
High-Efficiency and Stable Emission Wavelength Red InGaN Light-
Emitting Diodes with Porous Distributed Bragg Reflectors on Si
Substrates
Yi-Sin Cheng, Yen Da Chen, Der-Yuh Lin, Mingbing Zhou, Chih-Ching Cheng, Yi Fu, Hongta Yang,*
and Chia-Feng Lin*

Cite This: ACS Appl. Opt. Mater. 2024, 2, 2241−2247 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Red InGaN light-emitting diodes (LEDs) with
porous GaN distributed Bragg reflectors (DBRs) were demon-
strated with high directional emission properties, stable emission
wavelengths, and prevention of light absorption by the Si substrate.
The amounts of peak wavelength that blue-shifted were measured
at the values of 18.2 nm for the nontreated red LED and 2.4 nm for
the treated red LED with embedded porous GaN DBR structures
from a 0.2 to 5.0 mA injection current. The small peak wavelength
blue shift, stable emission wavelength, and narrow line width values
were shown in the treated red LED due to partially releasing the
compressive strain in InGaN active layers by inserting a porous GaN DBR structure. The electroluminescence light emission
intensities of the red LED with DBR structures were higher than those of the red LED structures without treatment due to the light
reflected by the porous GaN DBR structure and the prevention of light absorption by the Si substrate. From electroluminescence far-
field patterns, the divergent angles were reduced from 120 to 85° for the red LED without and with embedded porous GaN DBR
structure, respectively. The red LED structures with the embedded porous GaN DBRs consisted of stable emission wavelength, small
divergent angles, and narrow line width properties, which have the potential of being used for directional light-emitting sources in
micro-LED displays and vertical-cavity surface-emitting laser applications.
KEYWORDS: InGaN, red light-emitting diode (LED), porous GaN, distributed Bragg reflectors, Si substrate

1. INTRODUCTION
InGaN-based optoelectronic devices have been used for the
light-emitting diodes (LEDs), resonant-cavity LEDs,1−3 and
vertical-cavity surface-emitting lasers (VCSELs).4 Micro-LEDs
have been developed for high resolution, high efficiency, and
emission wavelength stability and large-size micro-LED
displays. The candidate materials for red LEDs are AlInGaP-
based and InGaN-based LED structures with similar external
quantum efficiencies at small sizes under high current density
operation conditions. A significant quantum-confined Stark
effect (QCSE)-induced wavelength blue-shift effect is observed
in the red InGaN LED with high indium content and large
lattice mismatch that was induced by the compress strain effect
in InGaN well structures. Many research groups have reported
the InGaN-based LED at the red wavelength region.5−10 The
nanorod visible-color-tunable LEDs were grown through the
pattern growth on the SiO2 mask layer.11 InGaN/GaN tunnel
junction nanowires were reported for white LEDs grown on Si
substrates.12 Red InGaN micro-LEDs on silicon substrates
have been used for visible light communication applications.13

InGaN micro-LEDs with blue, green, and red light were

reported on the silicon substrate.14 Red InGaN micro-LEDs
were reported by growing on freestanding GaN15 and
sapphire16 substrates. The strain relaxation on red LED
InGaN/GaN nanowire heterostructures was studied.17 The
embedded distributed Bragg reflector (DBR) structures had
been explored, including epitaxial AlGaN/AlN DBR,18

epitaxial AlInN/GaN DBR,19 air-gap/GaN DBR,20 AlN/GaN
epitaxial DBR,21 and GaN/porous GaN DBR.22,23 Most of the
embedded epitaxial DBR structures serve as reflectors in the
resonant-cavity LED and VCSEL devices. Most of the red LED
structures had been reported on the AlInGaP-based structure
with AlGaAs-based DBR24 to prevent light absorption by the
GaAs substrate. In recent reports, the efficiency of the InGaN-
based red LED is still developing and improving at this stage.
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The InGaN-based red LED with the embedded DBR structure
has been reported to prevent light absorption by the Si
substrate and improve the light extraction efficiency. High-
efficiency InGaN LED was produced using the pattern
sapphire substrate with a sputtering AlN buffer layer. Then,
the Al2O3 substrate can be removed through laser lift-off
process using an expensive laser tool. The InGaN LED on the
Si substrate can be removed through the wet-etched process
without damaging the epitaxial layer of the InGaN LED
structure. For the AR/VR micro-LED display applications, the
InGaN LED should be bonding on the Si backplate with the
driver and circuit. The laser lift-off process makes it hard to
remove the sapphire without damaging the Si backplate. After
protecting the Si backplate, permission is given to remove the
Si substrate through the wet etching process. This study shows
that the porous GaN DBR structure acts as an embedded
reflector to prevent light absorption on the Si substrate, and
partial strain-released layers for the red InGaN-based LED
structure were lacking.

