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Final Report: High power, single frequency, broad-area diode laser 

emitters/arrays and their applications in microresonator based 

frequency combs 

 
Abstract: The objective of this project is to create a new class of high power, single frequency diode 

lasers in an integrated platform for emerging applications. We first focus on monolithic beam combining 

and use photonic crystal Bragg lasers as the building block to create monolithically coupled diode laser 

emitters and coherent arrays for high power, single frequency applications. This approach is innovative in 

that it simultaneously solves the most critical problems associated with beam control of high power diode 

laser arrays i.e., broad-area, single-transverse-mode emitters, single frequency operation, and monolithic 

beam combining. We then use hybrid photonic integration to realize coherent beam combing of diode 

lasers for high power, single frequency applications. In addition, we show that the proposed high power, 

single frequency sources are important for integrated nonlinear optics applications, such as 

microresonator based frequency comb generation. 

 

INTRODUCTION 

Monolithic and hybrid integration platforms are both important for photonic integrated circuits (PICs). It 

is desirable for the laser sources integrated in both platforms to provide high power and single frequency 

operation for many emerging applications. However, it is difficult to realize simultaneous high power and 

single frequency operation by using conventional semiconductor distributed feedback (DFB) lasers. 

Integrated coherent beam combining (CBC) is a promising solution to overcome this challenge. In this 

paper, coherently combined, integrated diode laser systems are experimentally demonstrated through both 

monolithic and hybrid CBC. For monolithic CBC of broad-area lasers in the InP platform, two single 

triangular-lattice photonic crystal (PC) Bragg lasers are combined. The measurement results show that the 

output power of the combined PC Bragg lasers is increased and the single frequency operation is 

maintained. As for the hybrid CBC, a chipscale coherently combined laser system is experimentally 

demonstrated in the InP-Si3N4 platform through the manipulation of optical feedback at different output 

ports of the coupled laser cavities. Coherent combining of two InP-based reflective semiconductor 

amplifiers are obtained by use of the cross-coupling provided by an adiabatic 3-dB coupler in silicon 

nitride, with a combining efficiency of ~92%. 

 

Photonic integrated circuits (PICs), also known as planar lightwave circuits, are devices comprising a 

variety of photonic functional elements, such as lasers, detectors, modulators, filters, routers and 

nonlinear processing units, on a small chip [1]. PICs can significantly reduce the photonic system size, 

weight, operation power, and cost, and have attracted a lot of research interest since the late 1960s [2].  

 

PICs have provided a foundation platform for cost-effective, high-performance solutions in a wide 

range of applications, such as optical communication systems, optical interconnects and free-space 

communication systems [3]. The performance of state of the art PICs is reaching a stage that can enable a 

whole new class of applications beyond telecom and datacom. In recent years, the emerging applications 

of PICs in LiDAR [4], microresonator based frequency comb [5], and photon pair generation [6] have 

aroused considerable interests. Single frequency, high power semiconductor diode lasers are key 

components for implementing these emerging applications in the photonic integrated platform. However, 

the conventional single frequency distributed feedback (DFB) semiconductor lasers are based on the 

narrow stripe waveguide structure that can only provide up to tens of milliwatts output power with a few 

MHz spectral linewidth [7], [8]. To scale up the output power, coherent beam combining (CBC) can be 



used to overcome this limitation. However, the traditional CBC laser system either is only compatible 

with narrow strip, single mode diode lasers or requires optical fibers [9], [10] and free-space components 

such as lens [11], [12], external cavities [13] and diffraction gratings [14]. In order to address the 

challenge, we propose and demonstrate integrated chipscale CBC systems that are suitable for single 

frequency, high power operation without the need of fiber or free-space optical components. 

 

PICs have been fabricated in different material systems, such as silicon, III-V semiconductors, 

dielectrics, polymers, and nonlinear crystal materials [15]. The dominant platforms for commercially-

available PICs are the monolithic III-V semiconductors (gallium arsenide and indium phosphide) and 

silicon based material systems [16]. III-V semiconductors are well suitable for light generation and 

detection. In addition, both passive and active components can be integrated in the same substrate [17]. 

