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Supplementary Note 1: Calculation of Rayleigh wave velocity from fringe spacing
When the SAM interferometry setup is deliberately set out of focus (Z > Z0), distinct fringes emerge, spaced apart by half of the Rayleigh wavelength  around the TSV. These fringes allow for the calculation of the Rayleigh wave velocity, which can be determined through the application of Equation (1) and Equation (2)1,2.  
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As we increase the defocus distances (Z1, Z2, …, Zn), as illustrated in Supplementary Figure S1a, a noticeable increase in the number of oscillations within the intensity becomes apparent. When we examine a cross-sectional slice (xx') taken at 0° in the SAM C-scan images and generate an intensity plot along this cross-section, as shown in Figure S1b, we gain the ability to compute Rayleigh wave velocities based on the spacing between fringes at each defocus position. It is advantageous to consider the fringes nearest to the circumference of the TSV, as they provide higher contrast thus facilitate accurate Rayleigh wave velocity calculation3.
At focus position, almost no oscillations are observed, indicating nearly almost zero Rayleigh wave velocity. Conversely, for Z1 to Z12 the Rayleigh wave velocity is calculated using Equation 1 and Equation 2. The procedure was repeated for four additional TSVs, and the Rayleigh wave velocities based on fringe spacing at each defocus positions was calculated. The mean values of these calculated Rayleigh wave velocities across all defocus positions are summarized in Table S1. 
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Figure S1. Extraction of Rayleigh wave velocity from SAM C-scan interferometric fringes of five TSVs at different defocus positions. (a) The SAM C-scan images obtained at positions from Z0, Z1, Z2, …, Z12 . A consistent cross-sectional reference line (XX’) at the same location is considered, facilitating the extraction of Rayleigh wave velocity from the width of TSV fringes. (b) The normalized pixel intensity profiles along the cross-sectional line (XX’) for 13 Z –positions (Z0 to Z12). (c) Plot illustrating the calculated Rayleigh wave velocities from fringe spacing at various defocus positions for five TSVs exhibiting homogeneous fringes. (d) Mean Rayleigh wave velocity for each TSVs over all the defocus positions.
Unlike other defocus positions, where the calculated Rayleigh wave velocities varies, there is a consistent Rayleigh wave velocity of 5200 m/s at defocus position Z7 (-140 µm) for all the five TSVs (see, Figure S1c). Therefore, we have chosen Z7 as particular imaging position for further analysis, given the favorable tradeoff between contrasts at different defocus positions. 
Supplementary Table 1. Mean Rayleigh wave velocities from the SAM C-scan interference fringes of three TSVs across multiple defocus positions.
	TSV
	Mean VR (m/s)

	TSV 1
	5000

	TSV 2
	4967

	TSV 3
	4916

	TSV 4
	4891

	TSV 5
	5016



Based on these analyses of five TSVs at 12 defocus positions, the calculated mean Rayleigh wave velocity approximates 5000 m/s, closely aligning with the theoretical Rayleigh wave velocity in silicon. This quantitatively demonstrates the excitation of SAW at positions below the focus position. 
















S2. Detection of nm-sized cracks in open TSV technology using SAM interferometry setup. 

[image: ]
Figure S2. Detection of circumferential cracks within TSVs. The SAM C-scan image of (a) TSV 1, (b) TSV 2 and (c) TSV 3 with blossom shaped interference pattern corresponding to sidewall crack in the SEM images. 





Supplementary Note 2: Basic equations for 3D Elastodynamic Finite Integration Technique (EFIT) based simulations in differential form.
For simulating the elastic wave propagation using EFIT, we consider the entire material composed of several grids, as ‘, ‘ (see, Figure S3).  ‘ and ‘represent the current and adjacent cell to the right respectively.  The unit cell for 3D-EFIT simulation with velocity and stress components is defined at more than one location in the grid (staggered scheme), see Figure S3. The wave field's velocity and stress components have been then positioned to improve the grid resolution and reduce numerical dispersion errors4,5. 
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Figure S3. Staggered grid of 3D Elastodynamic Finite Integration Technique (EFIT) Simulation. 
Cauchy’s equation for motion and Hooke’s law describes the elastic wave propagation in an isotropic media4,6,  
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where  is the mass density,  is the particle velocity,  is the stress tensor, are the body forces,  and are the Lamés parameter, and  is the strain tensor. The Lamés parameters related to longitudinal (CL) and transverse (CT) speed of sound by the following equations.
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By arranging the velocity components on the edges of the unit cell together with the diagonal elements of the stress tensor on the corners and off-diagonal elements on the faces of unit cell, Equations (3) and Equations (4) can be discretized4,7,8 as follows.
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The variables ,,  are the unit steps in the x, y and z directions and denotes the current cell. Using the central difference operator, the time derivatives in Equation (7) to Equation (15) are approximated yielding a leap-frog scheme4. In our case, we have an inhomogeneous medium with different material parameters. Therefore, we have to discretize the material parameters as well9