This paper demonstrates red InGaN-based LED structures
with porous GaN DBRs on Si substrates. By formation of the
porous GaN DBR through an electrochemical (EC) etching
process, the light emitting from the InGaN active layer has
been reflected by inserting a porous GaN DBR structure. The
peak wavelengths of electroluminescence (EL) spectra had a
small wavelength blue-shifted phenomenon in the treated red
LED compared with nontreated red LED structures. High EL
intensity and stable emission wavelength of the red InGaN
LED were reported in this study by adding embedded porous
GaN DBR structures. Optical properties of the red LED
structures on Si substrates without and with porous GaN DBR
structures were analyzed in detail.

2. EXPERIMENTAL DETAILS
Red InGaN LED structures had been grown on the Si(111) substrates
by using a metal−organic chemical vapor deposition (MOCVD)
reactor. Red LED epi-structures consisted of an AlN buffer layer,
AlGaN/GaN superlattice layers (SLS), the undoped GaN layer, the
Si-doped n-GaN (n-GaN:Si, 1 × 1019 cm−3) layer, the Si-doped n-
GaN (n-GaN:Si, 1 × 1018 cm−3) layer, 10 pairs of n+-GaN:Si (1 ×
1019 cm−3, 85.7 nm)/n-GaN:Si (1 × 1018 cm−3, 66.7 nm) stack
structure, InGaN/GaN SLs, 5 pairs of InGaN/GaN (3 nm/14 nm)
multiple quantum well (MQW) structure, and the p-GaN:Mg (182
nm, 5 × 1018 cm−3) layer. The photolithography process and Cl2-

based inductively coupled plasma reaction ion etching were used to
define the trenches of the n+-GaN:Si/GaN:Si stack structure through
the dry etching process. The Si-heavy doped GaN:Si layers in the n+-
GaN:Si/n-GaN:Si stack structure were EC-wet-etched as the porous
GaN:Si layers as the porous GaN:Si/n-GaN:Si DBR structure in a 0.5
M HNO3 solution under +8 V bias voltage in room-temperature
conditions.22 A thin indium tin oxide layer (30 nm) was deposited by
a sputter deposition process and thermal treatment through a rapid
temperature annealing process at 600 °C for 30 s to have
conductivity, transparency, and Ohmic contact properties on the p-
type GaN:Mg layer. The Cr/Au metal bilayers were deposited as the
metal electrodes by electron-beam evaporation. The mesa region and
metal pad size were 100 × 100 and 70 × 70 μm2, respectively. The n-
type metal pad was deposited on the conductive porous GaN DBR
structure. The nontreated red LED is defined as the R-LED structure.
The red LED with the porous GaN DBR is defined as the RDBR-LED
structure. An optical profilometer (Zeta-20) for surface topography
and a transmission electron microscope (JEM-2010, JEOL) for cross-
sectional TEM micrographs were used. The porosity of the porous
GaN DBR structure was analyzed by using ImageJ open-source
software. The reflectance spectra were measured by using an optic
spectrometer (USB4000, Ocean Optics). The EL spectra of the LED
devices were analyzed using a current source meter (Keithley 236)
and a spectrometer (iHR550, HORIBA). A rotation stage system was
equipped with a motor controller, scanning from 0 to 180° with a 2°
step in the front side of LED chips for far-field radiation patterns of
the LED devices.

