wo 2025/136102 A1 |0 00000 KRN0 0 O 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
26 June 2025 (26.06.2025)

(10) International Publication Number

WO 2025/136102 Al

WIPO I PCT

(51) International Patent Classification:
GO0I1Q 30/04 (2010.01) G010 60/32 (2010.01)
GOIN 29/06 (2006.01) G010 70/06 (2010.01)

(21) International Application Number:
PCT/NL2024/050691

(74) Agent: WITMANS, H.A.; V.O., P.O. Box 87930, 2508 DH
Den Haag (NL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, IM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC. SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM. TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA, ZM, ZW.

(22) International Filing Date:
20 December 2024 (20.12.2024)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

2036631 21 December 2023 (21.12.2023) NL

(71) Applicant: NEARFIELD INSTRUMENTS B.V. [NL/N-
L]; Vareseweg 5, 3047 AT Rotterdam (NL).

(72) Inventors: SADEGHIAN MARNANI, Hamed; c/o Vare-
seweg 5, 3047 AT Rotterdam (NL). SAIKUMAR, Niran-
jan; c/o Vareseweg 5, 3047 AT Rotterdam (NL).

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR,LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,

RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,

(54) Title: AN ACOUSTIC SUBSURFACE INSPECTION DEVICE AND METHOD

Fig. 3A

11
11

113

1134

(57) Abstract: The present application discloses an acoustic subsurface inspectiondevice (1) an a corresponding method. The disclosure
comprises performing a measurement session including at least two acoustic measurements, each acoustic measurement comprising
inputting an acoustic wave at an input location at a surface (114) of a sample (11) and generating a respective sense signal (S32a, S32b)
that is indicative for a measured reflections of the acoustic wave at a measurement location. A measurement session comprises at least
two acoustic measurements that are performed with a different input location and/or a different measurement location. Subsequently
output data indicative for subsurface features in the sample is generated based on a computation using the respective sense signals
generated with the at least two acoustic measurements in the measurement session.

[Continued on next page]



WO 2025/136102 A [0} 00 00000 00 0 O

DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))
—  before the expiration of the time limit for amending the

claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



10

15

20

25

30

WO 2025/136102 PCT/NL2024/050691

Title: An acoustic subsurface inspection device and method

BACKGROUND

The present application pertains to an acoustic subsurface inspection
device.
The present application further pertains to an acoustic subsurface

inspection method.

Acoustic inspection devices and methods are available for use in the
lithographic industry to enable subsurface inspection of finished and/or
intermediary products so as to properly control alignment and process
parameters of the process and if necessary to remove invalid products. According
to Moore’s law, critical dimensions of semiconductor devices become smaller and
smaller in order to enable an ever increasing integration level. Also there is a
tendency for manufacturing the devices with an increasing number of layers.

Existing acoustic inspection methods operate according to first, low
frequency based approach and a second, high frequency based approach. In the
first approach the stiffness of the sample surface is measured at a relatively low
acoustic frequency, e.g. in a range from about 1 MHz to a few hundred MHz.
Therewith subsurface features can be identified at a sub nanometer resolution up
to a depth of about 2 micron. In the second approach, elasticity and wave
scattering is measured at a relatively high acoustic frequency, e.g. exceeding 1
GHz. This approach renders it possible to inspect a sample at a level deeper than
is possible with the first approach, but so far, the practically achievable

resolution is inferior as compared to what is achievable with the first approach.

SUMMARY

It is an object of the present disclosure to provide an improved acoustic

subsurface inspection device to address the above-mentioned shortcomings.
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It is a further object of the present disclosure to provide an improved
acoustic subsurface inspection method to address the above-mentioned
shortcomings.

In accordance with the first mentioned object the improved acoustic
subsurface inspection device comprises a carrier for holding a sample to be
inspected, a signal generator, at least one AFM-tip, a lateral positioning device, a
distance control device, and a signal processor.

As noted above, the device is particularly relevant for application in the
lithographic industry, wherein the sample to be inspected is a semiconductor
device, e.g. a (semi-finished) integrated circuit, such as a NAND-memory. In
other examples the sample is a micro-optic device comprising highly integrated
optical circuitry. In still further examples the sample is a MEMS-device. In again
further examples, the sample comprises a combination of two or more selected
from electronical, optical and mechanical elements.

The signal generator is configured to provide a drive signal with which the
at least one AFM-tip i1s driven so as to induce an acoustic wave into the sample at
an input location on a surface of the sample. Therewith an electric drive-signal
may be converted in an acoustic signal for the at least one AFM-tip by an
actuator, such as an electro-static or piezo-electric actuator. According to another
approach the acoustic signal is generated by a laser that directs a modulated
laser beam to the tip or to a cantilever or membrane carrying the tip.

The at least one AFM-tip or another at least one AFM-tip is (also)
configured for receiving a reflection of the acoustic wave in the sample at a
receiving location on the surface of the sample. To that end it is coupled to an
acoustic sensor (e.g. a piezo electric element) configured to generate a sense
signal indicative for the received reflected acoustic wave. In case a single AFM-
tip is configured both to induce an acoustic wave and to receive a reflected
acoustic wave the actuator, e.g. a piezo-electric element, to convert an electric
signal into an acoustic signal may also serve as a sensor to convert an acoustic
signal into an electric signal. In case there is only a single AFM-tip that is
configured to induce an acoustic wave and to receive a reflected acoustic wave the

actuator, the signal generator is preferably configured to generate pulse signals.
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This simplifies signal processing operations to be performed on the sense signal.
In some example the signal processor generates the pulse signals with a pulse
duration that is short in comparison to the time it takes the reflection to arrive at
the single AFM-tip so that the sensed signal resulting from the reflection can be
easily discriminated from the sensed signal resulting from the acoustic input
signal. In some of these examples, the signal processor generates pulses in a
pulse train with a time interval between subsequent pulses that exceeds the
response duration. The response duration is for example defined as the interval
of time wherein a response amplitude has decreased to a value that is
substantially less than its maximum value, e.g. less than 10 times or less than
100 times the maximum value.