Silicon-based PICs have also become very popular due to their compatibility with mature CMOS 

technologies, low cost and high-volume processing [18]. Silicon based materials have desirable properties 

for passive components and modulators. The alternative to the monolithic platform is to employ a hybrid 

or heterogeneous platform that can take advantage of different material systems [19]. In such a hybrid 

system, active and passive components are fabricated respectively with different material systems. The 

outputs of the active and passive devices are optically coupled through mode matching or free-space 

optics [20]. Since both monolithic and hybrid photonic integration are important for future PICs, high 

power, single frequency semiconductor lasers are needed for both platforms. In this paper, we propose 

and demonstrate the integrated CBC system in the indium phosphide (InP) monolithic platform and 

indium phosphide-silicon nitride (InP-Si3N4) hybrid platform, respectively. 

 

This report is organized as follows. In Section II, we experimentally demonstrate the CBC of the 

photonic crystal (PC) Bragg lasers with triangular lattice in the InP monolithic platform. Our approach 

can effectively scale up the output power and maintain the single frequency operation. In Section III, we 

experimentally demonstrate the CBC in the chipscale InP-Si3N4 hybrid platform through the mode 

selection mechanism induced by asymmetric mirror losses. We find that the additional loss does not 

compromise the performance of the coupled lasers due to the destructive interference at the lossy output 

port. We show that the hybrid CBC laser system has a combining efficiency of 92% with the single 

frequency output. In Section IV, we summarize our findings and results. 

COHERENT COMBINING IN INP MONOLITHIC PLATFORM 

Single frequency diode lasers in the InP monolithic platform are usually based on the DFB laser 

structures. In these structures, the single frequency operation is obtained through both transverse and 

longitudinal modal control, where a single-mode waveguide is used to define the transverse mode and a 

DFB grating is used to select a single longitudinal mode. To avoid the thermal-optic effects and other 

nonlinear effects, the width of the single mode waveguide is about 2~3 microns, which limits the total 

output power of conventional DFB lasers in the InP platform. 

 

In order to obtain high power, single frequency diode lasers in the InP monolithic platform, a broad-

area, large emitting aperture is used here to overcome catastrophic optical damage (COD) and help with 

heat dissipation. In addition, both the transverse and longitudinal modal control are also required in the 

broad-area laser diode to obtain the single frequency operation. PC Bragg laser is a good candidate 

satisfying the requirements [21]-[23]. 

 

For monolithic CBC of broad-area lasers in the InP platform, we have proposed and demonstrated a 

zigzag-like array design capable of coherently combining angled-grating broad-area lasers in our previous 

work [24]. However, since the angled grating provides the modal control only in the transverse direction, 



the lasers usually operate with multiple longitudinal modes. To obtain the single frequency operation, PC 

Bragg lasers with two dimensional (2D) periodic structures are used here, instead of 1D angled-grating 

broad-area lasers. Figure 1 shows the schematic plot of the combined PC Bragg lasers. We use two PC 

Bragg lasers with triangular lattice tilting to the opposite directions and overlap them at one facet. The 

overlapped area defines the beam combining/coupling region. Unlike the conventional PC Bragg laser 

[25], [26], the triangular lattice is used instead of the rectangular lattice in this work because the triangular 

lattice provides the geometric symmetry required for laser combining, which is the key to realize the 

complete lattice overlap of the two single emitters at the coupling region. As shown in Fig. 1, we use the 

Bragg diffraction to realize the full modal control and beam combining at the same time. 

 

 
 

 
In Fig. 2(a), the LI curve of the coherently combined PC Bragg lasers with triangular lattice (blue 

 
Fig. 1.  Schematic plot of the integrated CBC system in the InP monolithic 

platform. 

  

 
Fig. 2.  L-I curves (a) and optical spectrum (b) of the combined PC Bragg 

lasers. The blue dashed line, black solid line and red solid line in (a) 

represent the L-I curves of the coherently combined PC Bragg lasers, single 

PC Bragg laser and two single PC Bragg lasers, respectively. 

