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ABSTRACT 

Heterogeneous silicon photonics using bonding is reaching maturity with first commercial products for data 

center market being shipped in volume. Here we give an overview of recent research in the area carried out at 

University of California, Santa Barbara. Ability to do multiple die bonding on a single device/die with optimized 

epitaxially grown layer stacks was used to realize high performing photonic integrated circuits both for 

communications and sensing. 
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1. INTRODUCTION 

Photonics integrated circuits (PIC) can be realized in a number of platforms, but for efficient on-chip light 

generation a direct bandgap semiconductor is needed. Historically, the first integrated photonic circuits with 

lasers were realized on GaAs or InP substrates. More recently, optical components are being integrated on 

silicon (Si) substrates where the main idea is to leverage the superiority of CMOS processing infrastructure, 

perfected throughout the years and billions of dollars invested by (electronics) semiconductor industry. In the 

past 15 years, a whole range of photonic components have been demonstrated, mostly in the silicon-on-insulator 

(SOI) platform. The SOI platform is especially suited for standard communication bands at 1.31 µm and 1.55 

µm, as silicon and its oxide (SiO2) are both transparent and form high-index contrast, high-confinement 

waveguides ideally suited for medium to high-integration PICs. However, electrically pumped efficient sources 

on silicon remain a challenge due to the indirect bandgap of silicon. 

One of the solutions to that problem, most commonly called heterogeneous
1
 integration, bonds pieces of 

III/V materials on patterned Si wafer and then processes them together using standard lithography tools. First 

demonstrated by UCSB in 2006 [2], such an approach is currently widely used by academia (e.g. UCSB [3], 

Ghent University [4]), research organizations (e.g. III-V lab [5]) and industry (e.g. Intel [6], Juniper Networks 

(former Aurrion) [7], HP Enterprise [8]) with first commercial products for data center market being shipped in 

volume [6]. The advantage of this approach is that the alignment tolerances are significantly reduced as devices 

are defined using lithography alignment marks after bonding of larger III/V pieces allowing for efficient volume 

scaling due to superior quality with smaller feature sizes, smoother surfaces and superior yield. This will become 

increasingly important as the complexity of PICs increase, as shown in Figure 1. 

Heterogeneous silicon photonics works to provide the best of both worlds: high performance devices from 

optimized III/V materials and superior passive and waveguide technology of the SOI platform. Physically, the 

large mismatch in lattice constant and thermal expansion coefficient between the Si and III-V make monolithic 

integration very challenging, although a lot of progress has been recently reported in the area of heteroepitaxy on 

Si. Bonding removes, or at least relaxes, the lattice mismatch limitations to a very large degree although the 

thermal expansion coefficient mismatch still has to be taken care of. For this reason temperature during bonding 

and subsequent processing steps is typically limited to <300 °C. 

In the last 10 years, many high-performing components realized in the heterogeneous silicon platform have 

been demonstrated, some of which outperform native III/V components such as narrow-linewidth single-

frequency lasers (< 1 kHz linewidth), narrow-linewidth widely-tunable lasers (50 kHz linewidth), mode-locked 

lasers (900 fs pulse, 1.1 kHz RF linewidth @ 20 GHz) and high-power high-speed waveguide photodetectors (12 

dBm @ 40 GHz, - 2 dBm @ 70 GHz). The record performing devices take the advantage of low and ultra-low 

loss waveguides in Si, efficient light generation in III/V and the ability to continuously control the confinement 

in active region by tapering the underlying Si waveguide width or the III/V structure on the top, or both. 

                                                           
1 When the heterogeneous approach was first demonstrated, the nomenclature “hybrid III–V silicon evanescent laser” was used and often 

shortened to “hybrid silicon laser.” In subsequent years, “heterogeneous” is more commonly used to describe this wafer scale approach to 
integration, and “hybrid” is more commonly used for bonding or soldering individual die onto a common substrate. 



 
Fig. 1.  Progress in photonic integration shown in terms of a number of devices optically connected on a single chip. Silicon photonic 

integration (red circle) represents the “passive” integration without on-chip laser solution; InP integration (blue square) and heterogeneous 

silicon integration (green triangle) are solutions with on-chip lasers. 

