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As advanced packaging evolves with 2.5D/3D integration, the demand grows for the inspection of subsurface
nanostructures and defects within silicon (Si), ensuring reliability and yield in modern electronics. In this
paper, we demonstrate coherent Fourier scatterometry (CFS) at a near-infrared wavelength (4 = 1055 nm) for
noninvasive inspection of nanostructures buried within Si. Despite Si’s transparency in this spectral range, its
high refractive index causes strong Fresnel reflections at the air-Si interface. To eliminate these unwanted signals,
we employ two distinct approaches: (i) a split detector to subtract reflections in defect inspection mode, and
(ii) a reduced coherence length, below lasing threshold, combined with spatial filtering, for retrieving far-field
diffraction patterns in grating inspection mode. We systematically investigate how thickness of overlying Si
(without overlying Si wafer, with 300 pum thick Si wafer, and with 500 pm thick Si wafer) affects scattering
signals of the buried nanostructures. We demonstrate the detection of low contrast polystyrene nanospheres
(down to 400 nm, well below the diffraction limit of 1/(2NA) = 959 nm) buried under 500 pum of Si. Further,
we successfully detect nanopillars > 100 nm and nanopits > 225 nm. We also analyze the influence of spherical
aberrations, which increases linearly with the thickness of the Si layer, resulting in a degradation of the focal spot
quality. Beyond isolated defects, we retrieve the diffraction patterns of a 1430 nm period grating under 500 um of
Si, with minimal distortion relative to when no Si layer is present. Overall, these results highlight CFS as a robust,
high-sensitivity technique for in-depth inspection in microelectronics and photonic applications, demonstrating
potential for failure analysis, process control, and metrology in advanced packaging environments.

1. Introduction

Semiconductor technologies continue to migrate toward complex,
high-density three-dimensional (3D) integration, driving a pressing need
to inspect and characterize buried nanostructures and defects in sili-
con (Si) based devices [1,2] such as, 2.5D and 3D packaging leverage
stacked dies, microbumps, and through-silicon vias (TSVs) [3]. How-
ever, such intricate vertical architectures are increasingly vulnerable to
buried defects, such as voids, cracks, inclusions, or partial interconnects,
which can form during any of the numerous manufacturing process steps
[4-6]. Accurately detecting, localizing, and characterizing these defects
at scales below a few hundred nanometers and at depths of tens or even
hundreds of micrometers is therefore a pivotal challenge for ensuring
reliability and high yield. Beyond electronics, the ability to assess sub-
surface features is also vital in biomedical, and photonic applications,
where sophisticated multilayer designs must be verified for functional-

ity [7,8].
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Despite the high demand for buried-structure metrology, current
solutions exhibit critical limitations. X-ray microscopy offers non-
destructive 3D visualization but often operates with a trade-off between
throughput and resolution [9]. Synchrotron-based X-ray sources can
achieve submicrometer resolution, yet are largely inaccessible for in-
line production and can be time intensive [10]. Recent advances in
lab-based critical dimension small angle x-ray scattering (CD-SAXS) sys-
tems now enable high-precision metrology of periodic nanostructures in
a fab-compatible form factor. However, these techniques remain con-
strained by long acquisition times, limited brightness of compact X-ray
sources, and a reliance on model-based inverse reconstruction, restrict-
ing their applicability to aperiodic or isolated defects [11]. Scanning
acoustic microscopy (SAM) excels at detecting interfaces, delamina-
tion, and macro-voids in advanced packages but struggles to achieve
submicron resolution for deeply buried, isolated nanoscale features
[12,13]. Photoluminescence methods can reveal crystal dislocations
or doping-level defects but are typically sensitive to material-specific
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luminescence pathways, limiting their general applicability [14]. Fur-
thermore, electron microscopy (EM), although remains the standard
due to its high resolution, requires non-invasive sample preparation and
milling to expose the sub-surface region of interest [15]. This both pro-
longs the analysis time and risks of altering delicate defect structures.
Atomic force microscopy (AFM) and its variants like ultrasonic force
microscopy (UFM), scanning probe microscopy (SPM), and heterodyne
force microscopy (HFM) are known for near-surface or thin-film sub-
surface analyses [16-19]. These techniques can often detect nanoscale
features near the top interface by exploiting mechanical, ultrasonic, or
thermal contrasts [20-22]. Although it is possible to image extremely
small features with these techniques, the effective penetration depth is
strongly influenced by the stiffness and damping properties of the sam-
ple, making it difficult to consistently resolve deeply buried objects.
Furthermore, AFM based approaches are inherently serial, requiring
point-by-point scanning over areas of interest, and thus limiting their
throughput and suitability for rapid production line monitoring [23].

