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Abstract 

Gallium nitride (GaN) film delamination is an important process during the fabrication 

of GaN light-emitting diodes (LEDs) and laser diodes. Here, we utilize 520 nm femtosecond 

laser pulses, exploiting non-linear absorption rather than single-photon absorption like in 

conventional laser lift-off (LLO) utilizing excimer or Q-switched laser sources. The focus of 

this study is to investigate the influence of laser scanning speed and integrated fluence 

corresponding with laser energy per area during the LLO processing of GaN LED chips and 

their resulting structural properties. Since both sapphire substrate and InGaN/GaN 

heterostructures are fully transparent to the emission of the laser system, a key question is 

related to the impact of laser pulses on the quality of thin film structure. Therefore, several 

characterization methods (i.e., scanning electron microscopy (SEM), atomic force microscopy 

(AFM), X-ray diffraction (XRD), Raman spectroscopy, and electroluminescence 
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spectroscopy) were employed to understand the material modifications made by femtosecond 

LLO (fs-LLO). We demonstrated that by adjusting the laser scanning speed, smooth GaN 

surfaces and good crystal quality could be obtained regardless of the existing delamination of 

metal contact, which then slightly downgraded the LED performance. Here, the integrated 

fluence level was set in the range of 2.6 to 4.4 J/cm2 to enable the fs-LLO process. Moreover, 

two mitigation strategies were developed and proven to improve the optoelectrical 

characteristics of the lifted-off LEDs (i.e., modification of processing step related to the metal 

creation and reduction of laser energy).      

 

Keywords:  laser lift-off, gallium nitride, LED, femtosecond laser, chip integration, laser 

micromachining. 

 

1. Introduction 

Since their invention by Akasaki, Amano, and Nakamura in the early 1990s, gallium 

nitride (GaN)-based blue light-emitting diodes (LEDs) have been continuously developed into 

a mature optoelectronic technology. Nowadays, these semiconductor structures are employed 

not only in conventional solid-state lighting, but also other applications (e.g., visible light 

communication,1,2 gas sensors,3,4 vertical nanowire arrays,5,6 portable lensless microscopes,7 

and opto-microbial fuel cell diagnostics8). Furthermore, the focus of GaN LED research and 

development has been shifted from the basic material quality enhancement into advanced 

processing methods to support the creation of tailored optoelectronic devices. These include 

both monolithic and hybrid integrations of GaN LEDs with electronics or other functional 

devices.8–10 Although the former can provide more highly integrated structures and smaller 

devices, the latter is now becoming more favorable. This is due to the fact that the monolithic 

fabrication of GaN LEDs driven by high-electron mobility transistors (HEMTs) requires very 

complex material growth process, in which normally the performance of one of those devices 

has to be compromised.11 Meanwhile, for hybrid-integrated systems, both components can be 

optimized in separate processes resulting in the highest possible device performance.1 

Moreover, they can be realized on specific materials other than their original epitaxial 

substrates (e.g., conductive or flexible substrates).11–13 In most cases, GaN LEDs are grown on 

sapphire (Al2O3) as substrates due to the lack of GaN homo-substrates. However, they exhibit 

poor electrical and thermal conductivities (~35 W/mK).14 Even for GaN LEDs grown on Si or 

metal substrates with high electrical and thermal conductivities, the lattice mismatch and 

thermal expansion coefficients between GaN and its substrates lead to high dislocation and 

crack densities in the epitaxial layers.15,16 Thus, the transfer of LED structures grown on 

sapphire onto a more suitable carrier (e.g. Cu foil with thermal conductivity of up to 300 

W/mK) has become a way to go to yield optimum device performance.17  

Laser lift-off (LLO) is a method that is proven to be fast and non-chemical for removing 

the thin GaN layer stack from the sapphire substrate and then transferring it onto a potential 

foreign carrier substrate. The first LLO-based GaN film detachment from sapphire substrate 

was demonstrated using a third-harmonic Q-switched Nd:YAG laser with 355 nm wavelength 
18. Laser pulses with this wavelength were transmitted through the sapphire substrate onto the 

GaN/sapphire interface and absorbed in the GaN interface region. The photon absorption 



3 

 

induced decomposition of GaN into metallic Ga and gaseous N2. Conventionally, LLO can be 

performed using a variety of short-pulsed lasers, including the excimer lasers (e.g., 193-nm 

ArF, 248-nm KrF, and 308 nm XeCl lasers) and Q-switched lasers (e.g., with frequency-tripled 

(355 nm) or quadrupled (266 nm) nanosecond laser).19 In the optoelectronic industry, KrF 

excimer lasers with 248 nm emission are often applied for the LLO procedure using raster 

scanning method.20 This conventional LLO approach requires direct absorption in the 

semiconductor. Although that lift-off process has been mature and commonly used in the LED 

industry, nowadays several research groups have been attempting to find other methods that 

might offer more benefits in terms of the material processing flexibility (e.g., use of a single 

laser system for different LED material types like AlN buffer layer in UV LEDs, growth of 

sacrificial layers like graphene or other 2D materials between the active LED layer stack and 

its substrate, and utilization of mechanical peel-off and chemical solution for chip 

separation).21–25  

Here, we explored a new alternative method, which uses ultrashort pulses of laser source 

with photon energies below the band gap of the semiconductor and the non-linear optical 

response in the high excitation regime. Under these circumstances, multi-photon absorption 

sets in for LLO purposes. Unlike the conventional LLO, in this study we employed a laser 

source emitting at 520 nm (2.38 eV) with the photon energy lower than the GaN bandgap (3.4 

