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Achieving high-yield heterogeneous integration in silicon photonics and advanced microelectronics requires compact,
high-contrast metrology to inspect buried interfaces during die-to-wafer and stacked-chip assembly. This inspection
underpins pre-bond alignment, post-bond offset verification, and defect screening, yet conventional through-silicon
microscopy depends on objective optics and mechanical focusing that are difficult to integrate into high-throughput
packaging tools. Building on progress in lensless computational imaging, we expand its role in semiconductor value
chain by introducing reflective-mode lensless through-silicon microscopy for packaged systems. Our module combines
coherent 1064 nm illumination, a non-polarizing beam-splitter reflective geometry, and a CMOS sensor; amplitude and
phase are recovered from a single recorded diffraction pattern using iterative phase retrieval with denoising regulariza-
tion. By eliminating objectives and moving parts, the architecture reduces footprint while preserving micrometer-scale
spatial resolution. Using a USAF-1951 target, the system resolves features down to 2.19 um under a conservative
contrast criterion. Contrast-transfer analysis shows that the phase channel delivers markedly higher contrast and im-
proved feature fidelity across the field of view, while the amplitude channel remains consistent with previously reported
through-silicon NIR microscopy performance. We validate application relevance by imaging silicon-photonic PICs and
heterogeneous III-V/Si assemblies through the silicon substrate, resolving waveguides, metallization, chip edges, align-
ment markers, and bonding-related defects. In stacked-chip configurations, digital refocusing enables depth-selective
reconstruction of multiple layers. These results position reflective lensless through-silicon phase imaging as a scalable,
compact alternative to conventional NIR/SWIR microscopy for semiconductor assembly metrology, enabling in-tool

inspection and alignment verification for emerging co-packaged optics and 3D chiplet architectures.

The rapid expansion of Al, cloud computing, and data-
centric services is driving demand for ever-higher bandwidth
and compute density, pushing both photonics and microelec-
tronics toward increasingly compact, tightly integrated ad-
vanced components. Photonics has been a cornerstone of
global information infrastructure, with current trends pushing
for accelerated transition from discrete optical components
to co-packaged and heterogeneous assemblies that can be in-
tegrated on-chip'. Beyond data communications, the same
trend is accelerating adoption of integrated photonic subsys-
tems in sensing, biomedical diagnostics, and 3D imaging™.

Meeting the demands of compact, high-performance pho-
tonic and microelectronic systems relies on heterogeneous in-
tegration, where mature silicon platforms are combined with
dissimilar materials and device technologies to form com-
plex photonic and optoelectronic systems'>. This mirrors
broader semiconductor manufacturing trends in microelec-
tronics, where wafer-level chiplet and 3D integration are be-
coming mainstream to assemble multifunctional systems from
separately optimized dies®. In both domains, packaging im-
poses stringent constraints: sub-micrometer placement accu-
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racy, thermal management, and robust interconnects increas-
ingly limit yield, throughput, and cost-of-ownership’~°.

A central limitation in integrated systems is the materi-
als and process mismatch between functional III-V, wide-
bandgap, and other compound semiconductors and the sili-
con platform, including lattice, thermal expansion, and back-
end process incompatibilities'”. Although progress contin-
ues in monolithic integration remains relevant research topic
for large scale system deployment remain challenging '!2.
As a result, heterogeneous integration has become a key
strategy, where combining disparate materials">'11314 " jg
essential for realizing high performance amplifiers, power
devices, RF front-ends, sensors, and emerging neuromor-
phic or quantum compatible components that cannot be fab-
ricated in a single baseline CMOS process. Toward this
end hybrid/heterogeneous integration approaches, such as
thermo-compression bonding (TCB)'?, laser-assisted bonding
(LAB)'®!7 mijcro-transfer printing ([J—TP)IS’ZO, and other re-
lated processes7, remain essential.

