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Abstract

The resonant-cavity light-emitting diode (RC-LED) structure was grown by MOCVD. The structure of RC-LED
consisted of a 34 InGaN/GaN MQW LED cavity between the top TiO,/SiO, DBR (81.7%, reflectance) and the bottom
AIN/GaN DBR (90.4%) stack. A stable 410 nm emission peak and a low thermally induced red-shift effect (0.12 nm/
kA /cm?) were measured by varying the injection current density. The light output power of the full RC-LED device was
three times higher than the RC-LED without top TiO,/SiO» DBR layers under 600 A/cm? inject current density. The
narrow line width of 7.4 nm, emission peak localization at 410 nm, and three times higher output power were caused by

the resonance effect in this vertical cavity structure.
© 2003 Published by Elsevier B.V.

PACS: 81.15.Gh; 85.60.Bt; 85.60.Jb

Keywords: A3. Metalorganic chemical vapor deposition; B2. AIN/GaN; B2. Distributed Bragg reflectors; B2. GaN; B2. InGaN/GaN;

B3. Resonant-cavity light-emitting diode

1. Introduction

Gallium nitride is a direct wide band gap
semiconductor, which has attracted great attention
for application to light sources of short wave-
length. In particular, GaN-based semiconductor
laser diodes (LDs) and light emitting diodes
(LEDs) have applications in displays, traffic
signals, and high density DVDs. Although there
are still many issues in blue edge emitting LDs and
LEDs, the research interest has gradually shifted
to the development and demonstration of GaN-
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based vertical cavity surface emitting lasers
(VCSELs) [1-4] and resonant-cavity light-emitting
diodes (RC-LEDs) [5-10]. An important require-
ment for the operation of such devices is the use of
high reflectance mirrors, usually in the form of
distributed Bragg reflectors (DBRs). The VCSELs
require highly reflective DBR mirrors on both
sides of the active region to form the resonant
cavity; while for the RCLEDs, the high reflectance
DBRs can improve the output power and emission
spectrum.

The DBR structures are particularly important
for GaN VCSELs in two respects. The first aspect
is the high reflectivity. According to Honda and
co-workers, the threshold current density of a
GaN VCSEL [11] can be reduced by an order of
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magnitude with an increase of the DBR peak
reflectance from 90% to 99%. The second aspect is
the large stopband width. This is important
because the active region of the GaN based
VCSEL is typically made of InGaN multiple
quantum wells (MQWs), and the emission spec-
trum of the InGaN MQWs tends to fluctuate with
small variations in growth or process parameters
[12—-14]. Therefore, the wide stopband of the DBRs
allows coverage of such spectral variation.

Several GaN/AIGaN based DBR structures
have been reported, grown either by molecular
beam epitaxy (MBE) [15-17] or by metal organic
chemical vapor deposition (MOCVD) [18-20]. In
order to reduce the number of pairs and increase
the mirror stopband, the use of materials with high
index of refraction contrast such as AIN/GaN is
desirable and was reported using MBE and
MOCVD [21-24]. Using plasma-assisted MBE,
Ng et al. [22] reported a peak reflectance of up to
99% centered at 467nm with a bandwidth of
45nm, and demonstrated that the network of
cracks on AIN/GaN DBR can be reduced or
completely eliminated by the use of asymmetric
DBR structures [22]. The highest peak reflectance
for MOCVD grown AIN/GaN DBR structures is
only about 88% [24].

In this paper, the epitaxial growth, device
fabrication, and performance of GaN-based
RC-LEDs are discussed. The stability, localiza-
tion, and higher output power of the electrolumi-
nescence are also discussed in detail for this
vertical resonance cavity.

2. Experiments

The blue RC-LED structures were grown in a
metal-organic ~ chemical vapor  deposition
(MOCVD) System (EMCORE D-75) on polished
optical-grade C-face (0001) 2” diameter sapphire
substrates. The sapphire substrate was placed on a
graphite susceptor with a filament heater in the
vertical type reactor. Trimethylgallium (TMGa),
Trimethylaluminum (TMALI), and ammonia (NH3)
were used as the Ga, Al and N sources,
respectively. The chamber pressure was fixed at
100 Torr. After growing a first GaN nucleation

layer at 530°C, the temperature was raised to
1040°C to grow a buffer layer of undoped GaN
(HT-GaN). Then the 20 pairs AIN/GaN DBR was
deposited on the undoped GaN bulk layer. The 32
cavity of the RC-LED structure consisted of a
GaN:Si n-type region, ten pairs of InGaN/GaN
MQW layers as the active layer, and a GaN:Mg
p-type layer. In the RC-LED structure, the 20
pairs AIN/GaN DBR was grown below the MQW
active layer as the high reflectivity mirror. The
reflectance of the AIN/GaN DBR structure was
measured by an n&k ultraviolet-visible spectro-
meter with normal incidence at room temperature.
The Ti/Al and Ni/Au metals were deposited as the
n-type and p-type metal. A patterned SiO, layer
was deposited as the current confinement layer
defining the aperture region on the mesa region.
Finally, two pairs, TiO,/SiO, dielectric DBR was
deposited as the top mirror to fabricate the
RCLED device. The PL and EL emission spectra
of the LED and RC-LED structures were mea-
sured by a PL system with a He—Cd laser and an
Alpha-SNOM system. The Alpha-SNOM system
can function as a scanning near-field optical
microscope to analyze the micro-optical properties
of the VCSELs. The SNOM system is used to
analyze the output mode and near-field pattern of
VCSEL emission.