eV). Thus, linear absorption can be neglected. Furthermore, the extremely high laser intensities 

during the ultrashort pulse times enable a higher order process, which in this case is mainly 

two-photon absorption. Moreover, decreasing the laser pulse duration will further suppress the 

thermal effect caused by laser-material interaction (e.g., from 350 to 100 fs). Thus, laser-

induced crystal damages can be minimized during ablation process.26 Meanwhile, choosing a 

femtosecond laser source at the visible wavelength (e.g., 520 nm) offers straightforward optical 

alignment during sample preparation. Another laser source with a longer wavelength of 1030 

nm (near infrared) but with the same pulse width of 350 fs could also be opted resulting in 

multiphoton absorption instead of only two-absorption. This technique has been reported to 

slice GaN thin film from its original bulk substrate (i.e., bulk GaN).25  

In our previous study, the femtosecond LLO (fs-LLO) at a wavelength of 520 nm had 

been used to release free-standing bare GaN LED films with an area of 0.5 × 0.5 mm2 from 

sapphire.27 Although the laser beam characteristics and the laser-induced damage threshold for 

GaN (0.5 J/cm2) had been determined, the GaN LED chips were not fully fabricated as a 

complete functional device in cleanroom yet (i.e., n-GaN etching was not performed and metal 

contacts (electrodes) were not realized). As a result, electroluminescence was not able to be 

conducted because of their chip fragility and incomplete structure. Moreover, the effects of 

laser scanning speed and integrated fluence during fs-LLO were not investigated in detail. 

Material characteristic assessments (e.g., Raman spectroscopy, X-ray diffraction (XRD) 

analysis, and atomic force microscopy (AFM)) had not been carried out. Thus, several 

questions still need to be answered, especially related to the feasibility of this method to transfer 

the functioning GaN LED devices from their original substrates to other substrates, without 

damaging the quantum well area and degrading the material and optical characteristics. In this 

paper, we attempt to demonstrate a fast physical transfer of InGaN/GaN LED chips from 

sapphire to flexible substrate (copper (Cu) foil) using fs-LLO, in which their crystal quality, 

surface morphology, and electroluminescence were investigated in detail. The GaN LEDs have 
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been created as fully functional devices, where metal contacts were also integrated on their 

surfaces. It is worth mentioning that besides laser energy and wavelength, the scanning type 

consisting of scanning speed, repetition, and step width has been a crucial parameter for the 

LLO process.28 Thus, we examined this parameter influence in combination with the integrated 

laser fluence (Ф𝑖𝑛𝑡), which is the total laser energy per area. After demonstrating the 

delamination of GaN LED stack from the original sapphire substrate, we then transferred it 

onto a Cu foil. Finally, the quality of lifted-off GaN LED chips was characterized to detect 

their possible degradations after fs-LLO. 

 

2. Materials and Methods  

2.1 Materials  

GaN LEDs with a peak wavelength of 470 nm were epitaxially grown on 430 µm thick 

two-inch c-plane (0001) double-side polished (DSP) transparent sapphire substrates by 

metalorganic vapour-phase epitaxy (MOVPE) inside an Aixtron G3 reactor in epitaxy 

competence center (ec²). The DSP sapphire was used to facilitate light transmission from the 

wafer backside during the fs-LLO process. The InGaN/GaN films with a total thickness of ~5 

µm consisted of a 2.4 µm thick n-GaN buffer layer with a dopant concentration of 1018 cm-3, a 

2.1 µm heavily doped n-GaN layer with a dopant concentration of 1018 - 1019 cm-3, 4 pairs of 

InGaN/GaN multi quantum wells (MQWs), and a p-GaN layer with a total thickness of ~300 

nm. To activate the p-GaN layer, the LEDs were annealed in the MOVPE reactor at 770 °C for 

20 min.29 

2.2 Femtosecond laser lift-off  

The experimental setup for performing the fs-LLO is sketched in Figure 1a. A laser 

source with a wavelength of 520 nm, a pulse width of 350 fs, and a repetition rate of 200 kHz 

was used. The incident laser from an Yb-based commercial fs laser source (SPIRIT-1040, 

Spectra-Physics) passed through a galvanometer scanner heading to a telecentric f-theta 

objective lens and sequentially being directed to a sample positioner underneath. The mirrors 

inside the galvanometer scanner allowed fast x-y beam scanning along the sample surface with 

a velocity of up to 2.5 m/s, where the incident angle was kept orthogonal onto the surface by 

the telecentric objective. 

The fs-LLO method was conducted by scanning a laser beam across the backside of a 

sapphire substrate to separate and transfer the processed GaN LED chips onto a target substrate 

(e.g., metal foil). In the LLO process, the sapphire substrate must be DSP and transparent for 

accommodating the path of photons toward the GaN/Sapphire layer interface. For the 

conventional LLO, the energy of the photons must be higher than the bandgap of GaN (hv > 

3.4 eV). Hence, the pulse energy can be directly absorbed at the GaN region near the 

GaN/sapphire interface (red bar in Figure 1b-left), which leads to the thermal decomposition 

of GaN into metallic Ga and gaseous N2 at temperature of up to 900 °C.30 Unlike the 

conventional LLO, the impinging photons from the ultrashort laser pulse possess lower energy 

(2.38 eV) than the GaN bandgap (3.4 eV). Nonetheless, the high photon density leads to two-

photon absorption mechanism.31 Laser pulses transmitted through the sapphire can reach to and 

subsequently be absorbed in the GaN region near the GaN/sapphire interface (red bar) by a 
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two-photon absorption process. The decomposition of GaN yielded at that interface causes a 

subsequent detachment of the GaN layer from the sapphire (Figure 1b-right). 

