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Abstract  
 Presented is the first wafer-scale demonstration of 
epitaxial lift-off of GaN films from native GaN substrates 
using bandgap-selective photoenhanced wet etching. This 
technology enables the layer transfer of high-quality 
GaN films grown on low dislocation density bulk GaN 
substrates and the subsequent reuse of the substrate. 
Potential applications include GaN power electronics, 
which will benefit from improved thermal dissipation 
through layer transfer, GaN optoelectronic devices such 
as LEDs and lasers, and flexible electronics. 
 
INTRODUCTION 
 
 A new generation of high-voltage GaN power electronics 
is under active development using vertical device 
architectures and low dislocation density native GaN 
substrates. GaN materials are well known for their attractive 
fundamental material properties for high-power electronics 
including high bandgap (enabling low intrinsic carrier 
concentrations at high temperatures), high critical 
breakdown electric field, large electron mobility as well as 
high thermal conductivity. Vertical device structures have 
many benefits for high-power applications compared with 
lateral devices including enabling high breakdown voltage 
and high current without surface-related challenges, 
improved thermal management as well as compact 
geometries that lead to increased die per wafer [1]. Unlike 
lateral devices, which are relatively insensitive to high 
dislocation density, low defect density (104-106 dislocations 
per cm2) is essential to fabricate vertical devices with high 
performance and reliability. Driven by the optoelectronics 
industry, bulk GaN substrates are now available from 
multiple suppliers with diameters up to 4 inches. 
 Epitaxial lift-off (ELO) process technology has the 
potential to substantially reduce the cost and improve the 
performance of vertical GaN power devices. ELO enables 
epitaxial layer structures to be nondestructively separated or 
“peeled” away from the host substrate on which they are 
grown by selective chemical etching of a release layer. This 
process is currently used in volume production for multi-

junction solar cells on 150-mm GaAs substrates [2]. Since 
ELO does not damage the original substrate, it can be reused 
multiple times after a low-cost reclaim process to restore an 
epi-ready surface. The benefits of substrate removal for 
device performance include reduced weight (important for 
high specific power solar cells) and improved heat 
dissipation for power devices after layer transfer. Substrate 
removal also can improve the optical performance of GaN 
LEDs [3]. Flexible electronics is also a potential application. 
 Chemical epitaxial lift-off of GaN requires the 
identification of a release layer that can be etched rapidly 
and with high selectivity relative to the device epilayers and 
substrate. When growing high-quality films on native GaN 
substrates, it is also critical that the release layer does not 
introduce dislocations or otherwise degrade the quality of 
the device layers grown on top. Multiple groups have 
investigated ELO of GaN using release layers based on CrN 
[4], ZnO [5], Nb2N [6], and highly-doped n-type GaN layers 
[7]. The approach explored in this work is based on 
bandgap-selective photoenhanced wet etching of a 
pseudomorphic InGaN release layer grown by MOCVD.  
 
EXPERIMENTAL RESULTS AND DISCUSSION 
 

All samples were grown using an Aixtron Close Coupled 
Showerhead (CCS) MOCVD reactor using TMGa, TMIn, 
NH3, Si2H6 and Cp2Mg precursors for Ga, In, N, Si and Mg 
sources, respectively. A V/III ratio of ~2000 was used as a 
typical GaN growth condition.  H2 carrier gas was used for 
GaN growth, while pure N2 carrier gas was used for InGaN 
growth. GaN epitaxial structures consisted of 0.2 m of n+ 
GaN (Si, 1E18 cm-3), InxGa1-xN (UID, x=0.03-0.08, 90 nm), 
and 5-15 m n- GaN (Si, 2-3 E17 cm-3) grown on 
freestanding c-plane GaN substrates from SCIOCS 
Company Limited. 

Detailed materials characterization of the full ELO 
epitaxial structure has been carried out using TEM, AFM 
and XRD and will be reported elsewhere [8]. XRD RSM 
measurements showed that the structure is fully strained and 
no relaxation was observed. TEM analysis showed sharp 



interfaces and no misfit dislocations introduced by the 
pseudomorphic InGaN release layer. 