Infrared (IR) microscopy has emerged as an attractive strategy for
subsurface imaging, mainly because Si is transparent at IR wavelengths
[13,24]. This transparency opens up the possibility for volumetric in-
spection under standard wafer-thickness conditions, allowing features
buried tens to hundreds of micrometers below the surface to be probed.
However, it is constrained by the intrinsic diffraction limit at IR wave-
lengths, restricting the attainable resolution and making it difficult to
precisely characterize sub-micron features. Further, in reflective con-
figurations, strong Fresnel reflections at both the air-Si boundary and
the Si-wafer backside often interfere with the relatively weak scatter-
ing signals from the buried nanostructures [25]. Such interference can
severely degrade signal contrast, hindering parameter retrieval or shape
determination for subwavelength features. As a consequence, there re-
mains a critical need for improved techniques that circumvent both the
diffraction limit and unwanted interfacial reflections while still provid-
ing robust signal-to-noise ratios for deeply buried nanostructures.

Coherent Fourier scatterometry (CFS) offers a promising route to ad-
dress these challenges. Conventionally used for surface metrology of
nanostructures such as gratings, or isolated particles [26,27]. In CFS,
the far-field scattered signal is collected and analyzed to retrieve dimen-
sional information without requiring complex modeling of subwave-
length nanostructures beyond the diffraction limit [28,29]. In this work,
by operating CFS at near-IR wavelength range tailored to Si’s trans-
parency and tuning the coherence length of the source, interference from
the air-Si boundary can be eliminated. Spatial filters can be combined
to further remove these undesired specular reflections, making it feasi-
ble to selectively detect scattering from subsurface nanostructures. This
balanced approach provides CFS with the ability to locate and charac-
terize subwavelength nanostructures non-destructively, even when they
are buried hundreds of micrometers under the wafer surface, in a high-
throughput manner. We demonstrate that this method provides strong
signal contrast from subsurface defects like low contrast isolated par-
ticles, nanopillars, and nanopits, with subwavelength resolution even
under 500 pum thick Si wafers. Further, this method can also be used to
inspect nanostructures such as gratings buried within 500 um thick Si
layer, which has applications in bonded overlay metrology. Our results
highlight the potential of CFS as a versatile metrology solution for 3D-
integrated packaging and other applications that require nondestructive,
in-depth inspection of buried nanostructures.

2. Methods
2.1. Experimental setup

In this section, we describe the experimental setup of CFS as shown
in Fig. 1. A laser diode controller (LDC) drives a near-infrared diode
laser (4 = 1055 nm). The emitted light is coupled into a single-mode
fiber (SMF) using a lens (L1), and an off-axis parabolic mirror (OAP
M1) collimates the emerging beam. The collimated beam passes through
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Fig. 1. Schematic of the experimental setup of coherent Fourier scatterometry
(CFS).