In case separate AFM-tips are used to induce an acoustic wave and to
receive a reflected acoustic wave, then it is easier to discriminate the sensed
signal resulting due to the reflection from the sensed signal resulting from the
acoustic input signal. The signal processor may generate the drive signal as a
continuous high frequent signal or generate pulse like signals as described for
the case where a single AFM-tip is used.

The lateral positioning device serves to control a lateral position of the at
least one AFM-tip with respect to the surface of the sample. Typically the lateral
positioning device is configured to control the lateral position in two orthogonal
directions of the sample surface, e.g. by positioning the sample and/or the at least
one AFM-tip.

The distance control device controls a distance of the at least one of the
AFM-tips with respect to the surface of the sample. In an example the distance
control device controls the position of a device head carrying the at least one
AFM-tip in a direction transverse to the sample surface. Alternatively or
additionally the distance control device controls the position of an AFM-tip
arranged in the device head in a direction transverse to the sample surface.

The signal processor is configured for generating output data about the
subsurface feature in the sample. The output data comprises for example a
location of the subsurface feature, a shape of the subsurface feature, a material

property of the subsurface feature and the like.
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The acoustic subsurface inspection device is configured to perform a
measurement session with at least two acoustic measurements with mutually
different input locations and/or mutually different receiving locations. The signal
processor is configured to combine information from the respective sense signals
generated with the at least two acoustic measurements in the measurement
session to compute information about the subsurface feature in the sample.

Due to the fact that the signal processor combines information from the
respective sense signals generated with the at least two acoustic measurements
in the measurement session it can obtain information about the subsurface
feature in the sample that would otherwise not be available.

As noted above, in some examples an AFM-tip is used that is configured for
inducing an acoustic wave and configured for receiving a reflection of the acoustic
wave. In those examples the at least two acoustic measurements are performed
in mutually different time intervals at mutually different lateral positions of the
AFM-tip relative to the sample surface. The first one of the lateral positions is
the input location and the receiving location in the first acoustic measurement.
The second one of the lateral positions is the input location and the receiving
location in the second acoustic measurement.

In another embodiment the acoustic subsurface inspection device
comprises a plurality of transmitting AFM-tips configured for inducing an
acoustic wave into the sample, and at least one separate receiving AFM-tip for
receiving a reflected acoustic wave. In that embodiment the signal processor is
configured to generate output data based on a comparison of the generated sense
signals resulting from reflections of the acoustic waves originating from each of
the plurality of transmitting AFM-tips.

In another embodiment the acoustic subsurface inspection device
comprises a plurality of receiving AFM-tips configured for receiving a reflected
acoustic wave as well as at least one transmitting AFM-tip and the signal
processor is configured to generate output data based on a comparison of the
generated sense signals provided by each of the plurality of receiving AFM-tips.

It is not necessary that an AFM-tip is statically configured as either a

transmitting AFM-tip, a receiving AFM-tip or both at the same time. In some
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examples the acoustic subsurface inspection device comprises at least one AFM-
tip that is dynamically configurable as either a transmitting AFM-tip, a receiving
AFM-tip or both at the same time.

As noted above, the drive signal can be provided as a pulse train. During a
same acoustic measurement in an acoustic measurement session, 1.e. while not
changing the input location and the receiving location, a plurality of sense signals
can be obtained for each pulse in the pulse train. The obtained plurality of sense
signals can be subjected to a statistical analysis, for example to derive an
estimation of measurement noise and/or to provide a denoised sense signal. Also
the drive signal can be provided as a pulse train in order to perform a lock-in
detection.

In some embodiments the signal processor of the acoustic subsurface
inspection device comprises a peak detection unit to determine a respective delay
with which a peak value occurs in respective sense signals obtained in respective
ones of the at least two acoustic measurements in the measurement session and a
computation unit to compute a position of the subsurface feature from a
difference between the respective delays. The difference between the respective
delays is a monotonic function of the lateral position of the subsurface feature.
Therewith the lateral position of the subsurface feature can be computed from
the measured difference with the inverse function or estimated with an
approximation thereof, e.g. using a look-up table or a polynomial approximation.

In case there are more subsurface features present, the peak detection unit
can be configured to detect a plurality of peaks in the signal and to correlate the
difference in delay between mutually corresponding peaks. Peaks occurring in
the sense signal of the first acoustic measurement can be paired with peaks
occurring in the sense signal of the second acoustic measurement provided that
the input location and the receiving location in the first measurement are
sufficiently close to the input location and the receiving location in the second
measurement.

It is further possible to perform a measurement session with more than

two acoustic measurements at mutually different input locations and/or mutually
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different receiving locations, for example to determine more than one coordinate
of the subsurface feature.

In an alternative embodiment the signal processor of the acoustic
subsurface inspection device comprises a prediction module that is configured to
generate predicted detection signals based on a model of the sample and
generating output data based on a comparison of the predicted detection signals
and the actual detection signals. In this embodiment the comparison between the
predicted detection signals and the actual detection signals indicates whether or
not a property of the sample deviates from what it should be. If this is the case
the sample can be subjected to a further measurement to identify the cause of the
deviation.