 

 
 

Figure 1 a Laser micromachining setup integrated with a telecentric f-theta objective lens and a 

Galvanometer scanner for fs-LLO from the backside of LED wafer. b Band diagrams for conventional 

LLO and fs-LLO processing of GaN on sapphire substrate illustrating single and two-photon absorption 

procedures, respectively. c Laser scanning scheme showing overlap, Gaussian energy distribution, and 

crater patterns for the proposed fs-LLO. 

 

From our former investigation, the integrated fluence values of between 1 and 5 J/cm2 

were utilized to lift bare GaN LED films from their sapphire substrate.27 Here, it is worth 

mentioning that the required integrated fluence in fs-LLO is significantly higher than that in 

conventional LLO (i.e., ranging from 0.1 to 1 J/cm2).30,32,33 In this study, the laser pulse energy 

(𝐸𝑝) was kept constant at ~3.3 µJ per pulse corresponding to a peak fluence (Ф0) of ~1.5 J/cm² 

at the sample plane per laser pulse. Here, laser focus position on target surface has a beam 

width (2ω) of ~20 μm. Employing this pulse energy level was proven to be able to yield a high 

lift-off success rate of up to ~70%.27 Nonetheless, the scanning strategy has been modified 

from cross-line to parallel-line scanning pattern, because the former was ineffective resulting 

from the inhomogeneous impinging photons on the fs-LLO interface. Meanwhile, the latter 

could reduce the number of laser beam hitting the surface during fs-LLO (see Figure 1a). 

Therefore, considering the needed threshold integrated fluence, we have decided to use the 

integrated fluence ranging from ~2.5 to ~4.5 J/cm2 to guarantee a successful lift-off process of 

the GaN LED films.27 
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Besides the laser energy, the distance between laser spots is a major factor for the overall 

fs-LLO scanning process, since it determines the degree of overlap between subsequent laser 

spots. The lateral overlap length or distance between two consecutive laser shots (𝐿𝐿) in scan 

direction on the sample is related to the scanning speed (𝑣) and the pulse frequency (𝑓) by: 

 

𝐿𝐿 =
𝑣

𝑓
       … (1) 

 

In transverse direction, the overlap length (𝐿𝑇) can be controlled by the step width of the 

Galvanometer-scanner or track displacement. The applied scanning pattern, the Gaussian 

energy distribution of laser spots, and the craters generated by the beams on the sample surfaces 

are illustrated in Figure 1c.  𝐿𝐿 and 𝐿𝑇  are crucial values, since they determine the overlap of 

subsequent spots and therefore have a strong influence on the laser impact on the sample. 

Moreover, in laser micromachining process, the degree of overlap influences roughness and 

pattern homogeneity of the sample surface.34,35 To describe the situation, we define the degree 

of overlap (%) by the following equations:36 

 

𝑂𝐿 =  (1 −
𝐿𝐿

𝐷
) × 100%    … (2) 

𝑂𝑇 =  (1 −
𝑎

𝐷
) × 100%    … (3) 

 

where 𝑂𝐿 and 𝑂𝑇 are the percentage amounts of overlap between the diameters of two 

consecutive pulses in lateral and transverse directions, respectively. Meanwhile, 𝐷, 𝑎, 𝑓, and 𝑣 

represent diameter crater that is caused by the beam spot on GaN surface, track displacement 

(transverse pitch between passes), pulse frequency, and scanning speed of the laser beam, 

respectively. During the experiments, the first three parameters were kept at constant values of  

𝐷 = 20 μm, 𝑓 = 200 kHz, and 𝑎 = 10 μm, respectively, while 𝑣 was varied from 1.5 m/s to 2.5 

m/s with 0.5 m/s intervals.  

Additionally, the integrated fluence (Ф𝑖𝑛𝑡) value is influenced by pulse energy (𝐸𝑝) and 

the number of pulses per area (𝑛/𝐴). Therefore, according to Equation (1), the number of pulses 

per area and integrated fluence are calculated by:  

𝑛/𝐴 =  
1

𝑎
×  

𝑓

𝑣
      … (4) 

Ф𝑖𝑛𝑡 = 𝐸𝑝 ×  𝑛/𝐴     … (5) 

 

According to Equations (2) and (3), 𝐿𝐿 and 𝐿𝑇 can be increased by reducing the laser 

scanning speed (𝑣) and the transverse pitch between two scans (𝑎), respectively. Meanwhile, 

the 𝑛/𝐴 can be lowered by increasing the laser scanning speed. As a result, the value of 

integrated fluence can be lowered by increasing laser scanning speed (see Equations (4) and 

(5)). 

2.3 Chip integration  

The chip integration processing steps of the fs-LLO-based LEDs onto a flexible copper 

(Cu) foil (3M 1181 copper foil tape) are depicted in Figures 2a-h. First, a two-inch epitaxial 

GaN LED wafer was diced to a size of 1 cm × 1 cm and cleaned for 5 min in a 1 : 1 boiled 



7 

 

mixture of H2O2 (30% w.t.) and H2SO4 (98% w.t.), followed by a dip in 6.5% buffered 

hydrofluoric (HF) acid to detach any remaining organic impurity. To enhance the adhesion of 

photoresist onto the GaN surface during patterning, the sample was coated with 

hexamethyldisilazane (HMDS) (Figure 2a). Afterwards, multiple UV-photolithography 

processes were carried out employing a SUSS MJB4 mask aligner to fabricate the LED chips. 

