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[10–12]. Silicon substrates provide much lower cost com-
pared to sapphire and SiC, especially for substrates with 
large size (>6 inch) [13–15]. However, the light extraction 
efficiency of GaN light-emitting diodes is strongly limited 
by the light-absorbing in visible range of silicon substrate 
[16, 17]. In addition, silicon substrate and thick GaN-based 
epitaxial films also impose the negative influence on the 
electrical performance of LEDs [18, 19]. Lau et  al. [20] 
also demonstrated GaN-based membrane LED through the 
removal of silicon substrate by HNA solution to improve 
the light extraction efficiency of LEDs. Wakui et  al. [21, 
22] fabricated GaN LEDs for suspended membrane by 
etching silicon substrate from backside for the application 
to microsystem. With well-established fabrication pro-
cess of silicon fabs, we have removed silicon substrate to 
achieve suspended membrane LEDs and tuned the LEDs 
performance by thinning membrane from backside [23, 
24]. However, although the optical and electrical perfor-
mances of LEDs were significantly improved, our reported 
work presented that there was still a part of wasted emit-
ted light due to escaping from the backside cones [25, 26]. 
Mikulics et al. [27, 28] presented the successful growth of 
III/V materials on top of metallic substrate with good elec-
trical behavior. It indicated that III–V materials grown on 
metallic substrate might be used for low-cost and large-area 
electronic and photonic devices.

In this work, we demonstrate here the fabrication and 
characterization of suspended membrane GaN light-emit-
ting diodes on a silicon platform with reflective mirror as 
shown in Fig. 1. Silicon substrate underneath the emission 
region of LED is removed, and the thickness of membrane 
is controlled by backside III–V materials etching. Then, 
a metal mirror with high reflectivity is evaporated at the 
bottom of the emission region of LED. A part of light is 
reflected by reflective mirror and extracted from top escape 

Abstract  We propose the suspended membrane GaN light-
emitting diodes with reflective mirror on silicon platform 
by back wafer processing. Silicon substrate under emission 
region is removed. Suspended membrane is thinned from 
backside and evaporated a reflective metal mirror. Multiple 
optical and electrical measurements are taken to character-
ize the performance of LEDs. Current density of suspended 
LED with reflective mirror is improved from 383.08 to 
641.03 mA/mm2 compared to common LED. The reflectiv-
ity is 2.72 times of common LED in visible range. Emitted 
light increased by 330 % at 3 mA current in electrolumi-
nescent measurements. Light emission improvements are 
more obvious at larger current.

1  Introduction

GaN light-emitting diodes (LEDs) have attracted much 
attention as high-brightness lighting device in the past sev-
eral decades [1–4]. It has many possible applications in 
visible communications, automobile, health care and so on 
[5–7]. GaN epitaxial films are commonly grown on sap-
phire and SiC substrate due to low lattice mismatch [8, 9], 
whereas high-quality GaN growth on silicon substrate has 
been extensively reported by introducing buffer layer and 
thick GaN-based epitaxial films to compensate the thermal 
and lattice mismatches between GaN and silicon substrate 
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cones. We obtained the remarkable improvement in opti-
cal and electrical performance of the suspended membrane 
LED with reflective mirror.

2 � Experimental setup

The suspended membrane LED device with reflective 
mirror is implemented on a commercial GaN-on-silicon 
wafer from Lattice Power Corporation. The epitaxial films 
consist of ~220-nm-thick p-GaN layer, ~250-nm InGaN/
GaN MQWs layer, ~3.2-μm-thick n-GaN layer, ~400-nm-
thick undoped GaN layer and ~900-nm-thick Al(Ga)N 
buffer layer. The total thickness of top epitaxial films is 
~5.07 μm. The fabrication process is schematically illus-
trated in Fig.  2. The silicon substrate is firstly thinned 
by chemical mechanical polishing process from 1500 to 
200 μm (step a). The wafer is patterned by photolithog-
raphy from LED layer side and etched down to expose 
n-type GaN layer by 1 μm (step b). Then, semitransparent 
p-electrode with 5  nm Ni/15  nm Au is formed by liftoff 
(step c). The 5-nm Ni/15-nm Au film is semitransparent 
in visible light range, and its good conductivity is ben-
eficial to the electrical performance of LEDs [29]. Thick 
p-electrode (20-nm Ni/180-nm Au films) and n-electrode 
(20-nm Ti/180-nm Au films) are also obtained by liftoff 
(steps d–e). Liftoff process for electrode preparation as 
mature technology includes lithography, electron beam 
evaporation of metal films and acetone cleaning [30]. The 
suspended LED is annealed at 500 °C in air for 10 min to 
obtain ohmic contacts. The processed structures on top 
side are protected by photoresist. Silicon substrate under-
neath the semitransparent p-electrode is patterned through 
backside alignment photolithography and removed by deep 
reactive ion etching with alternating steps of SF6 etching 
and C4F8 passivation (step f) [21]. Suspended LED mem-
brane is finally thinned to 3.47 μm from backside (step g). 
20-nm Ni/180-nm Ag films are finally evaporated onto the 
bottom of LED membrane by electron beam evaporation 
as reflective mirror (step h).

