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Light Output Enhancement of UV Light-Emitting
Diodes With Embedded Distributed Bragg Reflector
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Yuh-Jen Cheng, Shing-Chung Wang, and Kuo-Jui Huang

Abstract—We demonstrate the output power enhancement of ul-
traviolet light-emitting diodes (UVLEDs) by epitaxial lateral over-
growth (ELOG) on a distributed Bragg reflector (DBR) patterned
substrate. The patterned DBR mesas are used as ELOG masks to
improve material quality as well as reflectors to enhance the light
output coupling. Compared with the conventional UVLEDs, the
surface pit density of UVLEDs at regions right above embedded
patterned DBR were reduced from 2.5 X 10° to 1.6 x 10° em—2.
The improved light extraction efficiency is verified by ray tracing
simulation. The luminous intensity of this novel structure is en-
hanced by 75% compared to that of reference UVLED structure
at the wavelength 390 nm.

Index Terms—Distributed Bragg reflector (DBR), ultraviolet
light-emitting diodes (UVLEDs).

I. INTRODUCTION

ALLIUM nitride (GaN) based light emitting diode
(LED) has attracted great interest due to its importance
in lighting applications [1], [2]. GaN based LED has become
the most efficient lighting device. The device is often heteroepi-
taxially grown on a foreign substrate, for example sapphire
due to the lack of GaN substrate. The as grown GaN epitaxial
layer typically has fairly high threading dislocation density due
to large lattice constant mismatch between GaN and sapphire.
These defects are nonradiative recombination centers and are
detrimental to optoelectronic device performance. Another
problem for GaN LED is its large refractive index, which
allows only a small light escaping angle. Significant part of
emitted light is trapped by total internal reflection resulting
in low light extraction efficiency. Researchers are actively
investigating various approaches to reduce defect density and
improve light extraction efficiency.
A very well known method to reduce defect density is the
epitaxial lateral overgrowth technique (ELOG) [10], [11]. Strips
of SiO» mask are deposited on GaN epi-surface, followed by
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epitaxial growth. The growth starts from window regions and
grows vertically as well as laterally to cover the SiO; strips
until obtaining planar surface over whole wafer. The lateral
growth bends the threading dislocation propagation direction
and results in significantly lower defect density over the mask
than in the window region. For light extraction efficiency
improvement, various surface roughening processes have been
demonstrated and shown significant improvement in light
extraction efficiency [3]-[7]. Photonic crystal (PC) structure
has also drawn great interests in light extraction efficiency en-
hancement application [8], [9]. Here, we demonstrate an ELOG
technique to simultaneously improve both material quality and
light extraction efficiency. Patterned DBR mesas were fabri-
cated on a GaN substrate and used as masks for epitaxial lateral
overgrowth (ELOG) and photon reflector for enhancing light
output coupling. The DBR reflector is intentionally designed to
have high reflectivity at LED emission wavelength so that the
emitted light toward GaN-sapphire interface is reflected back
to the front surface. A ray-tracing simulation was discussed to
investigate the mechanism of light output enhancement.

II. EXPERIMENT

The ultraviolet LED (UVLED) samples were grown on
c-plane sapphire substrates by a low pressure metal organic
chemical vapor deposition (MOCVD) system. The fabrication
flowchart of UVLEDs with embedded patterned distributed
Bragg reflector (DBR) was shown in Fig. 1. First, a 30-nm-thick
low-temperature GaN nucleation layer was grown on sapphire
substrate, followed by a 1-pm-thick undoped GaN layer.
Then, 9.5 pairs of HfO5/SiO» multiple dielectric layers were
deposited on the GaN substrate. The thickness of HfO» and
SiO2 layer was 53 nm and 69 nm, and the refractive index
at 390 nm wavelength was 1.98 and 1.46, respectively. The
multiple dielectric layers were patterned by a conventional
lithography and liftoff technique to form circle-shape masks
with the diameter of 5 ym. A 3-pm-thick Si-doped n-GaN
layer was regrown from the region without masks and laterally
overgrown masks till forming a flat surface, followed by the
deposition of a InGaN/GaN multiple quantum well (MQW)
active region with emission wavelength designed at 390 nm. On
top of the active region is a 50-nm-thick Mg-doped p-AlGaN
electron blocking layer and a 0.2-pm-thick Mg-doped p-GaN
cladding layer. Subsequently, 350 x 350 ym2 diode mesas are
defined by chlorine-based reactive ion etching. An indium tin
oxide (ITO) film (250 nm) was deposited on p-GaN layer as
a transparent conductive layer. The Cr/Pt/Au (50 nm/50 nm/
2500 nm) metal contacts were deposited for p- and n-contact
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Fig. 1. Fabrication flowchart of DBR embedded UVLEDs.
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Fig. 2. Reflectivity spectrum of (a) HfO2 and SiO2 9.5-pairs DBR before
MOCVD baking and (b) the DBR after MOCVD 1000° C backing.