After depositing and patterning a chemically inert and stable etching mask of ~300 nm 

chromium (Cr) onto the desired micro LED geometries using optical lithography, electron 

beam evaporation, and chemical lift-off process, the rest of the GaN material that was not 

protected by the mask was etched away using combined dry and wet etching processes.  

Due to the highly energetic ion bombardment during the inductively coupled plasma 

reactive ion etching (ICP-RIE) in an SI 500C plasma dry etcher (Sentech Instruments GmbH, 

Germany), rough structures and numerous defects appeared on the GaN surface (see Figure 

S1 in Supporting Information). Differentiating from the etching formula for silicon-based 

micro-/nanodevices that were normally performed at cryogenic temperature using SF6/O2 

plasma and photoresist mask,37–40 here, a typical dry etching recipe (i.e., ICP power of 800 W, 

HF power of 275 W, pressure of 0.5 Pa, SF6/H2 fluxes of 12 sccm and 100 sccm (standard 

cubic centimeter per minute), and room temperature) was used for 20 minutes with a Cr mask, 

which yielded an etch rate of ~1 µm/min. Afterwards, the sample was subsequently treated in 

a potassium hydroxide (KOH)-based wet chemical etchant to smoothen the GaN surface at a 

temperature of 80 °C for 20 minutes. From other reported studies using hydroxide ions (OH–) 

as an active etchant, it was found that Ga- and N-polar GaN materials possess different etching 

behaviors.41–43 As a key prerequisite for anisotropic KOH-etching to occur on GaN, the 

hydroxide ions have to be able to access the Ga atom for oxidation process. Thus, hexagonal 

pyramids can be formed when N-polar GaN areas were exposed to KOH solution.41 However, 

Ga-polar regions could not be etched by KOH etchant and they would remain perfectly intact. 

Nonetheless, in case of many defects presented in the material (e.g., like the condition of the 

GaN surface after ICP-RIE in Figure S1), a higher number in dangling or defective Ga bonds 

generate local etch pit formation. This has led to an opportunity for hydroxide ions to reach Ga 

atoms in defect-rich areas progressing the wet etching process.42,43 More detailed explanation 

and characteristics of this hybrid etching method combining both ICP-RIE and KOH-based 

wet etching processes on different stacks of GaN layers have been described in our former 

studies and the reports from other groups.42–46 We have also demonstrated to employ this hybrid 

etching technique for realizing both field-effect transistors (FETs) and LEDs based on vertical 

GaN nanowire arrays.1,5,47,48   

During metallization process, Pd/Au (2/10 nm), Pd/Au (20/150), and Cr/Au (50 /200 nm) 

were deposited using electron beam evaporation method, serving as the semi-transparent 

spreading layer, p-GaN, and n-GaN contacts, respectively (see Figure 2b). Using this semi-

transparent stack metal composition, ~50% level of optical transmittance at a wavelength of 

470 nm could be revealed. Furthermore, the sample was annealed at a temperature of 400 °C 

for 1 minute using rapid thermal annealing (RTA) to enhance the Ohmic contact property 

yielding a resistance of ~20 Ω.4 
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Figure 2 Schematics of the device processing steps to create GaN LEDs on a metal foil substrate using 

femtosecond laser lift-off (fs-LLO). a Wafer cleaning and preparation. b Top-down processing of GaN 

LEDs arranged as an array including photolithography, inductively coupled plasma reactive ion etching 

(ICP-RIE), wet etching, and metallization. c Bonding of GaN LED chips onto borosilicate glass as a 

temporary substrate. d Femtosecond LLO processing. e Removal of the sapphire substrate. f Transfer 

of GaN LED layer onto a metal foil. g Detachment of the glue and temporary substrate. h Fabricated 

GaN LEDs on a metal foil.  

 

The transfer of the LED chips began with bonding of the sample onto a temporary 

substrate of borosilicate glass utilizing crystal bond glue (Plano GmbH, Germany) at a 

temperature of 120 °C to form a stacking structure of sapphire/GaN LED/adhesive/borosilicate 

glass (Figure 2c). Laser irradiation was then directed from the transparent sapphire substrate 

with a pulse energy of 3.3 µJ (Figure 2d). As a result, this fs-LLO process was able to detach 

the GaN layer containing LED chip array from the sapphire and subsequently to fasten it onto 

a borosilicate glass substrate (Figure 2e). After removing residual Ga that was produced during 

LLO on the sample using a mixture of HCl : H2O (1 : 1) for 2 minute,49 the LED chips were 

then transferred onto a Cu metal foil (Figure 2f). The adhesion between those two materials 

was made feasible at a temperature of 120°C, where the crystal glue simultaneously melted. 

The sample stack was then cleaned from the residue of adhesive glue with acetone (Figure 2g). 

Once the temporary substrate had been pulled away from the LED chips, they were able to be 

attached to the Cu foil (Figure 2h). As a final step, the integrated GaN LED devices were 

placed in a probe station equipped with microneedles and an optical fiber for further 

optoelectrical characterization.  

