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Fabrication and characterization of ultra-thin

GaN-based LED freestanding membrane

LI Xin", SHA Yuan-qing, JIANG Cheng-wei, WANG Yong-jin
(College of Telecommunications and Information, Nanjing University of
Posts and Telecommunications, Nanjing 210003, China)
* Corresponding author, E-mail: lixin1984@njupt.edu.cn

Abstract: In order to deliver the emergent light of Light Emitting Diode (LED) active layer easily, we stud-
ied the fabrication process, morphological characterization and optical characterization of submicron-level
LED freestanding membrane. We prepared ultra-thin GaN-based LED freestanding membrane based on
GaN-on-silicon wafer by using the backside process with photolithography, deep reactive ion etching and fast
atom beam etching. Through a white light interferometer, we found that the deformation of the prepared ul-
tra-thin LED freestanding membrane is positively correlated with the diameter of membrane, but negatively
correlated with the thickness of membrane. The deformation as a whole is a smooth nanoscale arch deforma-
tion. Through the reflection spectrum test, we found that the number of reflection modes of LED freestand-
ing membrane is much smaller than that of unprocessed silicon-based gallium nitride wafer and that the over-
all light intensity of reflection spectrum of the membrane is obviously improved. In the photoluminescence
test, we found that due to the stress release, the emergent spectral peak of LED freestanding membrane has a
blue shift of 8.2 nm compared with silicon-based gallium nitride wafer. Moreover, obvious outgoing light can
be detected on the backside of the ultra-thin LED freestanding membrane with most of epitaxial layer re-
moved. It demonstrates that LED freestanding membrane is more beneficial to deliver the emitted light in the
photoluminescence test. In this study, the LED freestanding membrane with small thickness, large area, small
deformation and excellent optical properties has been realized. It provides a new way for the application of

GaN-based LED in the field of Micro-Optical Mechanic Electronic System (MOMES).
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1 Introduction

Gallium nitride (GaN) materials have excellent
optical, electrical, mechanical and piezoelectric pro-
perties' 2. By changing the content of In, Ga and
Al, the energy gap of the material can be regulated,
and the luminescent devices in ultraviolet, visible
and near-infrared bands can be prepared” . High-
quality silicon-based gallium nitride wafers are be-
coming more mature by introducing the buffer lay-
ers to release the residual stress caused by lattice
mismatch and thermal expansion inconsistency. The
advantages of silicon-based material, such as low
cost, large wafer size, good heat dissipation and
easy peeling, combined with the excellent photo-
electric performance of gallium nitride material,
have laid a material foundation for the research of
wafer-level silicon-based gallium nitride micro-nano
LED devices and related MOMESI ™, At present,
the main bottleneck limiting the application of GaN-
based LED device with silicon substrate is the ad-

verse effect of silicon substrate and GaN epitaxial

doi: 10.37188/C0.2019-0192

layer on the photoelectric performance of LED
devices” "'\ Due to the lattice mismatch and thermal
expansion inconsistency between silicon substrate
and GaN epitaxial layer, the wafer has a high intern-
al stress!" """, The realization of silicon-based GaN
MOMES requires the preparation of GaN-based
freestanding membrane, so it is a key research diffi-
culty to solve the problem of stress release in a
large-area GaN-based freestanding membrane.

The current Chinese and international research
efforts on improving the performance of silicon-
based GaN LED device mainly involve the follow-
ing technical route: imaging the silicon substrate,
adding a Bragg reflector to the space between silic-
on substrate and epitaxial layer, and transferring the
LED device to copper substrate. From the perspect-
ive of material growth, the research team led by Pro-
fessor Takashi Egawa from the Nagoya University
of Technology in Japan used the Metal-Organic
Chemical Vapor Deposition (MOCVD) technology
to prepare the Distributed Bragg Reflector (DBR)
structure between silicon substrate and GaN epitaxi-