In again another embodiment of the acoustic subsurface inspection device
the signal processor comprises a trained neural network that receives the
respective sense signals and that is configured to apply neural network
operations to the received sense signals to estimate properties of the subsurface
feature. The obtained sense signals comprise convolved information about the
subsurface features present in the sample. A neural network can be trained for
the purpose to reconstruct information about the subsurface features. Due to the
fact that sense signals are dominated by local information, the neural network
can be trained with a training sample having a large plurality of training regions
with mutually different subsurface patterns. The properties of the training
sample determined at design time therewith serve as a ground truth.

In further embodiments the signal processor of the acoustic subsurface
inspection device comprises two or more of the signal analysis components as
described above, so as to analyze the sense signals in various ways.

The present application further pertains to an improved acoustic
subsurface inspection method holding a sample to be inspected

The method comprises performing a measurement session that includes at
least two acoustic measurements. Each acoustic measurement comprises
inputting an acoustic wave at an input location of the sample surface and
generating a respective sense signal measuring reflections of the acoustic wave at

a measurement location of the sample surface. The at least two acoustic
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measurements are performed with a different input location and/or a different
measurement location.

Then output data is generated that is indicative for subsurface features in
the sample based on a computation using the respective sense signals generated
with the at least two acoustic measurements in the measurement session.

An embodiment of the acoustic subsurface inspection method further
comprises additional steps preceding the step of holding a sample to be inspected.
The additional steps comprise:

Providing a neural network;

Providing at least one test sample;

Performing a plurality of acoustic measurements, each acoustic
measurement in the plurality of acoustic measurements comprising:

Inputting an acoustic input signal at an input location and obtaining a
sense signal indicative for an acoustic reflection signal at a sensing location,
wherein the input locations and/or the sensing locations of the at least two
acoustic measurements are at mutually different lateral positions with respect to
the sample surface.

Therewith the neural network is trained for the purpose to reconstruct
information about the subsurface features. Due to the fact that sense signals are
dominated by local information, training can be performed with a training
sample having a large plurality of training regions with mutually different
subsurface patterns. The properties of the training sample determined at design
time therewith serve as a ground truth.

In an embodiment of the acoustic subsurface inspection method, the
computation comprises generating a difference signal indicative for a difference
between the respective sense signals, This serves as an intermediate
computational step that simplifies further computational steps for generating the
output data.

In an embodiment, the acoustic subsurface inspection device comprises a
prediction module that is configured to generate predicted detection signals
based on a model of the sample and generating output data based on a

comparison of the predicted detection signals and the actual detection signals. In
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this case it is not necessary to reconstruct subsurface features from the detection
signals. Instead, based on the comparison it can be determined whether or not a
subsurface defect is present.

In an embodiment of the acoustic subsurface inspection device the at least
one AFM-tip that is configured to detect a reflection is at a fixed distance with
respect to the at least one AFM-tip configured for supplying an acoustic input
signal. This embodiment is advantageous in the sense that it has a mechanically
simple construction and the relative position can be very accurately be calibrated.

In another embodiment of the acoustic subsurface inspection device the at
least one AFM-tip that is configured to detect a reflection is at a configurable
distance with respect to the at least one AFM-tip configured for supplying an
acoustic input signal. This renders it possible to perform additional
measurements.

In some examples, the relative lateral positioning between the
transmitting and receiving AFM-tips is not fixed but can be adjusted. This
adjustability allows, for example, the receiving AFM-tip to be positioned at a
plurality of selectable/adjustable lateral offsets relative to the transmitting AFM-
tip. By selecting different lateral separations, the measurement conditions can be
improved to suit the particular characteristics of the sample under inspection, its
subsurface structures, and the desired measurement resolution and accuracy.

Optionally, the configurable distance is adjusted based on (e.g. expected)
buried structures to be imaged and/or parameters derived from the same. Having
a configurable distance allows for optimization depending on the nature of the
buried structures to be imaged and/or parameters derived from the same.

By adjusting the transmitter-receiver spacing, the path lengths of the
acoustic waves to and from subsurface features can be modified, which in turn
influences the delay times and detected signal characteristics. Such flexibility is
advantageous for fine-tuning the measurement to increase signal contrast,
reduce measurement uncertainty, and achieve an improved signal-to-noise ratio.
For example, by increasing the lateral distance between the transmitting AFM-
tip and the receiving AFM-tip, certain interference patterns in the sensed signal

may be mitigated, or certain subsurface features that were previously
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indistinguishable may now yield distinguishable peaks in the reflected signal.
Conversely, by decreasing the lateral distance, it may be possible to increase
measurement sensitivity for specific localized subsurface structures. Thus,
having a configurable distance provides a metrology advantage: the operator or
automated control system can select or tune the AFM-tip positions to best suit
the materials and configuration of the sample at hand.

Embodiments of the acoustic subsurface inspection device having more
than one AFM-tip may comprise a respective actuator for individually positioning
each AFM-tip in a direction towards a surface of the sample.

Advantageously, effectively controlled, individual coupling levels can be
ensured. By providing individual actuators for each AFM-tip, it becomes possible
to finely adjust the vertical positioning of the tips relative to the sample surface,
thereby allowing precise control of the contact force and thus the acoustic
coupling at each tip location. The acoustic coupling between the AFM-tip and the
sample surface, which is influenced by the applied force, directly affects the
signal-to-noise ratio (SNR) of the measured reflection signals.

