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Monolithic white-light-emitting diodes (white LEDs) without phosphors are demonstrated using InGaN/GaN
multiple quantum wells (MQWs) grown on GaN microrings formed by selective area epitaxy on SiO2 mask pat-
terns. Themicroring structure is composed of {1-101} semi-polar facets and a (0001) c-plane, attributed to favorable
surface polarity and surface energy. The white light is realized by combining short and long wavelengths of
electroluminescence emissions from InGaN/GaN MQWs on the {1-101} semi-polar facets and the (0001) c-plane,
respectively. The change in the emission wavelengths from eachmicrofacet is due to the In composition variations
of the MQWs. These results suggest that white emission can possibly be obtained without using phosphors by
combining emission light from microstructures. © 2016 Chinese Laser Press

OCIS codes: (230.3670) Light-emitting diodes; (250.5590) Quantum-well, -wire and -dot devices.
http://dx.doi.org/10.1364/PRJ.4.000017

1. INTRODUCTION
Recently, white-light-emitting diodes (white LEDs) have at-
tracted a great deal of attention for applications such as
solid-state lighting and display backlight units. The most
common technology to achieve white LEDs is to combine a
phosphor wavelength converter with a blue or ultraviolet
GaN-based LED chip. The short wavelength light emitted from
the GaN LEDs is absorbed by the phosphor and re-emitted
as long wavelength phosphorescence [1]. However, the
degradation of phosphor material during long-term optical
pumping decreases the output efficiency of the white LEDs
and a Stokes shift energy loss is unavoidable in phosphor-
based white LEDs [2]. Moreover, complex packaging steps
are needed to fabricate phosphor-based white LEDs. To solve
these problems, various methods have been focused on the
growth or fabrication of phosphor-free white LEDs. The typ-
ical phosphor-free white LEDs were developed by combing
two or three multiple quantum wells (MQWs). In these meth-
ods, two or three different quantum wells (QWs) are distrib-
uted vertically [3–6] and laterally [7] between n- and p-GaN
layers. White LEDs can also be generated by combining the
epitaxial structures of different emission colors using wafer
bonding. A device that calls for bonding a blue LED on the
p-type side after laser lifting its sapphire substrate with a
green LED has been published [8].

An alternative approach for fabricating phosphor-free
monolithic white LEDs is to grow InGaN/GaN MQWs on a
non-c-plane facet or multiple facets using selective area epi-
taxy (SAE). This has been shown by depositing an InGaN/GaN
QW on the semi-polar facet of a triangular [9] or trapezoidal
[10] overgrown body, which was formed during the early stage
of epitaxially lateral overgrowth from a stripe window. By
controlling the overgrowth time and window width, three

facets of the (0001), {11-22}, and {11-20} planes of different
sizes could also be formed on the overgrowth body. When
a QW was deposited on the microplanes, white light was gen-
erated by a mixture of blue, green, and nearly red light emit-
ting from the {11-20}, {11-22}, and (0001) facets, respectively
[11]. Moreover, III-nitride microstructures from SAE growth
usually comprise semi-polar or nonpolar planes on the side-
walls. As a result, the internal electric fields are much lower
than those along the [0001] direction [12], thereby mitigating
one adverse factor for achieving high-efficiency III-nitride
emitters. In addition, wide latitude in material composition
and layer thickness can be acquired during SAE growth by
adjusting the mask geometry and growth conditions.
InGaN/GaN stripes and pyramids with polychromatic light
emissions were obtained by SAE growth [9,13]. The emission
wavelengths are tunable across the entire visible range.

However, there are few reports about growth of InGaN/
GaN MQWs on GaN microfacets using crossover stripe pat-
terns along different crystallographic orientations. In this
work, we report SAE growth of microring structures of GaN
followed by InGaN/GaN MQWs using crossover stripe pat-
terns parallel to the [1–00] and [11–20] directions. A white
LED based on this microstructure has also been fabricated.
The morphology and optical properties of the resulting micro-
ring structures are investigated using scanning electron
microscopy (SEM) and SEM-based room temperature catho-
doluminescence (CL) analysis. The electroluminescence (EL)
characteristics of the fabricated microring LEDs with white-
light emission has also been studied.

