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Abstract—We reported on the first experimental 
demonstration of a two-section semipolar InGaN-based laser 
diode with monolithically integrated semiconductor optical 
amplifier (SOA-LD). The onset of amplification effect was 
measured at 4V SOA bias (VSOA). The SOA-LD shows a large 
gain of 5.32 dB at VSOA = 6 V.  

I. INTRODUCTION 
InGaN-based optoelectronic devices, including LEDs, 

laser diodes (LDs), and waveguide modulators [1-2], have 
attracted intense research interest for solid-state lighting, 
visible light communications (VLC), optical storage, display, 
optical clocking, and sensing applications [3-4]. Yet the 
semiconductor optical amplifier (SOA) remains a missing 
component in the violet-blue-green electromagnetic spectrum 
regime. Integrated SOA is a space- and power- efficient 
component that enables compact integration and volume 
manufacturing for high capacity optical communications and 
high power pulse generation [5-6]. In this work, we 
demonstrated the first ridge waveguide two-section integrated 
SOA-LD emitting at ~ 404 nm. The SOA structure is designed 
to enable electrical isolation and optical coupling with the LD 
for an effective amplification. The electro-optical properties of 
the SOA-LD, including an optical gain of 5.32 dB and a gain 
saturation current of 250 mA were achieved. 

II. DESIGN, FABRICATION AND CHARACTERIZATION 
Figure 1 presents the device structure of the SOA-LD 

grown on a semipolar ൫2021൯ free-standing GaN substrate 
using the metal-organic chemical vapor deposition (MOCVD) 
technique. It consisted of a highly Mg-doped p-GaN contact 
layer, a 600 nm Mg-doped p-GaN cladding layer, a 60 nm 
Mg-doped p-InGaN separate confinement heterostructure 
(SCH) waveguiding layer, a 16 nm Mg-doped p-Al0.18Ga0.82N 
electron blocking layer (EBL), 4-period of 3.6 nm/7 nm 
In0.1Ga0.9N/GaN multiple quantum-wells (MQWs) active 
region, a 60 nm Si-doped n-In0.025Ga0.975N SCH waveguiding 
layer, a 350 nm Si-doped n-GaN cladding layer, and a highly 
Si-doped n-GaN contact layer. The Pd/Au and Ti/Al/Ni/Au 
were deposited as p- and n-GaN metal stacks, respectively.  

The fabricated SOA-LD is a three-terminal device 
consisting of a 300-µm-long SOA section and a 1190-µm-long 
LD section (Fig. 2). The same QW active region layer-

structure was shared by the two sections, which are optically 
coupled, allowing the emitted light from the LD gain section 
to be amplified by the integrated SOA section. The 2-µm-wide 
ridge waveguide was defined using UV photolithography and 
plasma etching, and without facet coating. The etching of the 
isolation trench between the two sections is carefully 
controlled, providing electrical isolation and maintaining 
seamless optical coupling. Benefiting from the high lateral 
resistance of the InGaN waveguiding layer and the AlGaN 
EBL, the isolation resistance between the SOA section and LD 
section is measured to be ~ MΩ, which is more than 5 orders 
of magnitude higher than the junction series resistance, 
enabling the independent operation of the two sections. 

The device was mounted on thermoelectric cooling (TEC) 
unit and was tested under continuous wave (CW) operation at 
room temperature. The laser measurement setup involves a 
Keithley 2520 DC source and a calibrated Si photodetector 
incorporated in an integrating sphere for accurate 
measurement of the optical power vs. current (L-I) 
characteristics, a Keithley 2400 source meter for providing 
SOA driving voltage, an Ando AQ-6315A optical spectrum 
analyzer for obtaining the emission spectra.  