Figure 1 illustrates the process flow used to lift off the 
GaN epitaxial layers and transfer them to a new substrate. A 
thick metal support layer (typically 20 m) is first applied by 
electroplating on the top surface of the GaN epitaxial film. 
The metal film is patterned with cross-shaped perforations 
250-m wide and on a pitch of at least 1 mm as shown in 
Step 2. This is followed by a photoenhanced wet etch 
process using a KOH solution (Step 3) to etch vertically 
through the GaN epitaxial layers in the perforations down to 
the release layer. Broadband UV illumination from an 
unfiltered Hg arc lamp is used to drive the nonselective wet 
etch process [9]. The function of the perforations is to 
provide access for the etching chemistry during the 
subsequent lateral wet etching ELO process. The numerous 
perforations across the wafer reduce the time to lift off large 
areas and enable the ELO process to be scaled up to arbitrary 
wafer sizes. We have successfully used perforations on a 
regular pitch as large as 4x4 mm2, which supports the 
fabrication of power devices with large active areas.  

 

 
 

Fig. 1. Epitaxial lift-off process flow: A perforated metal support 
layer is first applied to the top surface (Step 2), followed by a 
vertical wet etch of the GaN epitaxial layers through the 
perforations down to the release layer (Step 3). Bandgap-selective 
wet etching of the InGaN release layer at the perforations is used to 
lift off the GaN film (Step 4). The GaN ELO foil is then bonded to 
a low-cost carrier (Step 5), followed by wet chemical removal of 
the metal encapsulation layer (Step 6). 

 
Figure 2 shows SEM micrographs of a cross-shaped 

perforation after completion of a 25-m-deep vertical PEC 
wet etch through a 15-m GaN epitaxial layer structure and 
into the bulk GaN substrate. The bottom image shows a 
magnified view of the rectangular region indicated in the top 
image. The metal etch mask can be seen on top, while the 
release layer interface is visible as a horizontal line along the 

sidewall of the etched mesa. It should be noted that the 
vertical, etched sidewalls are quite smooth, which reflects 
the low dislocation density of the homoepitaxial GaN films. 
Photoenhanced wet etching of GaN films deposited on non-
native substrates such as sapphire or SiC typically exhibits 
dense vertical striations on the etched sidewalls as well has 
“whisker” formation on the planar etched surfaces due to 
dislocations [9, 10]. 

 

 

Fig. 2. SEM micrographs of a cross-shaped perforation after 
completion of a 25-m-deep vertical PEC wet etch through a 15-
m GaN epitaxial layer structure and into the bulk GaN substrate. 
The bottom image shows a magnified view of the rectangular 
region indicated in the top image. The metal etch mask can be seen 
on top, while the release layer/substrate interface is visible as a 
horizontal line along the sidewall of the etched mesa. 

 
The lateral ELO wet etch is carried out using filtered 

long-wavelength UV illumination consisting of photons with 
energies below the bandgap of GaN. As shown in Step 4 of 
Figure 1, the illumination is applied through the backside of 
the transparent GaN or sapphire substrate to drive lateral 
etching of the InGaN release layer at the perforations, also 
using a KOH chemistry. For both lateral and vertical PEC 
wet etches, an external Pt cathode is connected to the topside 
metal contact. After the lateral etch has completed, the 
released GaN foil is then attached to a low-cost carrier 
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(typically Si) using a bonding layer (Step 5). We have 
investigated SU-8 epoxy as a bonding layer as well as 
conductive metal bonding materials for improved thermal 
conductivity and to form a backside electrical contact for 
vertical devices. Finally, after bonding of the GaN ELO foil 
to the low-cost carrier, the topside metal encapsulation layer 
is removed using wet chemical etches (Step 6). 

 
Figure 3 shows an image of a 2-inch diameter GaN 

epitaxial layer that has been fully released from a bulk GaN 
substrate. The released foil is supported by the thick plated 
metal layer on the top gallium face, and has been folded 
back to show the bottom nitrogen face. The sample is under 
UV illumination which excites yellow luminescence in both 
the released ELO GaN material and the bulk GaN substrate. 
The luminescence can be seen to be uniform across the full 
diameter of the released foil. 
 