2. EXPERIMENTAL DETAILS
In the experiment, the microring LEDs with white-light emis-
sion were grown on a c-plane (0001) sapphire substrate by
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metalorganic chemical vapor deposition, trimethylgallium
(TMGa), trimethylindium (TMIn), triethylgallium (TEGa), and
ammonia (NH3) were used as precursors. After the growth of
a 30-nm-thick GaN nucleation layer at 500°C, a 2-μm-thick n-
GaN epitaxial layer was grown at 1010°C. Then, a 200 nm SiO2

layer was deposited as a SAE mask using plasma-enhanced
chemical vapor deposition. The SiO2 mask pattern with a
width of 8 μm and a spacing of 4 μm between masks was
formed in the direction of [1–100] and [11–20] by conventional
photolithography and wet etching using a buffered oxide etch-
ant. An optical microscope image of the mask patterns is
shown in Fig. 1. The second epitaxial n-GaN with microring
facets was grown in the open window of the mask patterns
at a temperature of 990°C with a TMGa flow of 100 SCCM
(SCCM indicates cubic centimeters per minute at standard
temperature and pressure) and an NH3 flow of 8 slm (slm
denotes standard liters per minute), using a reactor pressure
and growth time of 400 mbars and 1.5 h, respectively. After
that, five periods of InGaN/GaN MQWs were grown on the
second epitaxial microring GaN template. The GaN barrier
layers of the InGaN/GaN MQWs were grown at 780°C, and
the growth time was 390 s with a NH3 flow of 17 slm and
a TEGa flow of 280 SCCM. The InGaN well layers of
MQWs were grown at 670°C, and the growth time was 110 s
with a NH3 flow of 17 slm, a TEGa flow of 280 SCCM, and a
TMIn flow of 1000 SCCM. Finally, the MQWs were capped
with a 200-nm-thick p-type GaN layer grown at 950°C. To fab-
ricate LEDs, the p-GaN and MQW layers were etched away by
inductively coupled plasma until the n-GaN layer was exposed
for n-type Ohmic contact formation. Then, an indium-tin oxide
layer with a thickness of 250 nm was deposited as a transpar-
ent current-spreading layer on the p-GaN layer. Ni/Au and Ti/
Al/Ni/Au were used for the p- and n-type electrodes.

The profiles and morphologies of the InGaN/GaN micro-
rings were investigated using SEM images. Optical properties
of the samples were examined at room temperature using a
SEM-based CL system at beam energy of 5 keV. The EL prop-
erties of the LED chips were characterized on a probe station
for current injection and emission detection, and the light was
collected by confocal microscopy.

3. RESULTS AND DISCUSSION
Figure 2 shows the top-view and cross-section SEM images of
InGaN/GaNMQWs grown on the GaNmicroring structure. It is
clear that the inner shape of the microrings is hexagonal, with

a series of inclined facets in the inner side. Additionally, on the
top surface, flat (0001) planes are observed between the
microrings. The sidewall facets have an inclined angle of
∼62° to the (0001) basal plane, as shown in Fig. 2(b). The
identification is consistent with prior experiments in which
pyramidal structures were grown under SAE with dot mask
patterns [14]. Based on the standard projection, the inclined
sidewall facets are identified as equivalent semi-polar {1-101}
planes. It is suggested that the morphological changes of GaN
microfacets under SAE are strongly related to the surface po-
larity and surface energy. Experimental results have proved
that the {1-101} plane formation was more stable than that
of other semi-polar planes under a wide range of growth con-
ditions, and the morphology of a {1-101} plane was indepen-
dent of growth parameters. Hence, the lateral and vertical
growth rates were almost constant, leading to the smooth
morphology composed of specific {1-101} facets with nitrogen
polarity [15].

Typical CL spectra from the {1-101} sidewall facets and
(0001) flat surface of the InGaN/GaN MQWs are displayed
in Fig. 3(a). Each spectrum has a peak near 365 nm that
corresponds to the GaN underlying the microring QW. The
InGaN/GaN MQWs on the {1-101} microfacet show an emis-
sion peak at about 445 nm, while the MQWs on the (0001)

Fig. 1. Optical microscope image of the mask pattern designed.

Fig. 2. (a) Top-view and (b) cross-section SEM images of InGaN/GaN
MQWs grown on a GaN microring structure.