3. RESULTS AND DISCUSSION
In Figure 1a, the schematic diagram of the RDBR-LED
structure is shown. The epilayers consisted of the Si substrate,
buffer layer, undoped GaN layer, n+-GaN:Si layer, n−-GaN:Si
layer, DBR structure, n-GaN:Si layer, InGaN/GaN SLs,
InGaN/GaN MQW active layer, and p-GaN:Mg layer. In
Figure 1b, the EC-etched porous GaN DBR structure was
observed in the RDBR-LED on the Si substrate as seen in the
SEM micrograph. The cross-sectional TEM micrographs of the
RDBR-LED were observed, as shown in Figure 1c−e. The
epitaxial thickness above the bottom porous GaN DBR was
measured at 474 nm, as shown in Figure 1b. In Figure 1c, the
micrograph of the five pairs of InGaN/GaN MQW structure
was observed with InGaN well (3 nm thick) and GaN barrier
(14 nm thick) layers as the stack structure. In Figure 1d, ten
pairs of porous GaN DBR structures consisted of an 85.7 nm
thick EC-treated conductive porous GaN layer and a 66.7 nm
thick nonetched GaN:Si epitaxial layer. The porosity of the

Figure 1. (a) Schematic diagram of RDBR-LED structure. (b) SEM micrograph of the RDBR-LED grown on the Si substrate. TEM micrographs of
the (c) LED structure above the porous GaN DBR, (d) 5-pair InGaN/GaN MQW active layer, and (e) porous GaN/GaN DBR structures with the
TEM diffraction pattern were observed.
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porous layer was calculated at a value of 46% in Figure 1e
through ImageJ open-source software.

The EL emission spectra were measured in the R-LED and
the RDBR-LED structures, as shown in Figure 2a,b,
respectively, by varying the injection current from 0.2 to 5
mA. In Figure 2a, the dominated EL emission wavelength of
the R-LED structure was observed at 610.8 nm for the MQW
active layer and 425.2 nm for the InGaN/GaN SL layers, at a
0.2 mA injection current. The EL emission spectra with
oscillation signals were observed in the R-LED structure due to
the optical interference effect between the flat top GaN:Mg/air
and bottom AlN/Si interfaces. The dominant emission
wavelengths and the full width at half-maximum (fwhm, line
width) of the EL spectra were measured at 610.8 nm/72 nm
(0.2 mA) and 592.6 nm/101 nm (5 mA), respectively, in the
R-LED structure through the curve fitting processes. The weak
EL peak at 425.2 nm was emitted from the bottom InGaN SLs,
which acted as the strain-released layers. The broad EL
emission spectra of the R-LED structure covered the red and

green wavelength range due to larger lattice mismatch at high-
indium content InGaN well layers in the active layers. The
significant wavelength blue-shifted phenomenon of EL spectra
was affected by QCSE, in which the injection carriers have a
band-filling effect in the InGaN active layers. In the RDBR-
LED structure, the peak EL emission wavelengths and the line
widths were measured at 597.8 nm/49 nm (0.2 mA) and 595.0
nm/46 nm (5.0 mA), respectively, as shown in Figure 2b. The
blue shift in the EL dominated peak wavelength was due to the
combination of the band-filling effect and QCSE for both
LEDs. At 5 mA, the peak EL emission intensities of the InGaN
active layer at 595.0 nm were higher than those of the InGaN
SL at 425.2 nm. The weak EL emission peak at 520 nm was
emitted from the bottom InGaN MQW layers with low indium
content in the InGaN well layers. In Figure 2b, the dominated
EL peak was observed at 600 nm. The smooth EL spectra
without oscillation signals were observed in the RDBR-LED
compared to the R-LED structure. By formation of the
embedded porous GaN DBR structure, the short cavity effect

Figure 2. EL emission spectra of (a) R-LED and (b) RDBR-LED were measured by varying the injection current from 0.2 to 5 mA, respectively.
(c) The dominated peak wavelengths, emission intensities, and (d) fwhm of the R-LED and the RDBR-LED were observed by increasing operation
current, respectively. (e,f) The chromatic coordinates (x, y) in the CIE 1934 converted the EL spectra in both LED structures.
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was observed, in which the cavity length was defined between
the GaN:Mg/Air interface and the DBR structure. The EL
emission intensities of the RDBR-LED structure were higher
than those of the R-LED structure. The EL emission light from
the InGaN active layer was reflected in the normal direction,
and the light absorption in the Si substrate was prevented by
inserting the porous GaN reflector. At 0.2 mA, the dominant
EL emission wavelengths and fwhm values were blue-shifted
from 610.8 nm/72 nm for the R-LED to 597.8 nm/49 nm for
the RDBR-LED so that the compress strain in the InGaN
active layer was partially released. The fwhm decreasing
phenomenon of the RDBR-LED was due to the cavity
confinement effect between the top air/GaN:Mg and
embedded DBR interfaces. The stable EL emission peak at
595 nm and narrow line width at 46 nm were observed in the
RDBR-LED compared with the R-LED.