 

2.4 Characterization  

To characterize the crystalline qualities of the GaN LED before and after fs-LLO, a high-

resolution XRD spectroscopy system with a Bruker D8 XRD Advance with Cu Kα radiation 

(λ = 0.154 nm) at acceleration voltage and current of 40 kV and 40 mA, respectively. The 

measurements were performed in a Bragg-Brentano (θ-2θ) configuration. Additionally, Raman 

spectra were measured using a Horiba HR800 spectrometer with a (500:1) polarized 20 mW 
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He-Ne laser having a wavelength of 632.8 nm. For observing the condition of GaN surface 

morphology and roughness, a scanning electron microscope (SEM, Leica Cambridge S360FE) 

and an atomic force microscope (AFM, Veeco Dimension 3100) in tapping mode were 

employed, respectively. The electroluminescence measurements of GaN LEDs were conducted 

using a semiconductor characterization system (4200-SCS Keithley, Keithley Instruments 

GmbH) and a spectrometer (USB HR 4000, Ocean Optics Inc.). The GaN LED chip cross-

section after fs-LLO was investigated in a focused ion beam scanning electron microscope 

(FIB-SEM, Thermo Scientific Helios 5 UX DualBeam). All these characterizations were 

carried out at room temperature. 

 

3. RESULTS AND DISCUSSION 

Ultrashort-pulse laser micromachining with femtosecond laser as a light source can 

prevent thermal effects during the irradiation on a semiconductor.26  Its principal absorption 

process during LLO using a pulse width of 350 fs and a wavelength of 520 nm differs from 

that in conventional LLO (nanosecond LLO). In particular, the ultrashort time of laser–material 

interaction can reduce the heating effects caused by the laser-induced shockwave. Here, in fact, 

the laser pulse width is shorter than the lifetime of photoexcited charge carrier (~800 ps).50,51  

In the fs-LLO process, an appropriate integrated fluence range affected by laser scanning 

speed should be well defined for obtaining the optimum outcome of the GaN LED structures. 

Accordingly, since the scanning speed v can influence the integrated fluence as well as the 

degree of overlap between two spots (𝑂𝐿 and 𝑂𝑇),  this parameter has been firstly varied to 

study its effect on GaN surface. Figures 3a-c show the SEM images of GaN backside surfaces 

(n-GaN buffer layer) after LLO at different laser scanning speeds of 1.5, 2, and 2.5 m/s (i.e., 

v1, v2 and v3). The regularities in the peaks and valleys of the surface textures are clearly a 

signature of the variation in scanning speed. The surface roughness changes for lifted-off GaN 

films are confirmed by AFM images. For all those three samples, the scanning was performed 

over a 30 × 30 µm2 area. The calculated root-mean-square (RMS) roughness (Sq) values have 

been lowered from 130.3 to 67.8 nm when the scanning speed was increased from v1 = 1.5 m/s 

to v3 = 2.5 m/s, respectively. These values are comparable with that of the GaN film surface 

released by single KrF (248 nm) excimer nanosecond laser pulse (i.e., RMS roughness of ~50 

nm).52 That structure was successfully bonded onto silicon at a bonding temperature of 400 °C. 

Another GaN layer processed by conventional LLO exhibited a similar RMS value of (32 ± 5) 

nm, which was observed from the 400 µm2 large AFM image.53 The flatness of the lifted-off 

GaN structures can however be improved by optimizing the lift-off condition. In our case, the 

scanning speeds of v2 and v3 are considerably acceptable to be the appropriate parameters 

because of their low RMS values. 

It has been demonstrated that regardless of the same employed pulse energy, rough and 

coarse structures of the GaN layers could be yielded when they were processed with shorter 

laser irradiation time. Here, the energy accumulation at a certain position becomes higher at 

the lower scanning speed condition because it is affected by the next pulse during the scanning 

process in certain area. Moreover, the amount of ablation occurred progressively with a higher 

integrated fluence causing a coarse and deeper crater on the surface. Comparatively, faster laser 



10 

 

scanning has resulted in smoother surfaces. The lateral and transverse overlap distances 

between two spots of 𝑂𝐿 and 𝑂𝑇 were also influenced, respectively.  

 

 
Figure 3 a-c SEM and AFM images of craters generated by femtosecond laser micromachining using 

different scanning speeds (v1 –  v3) and d their corresponding measured and simulated beam overlapping 

rates (𝑶𝑳 and 𝑶𝑻). 

 

To analyze the resulting lifted-off structures, the theoretical crater spot diameter on GaN 

surface 𝐷 of 20 µm from our previous report was used as a reference in a simulation involving 

Equations (2) and (3) to calculate both 𝑂𝐿 and 𝑂𝑇 values (Figure 3d). While 𝑂𝐿 became smaller 

linearly as the laser scanning speed increased, 𝑂𝑇 exhibited only a slight shift. From the 

experiments, the values of 𝑂𝐿 shrank from 63.2 % to 39.3 % and those of 𝑂𝑇   were relatively 

stable at ~50 %, when the laser scanning speed was changed from 1.5 to 2.5 m/s, respectively 

(see Table S1). Similar to the effect on the beam overlap, increasing the laser scanning speed 

could lower the number of pulse hitting on GaN surface per area. For instance, an increase in 

the number of pulses per area led to a higher integrated laser fluence, from 2.6 to 4.4 J/cm2 as 

calculated using Equation (5). Therefore, an overlapping value of ~50% at v2 for both 𝑂𝐿 and 

𝑂𝑇 indicates the most equal level of the laser beam impinging on a certain area of the GaN 

surface during the laser scanning procedure. Under this condition, the resulting GaN film after 

fs-LLO will possess higher homogeneity, which is beneficial when the larger area needs to be 

realized. 
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Figure 4 a X-ray diffractograms of the GaN LED structures before and after fs-LLO. b Intensity ratio 

of GaN LED after fs-LLO and FWHM value from XRD measurement. c Raman spectra of the GaN 

LED structures before and after fs-LLO. d Comparison of Raman shifts of GaN LED before and after 

fs-LLO. 

