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In this paper, we describe the fabrication and characterization of a GaN-based light-emitting diode (LED) on a GaN-on-silicon platform. A
freestanding membrane structure eliminates the absorption of the emitted light by a silicon substrate and reduces the number of confined optical
modes, leading to higher photoluminescence intensity. Compared with an LED with a silicon substrate, the current–voltage characteristics of a
freestanding membrane LED demonstrate a lower turn-on voltage and a steeper current–voltage profile. Both anomalous positive capacitance
peak and negative capacitance are observed in the capacitance–voltage measurements, which correspond well to the current–voltage
characteristics. The measured electroluminescence intensity is significantly increased for a freestanding membrane LED. These experimental
results show that our proposed substrate removal technology is promising for the fabrication of a high-performance membrane LED for diverse
applications. © 2014 The Japan Society of Applied Physics

G
aN-based light-emitting diodes (LEDs) and surface-
emitting lasers are regarded as the most important
light sources in next-generation solid-state lighting

owing to advantages in energy efficiency, long lifetime, high
reliability, environmental protection, safety, and diverse
applications.1–5) The substrate used for GaN growth is a
challenging issue for developing GaN-based light emitters.
While the costs of GaN-based LEDs grown on sapphire are
dropping, silicon is a very common substrate, and the costs
are much lower than that of sapphire. With the breakthrough
for growing GaN on silicon by the utilization of a buffer
layer,6,7) it is promising to fabricate GaN-based optical com-
ponents on a GaN-on-silicon template.8–10) In particular, the
LED industry will move to take advantage of the lower-cost
silicon substrate. It is of considerable interest to investigate
GaN-based LEDs grown on silicon substrates. Zou et al.
demonstrated high-performance GaN-based LEDs grown on
a SiO2-nanorod-patterned GaN/Si template.11) Furthermore,
silicon micromachining is a mature technique for removing
the silicon substrate to generate freestanding GaN membrane
devices. Wakui et al. reported on a freestanding membrane
LED on GaN-on-silicon for micro-electro-mechanical system
application.12)

In this paper, we demonstrate the fabrication and char-
acterization of a GaN-based LED on a GaN-on-silicon
platform. A double-side process is used to remove the silicon
substrate and fabricate a freestanding membrane LED. In
the front-side process, the LED structure is fabricated. The
silicon substrate is then removed through the backside proc-
ess to form a freestanding membrane LED device. The photo-
luminescence (PL) and angle-resolved reflectance measure-
ments are carried out to characterize the optical performance.
Current–voltage (I–V), capacitance–voltage (C–V), and elec-
troluminescence (EL) measurements are then performed for
the fabricated LEDs. The experimental results show signifi-
cant improvements in the electrical and optical performances
of the freestanding membrane LED.

A cross-sectional scanning electron microscopy (SEM)
image of a GaN-on-silicon wafer structure is shown in
Fig. 1(a). The thicknesses of the p-GaN layer, InGaN/GaN
multiple quantum wells (MQWs), n-GaN layer, and buffer
layers are 120 nm, 125 nm, 2.8 µm, and 4.29 µm, respec-
tively. Thick buffer layers are introduced to overcome the
physical mismatch between silicon and GaN crystal lattices
and the difference in the thermal expansion coefficients of the

different materials. Figure 1(b) shows a schematic of the
fabrication of the freestanding membrane LEDs. An AZ5214
photoresist is first spin-coated onto the p-type GaN layer, and
thus the isolation mesa is defined by photolithography
(step 1). Then, the epitaxial layers are etched down to the
n-GaN layer by reactive ion etching (RIE). Here, Cl2 and
BCl3 hybrid plasma are used to etch the epitaxial layers
with an etching rate of 90 nm/min, and the etching depth is
approximately 900 nm (step 2). After removing the residual
photoresist, both p- and n-electrode regions are patterned
by photolithography and evaporated with 5 nm Ni/15 nm Au
layers to serve as the semitransparent metal ohmic contacts
(step 3). After lift-off, the devices are annealed in air at
500 °C for 10min to make the electrodes form ohmic
contacts. After protecting the top surface with the AZ5214
photoresist, the silicon substrate is patterned by backside
alignment photolithography and removed by deep reactive
ion etching (DRIE). DRIE of silicon is conducted with
alternating steps of SF6 etching and C4F8/O2 passivation, and
the buffer layer acts as the etching stop layer (step 4). Finally,
the freestanding membrane LEDs are generated by removing
the residual photoresist (step 5).

