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Abstract— The advancement of hybrid integration technology 

for smaller electronics and photonics systems is exerting increased 

pressure on the development of new automated processes that 

enable reliable integration with high throughput. Simultaneously, 

the integration density and diversity of components in a package, 

including Micro-Electro-Mechanical Systems (MEMS), wafer-

level optics, alongside photonics and III/V optoelectronics, are also 

on the rise. To address these evolving needs, a novel integration 

approach based on laser-assisted bonding (LAB) is presented here. 

In this work, the developed LAB setup employs an original bottom 

illumination/irradiation architecture, coupled with simultaneous 

imaging through silicon, facilitating high-precision alignment for 

photonics waveguides. Moreover, the Automated Power Control 

of a LAB process enables overheat protection for the bonded 

surfaces, thereby enhancing the reliability and repeatability of the 

integration process. In a practical demonstration, we showcase the 

effectiveness of the LAB process by applying it to integrate a 

multichannel 1x1mm III/V chip with a silicon photonic integrated 

circuit. The application of highly localized heat during the LAB 

process rapidly elevated the temperature of the photonic circuit 

above the pre-deposited solder layers' melting point. This, in turn, 

led to successful bond formation with impedance in 0.01-Ω range, 

accompanied by negligible thermal-induced stress to the bonded 

surfaces and minimal warpage. These results not only validate the 

efficiency of the LAB process but also underscore its potential to 

push the boundaries of photonic integration. Particularly 

noteworthy is the rapid and energy-effective LAB process, 

featuring bottom illumination/irradiation and simultaneous 

through-silicon imaging. Thus, it facilitates bonding and active 

waveguide alignment — an essential aspect in achieving effective 

integration in the field of photonics. The obtained results 

contribute to advancing our photonic integration technology. 
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I. INTRODUCTION 

The rapid evolution of the information technology sector, 
driven by the proliferation of social media, cloud computing, 
search engines, e-commerce, and Big Data, has led to the 
emergence of new application areas. Photonics plays an 
undeniable role in propelling the growth of the global 
information network, but there is a growing demand for the 
development of highly integrated solutions as opposed to using 
separate components and devices. The co-packaging, 

integration, and miniaturization of complex photonic systems, as 
compared to the use of bulk or fiber-optics devices, is seen as 
crucial not only for information technology but also for 
emerging applications in sensing, 3D imaging, and 
biotechnology [1] – [4]. Besides the obvious improvements such 
as size, weight, and power, photonic integration offers numerous 
other advantages in terms of manufacturability and mechanical 
reliability, with reduced sensitivity to environmental noises and 
vibrations [5] – [7]. From a broader development perspective, 
the integration and packaging of Silicon Photonic (SiPh) [8] 
with other photonic devices in complex photonic integrated 
circuits (PICs) face similar challenges as electronic ICs, where 
there is a growing emphasis on deploying advanced 3D wafer 
level integration of various chiplets [2]. Therefore, there is a 
pressing need to enhance integration processes towards higher 
complexity, improved alignment accuracy, and increased 
functionality. A significant challenge lies in the diversity and 
dissimilarity of components that need to be integrated and co-
packaged, especially addressing the thermal and lattice 
mismatch of III/V materials and SiPh platforms [8] – [11]. The 
conventional approaches for microelectronics-photonics hybrid 
integration processes, such as mass-reflow (MR) and thermo-
compression bonding (TCB), overcome thermally induced 
warpage by applying uniform pressure. However, there is an 
increasing need to develop more sophisticated tools that address 
precise alignment of photonics components, faster assembly 
process, and overall reproducibility and higher production rate. 
In this regard, Laser-Assisted Bonding (LAB), which is faster 
than TCB and MR, is anticipated to fulfill the stringent 
requirements of precise bonding due to negligible thermo-
induced stress and warpage of the bonded surfaces (up to 3-4 
times lower) [12] – [13]. This factor is critical for photonic 
integration processes, as warpage results in optical axes 
misalignment and optical insertion loss. As photonic wire 
bonding (PWB) technology matures [14] – [15], this issue is 
expected to become less critical, but it currently remains a 
significant limitation. Another benefit associated with LAB is 
the potential to use solder-induced surface tension for self-
alignment, which can aid in improving the alignment 
performance [14] – [17]. An in-depth review of LAB in the 
fields of microelectronics and photonics is presented in [18]. In 
the LAB processes for microelectronic integration, silicon chips 
are typically bonded to printed-circuit boards (PCBs), so the 
laser is usually positioned above the assembly, and can be  
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combined with a vacuum pick-up-tool, mounted on a precise 6-
axis manipulator for positioning and alignment [19]. For 
photonic integration processes, when semiconductor chips are 
bonded to SiPh PICs or wafers, the laser can be positioned below 
the assembly [20]. In this scenario, the through-silicon 
waveguide-to-waveguide alignment can be performed using a 
separate through-silicon microscope before bonding, which 
necessitates the mechanical switching between irradiation and 
imaging optical channels and renders simultaneous observation 
during the bonding process unfeasible. In microelectronics, the 
similar through-PCB irradiation architecture is known as 
“Reverse LAB” (“R-LAB”) [21]. As a general rule for both 
types of the LAB processes, a uniform beam profile (“top-hat”), 
[18] is required. This ensures that the bonded surfaces are heated 
evenly, and all the pads are soldered simultaneously [18]. 

