pulse (Fig. 4a)—no emission lines were detected.
This indicates that after one laser pulse, the carbon layer still remained, and the underlying Au layer had not yet
been reached. The Au signals observed in the EDS data may be attributed to the penetration depth of electrons
in EDS measurements?®. After the second laser pulse (Fig. 4b), Ga and As signals remained undetected, while
the Au signal intensity increased, implying that the Au layer began to appear after the second pulse, which is
consistent with the LIBS spectra showing the emergence of Au signals at the third laser pulse. Between the third
and fifth pulses, Au completely disappears from the spectral results as shown in Fig. 2, whereas Ga and As begin
to emerge at the fifth pulse and become increasingly prominent thereafter (Fig. 4c-d). The elemental mapping
results are consistent with both the LIBS results and the LED structure. Prior to laser irradiation, the LED surface
is covered with a carbon-coated layer. After ablation of this layer, the underlying gold-based p-pad is exposed.
Subsequent removal of the p-pad reveals the p-type GaAs layer. Accordingly, Au signals observed in both EDS
and LIBS appear during the intermediate stage and then disappear as the gold layer is fully removed. In contrast,
Ga signals detected by both techniques persist once the GaAs layer is exposed.

In the Au mapping images shown in Fig. 4c-d, an accumulation of Au at the crater edges is observed. At the
relatively high fluence used in this study (35.21 J/cm?), transient melting and the formation of molten pools can
occur. These molten pools can result in resolidified structures and rim morphologies, driven by hydrodynamic
instabilities?’. Additionally, Au possesses a relatively higher density and lower diffusion rate compared to Ga, it
tends to redeposit more intensely along the crater periphery*®. When comparing elemental distribution profiles
obtained from EDS with the LIBS spectral data, both analytical methods exhibit consistent trends: the Au
concentration decreases, while the Ga concentration increases with an increasing number of laser pulses.

Conclusion

In this study, fs-LIBS was investigated as a real-time monitoring technique for micro-LED repair, with a focus
on depth profiling and elemental analysis. The LIBS spectroscopic results successfully detected Au and Ga
emission lines, enabling the identification of the interface between the p-pad and p-contact layers. Although
all pulse energies enabled the detection of emission lines from the constituent elements of the micro-LED, 0.7
1 J was identified as optimal energy, considering both SNR and minimal material removal. Normalized depth
profiles revealed that the interface was distinguishable based on the variations in Ga and Au signal intensities as
a function of the laser pulse number, with a clear transition observed between the third and fourth laser pulses.
To validate the spectral data, EDS elemental mapping was conducted on ablation craters generated after different
numbers of pulses. The EDS images are consistent with the LIBS results. These findings demonstrate that fs-
LIBS provides depth-resolved information, enabling precise defect localization and selective material removal,
thereby making it a promising technique for real-time process monitoring in micro-LED repair. Compared
to conventional defect repair methods, fs-LIBS offers in-situ elemental analysis, which minimizes damage to
adjacent components such as electrodes and transistors.
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Fig. 4. EDS elemental mapping analysis after (a) 1, (b) 2, (¢) 5, and (d) 10 laser pulses at a laser pulse energy of
0.7 p]J.

Data availability
The data that support the findings of this study are available from the corresponding author on reasonable re-
quest.
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