(a) 

(b) 



dashed line) shows that the threshold current is around 400 mA and the slope efficiency is about 0.14 W/A. 

Figure 2(a) also includes the LI curves of the single PC Bragg laser (black solid line) and the twice output 

power of the single PC Bragg laser (red solid line) for comparison. With a 100% power combining 

efficiency, the output power of the coupled emitters should be twice the output power of a single emitter 

when the injected current is doubled. Based on this rule, the measurement results in Fig. 2(a) show that 

the combining efficiency of the combined PC Bragg lasers is around 90%. The imperfect power 

combining efficiency is mainly caused by uneven power distribution of different emitters induced by the 

non-uniformity of the fabrication. Optimized etching, planarization and metallization processes can 

improve the fabrication uniformity. The optical spectrum is shown in Fig. 2(b), indicating the stable 

single frequency operation with a side mode suppression ratio larger than 25 dB. The pump current for 

this measurement is set at 1,000 mA. 

 

 
Figure 3(a) and 3(b) present the near field infrared (IR) image and profile of the integrated CBC 

system. The center to center distance between the two emitting areas is ~ 460 μm and the width of each 

emitting area is ~ 110 μm. We can find that the light is indeed emitted from the designed emitters also 

shown in the schematic plot Fig. 1. Figure 3(c) and 3(d) show the far field IR image and profile of the 

integrated CBC system. The far field profile of the combined emitters is also compared with that of the 

individual single emitter. The uncoupled single emitter and coupled emitters were fabricated on the same 

chip with the same geometric parameters. Coherent beam combining of the two emitters will lead to 

constructive interference of the optical beams from the coupled emitters in the far field. In this case, the 

overall envelop of the interfered far field remains the same as that of the single emitter. The difference is 

that there would be interference fringes present within the overall envelop for the coupled emitters [24]. 

The expected far field profile is obtained in our measurement results shown in Fig. 3(c) and 3(d). The 

overall far field envelop of the combined PC Bragg lasers is very close to that of the individual single PC 

Bragg laser. The fine interference patterns in Fig. 3(c) and 3(d) prove that the two emitters are spatially 

coherent. The overall full width at half maximum (FWHM) divergence angles (~ 0.8°) are much smaller 

than a conventional broad-area laser (∼ 10°) [27], [28]. The distance between the two emitting areas and 

the width of each emitting area are extracted from the measured near field profile in Fig. 3(b). The 

 
Fig. 3.  The near field IR image (a), near field profile (b), far field IR image 

(c) and far field profiles (d) of the coherently combined PC Bragg lasers. The 

red dashed line, blue solid line and black dashed line in (d) represent the far 

field profiles of the uncoupled single PC Bragg laser, coherently combined 

PC Bragg lasers and simulation result, respectively. 



theoretical far field pattern is calculated by using the standard diffraction theory with the assumption that 

the two combined emitters are in phase. The black dashed line in Fig. 3(d) shows the calculated far field 

profile. It agrees well with the measured result. The small difference in the divergence angles between the 

single emitter and the coupled emitters is mainly because the optical intensity distributions at the two 

emitting regions are slightly different for the coupled emitters [24].  

 

The similar zigzag array design has been used in the previous work to coherently combine 1D angled-

grating broad-area lasers [24]. However, the combined angled-grating broad-area lasers cannot provide 

the single frequency operation due to multiple longitudinal modes. In this paper, the 1D grating is 

replaced with the 2D triangular-lattice PC cavity. Since the mode control in both the transverse and 

longitudinal direction is provided in the PC cavity, we successfully obtain the single frequency operation. 

With the triangular lattice design, the coupling region shares the same lattice structure as the single 

emitter, which results in no interface mismatch between the combined emitters. This is important for 

obtaining uniform etching profile during fabrication and improving the device performance. Therefore, 

the monolithic CBC and single frequency operation can be realized simultaneously in the combined 

broad-area PC Bragg laser structures. The scalability analysis of this zigzag type of coherent combining 

can be found in Ref. [29]. Our results are important to realize the high power, single frequency 

semiconductor laser sources for PICs on a single chip by using the coherent beam combining of PC Bragg 

laser structures. 