a polarizer (P1), which is used to set the polarization direction of the
illumination beam. In the experiments, we use the TE polarization con-
figuration, where the polarization direction of P1 at the pupil is parallel
to the y-axis (see Fig. 1). The linearly polarized beam is directed through
a nonpolarizing beam splitter (BS1) and then focused onto the sample
using a microscope objective (MO) having a numerical aperture (NA)
of 0.55, resulting in a focused spot having Airy diameter of 1.224/NA
=2.34 um. The sample is mounted on a piezocontrolled translation stage
(XYZ TS) to scan the sample in the (x,y) plane. The translation stage
can be laterally scanned in a serpentine pattern. The scattered light is
collected by the same MO and transmitted back through the nonpolariz-
ing beam splitters (BS1 and BS2). A telescopic system composed of two
lenses (L2 and L3) relays the light to the back focal plane (BFP) of the
MO. A CCD camera positioned at this plane captures the so called far-
field signatures, which is the angular spectrum of the scattered waves
from all incident plane waves within the focused spot. A pinhole (F1)
is placed between L2 and L3, as a spatial filter to selectively remove
unwanted scattering from the defocused planes. A split detector (SD) is
placed in the BFP of the MO with the help of a mirror (M2) and another
telescopic system composed of two lenses (L4 and L5). The split detector
consists of two pixels aligned perpendicular to the scan direction, and
the intensity from one pixel is subtracted from the other. In defect-free
regions of the sample, the scattered far-field pattern (specular reflection)
remains reflection symmetric with respect to the illumination polariza-
tion direction. This results in nearly equal intensities on both detector
halves and a differential signal close to zero. Additionally, the spec-
ular reflections from the polished air-Si interface, are also effectively
suppressed. As a result, both background specular reflections and sys-
tem noise are suppressed, and we observe a clean, near-zero baseline.
Due to this unique feature we do not need to use a spatial filter in this
beam arm. Now, as the focused beam is scanned through a nanostruc-
ture placed on the sample, the far field signature becomes asymmetric,
and we observe a position-dependent differential signal.

In the experiments, we investigate samples consisting of nanostruc-
tures such as gratings and various types of defects buried within Si. How-
ever, fabricating such buried structures with precise control is highly
complex [30]. To overcome this challenge, we first measure the nanos-
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Fig. 2. Schematic illustration of the focal shift when a Si layer of thickness Hg;
is placed on top of the sample. The red lines represent the maximum cone of
light forming the focused spot before (angle #) and after (angle 6,) entering the
Si layer.

tructures that are fabricated on the Si wafer without any overlying Si
layer (sample in its exposed state). Then, to simulate different degrees
of buriedness, we place double-side polished Si wafers of varying thick-
nesses on top of the structures. This approach allows us to systematically
study how the overlying Si influences the scattering and far-field signa-
tures, providing insights into the detectability of buried features.

2.2. Refocusing adjustment for Si layer compensation

Accurate focusing of the illumination beam onto the nanostructures
under investigation is crucial for obtaining reliable experimental results.
However, when a Si wafer is placed on top of the sample, the focal
plane shifts [31]. As the beam now travels through a medium with a
different refractive index, the original focus moves away from the nanos-
tructures, requiring an adjustment in the z-axis to bring the focus back
onto the buried nanostructures. To quantify this focal shift, we consider
the schematic as illustrated in Fig. 2, which depicts the displacement Ah
needed to refocus the beam onto the nanostructures when a Si layer of
thickness Hyg; is introduced. The red lines in the diagram represent the
maximum cone of light forming the focused spot. Initially, outside the
Si layer, this cone is defined by the angle 6, where, sin(f) = NA. Upon
entering the Si layer, the light undergoes refraction due to the differ-

ence in refractive indices. The new propagation angle inside the Si is

denoted as 6,, given by, 6, =sin~! (I;L\ ), where ng; is the refractive in-
Si

dex of Si. Since the focal plane inside the Si is determined by the altered
beam convergence, the required displacement in the z-axis to refocus
the beam onto the buried nanostructures is derived as:

tan(6,)
tan(0)

The equation (1) provides a straightforward method to calculate the
necessary focal adjustment based on the Si layer thickness and the nu-
merical aperture (NA) of the objective. By precisely shifting the focus
by Ah, we ensure that the beam remains optimally focused on the
nanostructures despite the presence of the Si layer, thereby maintaining
measurement accuracy and consistency across different sample config-
urations. For instance, Si wafers of thickness Hg 300 pm and 500 pm,
require shifts of Ah approximately 229 um and 381 pm, respectively.