al layer in order to reduce the absorption of LED-
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emitted light by the silicon substrate!® !¢, This team
also used the Selective Laser Lift-Off (SLO) tech-
nique to remove the silicon substrate below the
light-emitting zone of LED device, and transferred
the LED device to the space above the copper sub-
strate through bonding so as to improve the photo-
electric performance of the device!'. The research
team led by Professor ZHANG Bai-jun from Sun
Yat-Sen University transferred the LED device fab-
ricated on a silicon-based gallium nitride wafer to an
electroplated copper substrate. After the substrate
transfer, part of the stress in the GaN epitaxial layer
is released, which is beneficial to reduce the
quantum-limited Stark effect of LED device!" ',
The team led by Professor XIONG Chuan-bing
from Nanchang University transferred the GaN-
based LED membrane with silicon substrate to a
substrate with a flexible bonding layer, and ob-
tained an LED device not bound to substrate™".
They also characterized and analyzed the stress
changes before and after the transfer of LED device
and its photoluminescence spectra by using high-
resolution X-ray diffractometer and spectrometer.
However, the above research work has not involved
the preparation and optical property analysis of a
large-area GaN-based LED freestanding membrane
with sub-micron thickness that can be applied to
MOMES system.

In this paper, the techniques of silicon sub-
strate lift-off and freestanding GaN membrane back-
side thinning were developed based on silicon-based
gallium nitride wafer. By using the backside pro-
cess, a large-area ultrathin GaN-based LED freest-
anding membrane of sub-micron thickness was pre-
pared. The morphology and optical properties of the
LED freestanding membrane were tested and char-
acterized. The optical properties of LED freestand-
ing membrane are closely related to its thickness
and deformation. The research on the large-area

GaN-based LED freestanding membrane with sub-

micron thickness also provides a possibility for the
integration of GaN-based LED device with dynam-
ic and adjustable MOMES system.

2 Fabrication and morphological ch-
aracterization of ultra-thin GaN-
based LED freestanding membrane

In this paper, the ultra-thin GaN-based LED
freestanding membrane based on GaN-on-silicon
wafer was prepared by combining the backside pro-
cess with photolithography, Deep Reactive Ion
Etching (DRIE) and Fast Atom Beam (FAB) etch-
ing. Silicon-based gallium nitride wafers were pro-
duced by Suzhou Lattice Power using the MOCVD
technology. The substrate of a silicon-based galli-
um nitride wafer is made of thinned 200 um thick
silicon material. From bottom to top, the layered
structure of GaN epitaxial layer is composed of a
900 nm Al(Ga)N buffer layer, a 400 nm undoped
GaN layer, a 3.2 um n-type GaN layer, a 250 nm In-
GaN/GaN multilayer quantum well layer (active lu-
minous layer), and a 220 nm p-type GaN layer. The
total thickness of GaN epitaxial layer is 4.9 nm.
Both the silicon substrate and the GaN epitaxial lay-
er will adversely affect the optical performance of
LED device. The silicon substrate will absorb the
outgoing light generated by the active layer of LED
device, so will the epitaxial layer. This will cause
the reflection dissipation of the outgoing light in the
epitaxial layer.

The backside process for preparing the ultra-
thin GaN-based LED freestanding membrane is
shown in Fig. 1. At first, a round structure with dif-
ferent diameters is fabricated on the silicon sub-
strate surface behind the wafer through photolitho-
graphy. Then the silicon substrate in the round
structure is hollowed out by DRIE to form the GaN-
based LED freestanding membranes with different

diameters. Finally, an ultra-thin GaN-based LED
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freestanding membrane device of sub-micron thick-
ness is prepared by using the highly controllable
FAB etching technology to reduce the backside
thickness of LED freestanding membrane by stages.
Among the technologies, FAB etching technology is
the key to the preparation process. This technology

GaN epitaxial layer

' Photolithography
| —_—

e

Silicon substrate

Ultra-thin GaN-based LED freestanding membrane

uses the electron beam generated by directional
high-voltage current (1.8 kV, 12 mA) to accelerate
the SF4 atoms, and performs the high-precision an-
isotropic etching of GaN material at a stable speed.
The etching depth precision of GaN material can be

up to the nanometer level.

Photoresist

Phased
FAB etching

finally prepared and shown in the form of sectional view

Fig. 1 Fabrication process of ultra-thin GaN-based LED freestanding membrane
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In order to study the deformation and stress re-
lease rules of the LED freestanding membranes in
different sizes, we designed four types of round
LED freestanding membranes with different diamet-
ers (100, 200, 400 and 800 um). The membrane
areas range from 31 400 um’ to 2 009 600 um?, cov-
ering the possible sizes of GaN-based MOMES sys-
tem. The Fig. 2 (color online) shows the LED freest-
anding membrane with a diameter of 800 pm ob-
served by optical morphological detector. The Fig.
2(a) shows the 2D morphological characteristics of
the LED freestanding membrane observed from the
front by optical microscope, while the Fig. 2(b)
shows the 3D deformation of the membrane tested
by white light interferometer. It can be seen from
Fig. 2 that the LED freestanding membrane with a
diameter of 800 pm still has good surface quality
without cracks or other defects after the silicon sub-
strate is hollowed out, which proves the feasibility

of backside process. Due to the presence of stress

between GaN epitaxial layer and silicon substrate,
the membrane as a whole presents smooth arch de-

formation after the release of internal stress.

