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Abstract— The rapid evolution of information technology—
driven by artificial intelligence, cloud computing, search engines,
e-commerce, and Big Data—has spurred increasing demand for
new application areas. Photonics remains central to expanding
global communication networks, yet there is growing pressure to
develop highly integrated solutions rather than rely on separate
components. While traditional microelectronics-photonics hybrid
integration methods, such as mass-reflow and thermo-
compression bonding, are often difficult to implement effectively
in silicon photonics. Consequently, the field now demands more
advanced techniques that ensure precise alignment of photonic
devices, faster assembly, and consistent reproducibility on high-
volume production scales.

In this context, Laser-Assisted Bonding (LAB) has emerged as
a promising alternative to existing bonding methods. Notably,
LAB enables fast, energy-efficient integration using bottom
illumination and real-time through-silicon imaging, achieving
precise waveguide alignment while minimizing thermal distortion
— a key requirement in high-throughput photonic packaging.

In a practical demonstration, we employed LAB to mount a
1x1 mm I11-V multichannel chip onto a silicon photonic circuit.
We demonstrate that modifying the pick-up tool geometry
significantly improves bonding precision. Real-time through-
silicon microscopy and SEM imaging confirm enhanced
alignment and bond quality. The resulting joints meet shear
strength criteria defined by MIL-STD-883H, validating the
method's mechanical reliability. Validating LAB’s functionality
in this setting also underscores its potential to enhance overall
yield in photonic integration.

Taken together, these findings represent a significant step
forward in photonic integration technologies, highlighting LAB’s
capability to address the expanding and increasingly stringent
needs of this rapidly developing sector.

Keywords— assembly processes, laser-assisted bonding,
photonic integration, heterogeneous integration, silicon devices,
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microscopy

I. INTRODUCTION

The rapidly evolving landscape of information
technology—fueled by social media, cloud computing, search
engines, online commerce, and Big Data—has led to an
unprecedented expansion of novel application domains. While
the impact of photonics on the global information network’s
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growth is indisputable, there is an increasing drive to develop
highly integrated solutions rather than relying on standalone
components and devices. Compared to bulk or fiber-optic
systems, the co-packaging, integration, and miniaturization of
complex photonic architectures is viewed as essential not only
in traditional information technology but also in newly
emerging fields such as sensing, 3D imaging, and
biotechnology [1] — [4]. Beyond the evident improvements in
size, weight, and power consumption, photonic integration
delivers further advantages in manufacturability and
mechanical robustness, including reduced susceptibility to
environmental noise and vibration [5] — [7]. From a broader
developmental viewpoint, integrating and packaging Silicon
Photonic (SiPh) platforms [8] together with other photonic
devices into complex Photonic Integrated Circuits (PICs)
encounters challenges similar to those facing electronic ICs,
especially as 3D wafer-level chiplet integration moves to the
forefront [2]. Accordingly, advancing integration processes
toward greater complexity, finer alignment tolerances, and
increased functionality has become a pressing priority.

A critical hurdle involves the diverse and sometimes
incompatible components that must be integrated and co-
packaged, notably the thermal and lattice mismatches between
II/V materials and SiPh [8] — [9]. Established hybrid
microelectronics-photonics integration practices—such as
mass-reflow (MR) [10] and thermo-compression bonding
(TCB) [11], which rely on uniform pressure to counter
thermally induced warpage — are increasingly inadequate for
achieving the precision, speed, and throughput demanded by
modern photonic integration. In response, Laser-Assisted
Bonding (LAB), which typically exceeds the speed of TCB and
MR, is recognized as meeting strict demands for accurate
bonding through applying highly localized heat, thereby
minimizing thermal stress and warpage (by as much as three-
to fourfold) [12] — [14]. These factors are pivotal in photonic
integration, where warpage directly translates into
misalignment of optical axes and undesired insertion losses
[15]. Although the maturation of photonic wire bonding (PWB)
technology [16] may eventually mitigate some of these
limitations, it remains a significant concern at present. Another
benefit of LAB arises from harnessing solder-induced surface
tension for self-alignment, which can improve overall
alignment performance [14] — [18]. For an in-depth review of
LAB in microelectronics and photonics, please check [19].
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Fig. 1. The original design of the LAB setup with combined IR illumination,
through-silicon imaging and laser irradiation channels [20] — [21].