Scaling heterogeneous assembly in semiconductor manu-
facturing requires high-precision machine vision for pre-bond
alignment, post-bond offset estimation, and defect control?!.
In many multi-die and stacked configurations, however, the
bonding interface cannot be observed from the top side be-
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Algorithm 1 Regularized iterative phase retrieval

I: Input: 2, AS, 4, AS_q, U, &, /0 =1,5=0
2: Output: U,
3: while /¥ > £ do
4: Forward propagate: U[(i“) “— ASM{U,ES)}
5:  Amplitude replacement: 17(5” — VZexp(i arg(UtSS)))
6 Backward propagate: U." « AS_4{ ﬁf')}
7: Complex-domain filtering: ul) «— cpID (17,5”
8: Stopping criterion: () « \U(E“)\ - \/EH2
9: Iterative variable: s = s+ 1
10: end while
11: Uy« U’

cause it is occluded by components and tooling. An emerging
industrial solution is bottom-side observation through the sil-
icon substrate??. Compared with established non-destructive
inspection methods such as scanning acoustic microscopy?
and X-ray inspection®*, through-silicon imaging can provide
near-real-time, high-contrast visualization of relevant struc-
tures without immersion media or ionizing radiation, while
remaining compatible with small-footprint, in-line integra-
tion>.

Through-silicon imaging is typically implemented us-
ing short-wave infrared (SWIR) or near-infrared (NIR) mi-
croscopy, leveraging silicon transparency at wavelengths
above ~ 1 um?*-28, Conventional implementations rely on
objective lenses and confocal-style illumination, enabling si-
multaneous observation of features on a silicon PIC and
on a bonded optoelectronic die within the depth of fo-
cus'®17:2930  However, these systems require bulky optics
and strict working-distance constraints, along with mechan-
ical focusing and alignment, which complicates integration
into bonding and assembly tools.

Lensless, also known as lens-free, imaging offers a compact
alternative by reconstructing amplitude and phase information
computationally from a single capture®'3. Recent demon-
strations show that lensless reconstruction can deliver accu-
rate 3D information, including digital refocusing and quan-
titative phase/topography retrieval, thereby enabling practi-
cal surface and interface inspection without mechanical z-
scanning?!33. Moreover, by eliminating objective lenses and
moving parts, lensless microscopes can substantially reduce
the footprint and complexity of in-tool vision modules®*3.
Here, we present a reflective, through-silicon lensless imaging
module aimed at precise alignment and post-bond 3D inspec-
tion for heterogeneous integratated die stacks in silicon pho-
tonics', co-packaged optics®, microelectronics®®, and semi-
conductor manufacturing more broadly>°.

The developed lensless microscopy setup operating in a re-
flective mode is depicted in Fig.1. It consists of an illumi-
nation laser diode (LD), beam collimator (BC), beamsplitter
(BS), and a CMOS sensor. The LD (Thorlabs L1064H2) emits
a maximum power of 450 mW at 1064 nm, delivered through
aspherical collimation lens (C280TMD-1064). The LD is
mounted to the Thorlabs LDM21 Temperature-Controlled

Mount, drived in CW mode by the Thorlabs ITC4020 Com-
bined Laser Diode and TEC Controller. The BS is Thorlabs
BS008 5 mm 50:50 Non-Polarizing Beamsplitter Cube, de-
signed for optimal operation at 700 — 1100 nm. The CMOS
sensor is a monochrome See3CAM Cul35M (AR1335M)
with pixel size of 1.1 um, and 4200 x 3120 active pixels.
The wavelength was selected as a compromise between the
availability of common laser sources, the responsivity of the
CMOS sensor, and the transparency window of silicon.

Full complex-domain wavefront image reconstruction is
performed based on a phase retrieval approach with consec-
utive regularizations on the sensor and image planes, see
Algorithm1. It is an iterative procedure with computational
wavefront propagations from the sensor to the object planes
and vice versa. As input variables, it requires: a denoised
registered diffraction pattern, Z; angular spectrum propaga-
tion operators, AS+,, where d is a propagation distance, and
its sign corresponds to the direction of propagation; Uéo) is
an initial complex-domain wavefront estimation of the object,
which we take as uniformly distributed ones for amplitude and
zeros for phase; € defines the stopping of the algorithm as the