3. Results and discussion

The PL and X-ray spectra of the conventional
LED structure with 10 periods InGaN/GaN
MQW active layer were measured and are shown
in Fig. 1. The PL peak of the InGaN/GaN MQW
LED was located at 410.2nm with an 18 nm line
width. In Fig. 1(a), the PL spectrum clearly shows
small oscillations caused by optical interference
effects. This appearance of Fabry-Perot fringes
indicated the smooth surface and uniform inter-
faces of the InGaN/GaN MQW-LED structures.
In the DCX-ray rocking curve, shown in Fig. 1(b),
the GaN, the InGaN peak, and one satellite peak
are clearly observed, which shows the good quality
of the GaN/InGaN interfaces and calculated the
GaN/InGaN MQW property. The average In
content and pair thickness were calculated as 6%
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Fig. 1. PL spectrum and DCX-ray spectra of GaN/InGaN
MQW structure.

and 86.7A in the InGaN/GaN MQW LED
structure. This InGaN/GaN MQW active region
was used in the RC-LED structure. The RC-LED
structure consisted of the GaN buffer layer,
undoped GalN layer, 20 pairs AIN/GaN DBR,
and the 34 cavity of LED structure. The reflec-
tance spectrum of the 20 pairs AIN/GaN DBR
structure is shown in Fig. 2. The peak reflectance is
located at 410nm with 90.4% reflectivity and
22 nm stopband width. The 3/ cavity, consisting of
the GaN:Si n-type layer, InGaN/GaN MQW
active layer, and GaN:Mg p-type layer was grown
on the AIN/GaN DBR structure.
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Fig. 2. Reflectance of 2-pairs TiO,/SiO, DBR and 20-pairs
AIN/GaN bottom DBRas measured by the n&k ultraviolet—
visible spectrometer. The EL emission spectrum was located at
410nm in this vertical cavity structure.

To compare the emission spectra of conven-
tional LED and RC-LED structure, the PL
emission peaks of both LED samples were
measured at RT. The PL emission peak of the
conventional LED structure was located at
410.2nm with 18 nm line width as shown in Fig.
I(a). The emission peak of the RC-LED was
located at 410 nm; this result indicates that the
bottom AIN/GaN DBR did not have induced
emission shift due to strain.

In order to confine the injection current to the
aperture region, a 300 nm-thick SiO, layer was
deposited at the mesa region with the 20 um open
aperture. A thin Ni/Au bilayer (with 50 A/50 A-
thick) was deposited on the open aperture region
for current spreading. The top 2-pairs and 1/4
stack of TiO,/SiO, DBR layers were deposited on
the RC-LED sample by e-gun evaporation, their
thicknesses being controlled by a quartz monitor.
The reflectance of the TiO,/SiO, DBR layer on the
spectrum monitoring quartz substrate is shown in
Fig. 2. In order to measure the EL spectrum from
the top surface of the RC-LED, a lower reflectivity
TiO,/Si0, stack (81.7%) was deposited on the
aperture region. The reflectance of the 2-pairs
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TiO,/SiO, DBR was lower than that of the
20-pairs  AIN/GaN bottom DBR structure
(90.4%) at 410 nm. After the full vertical cavity
RC-LED structure was fabricated, its EL emission
spectrum by the SNOM system as a function of the
injection current (Fig. 2). The typical EL emission
peak was located at 410 nm, which coincides with
the high reflectivity region of the top TiO,/SiO,
and the bottom AIN/GaN DBR structure. The
line width of the EL emission peak was narrowed
from 12.5nm (with bottom AIN/GaN DBR) to
7.4 nm (with top TiO,/SiO, and bottom AIN/GaN
DBR). Because of the optical confinement of top
and bottom DBR structure, the EL emission peak
was fixed in this optical vertical cavity structure.
The line width narrowing and emission peak
localization were caused by the resonance effect
in this vertical cavity structure.

The wavelength of EL emission as a function of
injection current density is shown in Fig. 3. The
EL emission peak of a RC-LED without top
TiO,/SiO, DBR layers has a stronger red shift of
0.48 nm/kA/cm? due to the thermal heating effect
under higher current density. A red shift of
0.12nm/kA/cm? is measured in the full RC-LED
device by varying the injection current. This
stability of the EL wavelength was caused by the
cavity effect with the resonant cavity Fabry-Perot
dip.
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Fig. 3. The EL emission spectrum of the RC-LEDs with and
without top TiO,/SiO, DBR, measured at different injection
current densities.
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Fig. 4. Comparison of the output power of the RC-LEDs with
and without top TiO,/SiO, DBR at different injection current
densities.

The output power as a function of injection
current density is shown in Fig. 4. Compared the
output powers at 600A/cm” injection current
density, the intensity of the RC-LED was three
times higher than the RC-LED without top
TiO,/Si0, DBR layers. This output power in-
crease was caused by the vertical resonant cavity
effect and the directional light emission.

4. Conclusions

In conclusion, 3/ GaN-based LED vertical
resonant cavity RC-LED structures were grown
by MOCVD. In RC-LED structures, the 32
InGaN/GaN MQW resonant cavities have been
grown between the top TiO,/SiO, DBR and the
bottom AIN/GaN DBR stack. For measuring the
EL spectrum from the top surface issue, lower
reflectivity top TiO,/SiO, DBR (81.7%) and
higher reflectivity bottom AIN/GaN DBR
(90.4%) were deposited on the aperture region.
From the EL measurement of the RC-LED, the
emission peak is 410nm with low red-shift
property of 0.12 nm/kA /em? with injection current
density. The line width narrowing effect, emission
peak localization at 410 nm, and three times higher
output power under 600 A/cm? injection current
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density were caused by the resonance effect in this
vertical cavity structure. Compared to the LEDs,
the RC-LEDs exhibit much less red-shifting with
injection current and a higher output power. Such
RC-LEDs could be used as basis for GaN-based
VCSELs.
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