In Figure 2c, the dominant peak wavelengths and the EL
intensity of these LED structures were observed by increasing
the injection current. The EL wavelengths of both LED
structures were analyzed as the dominant wavelengths through
a standard Gaussian fitting model, and the results are shown in
Figure 2c,d, respectively. The dominated peak wavelengths had
a significant blue-shifted phenomenon in the R-LED structure
from 610.8 nm (0.2 mA) to 592.6 nm (5 mA) by adding the
injection current. In the RDBR-LED structure, the EL
wavelengths had a slight blue-shift phenomenon from 592.6
nm (0.2 mA) to 595.0 nm (5 mA). The amounts of peak
wavelength blue-shifted were measured at 18.2 nm for the R-
LED and 2.4 nm for the RDBR-LED structures, respectively,
from 0.2 to 5.0 mA. The EL light emission intensities of the
RDBR-LED structures were higher than that of the R-LED
structures due to light reflected by the porous GaN DBR

structure and prevention of light absorption by the Si substrate.
In Figure 2d, the fwhm values of EL spectra at 0.2 mA/5 mA
injection currents were observed at 72 nm/101 and 49 nm/47
nm for the R-LED and the RDBR-LED structures, respectively.
In the EL spectra, the stable emission wavelength and narrow
fwhm valves were observed in the RDBR-LED as compared to
the R-LED structures. That could be caused by the partial
strain release in the InGaN active layer by inserting the porous
GaN DBR between the MQW active layer and the Si substrate.

We analyzed both LED structures’ EL wavelengths,
identifying the dominant wavelengths using a standard
Gaussian fitting model. The results are presented in Figure
2c. The Gaussian fitting highlights the dominant wavelengths
of the EL emission spectra, which should address the
reviewer’s concerns. Additionally, the typographical errors in
the labels of Figure 2c have been corrected in the revised
manuscript following the reviewer’s suggestion. Furthermore,
the chromatic coordinates (x, y) in the CIE 1934 space were
calculated from the EL spectra and are shown in Figure 2e,f for
varying operation currents. At 0.1 and 5 mA operation current,
the EL emission spectra of both LED structures as shown in
Figure 2a,b were calculated as the chromatic coordinates as
(0.543, 0.435)/(0.470, 0.484) for the R-LED and (0.560,
0.429)/(0.526, 0.453) for the RDBR-LED, respectively. In
Figure 2f, the enlarged figure of Figure 2e shows that the
chromatic coordinates are shifted by increasing the injection
current. The standard deviation of the chromatic coordinates
(±Δx, ±Δy) was measured as (−0.073, 0.049) for the R-LED
and (−0.034, 0.024) for the RDBR-LED. These results
indicate that the color stability of the RDBR-LED, with its
porous reflector, is slightly improved compared to that of the
R-LED structure.

Figure 3. Far-field radiative EL spectra of the (a) R-LED and (b) RDBR-LED were measured at 5 mA. (c) The EL emission images of both LEDs
were observed at 5 mA. (d) The normalized far-field EL intensity was shown at a 5 mA injection current.
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The far-field EL spectra of LED structures were measured at
5 mA with varying detective angles, in which the normal
direction was at 90°, as shown in Figure 3a,b, respectively. In
Figure 3a, a high light interference density was observed clearly
in the R-LED structure caused by the light interference effect
between GaN:Mg/air and AlN/Si interfaces. The EL emission
spectra of the R-LED structure covered the red and green
wavelength range. In Figure 3b, the dominant EL emission
wavelength was about 600 nm with few interference curves for
the RDBR-LED structure. The cavity length of the RDBR-LED
structure was reduced by the EC-treated DBR structure, and
the cavity mode matched the EL emission wavelength at about
600 nm, as shown in Figure 3b.

The EL emission images of LED structures were measured
at 5 mA in Figure 3c. The sizes of the mesa region and central
metal pad are 100 × 100 and 70 × 70 μm2 as shown in optical
microscopy (OM) images, respectively. The normalized far-
field radiative patterns of the EL intensities were measured in
both LED structures, as shown in Figure 3d. The divergent
angle is defined as the 50% maximum EL intensity angle in the
far-field radiation pattern. At a 5 mA operating current, the
divergent angles of the EL far-field patterns were reduced from
120° (R-LED) to 85° (RDBR-LED), respectively. Compared
to the nontreated R-LED structure, the short cavity length and
the narrow divergent angle were observed in the RDBR-LED
by adding the porous GaN DBR structure.

