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Abstract— The constantly shifting landscape of information
technology—spurred by advancements in artificial intelligence,
cloud computing, search engines, e-commerce, and Big Data—
has intensified the demand for new application spaces. Although
photonics is instrumental in broadening worldwide information
networks, contemporary requirements favor tightly integrated
solutions over standalone components. This shift necessitates
advanced methodologies capable of delivering stringent
alignment tolerances for photonic devices, rapid assembly, and
consistent reproducibility at volume. Precise alignment is
paramount, since even minor deviations can significantly
decrease optical coupling efficiency, device performance, and
productivity in high-throughput manufacturing.

A key strategy for addressing these challenges lies in Short
Wavelength Infrared (SWIR) imaging, which exploits silicon’s
transparency at wavelengths above 1 um to enable real-time
observation of bonding interfaces through the silicon substrate—
using a bottom-illumination architecture. As silicon photonics
gains traction, achieving waveguide-to-waveguide alignment
before and controlling it after assembly to sub-micrometer
accuracy becomes increasingly critical, preventing unacceptably
high coupling loss. In this work, we showcase the further
development of a Through-Silicon Microscopy (TSM) system that
unites an infrared imaging channel with a laser-irradiation
channel for efficient and energy-effective Laser-Assisted Bonding
(LAB) assembly process. By combining classical optical system
design principles with cutting-edge imaging and beam-shaping
approaches, we established optimal system parameters through
finite element and ray-tracing simulations. The result is a
powerful platform for next-generation photonic integration,
delivering precise, high-throughput characterization and
alignment with minimal thermal-induced warpage. The design
was motivated by the need to overcome a key limitation in hybrid
photonic integration: sub-micron alignment under realistic
bonding conditions. Unlike prior through-silicon imaging
systems, our configuration simultaneously optimizes imaging
quality and irradiation efficiency, enabling real-time alignment
and bonding in a compact, production-compatible setup.

Central to this design is a cost-effective TSM setup featuring
bottom illumination/irradiation architecture and a dedicated
laser channel for LAB. This configuration supports a rapid,
energy-efficient, and flexible bonding procedures, simultaneously
ensuring sub-pm alignment for heterogeneous photonic
integration. Overall, our findings underline the versatility and
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scalability of this approach, positioning it as a compelling
solution for contemporary photonics challenges.
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I. INTRODUCTION

The demand for compact, high-performance photonic
systems continues to rise, driven by emerging applications in
data communications, sensing, biomedical diagnostics, and
artificial intelligence. This shift toward miniaturization and
system-level photonic integration imposes strict requirements
on packaging technologies, especially in terms of alignment
precision, thermal control, and process throughput. Silicon
photonics (SiPh) has emerged as a foundational platform for
such integration, enabling the co-packaging of active and
passive components into complex Photonic Integrated Circuits
(PICs) [1] — [4]. However, achieving high-yield heterogeneous
integration at the wafer level remains challenging due to tight
sub-micron alignment tolerances and the sensitivity of optical
coupling to geometric deformation [5] — [7].

Traditional packaging approaches—such as mass-reflow
(MR) and thermo-compression bonding (TCB)—were
developed primarily for microelectronics and often fall short
when applied to photonic integration [8] — [9]. They are not
designed to support the precision and in-situ verification
required for optical alignment. In response, Laser-Assisted
Bonding (LAB) has emerged as a promising alternative due to
its ability to apply highly localized heat, reducing thermal
warpage while enabling faster cycle times [10] — [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 comparison between quantum efficiency (QE) levels between conventional Si-CMOS [26], Ge [26], InGaAs [26] — [27] and a so-called black silicon (bSi)

CMOS-based [28] — [34] image sensors. The transmission curve of Si PIC [8] is presented for reference.

However, LAB assembly technology itself does not
guarantee alignment accuracy unless paired with a real-time
imaging and metrology system capable of resolving photonic
features through opaque materials.

In this paper, we introduce the further development of
Short-Wave Infrared (SWIR) Through-Silicon Microscopy
(TSM) setup to improve precise waveguide-to-waveguide
alignment during integration processes in the field of silicon
photonics. In particular, we address a key bottleneck in hybrid
photonic assembly: achieving and verifying sub-micron
alignment accuracy. While through-silicon imaging has been
applied before [28] — [35], the motivation for our optical
system stems from the need to simultaneously optimize
contrast, resolution, and laser delivery efficiency under the
thermal and spatial constraints of LAB. The novelty of our
approach lies in the holistic redesign of the microscopy path
and laser channel, including sensor choice, illumination
wavelength, beam shaping strategy, and lens configurationally
co-optimized for real-time, bottom-illumination alignment in a
coaxial architecture. These improvements are not incremental
but rather critical enablers of the bonding precision required in
advanced silicon photonics integration.