COHERENT COMBINING IN INP-SI3N4 HYBRID PLATFORM 

Recently, silicon based materials (silicon, silicon oxide, and silicon nitride) have attracted a lot of 

attention for the PIC research [30]. Although silicon waveguides are good for providing tight optical 

confinement and large third order optical nonlinearity, they are not suitable for the applications that 

require high power CW light due to the two-photon absorption limiting the maximum light intensity. An 

alternative candidate, silicon nitride, has been used as a platform for integrated photonics to create passive 

optical components with high performance due to its low nonlinearity, high index contract with silica, 

very large transparency window and low linear propagation loss [31]. Another major challenge for 

Si/Si3N4 based PICs is to efficiently and reliably integrate electrically-pumped laser sources.  

 

Hybrid integration has become a promising solution for multi-functional PICs beyond monolithic 

integration in recent years [32]-[35]. Such a hybrid system can create active and passive components on 

their native substrates with different material systems [36]-[40]. The outputs of the active and passive 

devices are optically coupled through mode matching or free-space optics [41]-[44]. A unique advantage 

associated with the hybridly integrated diode laser system is that the optical resonator and highly-

absorbing active medium are separated, allowing for independent component optimization and better 

reliability. Besides, the Schawlow-Townes linewidth of the laser is greatly reduced due to the increased 

cavity photon lifetime [45], [46], which is obtained through increasing the effective cavity length and/or 

decreasing the cavity loss with the low loss PICs. The hybrid integration can be obtained through lens 

coupling, edge coupling, vertical coupling, die/wafer boning, or heteroepitaxy [47]. Until now the 

hybridly integrated diode lasers via edge-coupling exhibits the best performance [48] since the active chip 

and the passive chip can be optimized and fabricated independently. In this section, the CBC laser system 

in the InP-Si3N4 hybrid platform is experimentally demonstrated via edge-coupling. Our results are 

important for creating a hybridly integrated, high-power, single frequency laser source for passive PICs. 

 

Figure 4(a) shows the schematic plot of the integrated CBC laser system based on the hybrid 

integration approach. In the CBC cavity design, two InP-based reflective semiconductor optical amplifiers 

(RSOAs) are connected by a 50:50 broadband directional coupler in a Si3N4/SiO2/Si chip. The coupling 



efficiency between the gain chip and passive chip is improved through a mode converter on the passive 

chip. The RSOA has a high reflection (HR) coated back facet with 90% reflectivity and an anti-reflection 

(AR) coated front facet. The RSOA length is about 1 mm. The width and height of the single mode Si3N4 

waveguide are 800 nm and 300 nm, respectively. The separation between the waveguides at the coupling 

region is 300 nm.  

 

 
The two InP gain chips provide the optical gain for the hybrid laser cavity, whereas the adiabatic Si3N4 

directional coupler on the silicon chip provides the intracavity coupling. The coupling results in the 

composite resonator modes (supermodes). The coupled cavities often support multiple supermodes and 

each supermode has a distinctive phase distribution among the gain elements [49], [50]. The supermode 

selection theory can explain the behavior of coherent combining and phase locking [9], [51]. If the 

coupled cavity consists of two identical cavities, both in-phase and out-of-phase supermodes will 

oscillate, and the output power should always be the same at both output ports. After the asymmetric 

mirror losses are introduced at the two output ports of the coupler, one of the supermodes with the lower 

modal loss will be selected, and the preferable single output is obtained. This means that the constructive 

interference occurs at the output port with the lower loss and the destructive interference occurs at the 

other output port with the higher loss. The differentiation between the supermodes results in the coherent 

combining of the two gain elements. Since it is easy to control passive optical components in the silicon 

based platform [52], the asymmetric mirror losses at the output ports are introduced in the passive chip. 

Here, we narrow down the waveguide width to zero for one output port of the coupler as shown in Fig. 