In Figure 4a, the X-ray curves were measured for the R-LED
and RDBR-LED structures. The peaks of the X-ray curves were
measured at 28.45° for Si(111), 34.50° for GaN, 36.06° for
AlN, and 33.73° for InGaN epitaxial layers, respectively. The
similar X-ray peaks indicated the similar crystalline qualities for
the both LED structures. The interference signals of the X-ray
curves were observed between Si and GaN diffraction peaks,
which indicated the flat interface quality in the InGaN/GaN
MQW active layer. From the X-ray curves, the pair thicknesses
of the MQW layers were calculated at 17.2 nm for R-LED and
16.5 nm for RDBR-LED. The pair thickness of the InGaN/
GaN active layer of RDBR-LED was slightly thinner than that
of R-LED structure. This could be due to the partial strain
release in the InGaN MQW active layer of the RDBR-LED by
incorporating the embedded porous GaN DBR structure. In
Figure 2a,b, the EL emission wavelengths had a blue-shifted
phenomenon from 610.8 nm for the R-LED to 597.8 nm for
the RDBR-LED at a 0.2 mA injection current. The EL peak
wavelength blue-shifted phenomenon and the pair thickness

slightly reduced in InGaN MQW active layers were observed
in the RDBR-LED, which indicated that the QCSE is slightly
reduced compared to the R-LED structure. In Figure 4b, the
reflectance spectrum was measured for porous GaN DBR at
603 nm with 99.4% reflectivity and 118 nm stop bandwidth.
EL spectra were measured for R-LED and RDBR-LED at a 5
mA operation current. The dominant EL wavelengths were
measured at 592.6 nm for the R-LED and 595.0 nm for the
RDBR-LED structures, both located within the high reflectivity
region of the porous GaN DBR structure. In Figure 4c, the
OM images of the EC-etched porous GaN DBR structure were
fabricated through the LS process and the lateral wet EC
process. The OM images of the treated samples with the device
fabricated process were observed from the top view by using
microscopy. The EC wet-etching channels were defined and
opened at the laser scribing lines. The bottom OM image was
observed in large magnification compared with the top OM
image. The central dark region between two laser scribing lines
is the nontreated region without the embedded porous DBR
structure. The red light and dark regions in the OM images
were observed for the treated DBR region and the nontreated
region with the LED/Si structure, respectively. The red-light
region with the EC-treated DBR was formed through a lateral
wet-etching process from LS lines. The EL emission properties,
crystallinity, and pair thickness of InGaN/GaN active layers of
the RDBR-LED structures were affected by forming the
embedded porous GaN DBR structure compared to the
nontreated R-LED structures. Compared to the nontreated R-
LED structure, a high EL intensity was measured in the RDBR-
LED with porous DBR structure at normal direction.

4. CONCLUSION
The large compressive strain and prevention of the light
absorption phenomenon of the InGaN LEDs on Si substrates
with high indium content were solved by inserting a porous
GaN DBR layer. A stable EL emission wavelength and a slight
blue shift were observed in the RDBR-LED compared to the
R-LED, which could be attributed to the partial strain release
in the InGaN active layers due to the embedded porous GaN
DBR. The light intensities of the RDBR-LED structures were
higher than those of the R-LED structures due to the light
reflected into the normal direction by the porous GaN DBR
structure and the prevention of light absorption by the Si
substrate. The divergence angles of the EL intensities were
reduced from 120° for the R-LED to 85° for the RDBR-LED.

Figure 4. (a) The X-ray curves of both LED structures were measured. (b) The reflectance spectrum of the porous GaN DBR structure and EL
emission spectra were measured in both LED structures at a 5 mA injection current. (c) LS lines and treated porous GaN DBR regions were
observed in OM images.
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The stable EL emission wavelength, short cavity length, narrow
divergent angle, and high EL intensity at normal direction were
demonstrated in the RDBR-LED with the porous GaN DBR
structure that can be used for directional light sources, micro-
LED display, and VCSEL devices applications.
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