Ah=Hg <1 - m

2.3. Coherence tuning for interference suppression

When investigating nanostructures such as gratings, where we re-
trieve structural parameters using far-field signatures, it is crucial to
minimize unwanted interference from reflections at the air-Si interface.
Although Si is highly transparent in the near-IR range due to its ex-
tremely low absorption coefficient (J(ng;) = 0.0001114) at 1055 nm, its
high refractive index (R(ng;) = 3.5575) causes significant Fresnel reflec-
tions at the air-Si boundary. These reflections interfere with the light
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Fig. 3. Laser spectra at two operating conditions. (a) Above the lasing threshold
(30 mA), the narrow linewidth results in high coherence length. (b) Below the
lasing threshold (17 mA), the broadened spectrum reduces coherence length.

scattered from the nanostructures, producing interference fringes in the
far-field that complicate the data interpretation.

For applications such as grating inspection, where structural param-
eters are retrieved solving inverse problems from scattering responses,
this interference is undesirable. The presence of strong reflections from
the air-Si interface introduces additional complexity to the inverse prob-
lem, making an already ill-posed problem even harder to solve. To sup-
press this interference, we tune the coherence length of the laser so that
it is shorter than the thickness of the Si layer, ensuring that the reflec-
tion from the air-Si interface and the scattering from the nanostructure
become mutually incoherent while maintaining sufficient coherence for
the coherent scattering of the nanostructures. The coherence length (L,)
is approximated by L. = 4% /A4, where 4 is the central wavelength, and
A is the spectral linewidth. We adjust L, by controlling the driving
current of the laser diode controller. Above the lasing threshold (e.g.,
30 mA), the laser operates in a narrow spectral mode with a long coher-

ence length (Ll"ISing = 48392 um), maintaining coherence and leading

c

to strong interference. Below the lasing threshold (e.g., 17 mA), the
laser spectrum broadens significantly, reducing the coherence length to
(L?o“'lasmg = 61.83 um), which is much smaller than the Si layer thick-
ness we use in this study. This effectively removes interference between
the reflection and scattered components, ensuring that the far-field sig-
nature primarily originates from the nanostructure. This state of the
laser, combined with a spatial filter (pinhole), ensures that reflections
from the air-Si interface do not distort the far-field signature.

However, for the application of inspection of defects, we operate
the laser above the lasing threshold, as the split detector eliminates the
specular reflections from the air-Si interface. In Fig. 3, we show the
measured laser spectra for both cases: (a) above the lasing threshold (30
mA), showing a narrow linewidth and long coherence length, and (b)
below the lasing threshold (17 mA), exhibiting a broadened spectrum
and reduced coherence length. These spectra were recorded using an
optical spectrum analyzer, Yokogawa AQ6374.
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2.4. Sample details

The samples investigated in this work include various nanostructures
and defects fabricated on Si substrates. For defect inspection, we use
three different samples: (1) a sample with 400 nm polystyrene (PSL)
nanospheres deposited on a Si wafer, (2) a sample with 10x2 Si nanopil-
lars, consisting of two rows of cube- and cylinder-shaped nanopillars
with lateral nominal dimensions ranging from 100 nm to 1000 nm in
100 nm steps and a nominal height of 250 nm, and (3) a sample with
4 x 5 etched nanopits on a Si wafer, where the pits have a cubic shape
with lateral sizes from 125 nm to 425 nm in 100 nm steps and a nom-
inal height of 160 nm, organized into five rows of identical structures.
Further details on the fabrication of these nanostructures can be found
in Ref. [29]. For grating inspections, we use a Si grating with a pitch of
1430 nm, with rectangular profile, 50% duty cycle, and height of 160
nm. Additional fabrication details can be found in Ref. [32]. To simulate
the buriedness of these nanostructures, we place double-sided polished
Si wafers of 300 pm and 500 pm thickness on top of the samples.