 

 

Fig. 3. Photograph of a fully released GaN epitaxial film from a 
two-inch bulk GaN wafer. The sample is under UV illumination to 
excite yellow luminescence in the ELO GaN film and substrate. 
Visible on top is the backside (nitrogen face) of the released GaN 
film. The dark, cross-shaped perforations on a 1-mm pitch in the 
GaN film can also be seen. 

 
We have also demonstrated the ELO capability for GaN 
epitaxial films grown on sapphire substrates. Figure 4 shows 
a 4-inch-diameter sapphire wafer with a GaN epitaxial film 
that has been fully released using 1-mm perforations. This 
process has potential applications for LED devices grown on 
sapphire, in which the sapphire substrate is usually removed 
using a high-energy laser that is rastered across the backside 
of the wafer to vaporize the interface between the GaN film 
and the sapphire substrate [8, 9]. This high energy process 
can damage the GaN epitaxial material, and the chemical 

ELO process described in this work may offer higher 
process yields.  

 
To validate the quality of the ELO GaN material and 

potential for GaN device fabrication, we have fabricated p-n 
junction diodes and compared their performance before and 
after ELO. We have previously reported on the performance 
of ELO GaN Schottky diodes [11]. The p-n diode epitaxial 
structure is shown in Figure 5, as well as an image of a 
40x40 m2 device. The devices were first fabricated and 
tested on the bulk GaN substrates using all topside contacts. 
The n-type metallization was Ti-Al-Ni-Au and was annealed 
at 750 C for 3 min. The p-type metallization was Pd-Ni-Au 
and was unannealed. Mesa etching was performed using ICP 
RIE with a BCl3/Cl2/Ar chemistry and a nickel hard mask.  
 
 After initial device measurements on the bulk GaN 
substrate, the diodes were encapsulated, lifted-off, and 
transferred to a Si substrate as described in the process flow 
of Figure 1. The devices were then remeasured after the 
layer transfer process. Figure 6 shows the I-V characteristic 
for an identical device measured before and after ELO. 
Similar device performance is observed under both forward 
and reverse bias for devices tested on-substrate and after lift-
off. The forward voltage is approximately 3.5 V. The reverse 
leakage current density is between 10-7 and 10-8 A/cm2 at -
20V (average drift field of ~400 kV/cm) and is similar 
before and after ELO. 
 
 

 

Fig. 4. Photograph of a fully released epitaxial GaN film from a 4-
inch sapphire substrate using 1-mm perforations. 

 



 

Fig. 5. P-n junction diode device structure (left) and image of a 
fabricated 40x40 m2 device (right).  

 

 
 

Fig. 6. I-V curves for a GaN p-n junction diode fabricated on a bulk 
GaN substrate. The red curve was measured on-substrate, while the 
blue curve is measured for the identical device after lift-off and 
layer transfer. 

 
CONCLUSION 
 
 A GaN epitaxial lift-off process technology based on 
bandgap-selective etching of an InGaN release layer has 
been demonstrated for the first time at the wafer-scale on 
bulk GaN substrates. The use of an InGaN release layer is 
compatible with conventional MOCVD growth methods and 
enables the growth of high-quality material with low 
dislocation density above the release layer. An ELO process 
flow has been developed using perforations to accelerate the 
lift-off process and scale the process to arbitrary wafer sizes. 
The feasibility of the process has been demonstrated using 
mesa-based p-n diodes, which show similar performance 
before and after lift-off. The ELO process technology has 
widespread applicability for GaN-based power and 
optoelectronic devices that will benefit from lower cost 
through substrate reuse as well as improved thermal 
performance. 
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ACRONYMS 
 

PEC:  Photoelectrochemical  
ELO:  Epitaxial lift-off 
LED:  Light-emitting diode 
SEM:  Scanning electron microscope 
TEM:  Transmission electron microscope 
XRD:  X-Ray diffraction 
RSM:  Reciprocal space map 
AFM:  Atomic force micrsocope 
UV:  Ultraviolet 
ICP RIE:  Inductively coupled plasma reactive ion 
etching 
MOCVD:  Metal organic chemical vapor deposition 
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