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Abstract
Extensively studied transfer methods for producing high-performance flexible micro-light-emitting diodes (µLEDs) have limitations like high process 
cost and size constraints. Herein, we report a novel inorganic-based laser lift-off (ILLO) process, in which a new BaTiO3 (BTO) sacrificial layer is 
used to fabricate flexible thin-film µLEDs. The process, associated laser conditions, and carrier substrate types were optimized using theoretical 
simulations and experiments. The BTO sacrificial layer was successfully applied to the ILLO process via laser–material interactions, as verified by 
material analyses. Vertically structured flexible µLEDs were realized using BTO-based delamination, demonstrating the method’s applicability to 
next-generation electronics.

Introduction
In the emerging Internet of Things (IoT) era, smart devices 
have been widely developed for information exchange in every-
day life.[1–6] Flexible electronic devices have surfaced as next-
generation replacements for currently commercialized smart 
devices.[7–9] In particular, flexible displays have been suggested 
as potential candidates for bilateral interaction via the exchange 
of visual information because they can be easily affixed onto a 
variety of surfaces, including human skin, garments, automo-
biles, and constructions.

Inorganic-based micro-light-emitting diodes (μLEDs), 
equipped with superior optical properties, minimal power con-
sumption, short latency periods, prolonged lifespans, and high 
endurance in extreme environments, are considered desirable 
features in flexible displays.[10–12] Additionally, flexible μLEDs 
can be attached to dynamic surfaces to provide user-friendly 
optoelectronic devices based on human–machine interfaces 
(HMI) for virtual reality (VR), augmented reality (AR), and 
smart devices in hyperconnected cultures.[12–14] Various transfer 
approaches, including polydimethylsiloxane-based stamping, 
mechanical delamination, and electrostatic-force-induced chip 
transfer, have been proposed to obtain high-performance flex-
ible μLEDs. However, the commercialization of µLED dis-
plays is difficult because of their high material and processing 
costs.[15,16] Moreover, to convert the µLED into various-sized 
displays depending on its intended application, the LED chip 
spacing must be freely modifiable; nevertheless, existing chip 
transfer methods cannot solve this problem.[10,11]

Recently, the inorganic-based laser lift-off (ILLO) process 
has been highlighted as a simple thin-film transfer technique 

for resolving issues with existing transfer methods.[17–21] 
Electronic devices on an inorganic sacrificial layer are peeled 
off a mother wafer by laser–material interactions and trans-
ferred onto the target substrate. Although ILLO processes are 
adequate for achieving flexible thin-film electronics owing 
to their high transfer speed, large-scale processability, ver-
satility, and selective transfer, they have intrinsic restrictions 
in that only specific materials can be utilized for sacrificial 
layers.[8,22,23] In addition, the existing III-N-based sacrificial 
materials (GaN, AlN, and InN) have to be dry etched under 
extremely harsh conditions (corrosive Cl2 gas-based process) 
to remove residual materials, and PZT-based materials may 
have heavy metal substances of lead, causing environmental 
problems in post-processes.[17,18] Therefore, it is necessary 
to verify whether the ILLO process can be conducted using 
another material as a sacrificial layer without the aforemen-
tioned issues.

Herein, we report a new ILLO process using a BaTiO3 (BTO) 
sacrificial layer for demonstrating vertically structured flexible 
μLEDs. The μLED chips, which were formed on a rigid GaAs 
wafer, were attached to a BTO-deposited transparent substrate 
and then exfoliated at the interface between the BTO and sub-
strate by irradiation with a high-power-density UV laser. The heat 
distribution for the ILLO process was theoretically confirmed 
using finite element method (FEM) simulations. The laser condi-
tions for ILLO were experimentally optimized to 750 mJ cm−2 by 
analyzing the exfoliated surface using scanning electron micros-
copy (SEM) and X-ray diffraction (XRD) analysis. Finally, verti-
cally structured flexible μLEDs were successfully fabricated on a 
polyethylene (PET) substrate via selective thin-film transfer using 
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the BTO-assisted ILLO process and device packaging using an 
anisotropic conductive film (ACF).

Material and methods
BTO thin‑film deposition
BTO thin films were deposited onto transparent glass substrates 
using a radiofrequency (RF) sputtering equipment. Plasma from 
the BTO target was formed at a processing pressure of 6.5 mTorr, 
an Ar flux of 30 sccm, and an RF power of 118 W. The deposition 
was conducted for approximately 1 h to form a 300-nm-thick 
BTO thin film. Then, a plasma-enhanced chemical vapor depo-
sition (PECVD)-generated silicon dioxide (PEO) thin film was 
deposited onto the BTO film as a buffer layer to distribute the 
laser-induced heat and mechanical stresses during the exfolia-
tion stage.