2. SYSTEMS ON CHIP (SOC) 

A complex PIC might require a number of different, high-performing components. The underlying Si 

waveguides can provide for routing, multiplexing/demultiplexing, filtering, splitting and combining, and with 

extra processing (implants and Ge) can also provide modulation and detection. The ability to bond different III-V 

epitaxially grown thin-films on a single die allows for optimization of individual device performance, so a 

complex PIC device might make use of optimized laser gain material, bandgap shifted modulator material as 

well as optimized photodetector material, all on the same SOI die with no regrowth which would be required for 

monolithic III-V PIC. With proper design of the III-V layer stacks, simultaneous processing of all the bonded III-

V layers is possible reducing the number of processing steps, directly reducing cost and improving yield. The 

process also allows for fabrication of 1.31 µm and 1.55 µm devices on same wafer as demonstrated in [9], 

making it very powerful. A number of SOC have been demonstrated including a microwave signal generator, 

integrated optical driver for interferometric optical gyroscope, beam scanner and optical network-on-chip  

2.1 Microwave generator 

Fully integrated photonic microwave generator realized in heterogeneous silicon platform combined 

waveguide photodiodes with a 3 dB bandwidth of 65 GHz and 0.4 A/W responsivity with lasers that tune over 

42 nm and have 150 kHz linewidth, which allowed for microwave signal generation from 1 GHz to 112 GHz. 

The inclusion of modulators allows for direct signal generation at the microwave frequency, or for generation of 

sidebands for e.g. measurement applications [9]. 

 
Fig. 2.  Optical microscope image of the fully integrated photonic microwave generator chip realized by bonding three optimized III/V layer 
stacks for optical sources, phase modulators and high-speed PIN photodetectors. 

2.2 Interferometric optical gyroscope driver 

A chip-scale fully-integrated optical driver (IOD) that can interrogate a sensing coil and realize an 

interferometric fiber optical gyroscope was demonstrated. The chip comprises a light source (Fabry-Perot laser 

with broad optical spectrum which is beneficial for gyroscope operation), three photodiodes (7 GHz bandwidth, 

0.7 A/W responsivity, 4 nA dark current), two phase modulators (Vπ = 4.2 V) and two broadband 3-dB splitters 

(> 70 nm bandwidth) within an area of 4.5 mm
2
 [10]. 

 
Fig. 3.  (a) 3D schematic (not to scale) of the integrated optical driver (IOD) for fiber optic gyroscopes (b) A set of 12 IOD devices next to 

an US quarter coin for size comparison. 

2.3 2D beam scanner 

An integrated phased array beam steering system on a chip was demonstrated. The heterogeneous PIC 

consists of 164 optical components including lasers, amplifiers, photodiodes, phase tuners, grating couplers, 

splitters, and a photonic crystal lens in 69 mm
2
. The beam scanner allows for steering over 23° x 3.6° with beam 



widths of 1° x 0.6° giving a total of 138 resolvable spots in the far field with 5.5 dB background suppression 

[11]. 

 
Fig. 4.  (a) Microscope picture of the fully integrated beam-steering PIC (b) Two-dimensional beam-steering plots spanning 23° in ψ and 

3.6° in θ planes. 

2.4 Network-on-Chip (NoC) 

An optical network-on-chip (NoC) that connects eight nodes, realized in heterogeneous silicon platform, has 

been demonstrated [12]. The NoC has 8 nodes, each node having 8 DWDM channels capable of on-off keying 

(OOK) data transmission of up to 40 Gbps, bringing the total on-chip capacity to 2.56 Tbps. The chip comprises 

of more than 400 functional components including lasers, modulators, amplifiers, detectors, switches and 

arrayed-waveguide gratings in an area of 176 mm
2
 and uses three different III-V layer stacks for DFB lasers (7.5 

mA threshold current), electroabsorption modulators (6 dB extinction @ 1 Vpp) and detectors (>20 GHz 

bandwidth, 10 nA dark current). 

 
Fig. 5.  (a) Microscope image of the photonic transceiver circuit (16 mm x 11 mm) (b) Size comparison with US quarter. 
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