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Abstract
We present a novel heterogeneous photonic integration of III/V on silicon by using epitaxial regrowth on III/V-on-Si wafer bonded substrates. This integration method decouples the correlated root causes, i.e., lattice, thermal, and domain mismatches, which are all responsible for a large number of detrimental dislocations in the heteroepitaxial process.  The grown multi-quantum well vertical p–i–n diode laser structure shows a significantly low dislocation density of 9.5 × 104 cm−2, two orders of magnitude lower than the state-of-the-art conventional monolithic growth of III/V on Si. Hybrid InP-on-Si multi-quantum well lasers were successfully demonstrated with this heterogeneous integration and shown room-temperature pulsed and continuous-wave lasing. This generic concept can be applied to other material systems to provide higher integration density, more functionalities and lower total cost for photonics as well as microelectronics, MEMS, and many other applications.

Introduction 

[bookmark: _GoBack]	Driven by increasing demand in optical interconnects in data centers, supercomputers, telecommunications and many other emerging applications, silicon photonics has undergone rapid and significant progresses in the past decades, experiencing a transition from research topics in academies to commercialization in industries.  Silicon (Si) is an ideal waveguide material due to its high index contrast, low optical loss and compatible with mature CMOS fabrication technology. However, Si is not an efficient light-emitting material due to its indirect bandgap structure. Combining compound semiconductors, particularly III-V light-emitting material, with Si is necessary to realize light sources on the silicon photonics platform. Packaging a finished III-V laser die on Si photonic chip at the assembly level is the current mainstream commercial solution. The heterogenous integration of III-V optical gain material on Si by wafer bonding is a popular approach and has been widely used in research projects and in commercial products1. In addition, monolithic wafer-scale direct growth has been achieving breakthroughs recently by some research organizations2–4. Combinations of epitaxial growth and wafer bonding have also been reported for lateral injection membrane lasers5 and double-heterostructure lasers6. In this work, we present our novel heterogeneous photonic integration method by combining the advantages of monolithic growth and wafer bonding approaches. ~2 m-thick InGaAsP-based multi-quantum well (MQW) laser structure is epitaxially grown on a bonded InP-on-SOI template with pretty low threading dislocation density (less than 1×105 cm-2 ) despite the impact of thermal mismatch. Fabricated Fabry-Perot (FP) lasers show continuous-wave (cw) and pulsed lasing up to 40 oC and decent threshold current and output power. This method is potentially to be a generic integration platform for defect-free, multi-functional, high-integration density, wafer-scale and low cost integration for many applications.
[image: 2018 ACP df schematic]
Fig. 1.  Schematic process flow of III-V to Si integration.


Epitaxial regrowth and device fabrication

	Fig. 1 shows the schematic process flow of our integration scheme. First, Si waveguides and some bonding-facilitating structures are created in the SOI substrate. Second, a simple 150 nm-thick n-InP layer is transferred onto the SOI wafer by depositing a thin dielectric layer on both surfaces, direct bonding process, and then selectively removing the InP substrate.  Upon selectively removing the InGaAs etch stop layer to expose the n-InP template layer, the wafer-bonded InP-on-SOI substrate is loaded into a metallic organic chemical vapor deposition (MOCVD) chamber for epitaxy growth at 600 oC. Finally, the wafer experienced subsequent processing of laser devices fabrication. This bonded template eliminates lattice mismatch in conventional III-V-on-Si direct epitaxy, so thick intermediate buffer layers are not necessary.

