Progress In Electromagnetics Research Symposium Proceedings, Guangzhou, China, Aug. 25-28,2014 2441

Design and Simulation of 450 nm GalN-based Multiple-quantum-well
Tunable V-cavity Laser

Zhipeng Hu, Jianjun Meng, Lin Wu, and Jian-Jun He
State Key Laboratory of Modern Optical Instrumentation, Centre for Integrated Optoelectronics
Department of Optical Engineering, Zhejiang University, Hangzhou 310027, China

Abstract— We present the design and simulation of a 450nm GaN-based V-cavity tunable
laser without grating and epitaxial regrowth. Quantum well structure has been optimized to
realize good optical confinement. The simulation results show that 20 channels with 300 GHz
spacing can be achieved, with a tuning range of 4.1 nm and high high side-mode suppression ratio
(SMSR) over 30dB.

1. INTRODUCTION

Tunable blue laser diodes based on gallium nitride (GaN) are of great interest for high resolution
spectroscopy, such as gas analysis [1], industrial process monitoring [2], and combustion diagnos-
tics [3], and bio-medical analysis. At present, GaN-based blue light sources are mainly on light
emitting diodes (LED) or multimode Fabry-Perot lasers, which has poor spectral identity and tun-
ability. Tunable blue laser diodes based on external cavity grating structure has recently been
reported with narrow linewidth and wide tunable range [4-6], but it requires precise mechanics
and alignment, complex structure, bulky and expensive systems. While for monolithic GaN laser,
the complex gratings such as SG-DBRs used in telecom tunable lasers is difficult to fabricate for
blue light, because the period of the gratings needed for blue light is too small. Recently, a com-
pact tunable V-cavity laser (VCL) was proposed and wavelength tuning of up to 50 channels with
100 GHz spacing around 1550 nm was demonstrated experimentally with excellent side-mode sup-
pression ratio (SMSR) in InP based material system [7]. Unlike those grating based tunable lasers,
the longitudinal mode selection mechanism of the V-cavity laser has no limitation of such small
period. By emplying this V-cavity laser structure, we designed a compact GaN-based V-cavity
tunable laser with wide tuning range.

2. DEVICE DESIGN AND SIMULATION

Figure 1(a) shows the schematic diagram of a V cavity laser. It consists of a fixed gain cavity and
a channel selector cavity with different optical path lengths, which are coupled through a 2 x 2
half-wave coupler.The half-wave coupler has been discussed in [8]. Since backside contacts are not
available with the sapphire substrate, the device geometry is designed to use coplanar electrodes
with shallow etched waveguide and deep etched mesa. Three positive electrodes and one negative
electrodes are used. The coupler electrode is used for providing gain and small phase adjustment.
In order to achieve good single mode operation and wide range tuning, the Vernier effect is used
between the two cavities. The cross-section layer structure is shown in Figure 1(b). The active
region consists of a three period MQW with 3nm IngoGaggN well and 15nm GaN barrier. Since
the mobility of electrons are much higher than holes, a typical 15 nm electron blocking layer (EBL)
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Figure 1: (a) Schematic diagram of a V cavity laser and (b) its layer structure.
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of Alp.oGaggN is used to prevent the electrons from flowing into the p-type region. For nonpolar or
semi-polar GaN laser diodes, high Al composition cladding layers are often used for large optical
confinement, which causes macroscopic cracking [9]. It also brings some further drawbacks from
the material perspective as discussed in [10]. Therefore, we adopt multiple periods of 2nm/2nm
Aly3Gag7N/GaN superlattice structure (SLS) layer, and use relatively high indium composition
guiding layers (GLs) to realize high confinement factor. The thicknesses of the p-SLS and n-SLS
layers are 400 nm and 600 nm respectively.