Laser irradiating system
An excimer laser (wavelength: 308 nm) was utilized to react with 
the BTO thin film to exfoliate the attached μLEDs. The pulsed 
laser shots were continuously scanned onto the BTO film at a 
frequency of 20 Hz, and the sample stage simultaneously moved 
in the x- and y-directions at a speed of 12 mm s−1. The laser 
shot used for material analyses (XRD and SEM) and μLED exfo-
liation had dimensions of 600 μm × 600 μm and 50 μm × 55 μm, 
respectively.

Flexible μLED fabrication
By using metal–organic chemical vapor deposition (MOCVD), 
AlInGaP LED layers were grown on a GaAs substrate by 
metal–organic chemical vapor deposition. The mesa structure of 
the μLED array (chip dimensions: 80 μm × 80 μm) was fabri-
cated by inductively coupled plasma reactive-ion etching (ICP-
RIE) with Cl2 gas. After making p-ohmic contacts (Cr/Au) on 
the chip surface, the μLED array was attached to the PEO/BTO/
glass substrate using an optical adhesive (Norland Optical Adhe-
sive 61; NOA 61). The mother GaAs wafer was then etched by 
hydrogen peroxide (H2O2) and citric acid (C6H8O7) solution. 
After attaching the bottom side of the μLED array to the Au/
PET substrate through an anisotropic conductive film (ACF), 
laser was focused at the interface between the BTO and glass 
and irradiated to delaminate the glass substrate. The stacked lay-
ers above the μLED array were removed using ICP-RIE with 
SF6/O2/Ar gas (BTO etching), HF solution (PEO etching), and 
ICP-RIE with CF4/O2 gas (NOA61 removal). After LED chip 
isolation using the SU8 polymer, an Au electrode was deposited 
onto the p-ohmic contacts to fabricate flexible vertically struc-
tured μLEDs. The authors thank the Center for University-wide 
Research Facilities (CURF) at Jeonbuk National University for 
XRD (D8 ADVANCE, BRUKER).

Electrical, optical, and mechanical 
measurements of flexible μLEDs
Luminescence–current–voltage (L–I–V) characteristics of flex-
ible μLEDs were measured simultaneously using a Keithley 

4200-SCS and by AvaSpec-UlS2048-RS optic spectroscopy 
(Avantes Corp.). Mechanical fatigue tests were conducted using 
a periodic-bending-motion machine (customized equipment) 
and a Keithley 230 source meter.

Results and discussion
Figure 1(a) shows three-dimensional (3D) schematics of verti-
cally structured flexible μLEDs using the ILLO-based thin-film 
transfer process. The specific processes are as follows. First, 
(i) a 300-nm-thick BTO film was grown on a transparent glass 
substrate as a sacrificial layer. Subsequently, a 1-μm-thick PEO 
thin film was deposited onto the BTO as a mechanical/thermal 
buffer layer. (ii) The fabricated μLED arrays were attached to 
a PEO/BTO/glass carrier substrate using NOA 61. The car-
rier substrate is a temporary transfer medium that can securely 
maintain the freestanding device structure, irrespective of the 
external mechanical strain during the delamination procedure. 
(iii) After removing the GaAs wafer, the μLED arrays on the 
carrier wafer were bonded onto Au/PET film by ACF-based 
thermos-compressive process (annealing temperature: 160°C, 
pressure: 4 MPa, pressing time: 30 s). UV laser shots focused 
at the BTO–glass interface were irradiated through the trans-
parent glass substrate. Because the interfacial adhesion of the 
BTO/glass was decreased due to the light–material interaction, 
the μLED arrays on the buffer layer were peeled off the carrier 
substrate. (iv) Residual materials of BTO, PEO, and NOA 61 
were sequentially removed using SF6-based dry etching, HF 
wet etching, and CF4-based dry etching, respectively. (v) After 
fabricating the Au/Cr top electrodes, a passivation layer was 
coated on the top surface to protect the device from external 
stresses (see Fig. S1 in the Supporting Information for details 
of the fabrication procedure).

When laser shots with a high-energy density (> 500 mJ cm−2) 
were applied to the light-reactive sacrificial material, the mate-
rial temperature immediately rose to more than thousands of 
Kelvins. Because the laser-induced heat shock potentially 
affects the lower μLED device, the temperature distribution 
of the device was theoretically calculated by FEM simulation 
prior to the actual experiments [Fig. 1(b and c)]. Figure 1(b) 
displays a mesh refinement image of a μLED on the PEO/BTO/
glass substrate, which was modeled identically using the actual 
dimensions of the device, such as thickness, width, and length. 
The laser-induced heat was simulated using Eq. (1).

where Q is the laser-induced heat, k is the thermal conductiv-
ity, ρ is the material density, C is the specific heat (PEO, BTO, 
or glass), and T is the temperature of the device. According 
to the simulation results, the BTO–glass interfacial tempera-
ture instantly increased to ~1267 K upon exposure to laser at 
750 mJ cm−2, as shown in Fig. 1(c). The 1-μm-thick buffer 
PEO layer successfully dissipated the laser-induced heat to the 