	Fig. 2(a) and (b) show that the bonded template and that under processing after epitaxy are with good yield and robustness from bonding at 300 oC, epitaxy at 600 oC and device fabrication. The epitaxy structure grown on the bonded substrate is similar to well demonstrated hybrid MQW laser structures. The total epitaxy thickness is about 2 m. During growth a witness InP wafer was used. AFM images in Fig. 2(c) and (d) show identical surface roughnesses of RMS = 0.2 nm on InP and bonded substrates. Fig. 2(e-f) show the cross-sectional transmission electron microscopy (TEM) images of the MQW epitaxy on the bonded InP-on-SOI substrate in the Si waveguide region. No defect was observed in a 10-μm-long and 0.1-μm-thick TEM specimen. MQW layers with good contrast and integrity are clearly exhibited in the high-magnification TEM image in Fig. 2(f). Electron Channeling Contact Imaging (ECCI) technique was used to quantify the dislocation density. Total 20 TDs were counted in 100 images with mapping area of 100×14.5×14.5 m2. This leads to a low dislocation density of 9.5×104 cm-2, only one magnitude higher than that on native InP substrate, and two magnitude lower than the state-of-the-art of conventional monolithic growth. The regrowth wafers were treated as conventional heterogeneous wafers and underwent a standard CMOS fabrication procedure to fabricate hybrid III/V-on-Si FP laser devices.
[image: Laser device cross section and performances]
Fig. 3.  (a) The cross section drawing and (b) SEM image of the hybrid III/V-on-Si laser device. Lasers with hybrid facet: (c) RT pulsed LIV (inset: microscope image of the device), (d) pulsed LI up to 40 oC (inset: simulated mode profile at facets). (e) cw LIV up to 25 oC (inset: SEM of the hybrid facet). Lasers with Si facets: (f) pulsed LI up to 35 oC (inset: simulated mode profile at facets).
[image: ]
Fig. 2.  Pictures of (a) bonded template and (b) post-epitaxy device fabrication; AFM images of the surface of epitaxy on (c) InP and (d) bonded substrates; (e, f) TEM images of epitaxy on bonded substrate.

 
Device Characterizations and discussion

	Fig. 3(a) and (b) show the schematic drawing of the cross-section of the designed FP laser and SEM image of a hybrid facet of a fabricated device. We first characterized the fabricated FP lasers with hybrid facets (facet with a hybrid cross-section of III-V mesa on SOI waveguides). Fig. 3(c) and (d) show the light-current-voltage (LIV) curves at room temperate (RT) and LI curves up to 40 oC stage temperature at pulsed injection mode (0.5 s, 0.25% duty cycle). The 1.9 mm-long device shows 61.8 mA threshold current and 4.2 mW single facet output power at 120 mA,  corresponding to a decent threshold current density of 813 A/cm2 and 0.14 W/A overall slope efficiency. Lasing around 1313 nm under pulsed mode at RT matches well with our MQW design. Fig. 3(e) shows cw LI curves up to 25 oC stage temperature. To prove convenient integration with other Si photonic circuits, we measured devices with two 50-μm-long III/V-to-Si taper structures. Si waveguide laser facets were formed by the same dicing and polishing procedure without coating. Figure 5f shows the LI curves up to a stage temperature of 35 °C under the same pulsed mode. The threshold current density of a 2.1-mm-long device with a 2.0-mm-long active region was calculated to be 1125 A/cm2. It is noted that we experienced some fabrication issues that significantly limited the device performance1. Upon proof-of-concept demonstration in this run, notable improvement on device performance is expected soon after solving the fabrication issues.
	
      Based on the proof-of-concept demonstration, the regrowth on bonding method is potential for defect-free, multi-functional, high-integration density, wafer-scale and low cost heterogeneous integration for many applications.  Figure 4 schematically shows an example of the process of integrating lasers, amplifiers, modulators, and photodetectors onto the regrowth on bonding integration platform. The process begins with creating passive waveguide structures on a generic substrate wafer M1, e.g., Si. Then, a one-time bonding of M2 (e.g., InP) onto M1, at either the wafer scale or chip-to-wafer scale, is executed to prepare the growth template. Necessary protection and sequential regrowth for the integration of three or four types of active devices are conducted. All regrown materials must be compatible with the template for low-defect growth. Advanced regrowth techniques such as butt-joint regrowth can be applied here to maximize the integration proximity and density and minimize reflection and other undesirable effects associated with abrupt topographic change. Since compound semiconductor substrates may account for significant wafer material costs, particularly for InP substrates, our solution provides the flexibility to reuse M2 substrates, particularly for wafer scale template transfer. Finally, device processing in sections of different functions in the same material system can share many fabrication steps towards seamlessly integrated chips. According to a qualitative comparison of the production and operation costs of the same diode laser built using different III/V-on-silicon integration approaches, our bonding plus epitaxy approach can be very cost competitive overall7.
[image: DF platform multi growth v2]
Fig. 4.  Schematic of the process of integrating lasers, amplifiers, modulators, and photodetectors with the regrowth on bonding platform.





SUMMARY

	We demonstrated a heterogeneous photonic integration method by epitaxial regrowth on wafer bonded substrates. 2-μm-thick InP-based MQW laser regrown epitaxy with a standard vertical p–i–n diode structure on the bonded InP-on-SOI substrate were successfully realized. The regrown epitaxy shows high material quality with significantly low dislocation density. Successful pulsed and cw lasing with good threshold current density and output power are achieved, despite incorrectly high p-type doping and fabrication imperfection.
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