Figure 2(a) shows the vertical optical mode and refractive index profile along the growth direc-
tion of the layer structure, which was calculated by transfer matrix method (TMM) [11]. Large
confinement factor I'(= 0.1813) is realized with high indium content InGaN GLs and high alu-
minum content AlGaN/GaN SLSs. The low reflective index of p-AlGaN EBL shifts the peak of
the optical mode from the center of the active region toward the n-side layers, which results in
asymmetric mode profiles and slightly lower [12]. Figure 2(b) shows that a slight resonance of the
waveguide mode appears in the n-GaN layer which forms a resonator between the n-SLS and the
substrate. It can be reduced by increasing the thickness or aluminum content of the n-SLS, which
will also cause macroscopic cracking from the processing perspective. There is therefore a trade-off
between high optical confinement and processing tradition. Figure 2(c) shows the dependence of
optical confinement factor I' on the indium composition of the InGaNGLs for different aluminum
composition of the AlGaN/GaN SLSs. I increases as the indium composition in the GLs and
aluminum composition in SLSs increases. Higher indium and aluminum content leads to a larger
refractive index difference An between the GLs and SLS cladding layers, which results in a higher
I'. At low indium composition, there is insufficient confinement for Aly ¢5GaggsN and Alg1GaggoN
SLS layer structure. I' increases to saturation when indium composition is greater than 0.04. When
aluminum composition of SLS layer reaches 0.15, the SLS layer itself can get enough An to confine
the optical mode in active region even with low indium composition guiding layer.
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Figure 2: (a) Optical mode profile and refractive index on the growth direction Z of the layer structure and
(b) anti-guide behavior of the n-GaN layer, (¢) confinement factor (I') of various SLS structures versus In
composition of the InGaN GLs.

Detailed theory, design principle and numerical results of the V-coupled cavity laser based on InP
material system has been described in [8]. The device based on GaN was simulated using the same
method. We set the length of the fixed gain cavity to 200 pum and calculated the threshold gain,
SMSR and free spectral range (FSR) for GaN-based VCL with 2.5%, 5%, 10%, 15% cavity length
difference, respectively. The switchable wavelength range is greatly increased by using Vernier
effect, where the FSR of the combined cavity is determined by

AfAS

Ale=TR7 = Af]

(1)

where A f and A f” are the resonance frequency interval for the fixed gain cavity and channel selector
cavity, respectively. We define bar-coupling coefficient as C; and cross-coupling coefficients as Csq,
and they have a relative phase difference ¢ = mm (m = 0,%1,...) between them. For optimal
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operation of the V-coupled cavity laser, half-wave coupler should satisfy |C11| + |Ca1] = 1. The
threshold gain (in intensity) AG can be calculated by

AG = —10logyg (|C11|* + |Ca1]?* + 2|Ch1||Cai|cos ¢) /(8.686L). (2)

and SMSR is calculated using the equation in [13].

Figure 3(a) shows the threshold gain difference and corresponding SMSR as a function of the
bar-coupling coefficient C7; for a cavity length difference of 5%, maximal SMSR of 31.3dB is ob-
tained with the corresponding threshold gain difference among the longitudinal modes is 3.38 cm™!.
Figure 3(b) shows the variations of SMSR and FSR versus the cavity length difference, we can see
that the SMSR increases with the cavity length difference while FSR. decreases with it, so we have

to trade-off between these two factors.
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Figure 3: (a) Threshold gain difference and corresponding SMSR as a function of the self-coupling coefficient
for a cavity length difference of 5%, (b) variations of SMSR and FSR versus the cavity length difference
between fixed gain cavity and channel selector cavity.

Since the SMSR greater than 30 dB is acceptable for GaN laser diodes, to get a broader FSR we
choose 5% cavity length difference, which can realize an FSR of 4.09 nm, or ~ 6 THz. The channel
spacing can be calculated by Af = ¢/(2ngyL), which corresponds to 300 GHz. Therefore, we can
obtain about 20 channels within an FSR.

3. CONCLUSIONS

In conclusion, we have presented the design and simulation of a GaN-based MQW tunable V-cavity
laser with a reflective 2 x 2 half-wave optical coupler. Vertical optical mode profile are calculated
by TMM method. With considering the material properties and processing conditions, we obtain
large confinement factor I'(= 0.1813) with relative high indium doped InGaN GLs and aluminum
doped AlGaN SLSs. Threshold gain, SMSR and FSR are also calculated for different structural
parameters. With 5% cavity length difference, 20 channels with 300 GHz spacing within the free
spectral range of 4.1 nm and high SMSR over 30 dB are achieved.
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