In some examples, ensuring ideal parallel alignment of the head and the
sample substrate may be challenging, and a small angular misalignment (tilt)
may be present. As a consequence, a fixed vertical position of the head relative to
the sample may lead to varying tip-to-substrate distances across multiple AFM-
tips, since each tip may engage the substrate surface at a slightly different angle
or vertical offset. These variations can cause differences in the contact forces
applied by the individual AFM-tips to the substrate, resulting in uneven acoustic
coupling conditions that may adversely affect measurement quality.
Advantageously, by employing individual actuators for each AFM-tip, the vertical
displacement and contact force of each tip can be individually controlled, even in
the presence of tilt or other spatial variations in the substrate surface. For
example, one AFM-tip acting as the acoustic source may be positioned at a
certain contact force level to achieve improved acoustic wave transmission into
the sample, while the AFM-tips designated as receivers can be adjusted
independently to ensure a suitable force level for optimal detection and coupling

efficiency. In some examples, such an individual control can be further combined
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with the embodiments where one of the AFM-tips is configured for receiving the
reflection is placed at a configurable lateral distance from the source AFM-tip. By
doing so, the force applied by the sensing tips can be tuned to provide improved
acoustic coupling (adequate couplings for each tip), thereby enhancing SNR for
the reflected signals and improving the fidelity and reliability of the subsurface
feature detection.

In an embodiment, a head of the acoustic subsurface inspection device has
one or more AFM-tips removably mounted therein.

Still further the present disclosure provides a system that comprises in
addition to the improved acoustic subsurface inspection device, a calibration
sample and a calibration unit. Therein the calibration unit is configured to cause
the acoustic subsurface inspection device to generate output data indicative for
subsurface features in the calibration sample and to calibrate the acoustic
subsurface inspection device based on a comparison of the output data with

output data expected for the calibration sample.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the present disclosure are shown in more detail
with reference to the drawings: Therein:

FIG. 1 schematically shows an embodiment of the improved acoustic
subsurface inspection device;

FIG. 2 illustrates various measurement options;

FIG. 3A — 3D illustrate operations of an embodiment of an improved
acoustic subsurface inspection device 1 in more detail;

FIG. 4A, 4B illustrate another embodiment of the improved acoustic
subsurface inspection device;

FIG. 5A, 5B illustrate again another embodiment of the improved acoustic
subsurface inspection device;

FIG. 6A — 6D illustrate an application to overlay detection;
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FIG. 7 illustrates a method of training a neural network for uses in an
embodiment the improved acoustic subsurface inspection device or in an

embodiment of the corresponding method.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 schematically shows an embodiment of an improved acoustic
subsurface inspection device 1. In the embodiment of FIG. 1, the acoustic
subsurface inspection device 1 comprises a carrier 10 for holding a sample 11 to
be inspected, a signal generator 20, at least one AFM-tip 31 configured for
inducing an acoustic wave W, at least one AFM-tip 32, 32a, 32b configured for
receiving a reflection Rca, Raa of the acoustic wave, a lateral positioning device 16,
a distance control device, and a signal processor 50.

The at least one AFM-tip 31 when driven by the signal generator 20 is
configured for inducing an acoustic wave W into the sample at an input location
Pa; Pd, Pe o0 a surface 114 of the sample.

The at least one AFM-tip 32, 32a, 32b is configured for receiving a
reflection Rca, Raa of the acoustic wave in the sample at a receiving location pu, pe;
pr on the surface (114) of the sample and it is coupled to an acoustic sensor
configured to generate a sense signal S32,, S32, that is indicative for the received
reflected acoustic wave.

The lateral positioning device 16 is configured for controlling a lateral
position of at least one AFM-tip 31, 32 with respect to the surface of the sample
11.

The distance control device 51 is provided for controlling a distance of at
least one of the AFM-tips with respect to the surface of the sample 11.

The signal processor 50 is configured for generating output data Sim about
the subsurface feature 113., 1134 in the sample.

The acoustic subsurface inspection device is configured to perform a
measurement session with at least two acoustic measurements with mutually

different input locations and/or mutually different receiving locations.
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The signal processor 50 is configured to combine information from the
respective sense signals generated with the at least two acoustic measurements
in the measurement session to compute information about the subsurface feature
113, 1134 1in the sample.

FIG. 2 schematically shows a surface 114 of a sample 11 and illustrates
operation of two embodiments of the acoustic subsurface inspection device. The
upper part of FIG. 2 illustrates the operation of a first embodiment wherein an
AFM-tip 31 driven by the signal generator 20 induces an acoustic wave W into
the sample at an input location p, on the surface 114 of the sample 11. At least
one AFM-tip receives a reflection Rap, Rac of the acoustic wave in the sample at
the respective receiving locations pp, p. on the surface 114 of the sample. In one
example a single AFM-tip is subsequently positioned at the receiving locations p,
pc. In another example respective AFM-tips are positioned at the receiving
locations pp, pc on to simultaneously receive the reflections Rap, Rac of the acoustic
wave.

The lower part of FIG. 2 shows operation of a second embodiment wherein
a single AFM-tip positioned at a receiving locations pr receives reflections Raf, Ref
of acoustic waves in the sample induced at respective positions pg, pe on the
surface 114 of the sample 11. In one example a single AFM-tip is subsequently
positioned at the locations pq, pe for inducing an acoustic wave. In another
example respective AFM-tips are positioned at the locations pg, pe to
simultaneously induce an acoustic wave in the sample 11.

In each of these examples in these embodiments respective sense signals
are obtained that are generated with at least two acoustic measurements in a
measurement session. In the examples of the first embodiment respective sense
signals are obtained for the reflections Ran, Rac. In the examples of the second
embodiment respective sense signals are obtained for the reflections Rar, Ret.
Based on a comparison of the generated sense signals the signal processor
generates output data.

FIG. 3A and 3B illustrates an operation of an embodiment of the improved
acoustic subsurface inspection device in more detail. FIG. 3A shows an exemplary

sample 11 having a lower layer 111, e.g. a substrate, a matrix 112 and a series of
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features of which the two that are most close to the transmission tip 31 are
denoted as 113c and 113d.