4(a), which greatly enhances the mirror loss for this output port. The other output port provides optical 

feedback for lasing through a DBR reflector or cleaved facet. Figure 4(b) shows the scanning electron 

microscope images of the fabricated CBC cavity in the Si3N4 platform. The detailed fabrication processes 

can be found in Ref. [50]. 

 

To demonstrate the hybrid integration of two RSOAs and a passive chip, the active alignment is used 

here [50]. The RSOAs are kept at 23 °C by using thermo-electric coolers (TEC). Since the RSOA is 

directly coupled to the passive waveguide through butt coupling, the ridge waveguide in the RSOA gain 

chip and the Si3N4 waveguide are both angle-cleaved to suppress the reflection at the interface between 

the gain chip and the passive chip. 

 
Fig. 4.  (a) Schematic plot of the integrated CBC system in the InP-Si3N4 

hybrid platform; (b) Scanning electron microscope images of the fabricated 

Si3N4 CBC cavity. 

 



The coupling ratio of the coupler is 50:50  

Figure 5(a) presents the schematic plot of the hybridly integrated, coherently combined laser system. 

We first only turn on one RSOA. The FDTD simulation result shown in Fig. 5(b) illustrates the power 

flow at the coupling region when only the RSOA at port 1 is turned on. At first, the light signal from port 

1 is coupled into port 3 and 4 evenly. Then a broadband reflector at port 3 reflects the light back into the 

coupling region. Since the RSOA at port 2 is not turned on and port 4 is the lossy output port with almost 

no reflection, the light transmitted into port 4 and 2 is lost completely. The corresponding experimental 

results are illustrated in the top-view near field IR image of the passive chip in Fig. 5(d). The blue line 

area shows the lossy output port of the coupler, while the green line area shows the cleaved Si3N4 

waveguide output facet. It is clear that the intensity of the scattered light inside the blue line area in Fig. 

5(d) is strong, indicating high optical loss in this region. This result matches well with the FDTD 

simulation. Then, the two RSOAs are turned on simultaneously with the similar injection currents. The 

FDTD analysis in Fig. 5(c) shows that the light emitted from the two RSOAs will constructively interfere 

at port 3 and destructively interfere at port 4, if the two RSOAs are coherently combined and in-phase. 

This prediction matches well with our measurement results shown in Fig. 5(e). It is clear that the intensity 

of the scattered light near the lossy output port of the coupler is greatly suppressed (due to the destructive 

interference), while the output power obtained at the cleaved facet remains the same with the situation 

where only one RSOA is turned on. The ratio between the optical intensity near the lossy port in Fig. 5(d) 

and the one in Fig. 5(e) is ~9. Our measurement results prove that the two RSOAs are coherently 

combined by the hybrid CBC cavity. 

 

 
Figure 6(a) shows the LI curves of the hybridly combined lasers and the single individual laser. For the 

single individual laser operation, we simply couple each RSOA with a single Si3N4 waveguide, where the 

same broadband reflector is used to provide the feedback. The corresponding LI curves are shown by the 

black and red line. For the hybridly combined lasers, both RSOAs are turned on simultaneously. The 

corresponding LI curve is shown by the blue line. Therefore, if the two lasers are coherently combined 

with a perfect combining efficiency, the output power of the combined lasers should be twice the output 

power of the single individual laser when the pump currents are the same.  

 

 
Fig. 5.  (a) Schematic plot of the integrated CBC system in the InP-Si3N4 

hybrid platform; FDTD simulation results and near field IR images (top-

view) of the integrated CBC system if only RSOA B is turned on (b) and (d); 

RSOA A and B are turned on simultaneously (c) and (e). The grayscale bar 

shows the relative grey value. 

  



 

 
As shown in Fig. 6(a), we obtain the combining efficiency of ~92% at I = 120 mA (~2× threshold). The 

measured high combining efficiency further proves that the two RSOA are indeed coherently combined. 

In addition, it should be mentioned that two RSOAs usually do not have the exactly same optical lengths. 