In this work, we introduce a novel approach for photonic 
integration, which is based on LAB and implemented for the 
integration of a miniature multichannel laser diode chip to a 
silicon PIC. The developed LAB setup employs an original 
bottom illumination/irradiation architecture, coupled with 
simultaneous imaging through silicon, facilitating high-
precision alignment for photonics waveguides. Moreover, the 
Automated Power Control (APC) of a LAB process enables 
overheat protection for the bonded surfaces, thereby enhancing 
the reliability and repeatability of the integration process. 

II. THE DESIGN OF THE EXPERIMENT 

    The experimental setup consists of a through-silicon machine 

vision system [22], optically combined with LAB 980 nm laser 

bottom irradiation beam delivery system (Fig. 1). Both systems 

have common optical path and objective/projector, whereas 

vision and irradiation optical signals are divided using 

Wavelength Division Multiplexing (WDM) principle (Fig. 1) 

[23] – [26]. This design allows simultaneous observation, 

alignment, and irradiation of the silicon sample, placed on the 

custom transparent sample holder [18] during LAB process, 

which is highly beneficial for scientific and R&D applications. 

To suppress the environmental noise and vibrations impacts, the 

transparent vacuum sample holder [18] and the setup itself are 

mounted on a solid rigid basis with the use of properly designed 

vibration isolation system [6]. 

    The Automated Power Control (APC) is proceeded by 

establishing the temperature-optical feedback loop using non-

contact pyrometer as an optical sensor (Fig. 2). Thus, by 

running the LAB irradiation source in a constant power (CP) 

mode, it becomes possible to achieve the stabilized temperature 

of the bonded surfaces. 

    The test vehicle consists of 5x5 mm silicon PIC with 4 pads 

with pre-deposited AuSn solder and 1x1 mm 4-channel GaSb 

laser diode chip to be integrated. 

    The key stages of the integration process and their sequence 

are presented in the chart diagram in Fig. 3. The Si PIC is placed 

on the transparent vacuum sample holder. After that, the 

machine vision-based and confocal sensor-based measurement 

of the XYZ linear positions and Rx, Ry and Rz tilt angles of the 

PIC surface and its alignment features takes place (all positions 

and angles are according to the coordinate system in Fig. 2). 

The GaSb chip is picked up from the gelpak by a vacuum pick-

up-tool, mounted on a 6-axis precise micromanipulator. After 

that, using the machine vision-based and confocal sensor-based 

measurement, and the previous measurement results, the 

bonded surfaces co-parallelism is achieved. Then, the chip is 

being delivered to the Si PIC area with a height proximity of 

100-250 µm (within the focus depth of a through-silicon 

microscope). After that, the alignment of the alignment features 

using the machine-vision through-silicon IR microscope [22] is 

proceeded. After this preparatory phase, the LAB irradiation 

laser source is launched to initiate the light-induced heating of 

the Si PIC (with pyrometer-based temperature feedback). Once 

the surface temperature achieves 300°C (“ramp-up stage”), the 

two bonded surfaces are brought together with a compression 

force of ~25g (slowly, to avoid acceleration impact). After that, 

the stabilized temperature of the bonded surface is maintained 

at the same level for 10 seconds (“dwell stage”). The time-

temperature diagram (so-called “shark fin”) is  
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Fig. 1. The original design of the LAB setup with combined IR illumination, 

through-silicon imaging and laser irradiation channels [26]. 