Fig.2 LED freestanding membrane with 800 pm diameter
after removing silicon substrate. (a) Top-view optic-
al microscope image, (b) 3D deformation image ob-

tained by white light interferometer
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The LED freestanding membranes with differ-
ent diameters and thicknesses prepared by backside
process have different surface deformations, as can
be seen in Fig. 3 (color online). The surface deform-

ation increases with the membrane diameter and de-



5 4 1]

LI Xin, et al. : Fabrication and characterization of ultra-thin GaN-based LED --- 877

creases with the membrane thickness. The mem-
brane as a whole presents the arch deformation with
a bulging center and a smooth edge. For the LED
freestanding membrane with the silicon substrate
peeled only (about 4.9 um thick), its maximum de-
formation is about 400 nm when its diameter is
800 um, and about 100 nm when its diameter is
100 pm. For the LED freestanding membrane

thinned once on the backside to about 2 pm, its

(a d,=800 pm (b)
g d;=400 pm =)
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=400 —— d,=200 ym <300
2 —— 4,100 um 2
§ 300} §
£ £ 200
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= 2 100
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maximum deformation is about 300 nm when its
diameter is 800 pm, and about 100 nm when its dia-
meter is 100 pm. For the membrane thinned twice
on the backside to about 600 nm (submicron thick-
ness), its maximum deformation is about 100 nm
when its diameter is 800 um, and about 40 nm when
its diameter is 100 um. When the membrane is
thinned on the backside to submicron thickness, its

overall deformation is significantly reduced.

—— d,;=800 um (c) d,=800 pm
d=400 pm 100 d=400 pm

— d,=200 um i — d,=200 um
80 — d,=100 um
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Fig.3 Deformations of LED freestanding membranes with different diameters. (a) Removing silicon substrate, (b) thinning

the backside once, (¢) thinning the backside twice
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3 Optical characterization of ultrath-
in GaN-based LED freestanding
membrane

In the above text, we studied and analyzed the
morphological characteristics of ultrathin GaN-
based LED freestanding membrane. In this section,
we will study its optical characteristics and analyze
how to improve its optical performance. We will
also use a reflectance spectrometer to test the mem-
branes that have been thinned on the backside to dif-
ferent thicknesses. With the wavelength range of
450~850 nm, the reflectance spectrometer tests the
reflectance spectrum of the membranes from the
normal incident direction. The reflected light on the
membrane surface and that on the bottom interface
interferes with each other. The resulting reflectance

spectrum can be used to characterize the membrane

thickness and the number of modes. The thicker the
membrane, the more the harmonic peaks (the num-
ber of modes) caused by interference.

For the silicon-based GaN sample without
backside processing, the total thickness of its GaN
epitaxial layer, including silicon substrate, is 4.9 um.
In the Fig. 4 (color online), the number of its reflec-
tion modes is 27, and the overall relative light in-
tensity of its reflectance spectrum is low. For the
LED freestanding membrane with silicon substrate
removed, its thickness remains unchanged, and the
number of its reflection modes is still 27. However,
due to the removal of silicon substrate, the reflected
light absorbed by the sample is reduced, and the rel-
ative light intensity of reflectance spectrum is in-
creased. For the LED freestanding membrane
thinned once on the backside to about 2 um, the
number of its reflection modes is reduced to 6. For

the membrane thinned twice on the backside to
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about 600 nm, the number of its reflection modes is
finally reduced to 1. A smaller membrane thickness
contributes to the application of LED freestanding
membrane to the MOMES devices requiring pre-
cise operation and control. Fewer interference
modes of the membrane can help deliver more eas-
ily the outgoing light generated by the active layer
of LED device, and improve the luminous effi-

ciency of the device.

100 000

Before processing

—— Silicon substrate removal
—— First thinning
Second thinning

80 000

60 000

40000p

Relative light intensity/(a.u.)