In this embodiment, the improved acoustic subsurface inspection device
comprises a sense head 30 with an AFM-tip 31 configured to induce an acoustic
wave W into the sample 11 at an input location on a surface 114 of the sample 11.
The sense head 30 also has a pair of AFM-tips 324, 32, that are symmetrically
arranged with respect to AFM-tip 31 at a distance of 5nm to each other, and that
are configured to receive reflections of the acoustic wave W at respective
receiving locations. In one example the AFM-tips 31, 324, 32, are statically
configured to perform these functions. I.e. their function is hardwired. For
example the AFM-tip 31 is exclusively connected to the signal generator 20 to
receive the drive signal S31 and the AFM-tips 32,4, 32y, are exclusively connected
to the signal processor 50 to provide their respective sense signals S32;, S32y,. In
that case, the AFM-tip 31 on the one hand and the AFM-tips 324, 32, on the other
hand may have a dedicated construction to optimally perform their respective
hardwired functions. In another example the AFM-tips 31, 32,4, 321, are
dynamically configured to perform these functions. For example each of these
AFM-tips 1s mechanically coupled to a respective piezo-electric element. In this
case the AFM-tip 31 is configured to induce an acoustic wave W into the sample
11 in that its piezo-electric element is dynamically configured to receive the drive
signal S3: from the signal generator 20 and the piezo-electric elements of the
AFM-tips 31, 324, 32p are dynamically configured to provide their respective
sense signals S32;, S32;, to the signal generator 20.

For simplicity the acoustic waves emitted by the transmission tip 31 and
reflected by the features 113c, 113d are schematically shown as arrows.

The drive signal S31 and the sense signals Ssz2a, Ssap typically are electric
signals, but it may alternatively be the case that one or more of these signals are
optical signals.

As shown in FIG. 3A, AFM-tip 324, 32y receives reflections Rea and Rya
from the two nearest subsurface features 113c, 113d in the sample 11
respectively and generates the sense signal S32; as shown in FIG. 3B In. In

practice it can be presumed that reflections from other subsurface features,
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farther away from these two subsurface features 113c, 113d can be ignored.
Likewise AFM-tip 32), receives reflections Ra, and Rqy, from the two nearest
subsurface features 113c, 113d in the sample 11 respectively and generates the
sense signal S32;, shown in FIG. 3B.

FIG. 3B shows that the sense signals S32, and S32;, each have a dominant
peak near the origin of the graph that is due to the initial acoustic excitation due
to a wave propagating on the sample surface 114. The sense signal S32, has a
first and a second peak following the dominant peak after a time delay tca and tga
respectively. These time delays tca and tqa respectively are indicative for the path
length from AFM-tip 31 via subsurface feature 113c to the AFM-tip 32a, and the
path length from AFM-tip 31 via subsurface feature 113d to the AFM-tip 32a.
Likewise, the sense signal S32;, has a first and a second peak following the
dominant peak after a time delay te and tap respectively. These time delays te
and ta, respectively are indicative for the path length from AFM-tip 31 via
subsurface feature 113c to the AFM-tip 32b, and the path length from AFM-tip
31 via subsurface feature 113d to the AFM-tip 32b.

In this example the acoustic wave W is induced with a single pulse. As
shown in FIG. 3B, the pulse has a duration that is short compared to the time it
takes sound to travel the distance to the subsurface features to be detected.
Therewith the response, i.e. in this case the peaks succeeding the initial peak can
be easily discriminated from the initial peak. By way of example the speed of
sound in the substrate is in the order of 2000 m/s. When measuring within a
range of 1 micron, the travel time is about 0.5 ns and the pulse width is at most
one tenth of the travel time, i.e. not greater than 0.05 ns. In practice the
measurement pulse can be induced as part of a pulse train, provided that the
time interval between subsequent pulses exceeds the time interval in which the
reflections of the acoustic wave are measured. While providing the acoustic wave
in response to the pulse train like drive signal S31, the AFM-tips 31, 32a, 32b may
be maintained at a fixed position so that a plurality measurement sessions with
the same conditions is performed enabling to perform statistic operations. For
example to compute a more accurate location estimation of a subsurface feature

or to compute a measure for an uncertainty in the location estimation.
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In the following discussion, the coordinates (x, z) of the tips 32a, 31 and
32b as well as the coordinates of the features 113c, 113d are expressed relative to
the coordinates of the transmission tip 31. Accordingly, the relative coordinates of
the transmission tip are (0, 0). It is further presumed that the receiving tips 32a,
32b are at equal distances d from the transmission tip 31 at the same level z.
Accordingly, the receiving tips have coordinates (-dx,0) and (dx,0) respectively. It
is further presumed that the features have a z-coordinate dz, and relative
positions -xc, +xd along the x-axis relative to the transmission tip 31.
Accordingly, the coordinates of the features 113c and 113d are (-xc, dz) and (xd,
dz) respectively. In the example shown, the first receiving tip 32a generates a
sense signal Ssz, that is indicative for a superposition of acoustic waves reflected
by the features in the sample 11, in particular the reflections Rca and Raa received
from the closest features 113c and 113d respectively. Likewise the second
receiving tip 32b generates a sense signal Ss2;, that is indicative for a
superposition of acoustic waves reflected by the features in the sample 11, in
particular the reflections Ra, and Rap received from the closest features 113¢ and
113d respectively. The reflections are received with different delays depending of
the relative positions of the features to the tips.

The delay with which the reflections are received are determined by the
pathlengths and the speed of sound vs in the matrix 112. The relative temporal
location t., of a peak, i.e. the time interval between emission of an acoustic pulse
by the transmission tip 31 and the occurrence of the peak in the detected signal
Ss2a caused by reflection of the feature 113c is approximated as:

xZ+dz2+/(xc+dx)2+dz?