 

From the X-ray diffractograms of InGaN/GaN LED shown in Figure 4a, hexagonal GaN 

(0002) and InGaN MQW peaks are exhibited in the diffraction patterns.30,54–56 The measured 

full width at half maximum (FWHM) values of the GaN (0002) and GaN (0004) peak remained 

unchanged (i.e., 0.19° and 0.31°) for the three lifted-off GaN film samples treated with different 

integrated fluence levels as shown in Figure 4b and S2. On the other hand, intensity ratio 

between GaN (0002) and GaN (0004) changes due to increasing intensity of GaN (0004) on 

faster scanning speed condition. Thus, it indicates that the time of scanning process during 

femtosecond laser irradiation may affect the produced crater depth in GaN film but does not 

play a significant role to change the crystallite size. Nonetheless, for the conventional LLO, 

the phenomenon is different because the thermal effect is dominant during laser ablation 

process, which may affect the resulting crystal size.28
 Furthermore, the small peak of sapphire 

(00012) appearing in Figure S2 indicates that sapphire debris was also involved during fs-LLO 

and transfer process for the lowest scanning speed. 

By means of the Raman spectra shown in Figure 4c, the GaN layers possessed the E2 

mode peaks at 569.3 cm−1 and 568.8 cm−1 for the GaN samples before and after fs-LLO with 

different scanning speeds (v1 - v3), respectively. The A1 longitudinal-optical (LO) phonon mode 
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peaks were found at 761.5 cm−1, 737.4 cm−1, 736.7 cm−1, and 736.1 cm−1 for the samples before 

and after laser treatment with v1-v3, respectively. Based on the previously reported Raman 

spectroscopy studies on GaN28,57 where the selection rules for the Raman peaks have been 

defined, only the E2 (high) and A1 (LO) modes were symmetry allowed in back scattering 

geometry with the laser beam incident on the (0001) surface. Thus, the GaN A1 transverse-

optical (TO) vibrational peak is prohibited. Nevertheless, in Figure 4c, the GaN A1 (TO) peak 

is apparent at 533.5 cm-1 after fs-LLO, which may be due to the resulting rough GaN surface 

on the released n-GaN interface.58 The GaN E2 (high) phonon mode is normally used to 

quantify the stress value on GaN crystals. To further evaluate the samples, we then compared 

the GaN E2 mode values of the samples before and after different laser treatments with that of 

unstressed GaN (i.e., 567.2 cm-1).59 The stress of the GaN layer (σ) can be calculated as σ = 

∆ω/k, where k and ∆ω are the Raman stress coefficient (-4.3 cm−1 GPa−1) and the difference in 

the E2 (high) phonon peaks between the stressed and unstressed GaN epilayers, respectively. 

The compressive stress values for GaN LEDs before and after fs-LLO with different 

scanning speeds (v1 - v3) while being still attached on borosilicate glass were calculated to be 

0.48 and 0.37 GPa, respectively. In fact, it is obvious that the GaN E2 mode for all the three 

released samples possessed a constant Raman shift value of 0.64 cm−1 compared with that 

before fs-LLO (see Figure 4d). However, a different trend has been depicted in the GaN A1 

(LO) mode, in which its Raman shift value changed from 13.33 to 12.09 cm−1 when it was 

compared to that in original GaN A1 (LO) before fs-LLO. In this case, the integrated fluence 

level was increased from 2.6 to 4.4 J/cm2, respectively. Again, it should be noted that higher 

integrated fluence level corresponds to lower laser scanning speed during fs-LLO (see 

Equations (4) and (5)). The shifts of both E2 and A1 (LO) phonon mode peaks might be 

attributed to small stress effects, which changed the vibrational characteristics of the GaN thin 

films and led to the change of Raman frequency related to time of irradiation during fs-LLO 

scanning.28 

After investigating and understanding the influences of integrated laser fluence on GaN 

material properties during fs-LLO, a complete GaN LED device on a foreign substrate (i.e., a 

Cu foil) was fabricated using the pre-determined fs-LLO parameters. Even though silicon or 

other conventional planar materials were normally employed as final substrate for such 

InGaN/GaN LED chips, we have selected Cu foil substrate because of its good electrical and 

high thermal conductivities as well as low price and high flexibility. A successful transfer on 

such an unconventional substrate like metal foil may open a path to realize inorganic flexible 

LED devices.22 Here, the film surface roughness is a significant factor for the chip bonding. 

Having smooth film surface properties resulting from the fs-LLO can prevent the undesired 

gap or air bubble within the interface between the chip and the final substrate during bonding 

process.52,60,61 Therefore, based on the experimental results of the laser impact on the GaN 

structures with constant pulse energy (𝐸𝑝) at 3.3 µJ per pulse and varied scanning speeds (v1 - 

v3), the optimized GaN chip condition has been obtained at v2 condition in terms of its surface 

morphology homogeneity and surface roughness level. Meanwhile, the crystal qualities of 

those three samples treated with different laser scanning speeds (v1 - v3) are almost identical. 

Here, we have demonstrated fs-LLO and transfer process of GaN LED chip from sapphire onto 

Cu foil using a parameter laser scanning speed v2 = 2 m/s, which is equal to integrated laser 
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fluence (Ф𝑖𝑛𝑡) of 3.3 J/cm2. The values of important parameters measured by different material 

characterization methods shown in Figure 4 are listed in Table S1. 