III. RESULTS AND DISCUSSIONS 
Figure 3 shows the optical output power of the SOA-LD 

(L) vs. driving current in the LD gain region (ILD) 
characteristics with various voltage biases applied to the 
waveguide semiconductor optical amplifier (VSOA from 0 V to 
6 V). Without any SOA driving voltage (VSOA = 0 V), the 
threshold current (Ith) of SOA-LD is 229 mA. Further increase 
in driving current to ILD = 250 mA results in an optical output 
power of 8.2 mW. With increasing VSOA > 4 V applied to the 
SOA region, increasing optical power and decreasing lasing 
threshold current are observed in the SOA-LD. The strong 
VSOA-dependence in optical power is evident in Fig. 4, 
indicating the amplitude amplification effect. The optical 
power of SOA-LD at ILD = 250 mA is increased to 9.0, 12.9, 
17.5, 22.3, and 28.0 mW at VSOA = 4.0, 4.5, 5.0, 5.5 and 6.0 V, 
respectively. The VSOA-associated Ith decreasing is presented 
simultaneously at VSOA > 4 V, as shown in Fig. 5. The 
threshold current of the SOA-LD is reduced to 209, 176, 155, 
146, and 138 mA at VSOA = 4.0, 4.5, 5.0, 5.5 and 6.0 V, 
respectively. 
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The driving voltage applied to the SOA section (VSOA) 
controls the light output by switching the SOA gain from a 
low value to a high value. Figure 6 shows the SOA gain 
curves at an increasing VSOA of 4 V to 6 V in our SOA-LD, 
which is derived from 

݊݅ܽܩ = ௢௨௧௣௨௧ ௣௢௪௘௥ ௔௧ ௌை஺ ௕௜௔௦ ௩௢௟௧௔௚௘ ௢௙ ௏ೄೀಲ
௢௨௧௣௨௧ ௣௢௪௘௥ ௔௧ ௭௘௥௢ ௌை஺ ௕௜௔௦ ௩௢௟௧௔௚௘               (1) 

The gain saturation is observed at ILD > 250 mA. Figure 7 
shows the changes of SOA gain at 250 mA as a function of 
VSOA. The gain increase from 0.41 dB to 5.32 dB, when VSOA 
increases from 4 V to 6 V, corresponding to a slope of ~2.46 
dB/V.   

To analyze the optical properties of the SOA-LD and 
support the observation of amplitude amplification effect, we 
have performed a detailed measurement of the SOA-LD 
emission spectra at varying ILD and VSOA. Figure 8 features the 
spectra of the device at ILD = 160 mA and increasing VSOA 
from 0 V to 6 V. The onset of lasing peak at ~ 404 nm is 
observed at VSOA > 5 V with significantly increased peak 
intensity and narrowed full width at half maximum (FWHM). 
At VSOA = 5.5 V, the FWHM of the emission peak is measured 
to be 0.68 nm, confirming the appearance of stimulation 
emission from the SOA-LD. The dependence of the measured 
FWHM on VSOA at different ILD is summarized in Fig. 9.  
Based on the narrowing of peak FWHM to < 2 nm, lasing is 
observed at VSOA > 5 V and > 4.5 V for SOA-LD biased at ILD 
= 160 mA and 200 mA, respectively. There is an insignificant 
change of FWHM and emission wavelength for the lasing 
peak as the VSOA changes, after the SOA-LD enters stimulated 
emission regime.  

Figure 10 compares the emission spectra of the SOA-LD at 
ILD = 200 mA with VSOA = 0 V and 6 V. At VSOA = 6 V, The SOA-LD shows a narrow lasing peak at ~ 404 nm. The amplification ratio (Ramp), which is derived from the intensity at VSOA = 6V over the intensity at VSOA = 0V, is also plotted as the blue curve. A peak Ramp of 16.9 is identified at the lasing wavelength, indicating the effective amplification effect of the integrated SOA. A relative low Ramp of ~ 1.5 is measured for the rest of the spectrum range, suggesting a minimized amplification effect for the uncoupled spontaneous component of the emission. For the SOA-LD with a constant driving current in the LD (at ILD = 200 mA), the amplification ratio of the emission as a function of the VSOA is plotted in Fig. 11. The increasing of Ramp for the lasing peak, from 1.14 to 16.9, is identified with increasing VSOA from 4 V to 6 V, while the Ramp remain constant at 1.3 ~ 1.5 for spontaneous emission components. The stimulated emission component is dominantly amplified compared to the spontaneous emission component. Hence, the integrated SOA serves as an efficient amplifier for the demonstrated SOA-LD. 