propagated amplitude |U y)| converges to the diffraction pat-

tern VZ. In each iteration, the sensor amplitude image is re-
placed with the observed diffraction pattern, which provides
recovering of the phase information guided by denoising at
the sensor and object planes. The denoising regularization
is implemented as a plug-and-play complex-domain filtering
step®’ applied after each backward propagation. The complex
field Ug(x) is decomposed into amplitude and phase compo-
nents, A®) = \U(ES)\ and ¢©) = a:g(UaM), which are processed
independently. Denoising is performed using a pre-trained
DRUNet (deep residual U-Net) architecture®, applied sep-
arately to amplitude and phase maps. The network is used
in an off-the-shelf configuration without task-specific retrain-
ing, leveraging its ability to generalize across noise distribu-
tions. To control the denoising strength, a blind noise level es-
timation is performed at each iteration using a weighted stan-
dard deviation estimator computed from local image statistics,
with spatial weighting designed to reduce bias from struc-
tural edges. The estimated noise level is provided as an input
to the denoiser, enabling adaptive filtering during the itera-
tive process. The denoised amplitude and phase components,
A®) and ¢, are recombined into the updated complex field
U,§S> = AWexp(ip®). This proximal operation suppresses
noise amplification and twin-image artifacts while preserving
structural phase information, thereby stabilizing convergence
of the iterative phase retrieval algorithm without modifying
the underlying physical propagation model. For further de-
tails, see paper>*. It should be noted that the phase reconstruc-
tion is used in two different contexts within this work. For
conventional PIC inspection, the recovered phase information
is primarily employed qualitatively to enhance the visibility
and contrast of waveguide structures and other topology ele-
ments. Quantitative phase measurements are demonstrated for
depth estimation in stacked-chip configurations, where the re-
constructed phase can be directly related to optical path length
differences.
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(a) Schematic diagram of the setup  (b) Photograph of the setup

FIG. 1: The compact reflective lensless imaging module.
The coherent illumination from a laser diode is shaped by a
beam collimator to produce a low-divergence beam. The
beam enters a non-polarizing beam splitter, which directs a
portion of the light toward the sample via a silicon substrate
that supports the chip and defines the illumination path
upstream of the sensing plane. The sample-induced
diffracted field goes to the CMOS sensor through the beam
splitter, where a diffraction pattern is registered. The
schematic diagram was rendered in 3DOptix Design and
Simulation (Optomechanic Cube Ltd.).

The resolution of the lensless systems is defined by the
diffraction limit and the sampling theorem. The diffraction
limit is estimated by the Abbe equation:

A

R=-
NA.

(€]

Where A is the illumination wavelength and N.A. is the nu-
merical aperture. Considering BS’s 5 mm thickness and only
the central region of the sensor with 3000 x 3000 active pix-
els, the resolution, R, equals 2.2 um. This value is in a good
agreement with the sampling theorem having sensors pixel
size, dx = 1.1 um, twice smaller than R.

For the imaging evaluation we use Contrast-to-Noise Ratio
(CNR)¥:

CNR = |15 — tp | i @
Op

where [ is the mean value inside the structure (signal re-
gion), U, is the mean value in the background region, and
o), is the standard deviation of the background, used as an es-
timate of the noise level. This definition applies equally to
amplitude and quantitative phase images, allowing a noise-
normalized comparison of contrast independent of the abso-
lute signal scale. CNR of approximately 2.5 or greater is typ-
ically adequate for an imaging system to reliably detect fea-
tures and utilized as a reference level in imaging examples
relevant to automated detection and machine vision*’.

For the comparative study with conventional NIR-?° and
SWIR- through-silicon microscopy systems, we also use the

classical contrast equation*':

Contrast(%) = M % 100, 3)

s+ |

According to the established optical instrumentation theory,
the limiting resolution of a system is defined as the spatial
frequency or the minimal target size at which the contrast of
the test object drops below 3%-level*!.

We use a USAF-1951 resolution test target to quantitatively
estimate the modulation transfer function (MTF) using Eq. (3)
and to benchmark the obtained performance against a conven-
tional through-silicon microscopy system reported in Ref.?.
‘We further estimate the CNR using Eq. (2) for through-silicon
images of two silicon-photonic PIC types: PIC; fabricated!”
at the Optoelectronics Research Centre (ORC) of Tampere
University, and PIC, fabricated® at VTT Technical Research
Centre of Finland.

The reconstructed images of the USAF-1951 target
(groups 6-7) are shown in Fig. 3. Images demonstrate high
contrast for all elements, which is evaluated in Figure 4 using
Eq. (3) for the amplitude and phase reconstructions separately.