(1)Q +∇(k∇T ) = ρC
∂T

∂t
,
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outside, minimizing thermal shock to the lower device. In addi-
tion to the heat dissipation effect of the buffer layer, the device 
maintained its structure during the ILLO process because of the 
nanosecond pulsed laser beam.[24,25]

The attachment material between the μLED and the PEO/
BTO/glass carrier substrate is especially important for the 
stable maintenance of the device structure during the ILLO 
process with extremely high thermal/mechanical stresses. To 
obtain the optimal adhesive, several materials, including the 
PDMS polymer, Pd–In alloy, SU8 photoresist, and optical 
adhesive, were investigated in the ILLO. Figure 2 shows the 
microscopic images of the laser-reacted material surfaces. After 
irradiating UV laser shots between the BTO layer and the glass, 
the lower device/PEO layers were exfoliated from the glass 
substrate. During the ILLO, two-dimensional laser beams of 
dimensions 625 μm × 625 μm were periodically scanned over 
the entire device area. The PDMS-attached sample displayed 
a few cracks in the laser-overlapped area [Fig. 2(a)], and the 
Pd-In metallic bonded sample had voids/defects [Fig. 2(b)], 
inducing mechanical damage to the devices. On the other hand, 
the exfoliated surfaces with the SU8 photoresist or optical 
adhesive were clean without any cracks or defects, as shown 

Figure 1.   (a) Fabrication procedure of flexible μLEDs via the inorganic laser lift-off (b) Mesh refinement image of a μLED on SiO2/BTO/glass 
substrate for FEM simulation (c) Temperature distribution obtained by FEM calculation when the BTO sacrificial layer was exposed to the 
laser of power density 750 mJ cm−2.

Figure 2.   Microscopic images of the sample surface after the laser 
lift-off using (a) PDMS polymer, (b) Pd–In alloy, (c) SU8 photore-
sist, and (d) optical adhesive as attaching materials.
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in Fig. 2(c and d). Despite the mechanical stability of the SU8 
photoresist as the attaching material, the removal method of 
SU8 (piranha etching or acid-based wet thermal etching) was 
considerably harsh compared with that of the optical adhesive 
(CF4/O2 gas-based dry etching), and the optical adhesive was 
optimally chosen as the attaching material for the ILLO.[26–28]

Thin-film transfer using the ILLO process was accomplished 
using a limited group of inorganic sacrificial materials, such 
as hydrogenated amorphous silicon (a-Si:H), lead zirconate 
titanate (PbZrxTi1−xO3; PZT), and gallium nitride (GaN). The 
exfoliation mechanism of existing sacrificial materials using 
high-energy lasers is generally known as material decomposi-
tion.[29,30] However, because the phenomenon of BTO-assisted 
ILLO has not yet been investigated, we implemented mate-
rial characterization of the laser-irradiated BTO surface after 
the lift-off process. Figure 3(a) shows the XRD curve of the 
as-deposited BTO thin film, indicating the typical form of an 
amorphous film. In contrast, the XRD curves in Fig. 3(b) show 
peak formation due to the laser–BTO interaction, indicating 
the increased crystallinity of BTO at various laser energy 
densities (550, 750, and 950 mJ cm−2). To optimize the laser 
energy density, microscopic images of the BTO surface were 
obtained after ILLO. As shown in Fig. 3(c), when BTO was 
exposed to the 550 mJ cm−2 laser, the material reaction was 
insufficient to peel off the glass substrate. The BTO layer was 
shattered by 950 mJ cm−2 laser shots owing to their excessive 
power [Fig. 3(d)], while a laser power of 750 mJ cm−2 was 
highly desirable for application to the ILLO because of the 
clear surface of the laser-irradiated material without any defects 
or cracks (magnified optical image shown in Fig. 3(e). To pre-
cisely evaluate the BTO surface after the ILLO process, scan-
ning electron microscopy (SEM) and atomic force microscopy 
(AFM) analyses were performed on the irradiated area with 
a laser power density of 750 mJ cm−2. As shown in the upper 
inset of Fig. 3(e), the laser-irradiated BTO surface had a ran-
domly distributed nanostructure with an average roughness (Ra) 
of 7.719 nm (Fig. S2). Nanostructures with widths of hundreds 
of micrometers are observed on the surface of the twice-laser-
irradiated BTO, indicating an Ra of 11.993 nm (Fig. S3). Based 
on these results, the crystallized BTO nanostructures decreased 
the adhesion force between the device and the carrier substrate 
by reducing the contact area and enabled the film quality to be 
maintained after the ILLO process because of their superior 
flatness. Residues left on the surface after the ILLO process 
could be easily removed through the SF6-based dry etching 
process, bringing environmental advantages in the post-process 
compared to existing sacrificial materials of a-Si:H, PZT, and 
GaN.[17,18]