In this paper, we introduce the Laser Assisted Bonding
process for mounting of 1x1 mm I11-V multichannel chip onto
a silicon photonic circuit. The formed bonds meet the shear
bond force specifications outlined in MIL-STD-883H standard.

Il. THE DESIGN OF THE EXPERIMENT

To enable the LAB technique in the field of silicon
photonics, the custom optical setup (Fig. 1), comprising the
channel for delivery of heating laser beam [20] — [21] with
through-silicon  machine vision system with bottom
illumination architecture [22]. Both channels have common
optical path and objective/projector optics, whereas vision and
irradiation optical signals are divided using Wavelength
Division Multiplexing (WDM) principle, implemented through
low-loss dichroic mirror combiner [20]. This configuration
enables simultaneous observation, alignment, and irradiation of
the silicon sample, which is positioned on a custom transparent
sample holder [19] during the LAB process, offering
significant benefits for scientific and R&D applications. To
mitigate the effects of environmental noise and vibrations, the
transparent vacuum sample holder [19] and the setup itself [20]
— [21] are mounted on a sturdy rigid base using a suitably
designed vibration isolation system [6].

The optical system and the sample holder were installed to
the automatic micro assembly station to ensure interoperability
with a standard machine vision system, optical adhesive
dispensing and curing system, vacuum pick-and-place tool, and
mechanical gripper (Fig.2). The laser bonder was installed on 3
axes linear stage to ensure precise positioning and focusing.

The test vehicle is a 5x5 mm silicon PIC with 4 pads with
pre-deposited AuSn solder and a 1x1 mm 4-channel GaSb laser
diode chip to be integrated [20], [23] - [25].

The chip is being delivered to the bonding area by the pick-
up tool (PUT), installed on a 6-axis micromanipulator. This
enables precise alignment, including angular alignment with
precision of £100 arcseconds [24]. Contrary to the previous
experiments [23] — [25] (45°, Fig. 3), in this work we used the
pick-up tool with ceramic tip, installed normally (90°, Fig. 4)
to the bonding surfaces, which resulted in the enhanced post-
bond accuracy. We hypothesize that the approximately 10-20
pm displacement observed in several previous experiments

Fig. 2. The original LAB setup [20] — [21] with custom reconfigurable
vacuum sample holder [19], installed to the micro assembly station.

(Fig. 5), in the direction of the applied force, arose specifically
when using a pick-up tool oriented at a 45° angle. The
presumed cause is a slipping effect on the molten solder when
force is applied at an angle different from the normal.

The bonding process flow followed the best practices,
established during previous experiments [23] — [25]. The
primary stages of the integration process and their sequence are
the following:

1) the Si PIC is positioned on the transparent vacuum
sample holder [19].

2) Subsequently, the machine vision- 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
are carried out.

3) The GaSb chip is retrieved from the gelpak by a
vacuum pick-up-tool, mounted on a 6-axis precise
micromanipulator.

4) Then, using the machine vision-based and confocal
sensor-based measurement, and the previous measurement
results, the co-parallelism of the bonded surfaces is achieved
(within + 100 arcseconds range [24]).

5) The chip is then delivered to the Si PIC area with a
height proximity of 10-50 pm (within the focus depth of a
through-silicon microscope [22]).

6) Following that, the alignment of the alignment features
using the machine-vision through-silicon IR microscope [22]
is performed.

7) Then, the LAB irradiation laser source is activated to
initiate the light-induced heating of the Si PIC.

8) Once the surface temperature reaches 300°C (“ramp-up
stage”), the two bonded surfaces are brought together with a
compression force of ~20-30g (slowly, to prevent
acceleration-induced misalignment).

9) After that, the stabilized temperature of the bonded
surface is maintained at the same level for ~0-10 seconds
(“dwell stage”), during which the bond force is being adjusted
to the required level.



Fig. 3. The 45°-angled pick-up tool, used in previous experiments [23] — [25].

Fig. 5. Pre- (left) and post-bond (right) through-silicon images of the chip,
bonded using the 45°-angled pick-up tool.
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Fig. 7. Bonding process diagrams: Time-temperature (so-called “shark fin™)
and time-force diagram.