To suppress the noise from the sensor, we have performed
averaging of the consecutive diffraction patterns, Z. In Fig.2,
we evaluated this suppression by the CNR depending on the
number of averaged patterns based on the USAF test target
image (see Fig.3). The left y-axis (blue solid lines) shows the
CNRs for USAF-1951’s elements 1-6 in Group 7. The right y-
axis (orange dash—dot line) indicates the standard deviation of
the phase noise, Gppas., estimated from a background region.
Curve ripples are mostly plausible from laser phase noise and
optical system backreflections including sample, beamsplit-
ter, and image sensor. As the number of averaged observa-
tions increases, the phase noise standard deviation decreases,
while the CNR consistently improves for all target elements.
This trend confirms that temporal averaging effectively sup-
presses phase noise and enhances the detectability of fine fea-
tures in the reconstructed phase images. The improvement
is particularly pronounced for higher-order elements, demon-
strating that averaging is an efficient strategy for increasing
phase contrast and measurement robustness without modify-
ing the optical hardware. Therefore, for the initial denois-
ing, we registered 17 diffraction patterns and averaged them.
Although the algorithm operates on a single diffraction mea-
surement, frame averaging was used here only to improve the
signal-to-noise ratio and is not a fundamental requirement of
the method; with higher-quantum-efficiency or faster high-
end cameras, the same single-shot reconstruction framework
can be applied without averaging or with substantially reduced
acquisition time.

Figure 4 shows modulation transfer function (MTF) curves
for the developed system. For each test target element, a
rectangular ROI was selected manually to include several
line pairs (Ip) while avoiding element borders and visible de-
fects. The same ROI size and selection rules were applied
to all elements. Horizontal and vertical elements were an-
alyzed separately to assess direction-dependent differences.
To reduce operator bias, ROIs were placed near the center
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FIG. 2: Left y-axis (blue solid lines): CNR of the reconstructed phase image of the test target (Fig. 3) for elements 1-6 in
Group 7, shown as a function of the number of averaged observations used in the reconstruction. Right y-axis (orange dash—dot
line): phase noise standard deviation.

of each element, and the contrast was computed from line
profiles averaged along the bar direction. Because the full
test target is captured in a single FOV, the comparison across
elements is performed under identical imaging conditions.
As seen in Fig. 4, the amplitude channel resolves test ele-
ments up to 228.1 lp/mm (corresponding to a 2.19 um el-
ement size) with an average contrast of at least 5%, while
using 3% contrast as a conservative limiting-resolution cri-
terion (dashed line). This performance is consistent with
previously reported conventional NIR black-silicon-based mi-
croscopy (see paper?® and Supplementary Material). In con-
trast, the phase channel provides higher contrast across the
tested range: > 10% contrast (average 21-26%, maximum
30-34%) for 16-203.2 Ip/mm (31.25-2.46 pum), and ~ 7%
contrast at 228.1 Ip/mm (2.19 um). The average contrast lines

a= Il
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(a) Amplitude (b) Phase

FIG. 3: Reconstructed amplitude (a) and phase (b) images of
USAF-1951 test target (groups 6-7).

and a polynomial trendlines with corresponding R? are shown
in Fig. 4. The scatter of individual points around the fitted
MTF curves mostly reflect direction-dependent response of
horizontal and vertical elements, together with residual ROI-
selection variability, laser phase noise, and coherent imaging
artifacts.

As the demonstration of high resolution indicated by the
CNR and MTF plots, in Fig. 5, we present images of the
smallest 10 um grid from the Thorlabs test target RILIS1P
with resolved lines of 1.5 um, which were not resolvable in
our previously published work®* due to a different configura-
tion and processing. Additional reconstructed amplitude and
phase images from R1L1S1P for further optical-performance
assessment are provided in the Supplementary Material.

To test the applicability of the developed solution to real
industrial problems, we conducted lensless system tests with
through-silicon imaging of two silicon PIC types: a 4.9 x
4.9% ~ 0.5 mm PIC,'7 with transmission (T) of 0.38, reflec-
tion (R) of 0.31, and absorption (A) of 0.31 at 1064 nm and
another 10 X 5x ~ 0.65 mm PIC,® (T=027,R=048, A
= 0.25 at 1064 nm), both with corresponding alignment fea-
tures, waveguide structures, and other surface topology ele-
ments. In Fig.6 we present the material stacks for PIC; and
PIC,. PIC; is based on the 3 pm silicon-on-insulator (SOI)
waveguide platform®. The waveguides are patterned into a
3 um thick SOI layer on a buried oxide layer with thickness of
0.4-3 um and a Si substrate with thickness of ~625 um. The
waveguide structures are covered by an oxide cladding layer
with thickness of 0.2-1 um. The detailed optical properties
measurement procedure, the full measurement results and ad-
ditional details and images are provided in the Supplementary
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FIG. 4: Modulation Transfer Function (MTF) measurement from reconstructed amplitude and phase images of USAF-1951
resolution test target (groups 4-7).

