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Featured Application: Over the last decades, InGaN-based light-emitting diodes and laser diodes
have been widely studied to improve quantum efficiency. However, few studies have focused on
the directional emission properties in the short (1λ) InGaN resonant-cavity structure with the
porous GaN reflector. The epitaxial 20-period n+-GaN/n-GaN stacked structure was transformed
into the porous-GaN/n-GaN distributed Bragg reflector (DBR) structure through a simple wet
etching process. Directional emission pattern and narrow linewidth were observed in the InGaN
active layer with bottom porous DBR, top dielectric DBR, and the optimum Ta2O5 spacer layer
to match the short cavity structure. We believe that this work can offer a new perspective for the
conventional III-V semiconductor community and the readers with the background of the LED
and laser.

Abstract: InGaN based resonant-cavity light-emitting diode (RC-LED) structures with an embedded
porous-GaN/n-GaN distributed Bragg reflector (DBR) and a top dielectric Ta2O5/SiO2 DBR were
demonstrated. GaN:Si epitaxial layers with high Si-doping concentration (n+-GaN:Si) in the 20-period
n+-GaN/n-GaN stacked structure were transformed into a porous-GaN/n-GaN DBR structure
through the doping-selective electrochemical wet etching process. The central wavelength and
reflectivity were measured to be 434.3 nm and 98.5% for the porous DBR and to be 421.3 nm and 98.1%
for the dielectric DBR. The effective 1λ cavity length at 432nm in the InGaN resonant-cavity consisted
of a 30 nm-thick Ta2O5 spacer and a 148 nm-thick InGaN active layer that was analyzed from the angle-
resolved photoluminescence (PL) spectra. In the optical pumping PL spectra, non-linear emission
intensity and linewidths reducing effect, from 6.5 nm to 0.7 nm, were observed by varying the laser
pumping power. Directional emission pattern and narrow linewidth were observed in the InGaN
active layer with bottom porous DBR, top dielectric DBR, and the optimum spacer layer to match the
short cavity structure.

Keywords: InGaN; resonant-cavity light-emitting diode; distributed bragg reflector (DBR)

1. Introduction

Nitride-based materials are widely used in optoelectronic devices such as light-
emitting diodes (LEDs), laser diodes (LDs), and vertical cavity surface emitting lasers
(VCSELs) [1,2]. The VCSEL devices have low threshold current density, high efficiency,
directional emission pattern, and the ability of high-speed operation properties for the
high-density optical storage, biochemical sensors, and micro-projectors. For the short-
wavelength VCSEL structures, the InGaN cavity length and the distributed Bragg reflectors
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(DBRs) should be considered. In short-wavelength VCSEL, the modulation of the cavity
length may suppress the constructive interference, tune the directional far-field emission
pattern, and affect the single-mode emission properties. The high reflectance of the em-
bedded DBR structure can provide a high-quality factor of the lasing peak in the VCSEL
devices. For the embedded DBR structures, the epitaxial AlGaN/GaN [3,4], AlN/GaN [5],
and AlInN/GaN [6] DBR structures have been reported that have high reflectivity at the
emission wavelength region of the InGaN active layers. All dielectric DBR VCSEL struc-
tures have been reported that are deposited on curved mirror of the sapphire substrate [7],
on GaN after sapphire lift-off process [8], and as the epitaxial lateral overgrowth mirror [9].
The GaN VCSEL structure with bottom dielectric DBR and top TiO2 high-index-contrast
grating reflectors had been reported [10]. High efficiency InGaN VCSELs had been reported
with the conductive AlInN/GaN DBR structures [11–14]. For the current injection process,
the VCSEL structure with buried tunnel junction had been demonstrated in the semi-polar
blue GaN-based VCSEL [15]. The airgap DBR structure [16,17] was incorporated into the
VCSEL fabrication because of a high refractive index contrast between GaN and airgap
in the stack structure. As for the epitaxial DBR structure, a large lattice mismatch and
lengthy epitaxial growth time are the challenges to be solved. The porous-GaN/GaN stack
structure with short epitaxial growth time and large refractive index difference had been
reported as the DBR structures [18–21] that were fabricated through a simple wet etching
process. The lasing properties of the InGaN VCSELs with the porous-GaN DBR structures
were reported [22,23]. The mechanical [24], thermal [25], and electrical [23] properties of
the InGaN devices with porous structures have been reported. The InGaN-based LED
consisted of a 6λ cavity length and an embedded nanoporous DBR structure, without the
top DBR structure, were reported in our previous report [26]. The single-mode and low
threshold current density of the VCSEL devices can be realized in short 1λ resonant-cavity
length. In the GaN-based VCSEL structure, 1λ cavity length is difficult to realize due to the
large strain and the conductivity in the conventional AlGaN- and AlN-based DBR struc-
tures. A 1.5λ-cavity GaN-based vertical-cavity surface-emitting laser has been reported by
using the n-type conducting AlInN/GaN DBR structure [11].