In order to confirm that the measurements and 
observations of the device performance are solely originating 
from the amplification effect of the integrated SOA and rule 
out the possibility that the SOA section works as an 
independent laser component at high bias (VSOA), we 
performed the characterization of SOA section without current 

injection in the LD section (ILD = 0 mA). The relations of 
optical power vs. current in the SOA section (L~ISOA) and VSOA 
vs. ISOA at ILD = 0 mA are plotted in Fig. 12 (a) and (b), 
respectively. At VSOA = 6 V, the SOA section has a current of 
71 mA, corresponding to a current density of 11.83 kA/cm2. 
From the measured L~ISOA relation, we have not observed the 
onset of stimulated emission or amplified spontaneous 
emission at ISOA up to 100 mA. This is further supported by the 
collected emission spectra (as in Fig. 13) from the SOA-LD at 
ILD = 0 mA, as the emission peak shows a large FWHM of > 
15 nm at VSOA = 6 V, indicating its spontaneous emission 
nature. Therefore, the observed amplification effect in our 
presented SOA-LD structure is attributed to the integrated 
InGaN-based semiconductor optical amplifier. 

IV. CONCLUSIONS 
In this work, we introduced the integrated short-

wavelength semiconductor optical amplifier with laser diode 
at ~ 404 nm based on InGaN/GaN MQWs. A detailed 
characterization of the demonstrated SOA-LD reveals the 
efficient amplification effect in the device, showing a reducing 
threshold current from 229 mA to 138 mA at VSOA = 6 V, and 
an increasing optical power from 9.0 mW to 28 mW at ILD = 
250 mA, leading to a large gain of 5.32 dB at VSOA = 6 V. Our 
results clearly demonstrated effective amplification effect 
achieved using a nitride-based integrated SOA. The SOA-LD, 
in the violet-blue-green spectrum range, enables high power 
operation of the laser by extending the thermal roll-over to a 
significantly higher output power, and is promising for 
applications in visible-light communications, optical 
interconnects and photonics integrated circuits. 
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  Fig. 1. Cross-section of the device structure. 

  
 Fig. 2. (a) 3D illustration of the integrated semiconductor optical amplifier-laser 

diode (SOA-LD), (b) elevation-view scanning electron microscope (SEM) image 
showing the facet of the SOA-LD and (c) top-view optical microscope image of the 

SOA-LD. The scale bars for (b) and (c) are 5 µm and 100 µm, respectively. 

 Fig. 6. Gain vs. ILD relation of the SOA-LD. The gain is calculated from 
the ratio of output optical power at SOA bias voltage of VSOA over output 

optical power at zero SOA bias. 

       

 Fig. 3. Light output power vs. driving current in the 
LD region (ILD) relations of SOA-LD with varying 

bias voltage in SOA section (VSOA). 

 
Fig. 4. Plot of optical power at ILD = 250 

mA vs. SOA driving voltage (VSOA).  

 
Fig. 5. Plot of threshold current of the 

SOA-LD (Ith) vs. VSOA. 

 
Fig. 7 Measured SOA gain at ILD = 250 mA as a function 

of VSOA.  
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Fig. 10. Emission spectra of SOA-LD at ILD = 200 mA with VSOA = 0V 
and 6V, respectively. The amplification ratio vs. wavelength is plotted. 
The amplification ratio (Ramp) is defined as the intensity at VSOA = 6V 

over the intensity at VSOA = 0V. 

 
Fig. 8. Emission spectra of the SOA-LD at ILD = 160 mA 

with different VSOA. 
 

Fig. 9. Plot of full width at half maximum (FWHM) of the SOA-LD 
emission spectra vs. VSOA at ILD of 160 mA ~ 200 mA. 

 
Fig. 11 Amplification ratio of the SOA-LD as a function of VSOA. The 

black symbols represent the Ramp at the peak emission, i.e. the stimulated 
emission component, while the red symbols are the Ramp at the rest of the 

spectrum range, i.e. the spontaneous emission component.   

 
Fig. 12. Plots of (a) optical power vs. current in the SOA section (ISOA) and (b) ISOA vs. 

VSOA at ILD = 0 mA. 
 

Fig. 13 Emission spectra of the SOA section at 
ILD = 0 mA with different VSOA. 
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