Material.

Fig. 7 represents the reconstructed through-silicon images
for the case with two stacked PICs; with an alignment gap of
about 1 mm along the vertical axis (the top PIC; is flipped,
i.e., metallization and waveguide structures are located be-
low). To have both chips appear sharp, we performed the
propagation of a wavefront from the sensor to object planes
for 5.43 mm and 6.67 mm for the bottom and top chips,
respectively, defining depth location for the chips precisely.
The focusing wavefront propagation through both chips is
demonstrated in the supplementary video for Fig. 7 (Mul-

(2) Amplitude o (b) Phase

FIG. 5: Reconstructed amplitude (a) and phase (b) images of
10 um grid test target. It is 20 by 20 array with 1.5 um wide
lines and 10 um pitch in the x and y directions.

timedia available online). The axial depth uncertainty was
estimated as +20 um, corresponding to the smallest distin-
guishable propagation step in the angular-spectrum refocusing
analysis. The difference between these refocusing distances
corresponds to an optically measured inter-chip separation of
1.24 mm. The edges (marked with green arrows), metalliza-
tion and waveguide structures of both PICs; are clearly distin-
guishable, although real-world use would benefit from further
improvements in image contrast and subsequent application
of edge-detection*?*? and alignment features (markers, fedu-
cials) detection*** algorithms. This experiment proves the
applicability of the developed system for such emerging appli-
cations as 3D integration using through-silicon vias®#¢*% in
the fields of silicon photonics', co-packaged optoelectronics®
and microelectronics®.

Fig. 8 represents the reconstructed through-silicon images
for the case of GaSb gain chip bonded on top of PIC;. The de-
veloped imaging system can be successfully used for bonded
chip edge (green arrows) and bonding defects (blue arrows)
visualization, but what is even more valuable, enables the
evaluation of post-bond alignment accuracy by comparing the
relative positions of the alignment features marked with red
arrows and waveguide structures (CNR is 19.6 and 18.4 for
amplitude and phase, correspondingly). For the bonded re-
gion CNR is 4.9 and 10.7 for amplitude and phase, corre-
spondingly. The NIR, Fig. 8(c), and SEM, Fig. 8(d), im-
ages are provided for reference to support lensless imaging
capabilities by matching features visualization. As the lens-
less system has a much smaller footprint than conventional
NIR-? or SWIR-microscopy®” systems, it can help provide
through-silicon alignment and bonding inspection for those
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(a) Schematic illustration of the proposed layer stack and multilayer
coating architecture for PIC;. The visual rendering was prepared with
Al-assisted drafting tool from ChatGPT/OpenAl based on the original
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(b) Schematic illustration of the 3 gm SOI platform’ (PIC,).
Reprinted from T. Aalto, M. Cherchi, M. Harjanne, S. Bhat, P.
Heimala, F. Sun, M. Kapulainen, T. Hassinen, and T. Vehmas,
“Open-Access 3-um SOI Waveguide Platform for Dense
Photonic Integrated Circuits,” IEEE Journal of Selected Topics
in Quantum Electronics, vol. 25, no. 5, Art. no. 8201109,
Sept./Oct. 2019, doi: 10.1109/JSTQE.2019.2908551. © 2019

technical 2D drawing by the authors and subsequently reviewed, corrected, ~IEEE. Reprinted with permission from IEEE Journal of

and finalized by them.

Selected Topics in Quantum Electronics (6263630040419,
07.05.2026).

FIG. 6: The layer structure (stack of materials) for PIC; (a) and PIC, (b). Not for scale.

processes and production lines where they were not available
previously?®, thereby significantly increasing output quality
and cost-effectiveness for assembly operations.

Fig. 9 represents the reconstructed amplitude and phase
through-silicon images of PIC,. The images also have a
fairly high contrast, although lower than in the PIC; case.
This can be explained by the difference in optical properties
- PIC, has higher reflectance and lower transmittance, pri-
marily due to the greater thickness and the absence of anti-
reflective coating on the bottom surface. For the mid-line of
the letter "V" in the VTT logo CNR is 1.44 and 5.67 for ampli-
tude and phase, correspondingly. For the waveguides (marked
in Fig. 9 with red arrows) CNR is 2.64 and 2.81 for ampli-
tude and phase, correspondingly. However, in the phase im-
age the waveguide structures, top surface topology elements
and alignment features are clearly visible with CNR higher
than required threshold*’, which further confirms the appli-
cability of the developed system for through-silicon imaging
purposes?. Additionally, both amplitude and phase channels
are capable of visualizing surface defects (scratches, marked
in Fig. 9 with blue arrows). Together with the successful case
of refocusing on stacked chips demonstrated above, this in-
dicates that the approach can also be used for the detection
of defects in depth, i.e., within the volume of the investigated
materials, as well as for the surface topology inspection.