Il. THROUGH-SILICON MICROSCOPY: STATE-OF-THE-ART

Generally speaking, the integration processes require a
machine vision system to provide accurate part manipulation
prior to the bonding process. In numerous stacking operations
direct vision to bonding interfaces are blocked by parts to be
bonded and pick-up-tools. Similarly post bond part inspection
is problematic because relevant features lay between the
interfaces. Traditional methods for investigating the quality of
the bonded interfaces include post-bond X-ray inspection [20]

— [22] and through-silicon infrared (IR) microscopy, which
exploits silicon transparency at wavelengths longer than 1 um.
Through-silicon  substrate imaging is beneficial for
semiconductor components alignment evaluation and
monitoring the bonding process in real-time [23] — [24].

The most typical image sensors type used for modern
through-silicon IR microscopy are InGaAs, Ge-, or so-called
black silicon-based (bSi) camera, which allows the detection
of longer wavelengths [25] - [34]. A comparison of
wavelength response, i.e., quantum efficiency (QE) for
conventional Si-CMOS [26], Ge [26], InGaAs [26] — [27] and
a so-called black silicon (bSi) CMOS-based [28] — [35] image
sensors, as well as typical transmission curve for Si PIC [8],
are presented in Fig. 1. As it can be seen, at a wavelength
range near the 900 nm, bSi image sensor has a sensitivity level
comparable to InGaAs image sensor and up to 8 times higher
than that of conventional Si image sensor at wavelengths
longer than 1 pm [28], which allows image detection at
wavelengths beyond silicon transparence window enabling
imaging through silicon substrates.

Until recently, the Ge- and especially InGaAs-types of
cameras used to have a number of disadvantages, the most
significant of which were rather limited resolution and
relatively high price compared with shorter wavelength
cameras utilizing silicon-based CCD or CMOS technology. It
is for this reason that the first prototypes of through silicon
microscopy and laser-assisted bonding setups were built using
commercially available bSi-sensor [28] — [35]. This approach
in  bottom illumination/irradiation  configuration  was
successfully implemented in several assembly processes
exploiting through-silicon alignment [28] — [35]. From Fig. 1



100 T 100
80 80 <
2 E
= 60 __Broadband Tungsten-Halogen 60 S
'?‘J lamp source %
c —1100 nm LED )|
o 40~ Fiber ASE source 40
c —1050 nm LED g
L ——1450 nm LED
20 +-=:Silicon PIC Transmission 20 O
}_
0 ‘ ‘ 0
400 600 800 1000 1200 1400 1600 1800

Wavelength, nm

iy = o - o

c) — Fiber ASE source.
Fig. 3. Through-silicon images obtained using various IR light sources.

it can be seen that the region of reasonably high image
sensitivity corresponds to the low-transmission region of Si
PIC, and wise versa. Therefore, for the implementation of
complex alignment algorithms, requiring higher contrast of
through-silicon image, which requires switching all the
microscopy system to longer-wavelengths region.

Also, another issue to improve is the shape of the laser
beam, which is used for light-to-heat transition during LAB
process. In [29] the resulting circular super-Gaussian beam
shape was obtained by the propagating of divergent top-hat
beam through the focusing objective of the microscope. For
greater efficiency of the LAB process, it is desirable to have a
top-hat beam of equal intensity with square or rectangular
shape, which dimensions are comparable to the dimensions of
the integrated objects, for more uniform heat distribution.

ig. 2. The spectra of 1050 nm and 1100 nm LEDs, fiber ASE source and broadband Tungsten-Halogen lamp source.

b) — 1100 nm LED.

d) — Broadband Tungsten-Halogen lamp source (with fiber bundle).

I11. THROUGH-SILICON MICROSCOPY: ISSUES AND SYSTEM
ENHANCEMENTS

To address the mentioned above issues, the known optical
design [28] — [35] was supplemented with the following
changes:

1) The bSi-CMOS image sensor with 5.6 um pixel size
[30] was replaced by InGaAs image sensor with 3.45 pm pixel
size. The smaller pixel size and higher QE are expected to
increase the resolution and contrast, while the sensitivity to the
longer wavelengths potentially will open the opportunity to
observe through silicon at elevated temperatures, increasing
the assembly process reliability [36] — [38];

2) Correspondingly, the 1100 nm illumination LED [30]
was replaced by 1450 nm illumination LED. The illumination
architecture remained the same — bottom coaxial.