Figure 5(a) shows the XRD measurement results of the GaN LED before and after fs-LLO 

with pulse energy (𝐸𝑝) of 3.3 µJ, in which laser scanning speed v2 = 2 m/s (i.e., integrated laser 

fluence (Ф𝑖𝑛𝑡) of 3.3 J/cm2) was used during laser processing. For the sample before fs-LLO 

(GaN LED on sapphire substrate), besides the two dominant GaN peaks (i.e., GaN (0002) and 

(0004)) that exhibited the orientations of hexagonal wurtzite GaN,30,54,55 the X-ray 

diffractogram also shows an additional peak of sapphire (0006).62 Meanwhile, after being 

lifted-off and transferred onto the Cu foil, that peak has been diminished and subsequently a 

new peak of Cu (200) existed instead.  

 
 

 

Figure 5. (a) XRD measurement results of the GaN LED structure before and after fs-LLO. (b) 

Raman spectra of the GaN LED on sapphire before fs-LLO, sapphire and GaN layer after fs-

LLO, and GaN LED film after being transferred onto Cu foil substrate. (c) Photographs of 

fabricated GaN LED array on a Cu foil at different processing stages. 

 

To further confirm a complete removal of sapphire in the transferred GaN LEDs, 

Raman spectra were measured for various sample conditions (i.e., GaN film on a sapphire 

substrate, the sapphire substrate after fs-LLO, GaN film on borosilicate glass after LLO, and 

GaN LED on flexible Cu foil substrate), as shown in Figure 5b. The GaN E2 phonon mode 

peaks before and after fs-LLO (i.e., GaN on borosilicate glass) were located at 569.3 cm-1 and 

568.8 cm-1, respectively (see Figure 5b, red and brown curves).11,57,59  However, after the LED 

chip has been transferred onto Cu foil, it shifted to lower wavenumber of 567.6 cm-1 (see Figure 

5b, blue curve). This left Raman peak shifting indicates that during fs-LLO irradiation GaN 

LED layer thickness was decreased due to laser ablation that scraped away the GaN surface.63 

Being compared with the intrinsic E2 (high) value of 567.2 cm-1 for stress-free GaN,64,65 a 

residual compressive stress of 0.09 GPa was found in the GaN LED on Cu foil. This condition 
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points out that the GaN film has been relaxed from its previous states on sapphire before fs-

LLO. In other words, GaN film on the new substrate has lower compressive stress than its as-

grown condition.11,57,59,66 Moreover, differentiating from the GaN side where no sapphire was 

found after fs-LLO, several GaN residues remained sticking on the sapphire side, which were 

designated by the existing GaN E2 phonon mode at 577.1 cm-1 in the Raman scattering from 

the lifted sapphire surface due to laser irradiation process (see Figure 5b, green curve). Table 

S2 lists the main material properties of GaN LEDs before and after fs-LLO measured by XRD 

and Raman spectroscopy, as displayed in Figures 5a and b. The conditions of GaN LED chips 

during the fs-LLO-based transfer process are depicted in Figure 5c. It is obvious that the 

separated LED chips could be integrated as an array in a defined area. 

 
Figure 6 a I-V characteristics of GaN LED chips before and after fs-LLO. The inset shows the different 

conditions of the metal contacts on both chips. After fs-LLO, a few metal parts were peeled-off due to 

laser absorption. b Electroluminescent light spectra of the GaN LEDs before and after fs-LLO. The 

inset depicts that blue light emission of the transferred GaN LED was scattered due to the detachment 

of spreading thin film during fs-LLO process. c Cross-sectional profile of InGaN/GaN LED after fs-

LLO processing investigated using a focused ion beam scanning electron microscope (FIB-SEM). The 

magnified picture shown crystal damage within n-GaN layer and complete condition of active area 

(InGaN/GaN MQWs). 

 

To prove the LED device functionality after fs-LLO, an electroluminescence test was 

conducted. The current–voltage (I-V) characteristics and light emission spectra of the 

fabricated GaN LED chip on sapphire and the already-fs LLO-processed GaN LED chip on Cu 

foil measured at room temperature are shown in Figures 6a and b. The LED prior to fs-LLO 

exhibits a typical p–n diode behavior with a turn-on voltage of ~4 V at an injection current of 

1 mA. The peak wavelength of the spectrum is found at 472.5 nm. Nonetheless, after fs-LLO 
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with an integrated laser fluence level of 3.3 J/cm2, a slight performance degradation on the I-V 

curve was found from the GaN LED chip. Although the electroluminescence peak wavelength 

of the transferred LED chip was still at the similar position of 472.4 nm, its required turn-on 

voltage has become larger (~5 V). This phenomenon can easily be understood from the physical 

appearance of the LED chips in the insets of Figure 6a. Because of the excessively used laser 

energy and prolonged scanning time during the fs-LLO experiment, surface modification 

occurred on the metal contacts (i.e., several parts on the spreading layer and metal contact were 

peeled off). Regardless of the required optoelectrical performance optimization of the realized 

devices, this study has demonstrated a feasibility of using ultrashort pulse laser (femtosecond 

laser) to completely transfer InGaN/GaN LED chips from their original sapphire substrate onto 

a Cu foil. For the next study, the pulse energy (𝐸𝑝) can be considered as another key factor to 

maintain the quality of GaN LED during fs-LLO besides scanning speed that has been 

discussed in this report (see Figures S3c-e).  