In summary of this work, we have demonstrated that the
proposed reflective-mode lensless microscopy system deliv-
ers high-quality through-silicon imaging in a particularly de-
manding configuration, while its compact form factor makes
it suitable for integration into semiconductor assembly tools
and for simplifying visual monitoring and process control.
The achieved phase reconstructions provide sufficient contrast
and spatial fidelity to be practically useful for pre- and post-
bond inspection, as well as for alignment verification. Impor-
tantly, the availability of both amplitude and phase increases

the information content available to automated inspection al-
gorithms, improving defect sensitivity and robustness across
varying materials and surface conditions. The retrieved phase
information proved useful both for qualitative inspection of
surface topology elements and for quantitative depth charac-
terization in multilayer semiconductor assemblies.

This is the first demonstration that a reflective lensless
through-silicon microscopy approach can distinguish these
manufacturing- and bonding-relevant features in integrated
photonic and stacked-chip assemblies.

To enable fully in-line deployment?, future work will focus
on: real-time processing by accelerating the computational
algorithm with faster convergence via an alternating direc-
tion method of multipliers** and/or deep learning approaches
(e.g.%0); automatization via algorithm-based ROI selection’’,
edge*®® and alignment markers detection***, and auto-
focusing techniques®?; further miniaturization and optimiza-
tion of the optical circuit; sub-micron alignment accuracy
via sub-pixel resolution techniques, e.g.>3. For the stacked
chips case, it is possible to separate images of the chips lo-
cated at different vertical distances via three-dimensional de-
convolution with a measured point-spread function®*. Addi-
tionally, the effective magnification of the system can be ad-
justed by manipulating the divergence of the illumination laser
beam, further improving the imaging resolution. We expect
that the proposed lensless microscopy approach will be suit-
able for mass-scale industrial non-destructive quality-control
applications and will pave the way for more practical high-
resolution, in-depth 3D metrology for advanced semiconduc-
tor packaging3®>%%,

SUPPLEMENTARY MATERIAL

The supplementary material includes additional amplitude
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(a) Diffraction pattern

(b) Bottom amplitude (c) Top amplitude

(d) Bottom phase (e) Top phase

FIG. 7: Reconstructed through-silicon images of two chips stacked one on top of another. (a) Registered diffraction pattern.
Dash dot red square shows a region of overlapping chips for subplots (b-e). (b,c) Amplitudes of the bottom and top chips,
correspondingly. (d,e) Phases of the bottom and top chips, correspondingly. Green arrows on images show edges of the chips.
Scalebar is 200 um. The focusing wavefront propagation through both chips is demonstrated in the supplementary video
(Multimedia available online).

and phase reconstructions, reference MTF data, additional de-
tails on the setup and samples, and NIR optical-property mea-
surements of the PICs.
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FIG. 8: Images of PIC; with bonded GaSb chip. (a,b) Phase and amplitude images reconstructed by the proposed lensless
through-silicon microscopy. For the waveguides CNR yprirude = 19.6 and CNR 45 = 18.4. For the bonded region
CNR ypiitude = 4.9 and CNR 45 = 10.7. (c) NIR microscopy image. (d) SEM image of the bonded region. Images (c,d) are
provided for the reference. Green arrows on images show edges of the chips. Red arrows point to the bonded region. Blue
arrows point to defects (traces of a solder). Scalebar is 200 pm, unless otherwise stated.
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(a) Amplitude (b) Phase

FIG. 9: Reconstructed through-silicon amplitude (a) and phase (b) images of PIC, (mirrored). Zoomed in regions are VIT
logo and waveguides, enhanced computationally by mapping dynamic range to [0 255]. For letter "V" CNR gpiiude = 1.44 and
CNR ja5e = 5.67. Red arrows point to the optical waveguides with CNRpritude = 2.64 and CNR 450 = 2.81. Blue arrows
point to defects (scratches). Scalebar is 200 pm.