In this paper, the optical confinement properties of 1λ InGaN resonant-cavity light-
emitting diode (RC-LED) structure was studied by adding the top dielectric distributed
Bragg reflector (DBR) and the bottom porous-DBR structure. Through the epitaxial growth
and electrochemical wet etching processes, the InGaN active layer with an embedded
20-period porous-GaN/n-GaN DBR structure was demonstrated. Then, a Ta2O5 spacer
layer as a cavity length adjustable layer and 8.5-period Ta2O5/SiO2 alternately stacked
structure for top reflector were deposited on the InGaN epitaxial structure. The optical
pumped lasing phenomenon at 432 nm was observed in the InGaN resonant cavity with
1λ effective cavity length by tuning the thickness of Ta2O5 spacer layer. The surface mor-
phology and optical properties of the InGaN resonant-cavity structures were analyzed
in detail.

2. Materials and Methods

InGaN RC-LED structures were grown on a 4 in. c-face (0001) patterned sapphire sub-
strate by using the metal-organic chemical vapor deposition (MOCVD) system. Trimethyl-
gallium (TMGa), ammonia (NH3) gas, and trimethylindium (TMIn) were used as gallium
(Ga), nitrogen (N), and indium (In) sources material, respectively. Silane (SiH4) and
bis-cyclopentadienyl magnesium (CP2Mg) were used as the n-type and p-type doping
sources, respectively. The LED epitaxial layers consisted of a 30 nm-thick GaN buffer
layer, a 4.0 µm-thick unintentionally doped GaN layer, 20-period n+-GaN:Si/n-GaN:Si
(55 nm/45 nm) stacked structure, a 38 nm-thick n-GaN layer, 5-period In0.2GaN/GaN
(3 nm/9 nm) multiple-quantum wells (MQWs) structure, and a 50 nm-thick p-GaN layer.
The growth temperatures of the GaN buffer layer and the u-GaN layer were measured at
530 ◦C and 1050 ◦C, respectively. The Si-doping concentrations of the stacked structure
were measured at 2 × 1019 cm−3 for the n+-GaN:Si layer and at 2 × 1018 cm−3 for the
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n-GaN:Si layer, respectively, at 1050 ◦C. The growth temperature and Si-doping concen-
tration of the n-GaN layer were measured at 1050 ◦C and 2 × 1018 cm−3, respectively.
The growth temperature of the InGaN/GaN MQW active layer was measured at 760 ◦C.
The growth temperature and Mg-doping concentration of the p-GaN layer were measured
at 950 ◦C and 1 × 1018 cm−3, respectively. The p-type GaN:Mg layers were thermally
activated in the furnace at 750 ◦C for 30 min in N2 ambient gas. The lateral wet etching
channels with a spacing of 230 µm on the LED structure were defined through the laser
scribing (LS) process. The depth of LS line was measured at 2.2 µm to reach the as-grown
20-period n+-GaN:Si/n-GaN stacked structure by using 355 nm pulsed laser. The Indium
metal contact was used to contact the n+-GaN:Si layer to apply the positive bias during
the wet etching process. Then, the samples were cleaned through the ultrasonic clean-
ing process in the deionized water and the isopropyl alcohol (IPA) solution to remove
the contamination in the etching channels. After the wet etching process, the n+-GaN:Si
layers were transformed into porous GaN layers through the doping-selective electro-
chemical etching process in a 0.5 M nitride acid solution with a positive 8 V external bias
voltage. The EC-treated samples were rinsed in the deionized water and dried for the
following measurements. The GaN EC etching porosification chemistry/process have been
reported [16,27]. Then, high refractive index n+-GaN:Si layers were transformed into low
refractive index of porous GaN layers. The treated DBR structure consisted of a quarter-
wavelength porous GaN layers and a quarter-wavelength GaN layers acted as a bottom
reflector. Then, a 30 nm-thick Ta2O5 film was deposited on the top of the p-type GaN:Mg
layer acting as a spacer layer for tuning the cavity length in the resonant-cavity structure.
Finally, the 8.5-peroid Ta2O5/SiO2 dielectric DBR was deposited onto the Ta2O5 spacer
layer to complete the full RC-LED structure for optical measurement. The non-treated LED
structure was defined as the standard LED (ST-LED). The InGaN LED with top and bottom
DBR structure was defined as the resonant cavity LED (RC-LED). The photoluminescence
spectra were measured by using monochromators (JOBIN YVON iHR550) with a TE-cooled
charge-coupled device (CCD) detector. The surface morphologies of the RC-LED structures
were observed using the optical microscope (OM) and the field-emission scanning electron
microscope (FE-SEM, JEOL 6700F).