Vs

tog = i—j(\/(%)z +1+ \/(%de)z + 1) (1a)

tca

Likewise for the peak in detected signal Ss2, caused by reflection Rga from feature

113d the relative temporal location tga is:

/xgl+dzz+1/(xgl+dx)2+dz2

tda -

Vs
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=2 ([ #1422 1) (1b)

The temporal location te, in detected signal Ssz, of the peak caused by reflection

Rep from feature 113c is:

x2+dz2+./(x—dx)2+dz?

Vs

5 ty = %(\/(%)2 +1+ \/(%)2 + 1) (22)

tcb

And the reflection Rap from feature 113d causes a peak in detected signal Ssap, at

temporal location tay:

/x‘21+d22+1/(xd—dx)2+d22

lap =

Vs

10 tar = j_j(J(;_;)z w1 (522 1) (2b)

The distance between the peaks in the detected signal Ss2; is:

et =2 - - )

The distance between the peaks in the detected signal S, is:

o (IR I RN C=m ey = )

Accordingly the distances differ as:
A=A _A _dz <x6+dx>2+1 (xc—dx>2+1 (xd+dx>2+1
ab™ Fa TbT dz dz dz
2
Xg — dx)
1
* \] ( dz *

In case of a single measurement it could be determined that there are two

20 features in the neighborhood of the head 30, but the location could not be
determined.
Due to the fact that the respective sense signals generated with at least

two acoustic measurements in the measurement session it is possible to compute
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information about the subsurface feature 113c, 113d in the sample 11 from the

measured delay times tca, teh as shown below.

Acap=1tea —tep = %(J(%)z +1- \/(%)2 + 1) 3

FIG. 3C shows in arbitrary units the relationship between the position x.
of the feature relative to the position of the transmitter tip and the observed
difference Acap in the delay. As becomes apparent therefrom, the observed
difference is a monotonously increasing function of the distance, which renders it
possible to determine the position of the feature.

FIG. 3D shows in more detail a signal processor 50 to perform the
computations discussed above. The exemplary signal processor of FIG. 3D
comprises a first delay time computation module 55a that computes the delay
time tcq as specified in equation 1a. A second delay time computation module 55b
computes the delay time tq, as specified in equation 2a. The subtraction element
56 computes the difference Acap between these delay times. Feature position
computation module 57 computes the position x. of a feature in accordance with
equation 3.

In another approach, illustrated in FIG. 4A, 4B, the device comprises an
inspection head 30 with a single transmission tip 31 and a single receiving tip
32a and a measurement session comprises measuring at two or more different
locations. For example a first measurement is performed at a reference location
and a second measurement is performed a location different from the reference
location by a shift in the direction of the x-axis. As a non-limitative example, it is
presumed that the shift is dx.

As above, it is presumed for the first measurement that the position of the
transmission tip is at the origin, and that the position of the receiving tip 32ais
at a position -dx with respect to that of the transmitting tip 31. In that case the

observed delay denoted as tga1 1s:
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tear = %(J (%)2 +1+ \/ ("C;Zd")z + 1)

For the second measurement, with the location of the transmitting tip at

dx, the observed delay denoted as tgaz is:

teaz = %(J (xC;Zd")Z +1+ \/ (%)2 + 1)

Accordingly, the difference in delay time Ac 12 can be computed as

dz Xotdx\ 2 xe—dx\?
AC,12: lear — leaz = Z(\/( dz ) +1 _\/( dz ) + 1)

Therewith the location of the feature can be determined with the same

computations as described in the example of FIG. 3A, 3B, 3C.

In a further embodiment, illustrated in FIG. 5A, 5B, the acoustic
subsurface inspection device comprises an AFM-tip 31 that is dynamically
configurable to function as an AFM-tip for inducing an acoustic wave and as an
AFM-tip for receiving a reflection. In operation, the signal generator 20 drives
the AFM-tip 31 with a drive signal S31_i1 that causes the AFM-tip 31 to induce
an acoustic wave W1 into the sample at a first input location on the surface 114
of the sample 11 and the signal processor 50 processes the sense signal S3; o1 that
is generated by the AFM-tip in response to a received reflection of the induced
acoustic wave. Without loss of generality it is presumed that the location has
coordinates (x1 =0, z1 =0). The AFM-tip 31 is also configured for receiving a
reflection Rc1, Rq1 of the acoustic wave in the sample at that location and to
generate a sense signal S3i1 o1 that is indicative for the received reflected acoustic
wave and that is to be processed by the signal processor 50.

The reflection of the acoustic signal W1 at the feature 113c causes a peak
in the sense signal S3i o1 at a time-interval tc: following the peak in the drive

signal, wherein the time-interval is specified by:
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Similarly the time-location of the peak caused by the reflection of other features,
e.g. feature 113d can be computed.

As shown in FIG. 5B, the head 30 is displaced in the positive direction of
the x-axis over a distance dx and the measurement as described above is
repeated, resulting in a second sense signal S3i_o2. Now a time-interval tc2 is

measured which is determined by:

__2xdz Xc—dx 2
tcz_ Vg ( ( dz ) +1>

The difference A 12 in the length of these time-intervals is:

Ac,12: ley =tz = 2*1;512 (\/(%)2 1= \/(xcd;zdx)2 " 1)

This is again a monotonously related function of the location x. of the feature

113c rendering it possible to compute the location x..