3. Results
3.1. Inspection of defects

In this section, we demonstrate the capabilities of CFS for inspect-
ing isolated defects buried within a Si wafer. Here, we detect 400
nm polystyrene (PSL) nanospheres (smaller than the diffraction limit,
A/2N A) deposited on a Si wafer. To performldefect inspection, we op-

asing __

erate the laser above its lasing threshold (L, = 48392 pum) with a
lasing power of 0.5 mW. Our goal is to systematically examine how
overlying Si layers affect the scattering signals. We first measure each
sample in its exposed state (with no Si wafer on top). To simulate dif-
ferent degrees of buriedness, Si wafers with thicknesses 300 pm and
500 pum are then placed over the sample. After each wafer is added, the
focal plane is readjusted by moving the translation stage along the z-
axis, as described in Section 2.2. Fig. 4(a) shows an SEM image of a 400
nm PSL nanosphere on Si without any Si wafer on top (SEM imaging
cannot be performed through the Si wafer due to limited electron pen-
etration depth). Fig. 4(b)-(d) shows the CFS scans of a 100 X 100 pm
region of 400 nm PSL nanospheres on Si: (b) without Si wafer on top;
(c) with 300 um Si wafer on top; and (d) with 500 pm Si wafer on top.
The PSL nanospheres are clearly detected in all cases, illustrating that
CFS can effectively inspect defects even under 500 um of Si. To quan-
tify performance, we calculate the signal-to-noise ratio (SNR) according
to

PFiignal
SNRyp = 1010g10< Ps'g"a ) @

noise

where Psigna1 is the power of the signal (contained in the defects) and
P,ise is the background noise. Table 1 lists the calculated SNR values.
Although the SNR is high for all the cases, it decreases slightly as the
wafer thickness increases. This is primarily due to aberrations intro-
duced by the additional Si layers, which degrade the focal spot and
reduce the Strehl ratio. A more detailed analysis of these aberrations
is provided in Appendix A. Further, in the context of our CFS based
detection scheme, the detection capability is not governed by the con-
ventional diffraction limit (1/2NA ~ 959 nm) of the system, but rather
by the SNR of the scattered signal associated with the defect. That is, de-
fect detection is feasible as long as the defect-induced signal exceeds the
system noise floor, even if the defect is subwavelength in size. A com-
prehensive analysis of CFS regarding minimum detectable signal, noise
tolerance, and dynamic range has already been demonstrated by Dmytro
et al. [33].

Now, to investigate the limitation of the technique in determining
how small the defects can be and still be detected, we consider two types
of defects: nanopillars and nanopits. Our samples consist of these nanos-
tructures with varying lateral dimensions, with the smallest defects of
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Fig. 4. (a) SEM image of a 400 nm PSL nanosphere on Si with no overlying
wafer. (b) CFS scan of a 100 X 100 pm region showing 400 nm PSL nanospheres
on Si with no overlying wafer. (c) CFS scan of the same region with a 300 pm
thick Si wafer on top. (d) CFS scan of the same region with a 500 um thick Si
wafer on top.