3. Results

In Figure 1a, the bottom porous-GaN/n-GaN DBR with blue light image and the
laser scribing lines were observed by using optical microscope. The porous-DBR stacked
structure consisted of a 55 nm thick, porous-GaN layer and a 45 nm thick GaN layer
approximately in the cross-sectional SEM micrograph as shown in Figure 1b. The etching
interface of the porous-GaN/n-GaN stack structure was observed clearly after the doping-
selective electrochemical wet etching process. The 148 nm-thick LED structure with the
InGaN MQW layers was shown in Figure 1c as the epitaxial cavity structure above the
porous DBR structure. In our previous reports [19], the InGaN-based LED consisted of a
large cavity length and an embedded nanoporous DBR structure without capping the top
dielectric DBR structure. In this study, the 30 nm-thick Ta2O5 spacer layer and 8.5-period
Ta2O5/SiO2 dielectric DBR were deposited on the LED epitaxial layer as shown in Figure 1d.
The resonant cavity consisted of the epitaxial InGaN active layer and the deposited Ta2O5
spacer layer between top dielectric DBR and bottom porous DBR structures.
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Figure 1. (a) The OM image of the InGaN LED with bottom porous-GaN DBR structure was observed
with a blue reflected light image. (b) The cross-sectional SEM micrograph of the porous- distributed
Bragg reflector (DBR) structure was observed. (c) A 148 nm thick InGaN LED structure was shown
above the porous reflector. (d) The top reflector consisted of a 30 nm thick Ta2O5 spacer layer and a
top Ta2O5/SiO2 DBR structure.

In Figure 2, the reflectance spectra of the top Ta2O5/SiO2 dielectric DBR and the
bottom porous-GaN/n-GaN DBR structure were measured by using Xe lamp as a ref-
erence light source. The central wavelength, reflectivity, and the stopband width of the
reflectance spectra were measured at 421.3 nm/98.1%/67 nm for the top dielectric DBR and
at 434.3 nm/98.5%/55 nm for the porous DBR, respectively, listed in Table 1. The stopband
width of the reflector is defined as the wavelength region that the reflectivity is higher than
90%. High reflectance and wide stopband width were observed on the top dielectric DBR
and the bottom porous DBR structures.
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Figure 2. Reflectance spectra of top dielectric DBR and bottom porous-GaN DBR were measured at
room temperature.

Table 1. Top and bottom DBR structures.

Wavelength Reflectivity Stopband Width

Top dielectric DBR 421.3 nm 98.1% 67 nm

Bottom porous DBR 434.3 nm 98.5% 55 nm

As per Figure 3, the photoluminescence (PL) spectra were measured through angle-
resolved measurement with a 405 nm laser source. When the incident 405 nm laser illu-
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minated from the backside of the LED samples, the laser light will not be absorbed by
the sapphire substrate, the n-type GaN:Si layer, and the p-type GaN:Mg layer at a normal
direction. Only the InGaN active layers were excited and emitted the photoluminescence
for the angle-resolved PL measurement. Then, the PL emission spectra were measured
from the front-side of the LED chips.
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Figure 3. The photoluminescence (PL) emission spectra of (a) the ST-LED, (b) the non-matched
RC-LED, and (c) the matched RC-LED were measured through the angle-resolved PL measurement.
(d) Normalized far-field radiation patterns of all LED structures were measured.