Fig. 1. (a) Cross-sectional SEM image of LED structure; (b) schematic of
fabrication of freestanding membrane LED; (c) optical microscopy image of
a freestanding LED; (d) optical microscopy image of silicon substrate.
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Figure 1(c) shows an optical microscopy image of
the fabricated LEDs. The size of the LED is 400 © 400
µm2. The circular p-electrode has a radius of 100 µm and
the n-electrode has a radius of 150 µm. The freestanding
membrane may not be sufficiently strong to sustain the
residual stress when the membrane size is too large. For
this consideration, the membrane LED is partially suspended.
Figure 1(d) shows the freestanding membrane LED observed
from the backside. DRIE is used to create deep penetra-
tion and steep-sided holes. In our case, the diameter of the
designed circular hole is 200 µm and that of the obtained
membrane is approximately 142 µm. Slightly tapered walls
are obtained with the tapered angle of 81.5°.

From the optical device point of view, the freestanding
membrane improves the light emission. Most of the emitted
light is confined within the LED structure owing to the total
internal reflection at the GaN surface, and part of the emitted
light is absorbed by the silicon substrate. The light emission
can be enhanced after removing the silicon substrate. The
PL measurement is performed using a microzone confocal
Raman spectroscope equipped with a color charge-coupled
device camera. A 325 nm He–Cd laser is used as the excita-
tion source. Figure 2 shows the normalized room-temper-
ature PL spectra, which reveal strong emission peaks owing
to the excitation of InGaN/GaN MQWs. After removing the
silicon substrate, the blue shift of the PL spectra is observed,
which is caused by the change in the stress state. Silicon
absorption is eliminated, and multiple reflections of the
emitted light from the bottom membrane interface enhance
the light emission.

Furthermore, there will be a corresponding decrease in
the number of confined optical modes as the silicon substrate
is removed.13,14) Angle-resolved reflectance measurements
are performed in the range of 500–850 nm owing to the
limitations of the light source and the spectrometer used in
our case. Figure 3(a) shows the measured contour plots as
functions of wavelength and incident angle for the LED with
a silicon substrate. Strong reflectance modulations that are
attributed to the optical interferences of the multiple reflec-
tions at the different interfaces are clearly observed in the
measured contour plots. As the silicon substrate is removed,
the number of interference fringes within the wavelength
range decreases and the reflectance interference fringes are
broadened, as illustrated in Fig. 3(b). Since the number of
optical modes inside the GaN layer is membrane-thickness-

dependent and reducing the confined optical modes will lead
to an increase in the light emission of the fabricated LED,15)

back wafer etching of the freestanding membrane LED can
be further developed as an effective tuning mechanism for the
membrane LED. Moreover, the freestanding membrane LED
offers potential integration with a cooling system to reduce
the thermal resistance for high-power GaN-based LEDs.

I–V and C–V measurements are performed for the fabri-
cated LEDs using an Agilent B1500A semiconductor device
parameter analyzer. When the LED is under the forward bias
condition, a negative voltage is applied to the n-GaN and a
positive voltage is applied to the p-GaN, which decreases
the width of the depletion layer.16) If this forward voltage
becomes greater than that of the potential barrier, the LED
will be turned on and forward current will start to flow.
Figure 4(a) shows the measured I–V characteristics of fabri-
cated LEDs. The p–n junction depth is decreased after the
silicon substrate is removed, which leads to the reduction of
spreading resistance.17) Moreover, the release of the built-in
residual stress inside epitaxial films may increase the con-
ductivity of the GaN membrane when the silicon substrate is
etched through.18,19) In our case, the considerable improve-
ment of the I–V characteristics for the freestanding membrane
LED may be attributed to the reduction of the spreading
resistance and the increase in the conductivity. The turn-on
voltage is approximately 1V lower than that of the LED with
the silicon substrate. Figure 4(b) shows the measured capac-
itance versus forward bias voltage for the fabricated LEDs.
The C–V characteristics are measured at a frequency of

Fig. 2. Measured photoluminescence spectra.