Thus, in our experiments, we first use the same injection currents for each RSOA to obtain the similar 

 

 
Fig. 6.  LI curves (a) and optical spectra (b) of the hybridly integrated CBC 

system. 

  

 
 

 
Fig. 7.  (a) Delayed self-heterodyne experimental setup; OSA: optical 

spectrum analyzer; VOA: variable optical attenuator; PD: photodiode; ESA: 

electrical spectrum analyzer; EOM: electro-optic modulator; (b) Recorded 

beat spectrum (black circles), the red line shows a Lorentzian fit 

corresponding to a laser linewidth of 350-kHz. 

  

(a) 

(b) 

(a) 

(b) 



optical gains in each laser cavity. Then, we slightly tune the injection current in one of the two RSOAs in 

order to obtain the optimal combining efficiency. The current tuning helps to find the common resonant 

mode and increase the combining efficiency. But the injection current difference between the two RSOAs 

to achieve the best combining efficiency is always small. Figure 6(b) shows the optical spectra for the 

combined lasers at different TEC temperatures. The pump currents are set at 100 mA. As we tune the 

temperature of the TEC, the lasing wavelengths change from 1554 nm to 1566 nm. At different 

temperatures, the single frequency operation is obtained with a side mode suppression ration higher than 

30dB. The demonstrated wavelength tuning range is ~12 nm.  

 

Since the optical spectrum analyzer does not have the adequate resolution to resolve the laser spectral 

linewidth, a delayed self-heterodyne (DSH) interferometer with a 7-km delay line is used to measure the 

spectral linewidth of the laser as shown in Fig. 7(a). Compared with the optical heterodyne detection 

approach, the DSH method does not need a reference laser with a narrower linewidth at a nearby 

frequency [53]. The measured RF-beat spectrum is shown as the black circles in Fig. 7(d). The red line 

shows a Lorentzian fit with a 3-dB bandwidth of 700-kHz, which corresponds to a 350-kHz FWHM laser 

linewidth. The measured linewidth compares favorably with the approximate 1-MHz linewidth of typical 

monolithic DBR and DFB laser sources [54], [55]. The linewidth of the hybrid laser is reduced mainly 

due to the increased cavity length. The linewidth can be further reduced by use of a microring based 

delay-line filter in the passive chip.  

The coupling ratio of the coupler is 60:40 

In this part, we investigate the performance of the hybrid laser if the coherent coupler does not have a 

desired 50:50 coupling ratio. This is important for evaluating the system robustness of the proposed 

hybrid CBC against fabrication errors. Here, we intentionally set the coupling ratio of the coupler to be 

around 60:40. Figure 8(a) shows the power flow in our system through FDTD analysis. The input light 

signal at port 1 is unevenly coupled into port 3 and port 4. The output power ratio between the port 3 and 

the port 4 is 60:40 since no reflection is used in the simulation. 

 

The schematic plot of the hybridly integrated CBC laser system is the same as the one shown in Fig. 4 

and Fig. 5(a), except that the coupling ratio of the coupler is set to be 60:40. Figure 8(b) shows the 

measured top-view near field IR image. When only one RSOA (i.e., RSOA B) is turned on, intense 

scattered light is observed near the blue line area. The blue line area corresponds to the lossy output port 

of the coupler, while the green line area still corresponds to the cleaved Si3N4 waveguide output facet. 

 

Then, the two RSOAs are turned on at the same time. If the two RSOAs are coherently combined with 

a 100% efficiency, complete destructive interference must happen at port 4 as shown in Fig. 8(c). That 

means that the input power ratio between port 1 and port 2 should be around 60:40. Thus, the injection 

currents for the two RSOAs need to be different. In our experiment, the injection current for RSOA B is 

set to be around 80 mA, whereas the one for RSOA A is set to be around 70 mA. We select these values 

based on the measurement results of the single individual hybrid laser. From Fig. 6(a), we can find that 

the ratio of the output power between the single individual laser A (at 70 mA) and the single individual 

laser B (at 80 mA) is around 40:60. With these settings, we obtain the near field IR image shown in Fig. 