In Figure 3a, the Fabry–Pérot (FP) interference line patterns of the non-treated LED
(ST-LED) structure were observed with multiple curves due to the light reflected at the
flat top GaN:Mg/Air interface and the bottom GaN/Al2O3 interface. The thickness of the
epitaxial layers was calculated as the value of 6.1 µm for the ST-LED, which was similar
to the actual epitaxial thickness grown on sapphire substrate. In non-matched RC-LED
structure, 8.5-period Ta2O5/SiO2 dielectric DBR layers were deposited on the LED structure
directly without a spacer layer. The peak intensities of the far-field pattern measured at
72◦ and 108◦ detected angles that were higher than it at normal direction (90◦) as shown
in Figure 3b. As for the matched RC-LED structure with 30 nm-thick Ta2O5 spacer layer,
the two interference line patterns were observed apparently in the far-field PL spectra.
The PL emission wavelength of the InGaN active layer was matched to the interference
curve in the far-field PL spectra pattern as shown in Figure 3c. The intensity formula
of the angle-resolved spectra was I(λo, θ) = (2nsT/mc)cos(θ) = λocos(θ), where ns is the
refractive index of GaN (2.48), mc is the cavity mode number, and T represents the cavity
thickness [26]. In Figure 3c, the simulated interference line pattern was matched to the peak
emission wavelength of the InGaN active layer. The fitting thickness of the InGaN LED
cavity structure was calculated as the value of 173 nm between the bottom porous DBR
and the top dielectric DBR structure. The FP second order mode in the 1λ resonant cavity
was matched to the PL emission wavelength of the InGaN active layer as shown in curve-a
in Figure 3c. From the simulation results, the penetration depths were calculated as the
value of 196 nm-thick for the bottom porous DBR and 138 nm-thick for the top dielectric
DBR. The effective cavity length in curve-b consisted of the 148 nm-thick InGaN active
layer, 30 nm-thick Ta2O5 spacer layer, the 196 nm-thick penetration depth of the porous
DBR, and 138 nm-thick penetration depth of the dielectric DBR as shown in Figure 3c.
The normalized PL intensity of the far-field radiation patterns of all LED structures were
measured in Figure 3d. By forming the resonant-cavity structure, the divergent angle was
drastically decreased from 114◦ for the ST-LED to 57◦ for the matched RC-LED structure.
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The peak emission intensity of the matched RC-LED structure was observed at normal
direction (90◦) that matched to the resonant cavity length between top dielectric and bottom
porous DBR structures.

In Figure 4, the optical pumping spectra of the InGaN resonant cavity structure were
measured by using a Nd-YVO4 355 nm pulsed laser as laser excitation source. In Figure 4a,
the PL peak intensities and the linewidth of the PL spectra were measured as a function of
the laser excited power. By increasing the laser pumping power, the PL emission intensities
had a non-linear increasing property. The threshold value of the laser pumping power
(Pth) was measured as the value of 14.8 µW at room temperature. In the matched RC-
LED structure, the linewidth of the PL spectra was reduced from 6.5 nm to 0.7 nm by
increasing the laser pumping power. In Figure 4b, the PL emission spectra of the matched
RC-LED structure were observed under 0.95 Pth, 1.02 Pth, and 1.05 Pth laser pumping
power, respectively. The linewidth and dominated emission wavelength of the InGaN
active layer were measured at 6.5 nm for the spontaneous emission peak (at 431.3 nm)
and at 0.7 nm for the stimulated emission peak (at 431.8 nm). The lasing phenomenon of
the matched InGaN resonant cavity structure was measured at 431.8 nm with a 0.7 nm
linewidth at room temperature.
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Figure 4. (a) The PL intensities and the linewidth of the optical pumping spectra were measured as a
function of the laser excited power. (b) The emission spectra of the RC-LED structure were observed
under 0.95 Pth, 1.02 Pth, and 1.05 Pth laser pumping power.

4. Conclusions

In summary, InGaN RC-LED structures with bottom porous DBR and top dielectric
DBR structures were fabricated. The directional PL emission phenomenon at normal
direction was observed by tuning the Ta2O5 spacer layer to match the 1λ cavity length in
the resonant cavity structure. The short cavity and single mode emission of the InGaN
resonant cavity structure can be realized by using the embedded EC-treated porous-GaN/n-
GaN DBR structure. A small divergent angle and a narrow linewidth of the PL spectra
were observed in the InGaN RC-LEDs which have the potential for the projective light
source and the VCSEL applications.
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