Fig. 2.   Automated Power Control (APC) using the temperature-optical 

feedback loop using non-contact pyrometer as an optical sensor. 

 



 

presented in Fig. 4. Finally, the LAB irradiation laser is 

switched off, and the integration bonding process ends. 

III. RESULTS AND DISCUSSION 

    The experimental results are presented in Fig. 5. First, we 

should mention, that tilt compensation subsystem is of key 

importance – even a co-parallelism failure of 1° results in a poor 

mechanical contact between the bonded surfaces, and, 

therefore, in a poor and easily detachable bond. The tilt-induced 

gap between Si PIC and GaSb chip is presented in Fig. 5, a; the 

destructive control results are presented in Fig. 5, b – after the 

chip debonding it can be seen, that the contact spot between 

pads was much smaller than pad area which led to extremely 

low wetting of the bonded surfaces. So, surface flatness is the 

key to avoiding bonding voids, which could result in poor bond 

strength, electrical and thermal conductivity [27]. Thus, for the 

next experiment the tolerance for the tilt compensation 

subsystem was set to achieve co-parallelization within ± 100 

arcseconds range.  

   The integration process with the defined precision led to a 

successful bond of GaSb chip to the Si PIC. The post-bond top-

camera, through-silicon [22] and scanning electron microscopy 

images are presented in Fig. 5, c – f correspondingly. As it can 

be seen from the through-silicon and scanning electron 

microscopy (SEM) images, the laser-induced heating of the 

bonded surfaces above the solder melting temperature led to 

proper wetting of the pads and, therefore, to a successful bond 

formation. The alignment features are in good coincidence. The 

post-bond electrical control indicated that the electrical 

impedance was in 0.01-Ω range, which is consistent with the 

published data [28]. 

    These results not only validate the efficiency of the LAB 

process but also underscore its potential to push the boundaries 

of photonic integration. Particularly noteworthy is the rapid and 

energy-effective LAB process, featuring bottom 

illumination/irradiation and simultaneous through-silicon 

imaging. Thus, it facilitates bonding and active waveguide 

alignment — an essential aspect in achieving effective 

integration in the field of photonics. The obtained results 

contribute to advancing our photonic integration technology. 

IV. CONCLUSION 

    An original LAB setup with a coaxial bottom irradiation 

architecture was developed. The setup allows a rapid and 

energy-effective process with the ability to produce successful 

electrical bonds with negligible thermal-induced stress and 

warpage to bonded surfaces. The developed setup was used for 

the successful integration of 4-channel GaSb laser diode chip to 

the silicon PIC. The application of highly localized heat during 

the LAB process rapidly elevated the temperature of the PIC 

above the pre-deposited solder layers' melting point. This, in 

turn, led to successful bond formation with impedance in 0.01-

Ω range, accompanied by negligible thermal-induced stress to 

the bonded surfaces and minimal warpage. These results not 

only validate the efficiency of the LAB process but also 

underscore its potential to push the boundaries of photonic 

integration. Particularly noteworthy is the rapid and energy-

effective LAB process, featuring bottom 

illumination/irradiation and simultaneous through-silicon 

imaging. Thus, it facilitates bonding and active waveguide 

alignment — an essential aspect in achieving effective 

integration in the field of photonics. The obtained results 

contribute to advancing our photonic integration technology. 
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Fig. 3. The chart diagram of the developed LAB process flow. Fig. 4. The time-temperature diagram (so-called “shark fin”) of the LAB process with 

temperature stabilization using APC. 
 



  
a) b) 

  

c) d) 

  
e) f) 

Fig. 5.  The experimental LAB process results: a – SEM image of the chip integration with 1° planar misalignment – the gap is clearly seen; b -  SEM image of 

debonded chip – it is seen, that the contact spot is minimal due to non-parallelism of the bonded surfaces; c – top-camera image of the successfully integrated 

chip; d – through-silicon image of the successfully integrated chip – it is seen, that alignment features are in good coincidence; e – SEM image of the 
successfully integrated chip; f – SEM image of one of the bonds – it is seen, that solder has successfully reflowed due to the laser-induced heating of the silicon 

and wetted the pads on the bonded surfaces 
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