It is worth noting that careful selection of the light source
is a key to obtaining high-quality through-silicon images. We



have checked 4 various IR light sources with the known
optical design of microscope setup [30]: 1050 nm and 1100
nm LEDs, fiber ASE source and broadband Tungsten-Halogen
lamp source. The spectra of the mentioned sources are
presented in Fig. 2. It appeared, that the usage of 1050 nm
LED results in the poor contrast of the image (Fig. 3, a) due to
low transmission of Si PIC at this wavelength (Fig. 1). The
image taken using 1100 nm LED had optical contract and
quality for the known design of optical setup [30]. Fiber ASE
source brings the constant background noise conponent to the
image due to the resudaul coherence of ASE (Fig. 3, c).
Broadband Tungsten-Halogen lamp source brings the
background image of its fiber bundle (Fig. 3, d), and, besides,
the broadband source makes finding optimal focal point
difficult due to the presence of multiple wavelengths in the
spectrum. Thus, the LED was confirmed as optimal light
source type, but at 1450 nm wavelength;

3) The beam shaping technique for the laser irradiation
beam has been changed — previously used engineered diffusers
with different angular divergence [29] were replaced by a pair
of microlens arrays, located at 90 degrees relative to each
other. The irradiation architecture remained the same — bottom
coaxial;

4) The NIR APO microobjective [29] — [30] was replaced
by the High-Power MicroSpot Focusing Objective with
optimised optical transmission for the 980 nm laser (~80% VS
>97% correspondingly) for more efficient laser beam delivery;

The feasibility and applicability study of the proposed
optical design was carried out using ANSYS Zemax
OpticStudio 2024 R1.03 software package. The study shows
that:

1) The obtained wave aberrations for both the axial beam
and the edge of the field do not exceed 0.1 wavelength, which
indicates high image quality. Also, the Spot Diagram (Fig. 4)
shows that all the rays fall into the Airy disk, which indicates
that the system is diffraction limited. This confirms the image
quality of the developed system;

2) The obtained Modulation Transfer Function (MTF)
diagram (Fig. 5) shows that the minimal resolvable object (at
5% level [39] and 10x magnification) is comparable to the one
for bSi-based system [30], but with significanly improved
irradiation laser transmission rate.

This leads to the optimised energy efficiency of the bonding
process;

3) The implementation of 1450 nm illumination LED with
+10° divergence (Fig. 6), followed by the collimation lens,
allows the proposed optical design to achieve uniform
intensity of coaxial illumination of the observation field (Fig.
7), contrary to the Gaussian-like form in the previous design
[29] — [30], This leads to more uniform illumination of the
through-silicon images, and, therefore, to the better contrast;

4) The usage of microlens arrays together with the
optimised microobjective allows the proposed optical design
to achieve uniform intensity of coaxial irradiation spot with
square or rectangular form at the object plane (Fig. 8 and Fig.

9), contrary to the super-Gaussian form in the previous design
[29]. This leads to more efficinet energy delivery to the
bonding area, and, therefore, to more rapid and energy-
efficient process.

The further development of the optical system will include
precise alignment of optical components, adjustment the
length of optical paths, reducing weight and size parameters
and experimental validation of the characteristics of the setup.
In terms of the whole LAB assembly process, the future work
will focus on the implementation of advanced contrast- and
resolution-enhancing techniques [40], improvement of
through-silicon waveguide-to-waveguide alignment using
machine vision based auto-alignment techniques, and on the
further LAB process parameters optimization for higher yield
and bond reliability.

IV. CONCLUSION

In this work, the further development of Short-Wave
Infrared Through-Silicon Microscopy setup to improve precise
waveguide-to-waveguide  alignment  during  integration
processes in the field of silicon photonics was introduced. Key
improvements include the wuse of longer-wavelength
illumination (1450nm), high-sensitivity InGaAs sensors,
custom beam shaping optics, and simulation-guided
optimization of imaging quality and energy delivery. By
combining classical optical system design principles with
cutting-edge imaging and beam-shaping approaches, we
established optimal system parameters using finite element and
ray-tracing simulations. Simulation results confirmed that the
optical setup operates near the diffraction limit, while the
beam-shaping configuration ensured uniform and efficient laser
heating of the bonding interface. Thus, the implemented
changes in the optical design of SWIR TSM setup with bottom
illumination/irradiation  configuration architecture further
improves the  though-silicon  waveguide-to-waveguide
alignment capabilities, as well as increases the efficiency of
light-to-heat conversion.

The result is a powerful platform for next-generation
photonic integration, delivering precise, high-throughput
characterization and alignment with minimal thermal-induced
warpage.

Central to this design is a cost-effective TSM setup
featuring bottom illumination/irradiation architecture and a
dedicated laser channel for LAB. This configuration supports
a rapid, energy-efficient, and flexible bonding procedures,
simultaneously ensuring sub-um alignment for heterogeneous
photonic integration. The compact and cost-effective nature of
the proposed TSM architecture makes it highly compatible
with automated photonic packaging lines. Its ability to
perform simultaneous real-time imaging and laser-assisted
bonding unlocks new opportunities for high-throughput,
precision-driven photonic integration workflows. Overall, our
findings underline the versatility and scalability of this
approach, positioning it as a compelling solution for
contemporary photonics challenges.
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