pads. An UVLED without the embedded DBR and an UVLED
with embedded SiO2 were also fabricated for comparison.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the reflectivity spectrum of the 9.5-pair
HfO2/SiO2 DBR, indicating that the maximum reflectivity was
98.4% at the wavelength of 390 nm. The reflectivity spectrum
of the DBR after MOCVD 1000°C baking was shown in
Fig. 2(b). It reveals the maximum reflectivity was degraded to
95.4% and the center wavelength was shifted to 356 nm. The
reflectivity was 88.9% at the emission wavelength 390 nm.
In DBR structure, we inferred that the refractive index of the
HfO2 dielectric layer was decreased after MOCVD 1000°C
baking. So that, the center wavelength of DBR reflectance
spectrum was shifted with the refractive index decrease of the
dielectric layer.
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Fig. 4. CL images of (a) reference UVLEDs surface and (b) DBR embedded
UVLEDs surface after epitaxial growth by MOCVD.
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Fig. 5. (a) EL emission spectrum. (b) Measured L—I—-V" characteristics of the
fabricated UVLEDs.

Fig. 3(a) shows a scanning electron microscope (SEM) cross
section micrograph of the 9.5-pair HfO,/SiO2 DBR before
mesa patterning fabrication. Fig. 3(b) is an enlarge view of
Fig. 3(a).

Figs. 4(a) and 4(b) show the cathodoluminescent (CL) im-
ages of the surfaces of reference and DBR embedded UVLEDs.
The dark spots are believed to be originated from the threading
dislocation defects terminated at the surface. The defects are
strong nonradiative recombination centers therefore showing
low CL intensity. The deduced defect densities of the reference
and DBR embedded UVLEDs are 2.5 x 10% and 1.6 x 106 cm—2,
respectively. The defect density of DBR embedded UVLED is
significantly improved by 36% compared to that of reference
UVLED sample.

Fig. 5(a) shows EL emission spectrum of the reference, Si02
and DBR embedded UVLEDs. It is worthy of note Fig. 5(a)
that the emitting spectrum of the SiO2 and DBR embedded
UVLEDs share the same characteristics with the reference
UVLED which implies that the fabricated embedded structure
mainly works to enhance light output from the UVLED. All
the emission wavelength of the reference, SiO2 and DBR em-
bedded UVLEDs are 390 nm. Fig. 5(b) exhibits the light output
power and operation voltage as a function of forward current
(L—I-V curve) for the reference, SiO2 and DBR embedded
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Fig. 6. Candela maps of (a) reference UVLEDs, (b) SiO2 embedded UVLEDs,
and (c) DBR embedded UVLEDs.

UVLEDs. The output power of DBR embedded UVLED is
significantly enhanced. The forward voltage is also slightly
reduced. At the driving current of 20 mA, the output power of
reference, SiO2 and DBR embedded UVLEDs are 5.06, 7.34
and 8.86 mW, respectively. The optical power of SiO2 and
DBR embedded UVLED have very significant 45% and 75%
improvement compared with reference UVLEDs, respectively.
We attribute this enhancement to the improvement in material
quality from ELOG growth and light output coupling from
embedded DBR. At the same driving current, the forward
voltages of reference, SiO2 and DBR embedded UVLEDs are
3.52, 3.44 and 3.45 V, respectively. The lower forward voltage
can be attributed to the reduction in material defects, which
are carrier scattering centers. The reduction in scattering sites
results in lower forward voltage.

In order to investigate the factors contributing to light output
enhancement in DBR embedded UVLED, ray-tracing models
of UVLEDs with and without embedded DBR were used to
investigate the light output coupling enhancement. The com-
mercial ray-tracing software, which employs the Monte-Carlo
algorithm, is used to obtain trajectory of ray-tracing, en-
hancement efficiency, and spatial intensity distributions of
radiometric and photometric data. The detector model was
built in the shape of integrating sphere and used to record the
emission flux of UVLED model. The candela maps show the
intensity distribution of the detector model. Fig. 6(a), (b) and (¢)
show the candela maps of reference, SiO2 and DBR embedded
UVLEDs. The simulation results indicate that the light ex-
traction efficiency of SiO2 and DBR embedded UVLEDs are
significantly enhanced by 48% and 61% compared with refer-
ence UVLEDs, respectively. The central intensity of Fig. 6(c)
was greater than that of Fig. 6(a). It shows that the downward
light is reflected by embedded DBR mesas and consequently
contributes to the power enhancement. This simulation indi-
cates that the output power enhancement is mostly contributed
by the underlying DBR mesa reflectors.
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IV. CONCLUSION

In summary, the UVLED with embedded DBR were fabri-
cated by ELOG technique. The luminous intensity of this novel
structure is greatly enhanced by 75% compared to that of con-
ventional UVLED structure. The improved light extraction ef-
ficiency can be further supported by ray-tracing simulation re-
sults. The simulation shows that the output power enhancement
is mostly contributed by the light output coupling improvement
from the embedded DBR reflectors while the improvement in
material quality from ELOG only contributes a smaller fraction.
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