3 � Results

Figure  3a shows the optical micrograph (Keyence VHX-
2000) of suspended membrane LED with reflective mirror. 
The emission region (semitransparent p-electrode) is a cir-
cle with diameter dp ~ 120 μm. The white region around 
the semitransparent p-electrode is the suspended membrane 
with diameter ~400 μm and thickness ~3.47 μm. The sili-
con substrate is completely removed in this region. Ni/
Ag films are evaporated on backside as reflective mirror. 
Figure 3b shows the SEM image of suspended membrane 
LED with reflective mirror from backside. The LED mem-
brane is well supported after silicon etching. The silicon 
substrate is completely removed, and only LED membrane 
exists in the circular region. The suspended membrane and 

Fig. 1   Schematic of suspended 
membrane GaN LED on a 
silicon platform with reflective 
mirror: a view from topside and 
b view from backside. A part 
of emitted light is reflected by 
reflective mirror and extracted 
from top escape cones into air

Fig. 2   Fabrication process of suspended membrane LED with reflec-
tive mirror. Step (a) thinning silicon substrate, step (b) exposing 
n-type GaN, step (c) liftoff of semi transparent p-electrode, step (d) 
and step (e) liftoff of p-electrode and n-electrode, step (f) removing 
silicon substrate, step (g) back thinning of LED membrane, step (h) 
evaporating reflective mirror
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Ni/Ag films are complete and no cracks. Experimental 
results indicate that the membrane is strong and suitable for 
membrane LED light source, and the process of preparing 
reflective mirror is feasible.

The current–voltage (I–V) characteristics of LEDs 
are measured by on a probe station connected to an Agi-
lent B1500A semiconductor device parameter analyzer. 
Figure  4 presents the typical I–V characteristics of LEDs 
with different structures. We only remove the silicon sub-
strate under semitransparent p-electrode and a part of 
p-electrode with 20-nm Ti/180-nm Au films. Therefore, the 
current of LEDs with different structures is shown as

(1)Ic = (A+ B) ∗ Jc

(2)Is = A ∗ Js + B ∗ Jc

where Ic is the current of common LED with silicon sub-
strate, Is is the current of suspended LED, Im is the cur-
rent of suspended LED with reflective mirror, Jc is the 
current density of the region with silicon substrate, Js is 
the current density of membrane region, Im is the current 
density of membrane region with mirror, A is the area of 
semitransparent p-electrode and a part of p-electrode (sili-
con substrate removed) and B is the other part of p-elec-
trode (silicon substrate remained). The current at for-
ward voltage ~15 V is Ic ~ 46.47 mA, Is ~ 49.74 mA and 
Im ~ 50.34 mA. The area of A region is 15,005 μm2. The 
area of B region is 106,300 μm2. Then, we take the above 
values to Eq.  1–3 to obtain the current density of LEDs 
with different structures.

The current density increases from 383.08 to 601 mA/
mm2 for suspended membrane LED. I–V performance is 
significantly improved in comparison with the common 
LED with silicon substrate. The epitaxial films on silicon 
substrate are imposed by high dislocation density because 
of the lattice mismatch between III–V materials and silicon. 
It results in a reduced mobility of the carriers. The spread-
ing resistance is negatively affected. The compressive 
stress between the epitaxial films and silicon substrate is 
released by backside process. Then, the carrier concentra-
tion is increased and the conductivity of LED is improved 
[31]. The current density of suspended LED with reflective 
mirror slightly increases to 641.03 mA/mm2 owing to the 
good conductivity of Ni/Ag films.

(3)Im = A ∗ Jm + B ∗ Jc

Jc = 383.08 mA/mm
2

Js = 601 mA/mm
2

Jm = 641.03 mA/mm
2

Fig. 3   a Optical micrograph 
of suspended membrane LED 
with reflective mirror (view 
from topside). b SEM image of 
suspended membrane LED with 
reflective mirror (view from 
backside). The membrane struc-
ture is complete and no cracks

Fig. 4   Measured current–voltage (I–V) characteristics of LEDs with 
different structures. I–V performance of membrane LED with reflec-
tive mirror is improved compared to common LED with silicon sub-
strate
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We establish the 2D electric currents models in the 
COMSOL Multiphysics® (COMSOL, Inc., Sweden) to 
analyze the I–V performance of LEDs with different struc-
tures. The geometry of 2D models is the cross section 
of LEDs along the centerline of membrane region. The 
p-electrode is in the center of models, and the n-electrode 
is on the both sides of models. The electrical conductiv-
ity and geometry parameters in simulation are set accord-
ing to experiment and reference. The applied voltage is set 
as 15  V. The distribution of electrical potential and cur-
rent density on p-electrode with different LED structures 
is shown in Fig.  5. The current density maximum is on 
the edge of p-electrode, and the current density decreases 
from the edge to the center. The conductivity of freestand-
ing LED is enhanced by removing the silicon substrate 
to release the compressive stress in epitaxial layer. The 

current density of freestanding LED is increased as shown 
in Fig.  5d. The maximum current density of freestanding 
LED with mirror is lower than that of freestanding LED. 
However, the minimum current density of freestanding 
LED with mirror is greatly increased. Ni/Ag mirror with 
good conductivity improves the distribution of electrical 
potential and current density.