500 600 700 800
Wavelength/nm

Fig. 4 Reflectance spectra of LED freestanding membranes
with different thicknesses
K4 HAARREEE LED B2 W0 5%

After that, a He-Ne laser with a wavelength of
325 nm is used to excite the active layer of quantum
well of LED freestanding membrane to generate the
emergent light, which is then tested for photolumin-
escence and for spectrum measurement by a wide-
spectrum spectrometer. Due to the large lattice mis-
match and thermal mismatch between silicon sub-
strate and GaN epitaxial layer, a thick Al(Ga)N buf-
fer layer is introduced into the GaN epitaxial layer
to compensate for the lattice mismatch and thermal
expansion. There is a large internal stress between
silicon substrate and GaN epitaxial layer. Under the
condition of photoluminescence excitation from the
membrane front, we have studied the photolumines-
cence spectrum where the internal stress between
GaN epitaxial layer and silicon substrate is released
through the backside process. After the release of
internal stress, the quantum well band structure of
LED freestanding membrane will change, resulting

in the corresponding change of its photolumines-

cence spectrum. As can be seen from Fig 5 (color
online), the peak wavelength of the light emitted
from the membrane is 450.7 nm before the backside
processing, and is 442.5 nm after being thinned
twice. Since the interface between silicon substrate
and GaN epitaxial layer and the thick Al(Ga)N buf-
fer layer are removed by backside process, the re-
leased internal stress causes the change of the
quantum well band structure so that the peak
wavelength of the outgoing light in photolumines-

cence shows a significant blue shift of 8.2 nm.

Before
processing
Second
thinning

=
T

e
o
T

Relative light intensity/(a.u.)

300 350 400 450 500 550 600
Wavelength/nm

Fig. 5 Photoluminescence spectra of LED freestanding
membranes with different thicknesses under front

excitation
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As shown in Fig. 6 (color online), in the photo-
luminescence test on the backside of a LED freest-
anding membrane, no light obviously exits from the
membrane with only silicon substrate removed, and
most of the light out of the backside is absorbed by
GaN epitaxial layer. In addition, since the thicker
membrane has more interference modes, the export
of emergent light is also affected. After the back-
side is thinned twice, most of the epitaxial layer is
removed and the thickness of the membrane is re-
duced to about 600 nm. As most of the epitaxial lay-
er that absorbs the light out of the backside has been
removed and the interference modes of the mem-
brane have been decreased, the light out of the

membrane backside can be obviously detected.
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5; 800 _;::§:§I1hmmng smooth edge. After the backside thinning, the de-
5 600l formation of the membrane with a diameter of 800 um
gﬂ 4001 decreases from 400 nm to 100 nm. The reflectance
“é i spectrum test shows that the freestanding mem-
E brane with a thickness of 4.9 pum has 27 interfer-

300 400 500 600
Wavelength/nm

Fig. 6 Photoluminescence spectra of LED freestanding
membranes with different thicknesses under back-

side excitation
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4  Conclusion

In this paper, an ultra-thin GaN-based LED
freestanding membrane based on the backside pro-
cess has been obtained by using a silicon-based gal-
lium nitride wafer. By peeling off the silicon sub-
strate through deep reaction ion etching and thin-
ning the backside of GaN epitaxial layer through
FAB etching, the epitaxial layer was thinned from
4.9 um to about 600 nm. We studied the deforma-
tion and optical characteristics of LED freestanding
membranes with different thicknesses and sizes. The
overall membrane deformation increases with the
membrane diameter and decreases with the mem-

brane thickness. The membrane as a whole presents
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ence modes, while the membrane with a thickness
of 600 nm has only 1 interference mode. The front
photoluminescence test shows that the release of in-
ternal stress generated by the backside process
causes the change of quantum well band structure.
Compared with unprocessed silicon-based gallium
nitride wafer, the spectral peak of the 600 nm thick
membrane has a blue shift of 8.2 nm. In the photolu-
minescence test on the backside, obvious outgoing
light can also be detected from the ultra-thin LED
freestanding membrane with most of the GaN epi-
taxial layer removed. With small overall deforma-
tion, a large round LED freestanding membrane of
submicron thickness can be applied to the MOMES
system requiring precise operation and control.
Fewer interference modes of the membrane can help
derive more easily the outgoing light generated by
the active layer of LED device. This membrane
provides a new way for the application of GaN-
based LED device in the field of MOMES.
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