Table 1

Measured SNR of 400 nm PSL sample.
Case SNR 5
Without Si wafer on top 26.09

With 300 pm Si wafer on top 25.28
With 500 um Si wafer on top ~ 23.04

dimension ~ 4/10, as already discussed in section 2.4. The experimental
approach is the same as that used for the 400 nm PSL nanospheres, de-
tailed earlier. Fig. 5(a) shows a SEM image of a 100 X 30 um region of Si
nanopillars without any Si wafer on top, where the top row has nanopil-
lars in the shape of a cylinder, while the bottom row has nanopillars in
the shape of a square; the nanopillars have dimensions ranging from
100 nm to 1000 nm (from left to right). The middle row has markers
in the shape of ‘+’. Fig. 5(b)-(d) shows the corresponding 100 X 30 um
CFS scans of nanopillars: (b) without Si wafer on top; (c) with 300 pm Si
wafer on top; and (d) with 500 pum Si wafer on top. We can observe that
even the 100 nm (~ A/10) nanopillars are detected in all the different
cases, showcasing the capability of CFS to detect >100 nm nanopillars
buried under 500 pm of Si. In Table 2, we summarize the calculated
SNR based on equation (2), for all the different dimensions of nanopil-
lars and different cases. Although the SNR is high in all cases, we observe
a decrease in the SNR as the dimension of the Si nanopillars becomes
smaller. This is understandable as the signal/scattering strength scales
with the dimension of the scatterer. [33]. Additionally, the SNR reduces
as the Si wafer on top becomes thicker.

Fig. 6(a) shows a SEM image of a 50 X 50 um region of etched
nanopits without any Si wafer on top, where all rows have identical
nanopits in the shape of a square, with dimensions ranging from 125
nm to 425 nm (from left to right). Fig. 6(b)-(d) shows the corresponding
50x 50 um CFS scans of nanopits: (a) without Si wafer on top; (c) 300 um
Si wafer on top; and (d) with 500 pm Si wafer on top. We can observe
that even the 125 nm (~ A1/10) nanopillars are detected, in Fig. 6(b),
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Fig. 5. (a) SEM image of a 100 X 30 um region showing the Si nanopillars with
no overlying wafer. (b) CFS scan of the same region with no overlying wafer.
(c) CFS scan of the same region with a 300 pm thick Si wafer on top. (d) CFS
scan of the same region with a 500 pum thick Si wafer on top.

Table 2
Measured SNR of Si nanopillars sample.

SNRy5

Dim. Without Si With 300 pm Si With 500 pum Si

(nm) wafer on top  wafer on top wafer on top
100 12.23 5.91 5.85
200 15.23 12.26 6.64
300 15.32 11.82 6.51
400 19.90 16.20 13.69
500 20.03 15.73 11.77
600 19.76 15.79 10.25
700 21.27 17.69 9.51
800 21.97 18.26 10.97
900 21.69 17.72 12.83
1000 22.15 18.84 13.48

where the top Si wafer is not present. However, for all the other cases
with the Si wafer on top, we cannot detect 125 nm etched nanopits. This
can be due to the aberrations introduced by the intervening Si, which de-
grade the focus spot and reduce the scattered signal from the nanopits.
In contrast, 100 nm nanopillars are detectable under similar conditions,
likely due to their greater vertical extent and scattering volume, which
enhances their interaction with the focal field and results in a stronger
scattered signal. Nevertheless, nanopits with dimensions >225 nm re-
main detectable even through 500 um of Si. It is important to note
that the split detector provides differential contrast based on far-field
asymmetry, enabling detection of subwavelength features. However, it
does not distinguish between different defect types, such as nanopits
and nanopillars, since both produce similar asymmetry signatures. Our
approach is focused on universal detection of buried nanoscale features,
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Fig. 6. (a) SEM image of a 50 X 50 pm region showing the etched nanopits with
no overlying wafer. (b) CFS scan of the same region with no overlying wafer.
(c) CFS scan of the same region with a 300 pm thick Si wafer on top. (d) CFS
scan of the same region with a 500 um thick Si wafer on top.

Table 3
Measured SNR of etched nanopits sample.

SNR

Dim. Without Si
(nm) wafer on top

With 300 pm Si
wafer on top

With 500 pm Si
wafer on top

125 4.07 - -

225 12.20 10.13 4.92
325 16.64 14.37 13.84
425 19.94 16.95 16.87

rather than classification. In Table 3, we summarize the calculated SNR
based on equation (2), for all the different dimensions of nanopits and
different cases. Similar to the nanopillars, we observe that the SNR de-
creases as the dimension of the Si nanopits becomes smaller, and as the
Si layer becomes thicker.