In summary, the acoustic subsurface inspection device is configured to
perform an acoustic subsurface inspection method. While performing the method
a sample 11 to be inspected is hold for example on an xy-table with which its
lateral position can be dynamically controlled. The method comprises performing
a measurement session including at least two acoustic measurements. In each
acoustic measurement an acoustic wave is inputted at an input location and
generating respective sense signals that are indicative for measured reflections of
the acoustic wave at a measurement location. The at least two acoustic
measurements in a measurement session are performed with a different input
location and/or with a different measurement location. The method also
comprises generating output data indicative for subsurface features in the
sample based on a computation using the respective sense signals generated with
the at least two acoustic measurements in the measurement session.

As discussed above, the at least two acoustic measurements in the
measurement session can be performed in various ways. For example, as
discussed with reference to FIG. 2 the measurement session can be performed
with a single transmission tip and a plurality of receiving tips, or with a plurality

of transmission tips and a single receiving tip. Also the measurement session can
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be performed with a plurality of transmission tips and a plurality of receiving
tips, or, as shown in FIG. 4A, 4B with a single transmission tip and a single
receiving tip, or as shown in FIG. 5A, 5B with a single tip configured to induce an
acoustic wave and to receive its reflections.

As discussed further, the function of a tip can be either hardwired or be
configurable dynamically.

FIG. 6A — 6D illustrate an embodiment of the improved acoustic
subsurface inspection method for the purpose of overlay detection. Therein FIG.
6A shows two detection signals from two subsurface subsurface features at a
depth of 2.5 micron below the sample surface and mutually separated by 5 nm. In
this graph, the vertical axis indicates the signal strength and the horizontal axis
indicates the distance from the subsurface features to the detector as computed
from the time delay with which the response to the induced acoustic wave is
received. FIG. 6B shows an enlarged portion. FIG. 6C shows the difference signal
computed from the difference between the two detection signals. FIG. 6D shows
the difference signal obtained for various lateral offsets of the subsurface
features. As becomes apparent from FIG. 6D the difference signal clearly
indicates the offset between the subsurface features.

In an embodiment the signal processor 50 that is configured to compute
information about the subsurface feature in the sample comprises a trained
neural network 50nN. A trained neural network 50ny for this purpose can be
obtained with the following procedure that is applied to a network to be trained;

At least one training sample 11T is provided that comprises a variety of
mutually different subsurface structures that are laterally distributed in the
sample. Using the least one training sample 11T the following sequence of
training steps is repeatedly performed.

Respective sense data are obtained in a measurement session with the
input locations and the measurement locations in a spatial range around a
position x. The measurement session includes at least two acoustic
measurements, each acoustic measurement comprises inputting an acoustic wave
at an input location and generating a respective sense signals indicative for

measured reflections of the acoustic wave at a measurement location, wherein
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the at least two acoustic measurements are performed with a different input

location and/or a different measurement location within the spatial range.

The respective sense signals ST(x) generated, e.g. with a head 30, with the
at least two acoustic measurements in the measurement session are provided at
an input of the neural network 50nn to be trained;

In response thereto, the neural network 50nn to be trained applies neural
network operations to the respective sense signals and provides output data F(x).
The output data F(x) for example indicates an estimated offset of subsurface
features in the training sample 11T in the region x.

Also ground truth data GT(x) is obtained from a subsurface specification of
the at least one training sample in the spatial range x.

A loss L(x) is computed, here with a loss computation module 70, based on
a comparison of the output data F(x) and the ground truth data GT(x).

Neural network parameters of the neural network 50y to be trained are
subsequently updated by backpropagation of the computed loss L(x).

Subsequent to updating a new spatial range different from preceding
spatial ranges is selected and the next sequence of training steps is performed.

It is noted that in a still further embodiment of the acoustic subsurface
inspection device the signal processor comprises a prediction module that i1s
configured to generate predicted detection signals based on a model of the sample
and generating output data based on a comparison of the predicted detection
signals and the actual detection signals. In this embodiment it is not necessary to
reconstruct subsurface properties from the detection signals. Instead the
obtained detection signals are compared with expected detection signals and a
deviation is indicative for a defect of the sample.

In the claims the word “comprising” does not exclude other elements or
steps, and the indefinite article “a” or “an” does not exclude a plurality. A single
component or other unit may fulfill the functions of several items recited in the

claims. The mere fact that certain measures are recited in mutually different
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claims does not indicate that a combination of these measures cannot be used to
advantage. Any reference signs in the claims should not be construed as limiting

the scope.



10

15

20

25

30

WO 2025/136102 PCT/NL2024/050691

23

CLAIMS

1. An acoustic subsurface inspection device (1) comprising:

a carrier (10) for holding a sample (11) to be inspected;

a signal generator (20);

at least one AFM-tip (31) configured to be driven by the signal generator
configured for inducing an acoustic wave (W) into the sample at an input location
(Pa; pd, Pe) on a surface (114) of the sample;

at least one AFM-tip (32, 32a, 32b) that is configured for receiving a
reflection (Rca, Rda) of the acoustic wave in the sample at a receiving location (p,
pc; po) on the surface (114) of the sample and that is coupled to an acoustic sensor
configured to generate a sense signal (Ssza, S32p) indicative for the received
reflected acoustic wave;

a lateral positioning device (16) for controlling a lateral position of at least
one AFM-tips (31, 32) with respect to the surface of the sample;

a distance control device (51) for controlling a distance of at least one of the
AFM-tips with respect to the surface of the sample;

a signal processor (50) for generating output data (Sim) about the
subsurface feature (113c¢, 113d) in the sample;

wherein the acoustic subsurface inspection device is configured to perform
a measurement session with at least two acoustic measurements with mutually
different input locations and/or mutually different receiving locations;
and wherein the signal processor (50) is configured to combine information from
the respective sense signals generated with the at least two acoustic
measurements in the measurement session to compute information about the

subsurface feature (113c, 113d) in the sample.