The cross-sectional profile of a GaN LED on Cu foil that has been processed in fs-LLO 

using integrated fluence of Ф𝑖𝑛𝑡  = 3.3 J/cm2 was investigated in an FIB-SEM, as depicted in 

in Figures 6c. Here, the photon energy that was expected to be only absorbed at GaN/sapphire 

interface has revealed a deeper penetration beyond that area. Although the InGaN/GaN MQW 

layers were still in a good condition (i.e., no significant defect was shown), a damage still 

appeared within the n-GaN layer, which is at around ~2 µm from the fs-LLO-released interface. 

This result is similar to those obtained in other previously reported LLO cases,33,67,68 in which 

the location of structural defects or damages depends on the used laser pulse width and its 

absorption coefficient of GaN. One of the studies related to structural damages occurring in 

LLO processes has demonstrated that a laser possessing a higher absorption coefficient of GaN 

will yield shallower penetration depth (e.g., a 248 nm KrF excimer laser with a pulse time of 

35 ns).33 Thus, its photon energy would be mostly absorbed around the GaN/sapphire interface, 

where such a long pulse time results in a shock wave causing a dense dislocation and deforming 

the superficial structure. However, for lasers having lower absorption coefficient (e.g., a 355 

nm Nd:YAG laser with a pulse time of 5 ns or a 520 nm Yb laser with a pulse width of 350 fs 

like in our case), a deeper penetration could occur causing more dislocations in the bulk region. 

In other words, lasers with a shorter laser pulse width tends to provide deeper impact or longer 

defect path inside the LED structure that may even reach to its MQW or p-GaN layer. 

Moreover, our experimental results suggest that during the fabrication of LED in a cleanroom, 

the metallization for both p- and n-contacts should be moved to the final device processing step 

and performed after the fs-LLO transfer procedure to avoid any possible laser-induced damage 

or surface modification on the metal contacts. This solution has been proven in Figure S4, 

where the lifted-off GaN LED chip with the metallization performed after fs-LLO exhibits a 

good I-V characteristic with a typical threshold voltage of ~3 V. The metal contacts are also 

crackless (i.e., no damage on the metal surface). It should be however noted that 

semitransparent metal spreading layer was not used in this case. Hence, the emitted light was 

only concentrated near to the edge of p-GaN contact.   

Furthermore, in comparison to its conventional counterpart, the fs-LLO may offer several 

potential advantages. Considering its basic working principle of multi-photon absorption, the 

solid-state femtosecond laser and its optical setup can act conceivably as a versatile system to 
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transfer other semiconductor materials with higher band gap (e.g., AlN and AlGaN) that are 

often utilized as buffer layer for UV LEDs from their original to target substrates. This will not 

be possible when a conventional LLO process based on direct photon absorption is used, 

because then each laser type with certain pulse width is only able to be used for lifting a specific 

material having band gap less than its emitted photon energy. In addition to the InGaN LEDs, 

we had implemented the fs-LLO technique to separate the AlGaN UV LEDs from their 

sapphire substrates with different integrated fluences, i.e., 2.6 – 4.4 J/cm2 (see Figure S5 in 

Supporting Information). Regardless of the severe issues on the metal contacts that were peeled 

off during fs-LLO, the results suggest that the proposed transfer method offers a high 

processing flexibility for the target LED materials based on GaN. 

Besides, the lower thermal effect occurring during ablation in fs-LLO may also 

potentially reduce the heating issue when the to-be-lifted-off LED chips have been firstly 

bonded with other active electronic devices that are sensitive to high temperature change. 

However, all these potential benefits still need to be proven, in which further investigations are 

necessary to fully comprehend the thermal influences as well as the other physical phenomena 

in fs-LLO process, including the ones from theory or simulation. Before conducting further 

experiment on the more complex material system (e.g., AlGaN UV LED), clear understanding 

and strong proof-of-concept using InGaN blue LED have to be obtained, as this technology has 

been commonly used as baseline in many optoelectronic applications. Hence, a comparison of 

its results with those obtained by conventional LLO that were already reported in literature can 

then directly be made.   

 

4. CONCLUSIONS   

We have processed InGaN/GaN-based LEDs on a sapphire substrate and transferred them 

with a 520 nm femtosecond laser via a two-step transfer method onto a foreign substrate (Cu 

foil). Prior to full LED device fabrication, one of the key femtosecond laser lift-off (fs-LLO) 

parameters (i.e., laser scanning speed that is related to integrated fluence level) has been 

investigated in detail, revealing that modifications of roughness, thickness, and crystalline 

quality might occur on the lifted-off thin GaN films when different scanning speeds were used 

during laser irradiation. The lateral and transverse overlap distances between two spots (𝑂𝐿 and 

𝑂𝑇) were suggested to be set at ~50 % with an integrated fluence of 3.3 J/cm2 to produce 

homogeneous GaN surface. Besides the scanning electron micrographs, the Raman and XRD 

spectra have been measured to comprehend the feasible changes in device material properties. 

From the optoelectrical characterization by means of electroluminescence test, it has been 

shown that a few damages of the metal contacts occurred resulting in a slightly higher required 

turn-on voltage (i.e., a voltage shift of ~1 V). However, the light emission peak wavelength 

was able to be kept at the similar position (~472 nm). The sequence of the LED fabrication 

steps in the cleanroom has been modified by defining the metallization as the final step after 

the fs-LLO transfer process to completely solve the metal contact issue. We finally note that 

the viability of our multi-photon non-linear LLO using femtosecond laser on GaN technology 

would require further quantitative insights on the quality (e.g., quantum efficiency) of the 

InGaN/GaN multi quantum wells (MQWs). Additionally, despite the already conducted FIB-
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SEM investigation, photoluminescence spectroscopy and transmission electron microscopy 

(TEM) studies are needed to shed light on the MQW quality. 
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