3.2. Inspection of gratings

In this section, we demonstrate the inspection of diffraction grat-
ings buried within Si wafer using CFS. For that, we inspect a diffraction
grating defined by geometrical parameters: period (p) = 1430 nm, line
width (w) = p/2, height (h) = 160 nm, and bias (b). b is a parame-
ter that is introduced to define the relative position of the grating to
the optical axis of the focused beam. Although the definition of the po-
sition b = 0 can be arbitrary, we define it as the center of the grating
line. When the grating interacts with a focused beam, the incident beam
is diffracted into multiple diffraction orders, as described by the grat-
ing equation [34]. Each diffracted order is mapped to the Fourier plane
(the mapping is limited by the NA), where a CCD captures them. A more
detailed discussion on the diffraction theory for CFS is provided in sup-
plementary material, section 1 of supplement 1. For the inspection of
gratings, as discussed in section 2.3, we operate the laser below the las-
ing threshold (L"™'*™8 = 61.83 um), with 2.5 pW of lasing power. This
broadens the laser linewidth and reduces the temporal coherence of the
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b=3575nm b=715nm b=1072.5nm

Fig. 7. Far-field signatures of grating with period (p) of 1430 nm, at four bias
positions (b = 0 nm, 357.5 nm, 715 nm, 1072.5 nm); (a) with no overlying wafer,
(b) with a 300 pm thick Si wafer on top, and (c) with a 500 um thick Si wafer
on top.

illumination, which is critical for suppressing interference between the
air-Si interface reflection and the grating diffraction orders. The far-field
images with this interference demonstrating the effect of coherence is
provided in supplementary material, section 2 of supplement 1. We also
use a spatial filter in the form of a pinhole to remove the reflected sig-
nal from the air-Si interface. This blocks most of the unwanted signal
coming from the defocused planes, however, some residual light passes
through the center of the pinhole, appearing in the central part of the
far-field. For this, we crop the central region of the far-field signatures.
Similar to our previous measurements with 400 nm PSL nanospheres,
we begin by measuring the grating in its exposed state (without any Si
wafer on top). We then place Si wafers of 300 um and 500 pum thick-
ness on top to simulate different degrees of buriedness, adjusting the
focal plane via the z-axis translation stage as detailed in section 2.2. The
sample is mounted on an XYZ piezo stage such that the grating lines are
parallel to the y-axis at the pupil, and the far-field is captured for var-
ious bias positions (b =0 nm, 357.5 nm, 715 nm, 1072.5 nm) within
one period of the grating. Fig. 7(a) shows the far-field signatures for
different bias positions without any Si wafer on top. As bias (b) is intro-
duced, the interference between the overlapping orders changes [26],
resulting in different intensities in the overlapping region. Figs. 7(b) and
7(c) show the corresponding far-field signatures for different bias posi-
tions with 300 um and 500 pm thick Si wafer on top, respectively. We
observe that for all the different cases, we obtain the same complete far-
field information without any unwanted interference from reflections at
the air-Si interface, showcasing the capability of CFS to inspect gratings
buried below through 500 pm of Si.