(a)

(b)

Fig. 3. Angle-resolved microreflectance of fabricated LEDs: (a) LED with
silicon substrate; (b) freestanding membrane LED.
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1MHz and show an increase in capacitance with the increase
in the forward voltage, confirming the narrowing of a deple-
tion layer according to the voltage increase. The positive
capacitance reaches a peak at approximately the turn-on
voltage. It can be seen that the anomalous capacitance peak
under forward bias becomes clearer for the freestanding
membrane LED.20) In this region, the freestanding membrane
LED has a lower series resistance and a higher positive
capacitance than the LED with a silicon substrate. Then, the
current shown in Fig. 4(a) gradually increases according
to the increase in the forward voltage, and the positive
capacitance decreases to zero, as illustrated in Fig. 4(b). For
the freestanding membrane LED, the steeper I–V profile over
an applied voltage of 4.7V is due to the formation of the low-
series-resistance path through the LED, which allows large
currents to flow through the LED with a small increase
in forward voltage. Correspondingly, the C–V curve enters
into the negative region, where the negative capacitance
shifts to lower voltage for the freestanding membrane LED
and decreases rapidly as the forward voltage increases. The
capacitance can be defined as C = dQ/dV, where dQ is
the differential charge and dV is the differential forward
voltage. With continuously increasing forward voltage, the
radiative recombination exceeds diffusion. This means that
the negative variation of the quantity of injected carriers in
the active region results in a negative dQ.21,22) The capaci-
tances of two types of LED finally become negative owing
to the positive variation of the forward voltage. The larger
slope of the decreasing capacitance curve stands for a more
efficient recombination, indicating the higher light emission

efficiency. With the removal of the silicon substrate, the I–V
and C–V characteristics of the membrane LED are improved,
and the optical loss is also decreased. In our case, only part of
the silicon under the LED is eliminated, whereas the other
LED area still sits on the silicon substrate, which indicates
that the silicon substrate plays an important role in the optical
and electrical performances of fabricated LEDs.

A higher light emission for the freestanding membrane
LED is confirmed from the room-temperature EL spectra.
Figure 5(a) shows that the GaN-based LED emits incoherent
light in a narrow spectral range when a forward bias is
applied. Since the membrane LED is partially fabricated, a
strong emission peak can be observed at the 420 nm wave-
length for both fabricated LEDs. It can be seen in the inset
that the freestanding LED has a stronger light emission than
the LEDs with the silicon substrate. A large number of
confined modes exist in the fabricated LED, and each mode
has a different propagation direction. The light absorption of
the silicon substrate is eliminated after removing the silicon
substrate, and the reflection of the emitted light from the
bottom membrane interface also enhances the light extraction
from the top surface, leading to a higher light emission for
the freestanding membrane LED. Moreover, when the light
propagating inside epitaxial films enters the freestanding
membrane, the number of confined optical modes is abruptly
reduced, and part of the waveguide modes is converted into
the direction normal to the surface at the edge of the

(a)

(b)

Fig. 4. (a) I–V curves for fabricated LEDs; (b) C–V curves for LED device
for fabricated LEDs.

(a)

(b)

Fig. 5. (a) Room-temperature EL spectra of LED devices under different
continuous current injections. Inset: top view of fabricated LEDs under
50 µA current; (b) peak emission intensity of fabricated LEDs as a function
of injection current.
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freestanding membrane. The light efficiency is also en-
hanced. Figure 5(b) illustrates the emission intensities of
fabricated LEDs as a function of injection current. As the
driving current increases, the carrier concentration also in-
creases. The spreading resistance that is due to current crowd-
ing will be decreased. Hence, the light output will be con-
tinuously increased. The slope for the freestanding membrane
LED is steeper and approximately 6 times larger than that of
the LED with the silicon substrate. The light emission is
significantly improved for the freestanding membrane LED.
The measurement is limited by the equipment used, which is
saturated when the PL intensity reaches 80,000 a.u.

In conclusion, a substrate removal technology is proposed
to fabricate a freestanding membrane LED on a GaN-on-
silicon platform. In comparison with the LED with a silicon
substrate, the I–V characteristics of the freestanding mem-
brane LED experimentally demonstrate a lower turn-on
voltage and a steeper I–V profile, and the C–V results show
a stronger anomalous positive capacitance peak and a larger
negative capacitance. The freestanding membrane structure
eliminates the absorption of the emitted light by the silicon
substrate and is helpful for the light emission. The measured
electroluminescence intensity is significantly increased for
the freestanding membrane LED. The results suggest that the
substrate removal technology is promising for the fabrication
of a high-performance membrane LED on a GaN-on-silicon
platform for diverse applications.
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