According to JEDEC J-STD-020 (Moisture/Reflow
Sensitivity Classification for Non-hermetic Solid State Surface-
Mount Devices), as well as the specifications of many
semiconductor manufacturers, the continuous dwell time at or
near the peak temperature is typically limited to 10 seconds,
while the total duration within the high-temperature range is
generally constrained to 40-150 seconds (max 3s @ 350°C)
[26] - [30].

Apparently, the 90°-angle pick-up tool is blocking the
pyrometer beam much more strongly than in 45°-degree case.
That is why the pyrometer is used only as a threshold
temperature sensor for the overheat protection of the circular
area with ~4 mm diameter, which is larger than the bonding
area and includes Si PIC, GaSb chip edge and a part of a pick-
up tool tip. Once the average area temperature achieves
300°C, the LAB laser driver clamps the output power. By
operating the LAB irradiation source in a constant power (CP)
mode, it is possible to maintain a stable temperature of the
area.

Fig. 4. The 90°-angled pick-up tool, used in current work.

Fig. 6. Pre- (left) and post-bond (right) through-silicon images of the chip,
bonded using the 90°-angled pick-up tool.
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Fig. 8. The scanning electroropy (SEM) post-bond image of the
bonded surfaces.

I1l. RESULTS AND DISCUSSION

The bonding quality and alignment accuracy were
evaluated using through-silicon imaging and scanning electron
microscopy (SEM) analysis, as shown in Figs. 5-8. Fig. 5-6
illustrate the comparative post-bond results for angled vs.
perpendicular pick-up configurations, highlighting the
alignment improvement. The 45°-angled pick-up tool (Fig. 3)
induces lateral displacement of ~10 um due to the slipping
effect of molten solder when bonding force is applied at a non-
perpendicular angle (Fig. 5). The 90° tool configuration
eliminates observable displacement, as confirmed via through-
silicon microscopy (Fig. 6) [22]. The thermal and mechanical
process stability is illustrated by the process diagrams (time-
temperature (so-called “shark fin”") and time-force diagram) in
Fig. 7, with clear profiles of temperature ramp and applied
force. They confirm rapid thermal response, accurate thermal
regulation without overshoot, and consistent force application
during bonding. The through-silicon images in Fig. 6 and
SEM images in Fig. 8 confirm accurate post-bond alignment



and the absence of interfacial defects, illustrating reliable
solder wetting and high bonding quality. The post-bond shear
test result for the assembly is 4.809 N, which satisfies the
bond force specifications outlined in MIL-STD-883H standard
(Methods 2019.8 and 2011.8F). The detailed bonding process
description, as well as mechanical, electrical, and optical
characterization of the bonded device is presented in [31].

These experimental findings not only affirm the efficiency
of the LAB process but also highlight its potential to expand
the scope of photonic integration. The LAB process,
characterized by its speed, energy efficiency, bottom
illumination/irradiation, and simultaneous through-silicon
imaging, is particularly noteworthy. It aids in bonding and
active waveguide alignment — a critical factor in achieving
effective integration in the field of photonics. The results
obtained contribute to the advancement of our photonic
integration technology.

IV. CONCLUSION

An innovative Laser-Assisted Bonding (LAB) system
incorporating a coaxial bottom-illumination architecture was
developed to enable rapid, energy-efficient bonding and reduce
thermally induced stress and warpage to the bonded surfaces.
This setup was successfully employed to integrate a four-
channel GaSb laser diode chip onto a silicon photonic
integrated circuit (PIC). The setup demonstrates a novel,
validated integration approach: by locally applying intense heat
during the LAB process, the PIC temperature was rapidly
elevated above the melting point of the pre-deposited solder
layers, thereby achieving reliable bonds with a shear force of
4.809 N, which satisfies the MIL-STD-883H requirements
(Methods 2019.8 and 2011.8F). We demonstrate that
modifying the pick-up tool geometry from angled to
perpendicular significantly improves bonding precision.

These results validate LAB as a practical and scalable
bonding method for heterogeneous photonic integration. Of
particular note, the rapid and energy-effective LAB approach
— featuring bottom illumination/irradiation combined with
concurrent through-silicon imaging — enables both bonding
and active waveguide alignment. This combined imaging and
bonding capability is vital for enabling next-generation
photonic integration workflows and high-yield manufacturing
environments.
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