Supplementary Note 3: Relation between Time of Flight (ToF) and depth.
The distance between the transducer and silicon surface  can be determined from the A-scan signal using the following equation,
	
	
	(16)



Where  is the time of flight and  is the speed of sound in water.
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Figure S4. To determine the transducer position from SAM C-scan image and A-scan signal (a) SAM interferometric C-scan image with six TSVs. A monitor point is marked to extract the A-scan signal from that point. (b) The A-scan signal corresponds to the monitor point with a gate (red color) selected to examine the specific time in the echo. 
From the A-scan signal, we can determine the time taken by the acoustic wave travelling with a speed of approximately 1500 to hit the substrate (silicon) and to return to the transducer as 3750 ns (ToF). This time of flight information extracted from the A-scan signal can be leveraged to calculate the height of the transducer using Equation (16).  
When the ToF as well as speed of sound in water are plugged into the Equation (16), the position of the transducer is calculated as 2812 µmfrom the substrate.







S5. Simulated SAM interferometric configuration using 2D EFIT.
[image: ]
Figure S5. (a) Simulated SAM interferometry setup with transducer positioned according to experiments. A small ROI marked in red rectangular dotted box is considered around TSV to show the geometry of TSV in detail. (b) The geometry of simulated TSV and the corresponding schematic with different layers. 

S6. Comparing Simulated A-scan signal with SAM A-scan signal at defocus position (Zn).
[image: ]
Figure S6. SAM A-scan and 2D-EFIT simulated A-scan signals at defocus position (Zn) of lens with respect to transducer. 
[bookmark: _GoBack]A consistent and distinct echo pattern is evident when comparing EFIT simulated A-scan signals (depicted in blue) with SAM measured A-scan signals (shown in red color). Nevertheless, we can observe a tolerable time difference of 52 ns between the first and second reflections in the A-scan signals. This time lag may be attributed to certain approximations employed in the EFIT simulations compared to SAM experiments. These approximations encompass minor disparities in material properties, the simplifications modelling the actual TSV layers and assumptions made regarding the geometry of TSV structure (e.g., TSV scallops are not simulated). 

Supplementary Note 4: 3D EFIT simulations of SAM measurement with two TSV configuration showing the dependence of transducer position with SAWs excitation and interaction.
Three-dimensional EFIT simulations were conducted to study Surface Acoustic Waves (SAWs) interaction using a dual TSV configuration. The results obtained from 3D simulations involving a dual TSV configuration, as depicted in Figure S7, serve to confirm the significance of transducer placement relative to the xy axis of the TSV in inducing SAWs. 
In the simulation setup, the two TSVs, labeled as 'TSV1' and 'TSV2', are deliberately positioned approximately 350 μm apart, aligning with the wafer's TSV positions.  Notably, 'TSV1' is precisely centered along the central curvature of the 100 MHz, 60° AO. In a sequential timeframe spanning from step 1 to 4, we observe the progressive propagation of excited acoustic waves towards the substrate and the subsequent interaction with the substrate becomes apparent at step 5. It becomes evident that the surface acoustic waves (SAWs) generated near the substrate's surface at this juncture travel towards 'TSV2'. Intriguingly, during steps 6 to 10, these SAWs continue their trajectory, primarily interacting with 'TSV1' and displaying zero interaction with 'TSV2'. Figure S7 encapsulates the simulation outcome, illuminating the link between SAW excitation and the transducer positioning. Based on these simulation findings, we posit two key points. Firstly, the interaction of SAWs is inherently contingent on the positioning of the lens in relation to the TSV. Secondly, we point out that the precise juncture at which SAWs interact with the metallized TSV wall is substantially influenced by the aperture angle of the acoustic lens.

[image: ]
Figure S7. The simulated acoustic lens geometry features an Anti-Reflective Coating (ARC) with an opening aperture of 60° and is affixed to a transducer operating at a central frequency of 100 MHz. The simulation demonstrates the dependence of SAWs excitation on the transducer’s placement.  When the transducer is precisely centred above TSV1, SAWs are excited and propagate towards TSV1, and interacting with it (see time steps 6 -10).
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SEM: TSV 3