2. The acoustic subsurface inspection device according to claim 1, comprising
a plurality of transmitting AFM-tips configured for inducing an acoustic wave
into the sample and at least one AFM-tip configured for receiving a reflected
acoustic wave, wherein said signal processor is configured to generate output

data based on a comparison of the generated sense signals resulting from
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reflections of the acoustic waves originating from each of the plurality of

transmitting AFM-tips.

3. The acoustic subsurface inspection device according to claim 1 or 2,
comprising a plurality of receiving AFM-tips configured for receiving a reflected
acoustic wave and at least one transmitting AFM-tip configured for inducing an
acoustic wave into the sample, wherein said signal processor is configured to
generate output data based on a comparison of the generated sense signals

provided by each of the plurality of receiving AFM-tips.

4. The acoustic subsurface inspection device according to claim 1 or 2,
configured to perform the at least two acoustic measurements at mutually
different time intervals, wherein at least one of an input location and/or a
receiving location is changed subsequent to performing a first one of the at least
two acoustic measurements and before performing a second one of the at least

two acoustic measurements.

5. The acoustic subsurface inspection device according to any of the preceding
claims, wherein the signal processor comprises a peak detection unit (55a, 55b) to
determine a respective delay (tca, teb) with which a peak value occurs in respective
sense signals (Ss2a, Ssap) obtained in respective ones of the at least two acoustic
measurements in the measurement session and a computation unit (57) to
compute a position (x.) of the subsurface feature (113c, 113d) from a difference

between the respective delays.

6. The acoustic subsurface inspection device according to any of the claims 1 -
4, the signal processor comprises a prediction module that is configured to
generate predicted detection signals based on a model of the sample and
generating output data based on a comparison of the predicted detection signals

and the actual detection signals.
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7. The acoustic subsurface inspection device according to any of the claims 1 -
4, wherein the signal processor (50) comprises a trained neural network (50nN)
that receives the respective sense signals and that is configured to apply neural
network operations to the received sense signals to estimates properties of the

subsurface feature.

8. The acoustic subsurface inspection device according to claim 1, wherein the
at least one AFM-tip that is configured to detect a reflection is at a configurable
distance with respect to the at least one AFM-tip configured for supplying an

acoustic input signal.

9. The acoustic subsurface inspection device according to claim 1, comprising
a head carrying the at least one AFM-tip configured for supplying an acoustic
input signal and at least two AFM-tips configured to detect a reflection, the head
comprising a respective actuator for individually positioning the AFM-tips in a

direction towards a surface of the sample.

10. The acoustic subsurface inspection device according to claim 1, comprising
at least three AFM-tips that are dynamically configurable to function as an AFM-

tip for supplying an acoustic input signal or an AFM-tip to detect a reflection.

11. The acoustic subsurface inspection device according to claim 1, having one

or more of the AFM-tips removably mounted therein.

12.  The acoustic subsurface inspection device according to claim 1, configured
to be operated with at least two AFM-tips to detect a reflection at a fixed lateral
position relative to the sample while positioning the at least one AFM-tip for
supplying an acoustic input signal at mutually different lateral positions with
respect to the sample, the signal processor being configured to generate the
output data on the basis of the detection signals obtained for the mutually

different positions.
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13. A system comprising in addition to the acoustic subsurface inspection
device according to any of the preceding claims, a calibration sample and a
calibration unit, wherein the calibration unit is configured to cause the acoustic
subsurface inspection device to generate output data indicative for subsurface
features in the sample and to calibrate the acoustic subsurface inspection device
based on a comparison of the output data with output data expected for the

calibration sample.

14.  An acoustic subsurface inspection method comprising:

holding a sample (11) to be inspected, the sample having a sample surface;

performing a measurement session including at least two acoustic
measurements, each acoustic measurement comprising inputting an acoustic
wave at an input location (pa; pd, pe) and generating a respective sense signal
indicative for reflections of the acoustic wave measured at a measurement
location (pb, pc; pf), wherein the at least two acoustic measurements are
performed with a different input location (pa; pd, pe) and/or a different
measurement location;

generating output data indicative for subsurface features in the sample
based on a computation using the respective sense signals generated with the at

least two acoustic measurements in the measurement session.

15. The acoustic subsurface inspection method according to claim 14, wherein
the computation comprises generating a difference signal indicative for a
difference between the respective sense signals, as an intermediate

computational step for the computation of the output data.

16. The acoustic subsurface inspection method according to claim 14, wherein
the computation comprises:

providing the respective sense signals generated with the at least two
acoustic measurements in the measurement session at an input of a trained

neural network;
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with the neural network applying neural network operations to the
respective sense signals;
obtaining the output data indicative for subsurface features in the sample

at an output of the trained neural network.

17.  The acoustic subsurface inspection method according to claim 16,
comprising:

Providing a neural network to be trained;

Preparing at least one training sample which comprises a variety of
mutually different subsurface structures that are laterally distributed in the
sample;

Repeating the following training steps:

applying the steps of claim 10 to obtain respective sense data in a
measurement session with the input locations and the measurement locations in
a spatial range;
providing the respective sense signals generated with the at least two acoustic
measurements in the measurement session at an input of a neural network to be
trained;

with the neural network applying neural network operations to the
respective sense signals;

obtaining output data at an output of the neural network to be trained;

obtaining ground truth data obtained from a subsurface specification of the
at least one training sample in said spatial range;

computing a loss based on a comparison of the output data and the ground
truth data;

updating neural network parameters of the neural network to be trained
by backpropagation of the computed loss;

selecting a new spatial range different from preceding spatial ranges.
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