Finally, vertically structured flexible μLEDs were realized 
using a BTO-based ILLO to verify the practical usability of 
the developed process. Figure 4(a) shows a magnified optical 
microscopy image of the AlInGaP μLED array on a carrier 
substrate (NOA 61/PEO/BTO/glass) before the ILLO pro-
cess. The μLED array was composed of chips of dimensions 
80 μm × 80 μm chips with an interspace of 40 μm. As shown in 

the inset of Fig. 4(a) and Fig. S4, the μLED successfully emit-
ted red light, showing peak emission wavelength of 653.5 nm 
and sharp peak with full-width at half maximum (FWHM) 
of 37.7 nm. Figure 4(b) shows a photograph of the flexible 
μLED under bending conditions. The μLEDs were selectively 
transferred onto 100-μm-thick PET film, widening the inter-
space between the chips from 80 to 160 μm. For realizing the 
selective μLED transfer, 50 μm × 55 μm-sized laser shots with 
750 mJ cm−2 were irradiated to the BTO layer, minimizing the 
laser-overlapped area without any cracks or breakdown of the 
devices. Because only the laser-reacted BTO area was peeled 
off the carrier substrate, the interspace between the μLEDs 
could be freely modulated by selective release onto the flex-
ible substrate to achieve the desired purpose. The upper and 
lower insets of Fig. 4(b) show magnified microscopic and SEM 
images of the successfully fabricated flexible device, respec-
tively. The SEM was analyzed in the Center for University-
wide Research Facilities (CURF) at Jeonbuk National Uni-
versity. Optical and electrical properties of the flexible μLED 
were characterized by L–I–V curves, as shown in Fig. 4(c). 
As shown in the curves, the turn-on voltage (VT) increased 
0.21 V, and irradiance of the μLED decreased 0.12 mW mm−2 
after the ILLO process. Furthermore, the property change of the 
device was negligible under the bent state with 1 cm bending 
radius, showing 0.12 V VT and 0.14 mW mm−2 degradation. 
Figure 4(d) shows the excellent mechanical reliability of the 
flexible μLED during the bending fatigue test. Although the 
mechanical test was implemented over 1000 periodic bend-
ing cycles with a bending radius of 1 cm, the irradiance of the 
device was only degraded by ~0.3 mW mm−2. In addition, the 
VT of the μLED increased by approximately 4.29%, indicat-
ing the mechanical stability of the developed device. Based on 
these results, the BTO thin film has substantial potential as a 
sacrificial layer in the ILLO process for emerging flexible and 
wearable devices.

Discussion
We developed a new ILLO technique for realizing vertically 
structured flexible μLEDs using a BTO sacrificial layer. To 
minimize thermal damage to electronic devices during the 
ILLO process, the light irradiation conditions were opti-
mized to a power density of 750 mJ cm−2 based on theo-
retical simulations and experimental analyses. Although the 
temperature of the BTO layer increased to ~1300 K by laser 
irradiation, the lower devices were stably protected by the 
PEO-based thermal buffer layer. An optical adhesive was 
chosen as the carrier substrate for the ILLO, maintaining the 
structure of thin-film devices without any defects or cracks 
despite the harsh thermal/mechanical stresses in the film 
exfoliation process. The exfoliated surface after the ILLO 
was scrutinized via XRD, SEM, and AFM analyses for con-
firming the peeling-off stability of the BTO sacrificial layer at 
750 mJ cm−2 laser, showing superior flatness (Ra = 7.719 nm). 
Finally, vertically structured flexible μLEDs were realized on 
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Figure 3.   XRD curves of (a) as-deposited and (b) laser-reacted BTO thin films. Microscopic images of BTO thin films irradiated by lasers 
of power densities of (c) 550 mJ cm−2 and (d) 950 mJ cm−2. (e) Magnified optical image and SEM results of 750-mJ cm−2 laser-irradiated 
BTO thin film after the inorganic laser lift-off.
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a 100-μm-thick PET film using BTO-assisted transfer and 
ACF packaging methods. The interspace of flexible μLEDs 
could be freely modulated by the selective transfer of the 
ILLO, satisfying the purpose of the final device. The optical 
and electrical properties of the flexible μLED were main-
tained with and without the thin-film device lift-off process. 
The mechanical robustness of the μLED was examined by 
bending durability tests of 103 periodic bending/unbending 
cycles, which showed a negligible VT degradation of ~4.29%. 
We believe that the developed BTO-based ILLO strategy 
provides an effective approach for achieving the emerging 
applications of high-performance flexible and wearable dis-
plays of various sizes, including digital signage, monitors, 
and smart devices.
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