4. Conclusions

In this work, we employed coherent Fourier scatterometry (CFS) in
the near-infrared (near-IR) wavelength range (4 = 1055 nm) to inspect
nanostructures buried within Si wafers. Although Si becomes highly
transparent in this spectral range due to its negligible absorption coeffi-
cient, its large refractive index still introduces strong Fresnel reflections
at the air-Si interface. To mitigate this unwanted specular reflection,
we employed two distinct approaches tailored to specific measurement
objectives: (i) for defect inspection, where we want to detect and lo-
calize them, we utilized a split detector to subtract intensities between
two detector regions, effectively eliminating reflections from the air-Si
boundary. (ii) For grating inspection, where we want to retrieve geo-
metrical parameters from far-field signatures, we reduced the laser’s co-
herence length (operating below the lasing threshold) so that reflections
from the air-Si interface do not interfere with the scattering from buried
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structures, then further filtered out residual reflections using a spatial
filter. Using these methods, we systematically investigated how overly-
ing Si affects scattering signals by initially measuring each sample in an
“exposed” configuration (without overlying Si layer), then added burial
depths by placing 300 pm and 500 um Si wafers on top of the nanos-
tructures and refocusing accordingly. Our experiments demonstrate that
CFS can detect low-contrast polystyrene (PSL) nanospheres, as small as
400 nm (below the diffraction limit of 1/(2NA) ~ 959 nm), through at
least 500 pm of Si with SNR > 20 dB. We further investigated the limita-
tions in the detection capabilities concerning the size of the defects, by
measuring two types of defects of varying dimensions: nanopillars with
lateral dimensions ranging from 100 to 1000 nm; and nanopits with lat-
eral dimensions ranging from 125 to 425 nm. In both cases, we observed
that smaller features exhibit weaker scattering and are more susceptible
to wavefront aberrations introduced by the Si. While >100 nm nanopil-
lars are still detectable through 500 pm of Si, 125 nm nanopits are not.
Nonetheless, pits of >225 nm remain visible at the same burial depth.
Zemax simulations revealed that only spherical aberration (Zernike term
79) is introduced by the Si wafer, increasing linearly with thickness. This
aberration impacts the focal spot quality, reducing the SNR as the wafer
thickness increases. Beyond isolated defects, we demonstrated that with
CFS, one can obtain the far-field diffraction patterns of a 1430 nm pe-
riod grating buried under up to 500 pum of Si, with minimal distortion
relative to the uncovered state. While structural parameter retrieval
from the measured angular spectrum is not performed in this work, it
follows standard model-based fitting procedures demonstrated in prior
CFS studies [26]. The focus of this paper is to demonstrate the feasi-
bility of collecting high-fidelity scattering data from buried structures,
enabling such reconstruction in future work which involve quantita-
tive extraction of grating parameters (e.g. height, pitch, and line width)
from buried nanostructures. By integrating aberration compensation el-
ements, combined with higher NA focusing optics, the focus spot can
be optimized at any depth [35], and smaller features can be inspected
even at deeper depths. Overall, these findings broaden the scope of CFS
to include non-destructive inspection of deeply buried nanostructures
in Si. Potential applications include failure analysis in microelectron-
ics, quality control in advanced packaging, and metrology of photonic
integrated circuits, where accurate dimensional characterization of em-
bedded features is essential. By enabling high-resolution imaging and
diffraction-based measurement through thick Si substrates, CFS opens
new avenues for both research and industrial metrology in semiconduc-
tor manufacturing and photonic device engineering.
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thickness Hg; based on Zemax simulations.
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Appendix A. Aberrations

In this section, we present a detailed analysis of the wavefront aber-
rations induced when a focused laser beam passes through a Si wafer
using Zemax optical design software [36]. To mimic the experimental
conditions, we model a linearly polarized plane wave of wavelength
1055 nm, illuminating the objective lens having NA of 0.55. The objec-
tive focuses the light on the focal plane, where we add a Si wafer having
thickness Hg;. We move the Si such that the beam focuses on the back
surface of the wafer. We then evaluated the wavefront aberrations in
this focal plane for varying thicknesses of the Si wafer. More details
about the design parameters have been provided in the supplementary
material, section 3 of supplement 1. We observe that only spherical aber-
ration (Zernike term Z9) is introduced in the wavefront because of the
wafer [37]. Fig. A.8 shows the relative variation in Z9 as we increase
the thickness Hg; of the wafer, where we see that Z9 increases linearly
with thickness. This trend indicates that in inspecting nanostructures
through even thicker Si layers, compensating for the resulting spherical
aberrations will be crucial for achieving a high quality of the focused
spot.

Appendix B. Supplementary material

Supplementary material related to this article can be found online at
https://doi.org/10.1016/j.optlaseng.2025.109354.

Data availability

Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon rea-
sonable request.
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