Figure 6 shows the reflectivity of LEDs with different 
structures in visible range. An input white light is inci-
dent normally to the top side of LEDs. The interference 
fringes of reflectivity curves are generated by the multi-
ple reflection at the interfaces between LED/air or LED/
mirror. The measured reflectivity of suspended LED with-
out reflective mirror is slightly larger than that of com-
mon LED. As to the suspended LED with reflective mir-
ror, the reflectivity is apparently enhanced in Fig. 6. The 

Fig. 5   Finite element simulation analysis of I–V performance of 
LEDs with different structures. a The distribution of electrical poten-
tial and current density arrow of common LED, b freestanding LED, 
c freestanding LED with mirror and d the current density distribution 

on p-electrode of LED with different structures. The maximum cur-
rent density of membrane LED increases compared to common LED 
with silicon substrate. The distribution of current density is improved 
owing to the good conductivity of reflective mirror
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average reflectivity of suspended LED with reflective mir-
ror is 69.23  % in spectra of 400–800  nm, 2.45 times of 
suspended LED without reflective mirror (28.28  %) and 
2.72 times of common LED (25.44 %). The reflective mir-
ror increases the reflectivity of visible light in membrane 
LED and could extract more emitted light from top escape 
cones of LEDs.

In association with microscopy system and a fiber-
coupled photonic multi-channel analyzer (Hamamatsu, 
C10027), LEDs with different structures are lighted by 
DC power supply (Kikushui, PMC500) on probe station. 
Figure 7a compares the light emission and electrolumi-
nescence (EL) spectra of LEDs with different structures 

at 3  mA current injection. EL measurements show that 
the peak intensity of suspended LED is about 102  % 
higher at 3  mA injection current compared with com-
mon LED. The silicon absorption of the emitted light is 
eliminated by removing silicon substrate and back wafer 
thinning of suspended membrane. We evaporate the 
reflective mirror on the backside of emission region to 
increase the reflectivity of LED membrane and extract 
emitted light to air from topside. Hence, continual light 
emission improvements are observed for suspended 
membrane LED with reflective mirror for 330 % higher 
at 3 mA injection current compared with common LED. 
The EL peak wavelength is 455.1  nm (2.725  eV) for 
membrane LEDs with or without reflective mirror and 
455.9  nm (2.720  eV) for LEDs with silicon substrate. 
The 0.8  nm (5  meV) blueshift of the EL peak wave-
length is caused by removing the silicon substrate. The 
III–V epitaxial layers of LED grown on silicon substrate 
are under tensile strain [28]. The blueshift in spectra is 
generated by releasing the tensile strain of III–V epi-
taxial layers by removing silicon substrate. The strain 
relaxation may also lead to a change of radiative recom-
bination and then improve the light emission. However, 
we could not separate the influence of eliminating sili-
con absorption and strain relaxation on EL intensity in 
this experiment. The EL peak shift is consistent with 
previous reports about the influence of strain on emis-
sion spectra in GaN nanocolumns and blue nano-LED 
grown on silicon substrate [32, 33]. Figure 7b compares 
the peak intensity of LEDs with different structures ver-
sus forward current. The light emission improvement of 
membrane LED with reflective mirror is greater at larger 
current injection.

Fig. 6   Measured reflectivity of LEDs with different structures in vis-
ible range. The reflective mirror increases the reflectivity of visible 
light in membrane LED to 2.72 times compared to common LED 
with silicon substrate

Fig. 7   a Measured electroluminescence spectra of LEDs with differ-
ent structures at 3  mA forward current injection. Light emission of 
membrane LED with reflective mirror increases to 330 % compared 
to common LED with silicon substrate. b Measured electrolumines-

cence peak intensity of LEDs with different structures versus forward 
current. Light emission improvement of membrane LED with reflec-
tive mirror is greater at larger current injection
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4 � Conclusion

Suspended membrane GaN LED with reflective mirror 
is implemented on a silicon platform by back wafer pro-
cessing. The silicon substrate underneath emission region 
is removed, and then, suspended membrane is thinned by 
back wafer etching from 5.07 to 3.47 μm and evaporated 
a reflective metal mirror from backside. The current den-
sity of suspended membrane LED with reflective mirror is 
improved from 383.08 to 641.03 mA/mm2 compared to the 
LED with silicon substrate. The reflectivity of suspended 
LED with reflective mirror is 2.72 times of common LED 
in visible range. We also observed peak intensity of emit-
ted light increased by 330 % at 3 mA injection current in 
EL measurements. The light emission improvements of 
suspended LED with reflective mirror are more obvious at 
larger current injection. This work provides a reasonable 
technology to realize high efficiency GaN LEDs on silicon 
substrate.
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