Fig. 3. (a) CL spectra from different facets of an InGaN/GaN MQW
microring. Monochromatic CL intensity images over a single MQW
microring at wavelengths of (b) 445 and (c) 560 nm.
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surface reveal an emission peak near 560 nm. A more detailed
position dependence of CL emission has been examined from
the inner {1-101} QW plane to the (0001) surface as the arrow
direction indicated in the inset of Fig. 4, and Fig. 4 plots the CL
peak wavelengths. As shown, the CL wavelength changes
from 455 to 560 nm as the position moves from the inclined
{1-101} QW plane toward the top (0001) surface, and the
365 nm emission wavelength corresponds to the GaN template
under the MQWs.

The result suggests a large redshift in emission wavelength
for (0001) plane MQWs compared to inclined {1-101} plane
MQWs, which is attributed to the indium content enrichment
in the top (0001) plane MQWs. The indium enrichment origi-
nates from additional source supply due to the surface migra-
tion effect and lateral vapor-phase diffusion during the SAE
process. The migration length of the group III atoms on the
mask and their diffusion lengths in the vapor phase are or-
dered according to In > Ga > Al [16]. Therefore, indium en-
richment during SAE occurs due to the enhanced supply of In
species from the inclined facets to the top surface. Hence,
InGaN/GaN MQWs with a longer emission wavelength on
the top (0001) surface have been achieved.

Figure 5 shows the photo image of the fabricated LED chip
with diameter of 350 μm. Typical white-light EL at 50 mA was
achieved on-wafer under DC conditions, confirming the excel-
lent performance of our white LEDs. Figure 5 shows the EL
spectra of the microring white LEDs, measured for DC drive
currents ranging from 30 to 200 mA. The current–voltage (I–V)
characteristics of the white LEDs have been plotted in the in-
set of Fig. 5. The forward voltage at 20 mA is about 5.5 V, and
the value is higher than those of conventional InGaN/GaN
MQW LEDs. This can be attributed to the reduced effective
contact to the p-type GaN layer of the devices, because some
p-contact metals are directly deposited on SiO2 masks [17].

The EL spectra were measured to investigate the optical
properties of the LED. Figure 6 shows the EL spectra of
the LED with increasing injection current; two EL emission
peaks at about 445 and 560 nm were mixed, showing near
white emission (shown in Fig. 4). The long wavelength of
560 nm emission is from MQWs grown on the c-plane (0001),
which is on top of the microrings, because the c-plane (0001)
provides higher In composition in InGaN QWs than semi-polar
{1-101} microfacets. On the other hand, the blue emission peak

around 445 nm is from MQWs grown on semi-polar {1-101} mi-
crofacets. The results are well consistent with the CL spectra.
It also can be observed that both EL emission peaks show
blueshifts at high injection currents due to Coulomb screening
of the quantum confined Stark effect induced by the piezo-
electric polarization and the band-filling effect. The EL emis-
sion from semi-polar {1-101} MQWs shows a small blueshift of
about 3 nm, while the EL emission from MQWs on the c-plane
(0001) shows a large blueshift of 15 nm with increasing injec-
tion current from 30 to 200 mA. These results are attributed to
large polarization-induced electric fields in the MQWs grown
on c-plane (0001) GaN compared with those grown on semi-
polar GaN.

4. CONCLUSIONS
In conclusion, we demonstrate white EL emission of LEDs
with InGaN/GaN MQWs grown on GaN microrings, which
are composed of semi-polar {1-101} microfacets and a c-plane
(0001). The CL and EL spectra confirm that the white-light
emission originates from the mixture of blue wavelength
of about 445 nm and long wavelength of 560 nm emitted
from the InGaN/GaN MQWs on semi-polar and (0001) facets.
The variation of emission wavelength on different facets is
attributed to the lateral vapor diffusion and surface migration

Fig. 4. Position dependence of the CL peak wavelength from the
inner {1-100} plane to the top (0001) surface.

Fig. 5. Photo image of EL at a 50 mA forward drive current for the
fabricated LED chip wafer. The inset shows the surface pattern image
of a single LED chip.

Fig. 6. EL spectra of white LED with increasing injection current.
The inset shows the I–V characteristics of the LED.
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of III group atoms during SAE growth. These results suggest
the possibility to realize white LEDs using the geometry of
GaN microfacets without phosphors, which is a promising
advancement for future optoelectronic device designs.
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