8(d). It is clear that the intensity of the scattered light from the lossy output port of the coupler is greatly 

reduced (indicating destructive interference at port 4), while the output power obtained at the cleaved 

facet remains the same with the situation where only RSOA B is turned on. The results in Fig. 8 

demonstrate that the two RSOAs are still coherently combined with a high efficiency through the passive 

CBC cavity with an asymmetric coupler.  

 



 
In the traditional evanescently-coupled laser array, the modal discrimination among different 

supermodes is small. In order to obtain the efficient and robust single-mode operation, the modal 

discrimination has to be increased. In this paper, by introducing the asymmetric mirror losses into the 

coupled cavities, we improve the modal discrimination in the coherent array and obtain the efficient 

coherent combining and single frequency operation. The hybridly integrated CBC laser system can be 

used to create on-chip high power laser sources for integrated nonlinear optics applications on a single 

silicon chip. The hybrid integration scheme also allows for integrating other optical components on the 

same passive chip. 

CONCLUSION 

Integrated coherently combined laser system is a promising candidate for the realization of high power, 

single frequency laser sources for PICs. In this ARO project, chip-scale CBC laser systems have been 

successfully demonstrated in both InP monolithic platform and InP-Si3N4 hybrid platform for high power, 

single frequency applications. For the InP-based monolithic platform, the coherent beam combining of 

two PC Bragg lasers with triangular lattice is demonstrated. Our experimental results show that this 

method can be used to improve the laser output power and maintain the single frequency operation at the 

same time. The demonstrated combining efficiency is around 90%.  

Furthermore, an integrated coherently combined laser system is demonstrated in the InP-Si3N4 hybrid 

 
Fig. 8.  (a) FDTD simulation results for the power flow at the coupling 

region, the coupling ratio is 60:40; (b) near field IR images (top-view) of the 

coherently combined lasers if only one RSOA is turned on; (c) FDTD 

simulation results and (d) near field IR images (top-view) of the coherently 

combined lasers if both two RSOAs are turned on at the same time. The 

grayscale bar shows the relative grey value. 



platform. Two InP-based gain chips are coherently combined via a Si3N4 directional coupler on the 

passive chip. Coherent combining is achieved by use of the intracavity optical coupling and asymmetric 

mirror losses for the coupled laser cavities. The measurement results show that the combining efficiency 

of our system is ~92% at ~2× threshold. The linewidth, wavelength tunability, and coupling ratio 

tolerance of the hybridly combined lasers are also investigated. The diode laser based chip-scale CBC 

systems have the desired system compactness by removing the need of bulk components and can provide 

the high power, single frequency operation for many emerging integrated photonics applications.  

 

Education and outreach activities 

We have trained three graduate students and three undergraduate students through this project. One 

graduate student and two undergraduate students obtained their degrees during the project period. We 

have published 12 journal and conference papers for this project. 

 

Interdisciplinary research experience: Our research is interdisciplinary in nature as it requires the 

understanding of material science, optical physics, nanofabrication, and optical characterization. 

Therefore, through this project, undergraduate and graduate students have opportunities to learn about 

many aspects of laser systems and to interact with researchers from numerous disciplines.  

 

Creative Inquiry to promote undergraduate research: The campus-wide initiative program, Creative 

Inquiry (CI), seeks to provide Clemson undergraduate students with creative inquiry experiences in an 

active research-oriented environment normally unavailable at the undergraduate level. The CI program 

gives participants more “real world” learning experience that promotes their intellectual, creative, 

reasoning, communicative, and critical thinking capabilities, thus creating a more effective environment 

for learning. Students take on team-based projects that cover interesting topics and allow them work with 

a group of peers and faculty mentors on three to four semesters basis. We have hosted three CI teams 

during the project period. 

 

Clemson ECE Department Student Poster Competition: All ECE faculty, graduate, and undergraduate 

students engaged in research were invited to participate in this competition. The purpose of the ECE 

poster competition is to provide students and faculty the chance to showcase their research, and to provide 

high-quality visuals for those walking the halls of Riggs. We have used the results obtained in this project 

to participate the competition. 
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