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Experimental Method  

1.1  Sample preparation 

With pressure-assisted sintering (Samples A-C), the specimen was placed on the hot 

plate at 130 oC for 12 min. Afterwards, the sample was sintered under a 10 MPa 

pressure and the temperature was ramped to 250 oC in 15 min with a ramping rate of 

15 oC/min from room temperature; the samples were sintered for 5 min at 250oC. For 

the sample sintered without pressure-assistance (Sample D), the specimen was annealed 

also by ramping the temperature in 15 min from room temperature to 250oC. However, 

sintering without pressure requires a longer time, i.e. 60 min. After the sintering process 

is completed, two of the samples were aged under accelerated condition at 250 oC in air 

for 24 hours to test their durability. The samples were noted as gold (Au) vs. nAu (no 

Au) for testing metallization effects, P vs. nP (no pressure) for testing sintering 

conditions, and A vs. nA for testing the aging effects.  

 

The pristine nano-silver (Ag) powders and the sintered nano-Ag structure are shown in 

Figure 6 B. The pristine nano-Ag powders are triangle in shape, with ~100 nm thickness 

and ~2 m length. The shape is consistent with crystalline Ag nanoparticles[1]. To 

disperse the Ag nanoparticles, fatty acid was added as a dispersion agent. After sintering, 

the Ag powders became well-connected, forming a porous structure.  

 

To prepare the samples for the PXCT study, the samples were milled into a cylinder 

with diameter 14-16 m by FIB and then lifted-out and mounted to a sample pin 

specifically developed for the nanoscale scanning instrument used for PXCT [2] 

measurements following a procedure developed previously [3]. Figure. 6 C shows the 

sample preparation process after milling by FIB.  

 

1.2 X-ray nano-tomography by ptychography and X-ray fluorescence microscopy 

Ptychography [4] is a lensless coherent diffractive imaging method that, when combined 

with tomography, offers quantitative electron density and absorption tomograms with 

nanoscopic resolution [5, 6]. In this work, four tomograms were obtained through PXCT 

experiments carried out at the cSAXS beamline (X12SA) at the Swiss Light Source, 

Paul Scherrer Institute (PSI), Switzerland. A general description of each tomographic 

measurement is given as follows. Measurements were conducted in air and at room 



temperature with an instrument that allows scanning nano-tomography with about 10 

nm position accuracy, well suited for PXCT [8,9]. The experimental setup is illustrated 

in Figure 6 D.  

 

A double crystal Si (111) monochromator was used to provide a monochromatic 

radiation of 8.7 keV. The illumination was defined by a 50 m-diameter central stop, a 

170 m-diameter Fresnel zone plate (FZP) [7] with an outer zone width of 60 nm, and a 

30 m-diameter order sorting aperture. The FZP and the central stop were both 

fabricated at the Laboratory for Micro and Nanotechnology, PSI, Switzerland. The focal 

distance was 71 mm and the sample was placed a few millimeters downstream the focus 

to give an illumination of around 5 m in diameter. The scanning points followed a 

Fermat spiral pattern[8] with an average step size of 0.6 m over a field of view (FOV) 

of approximately 20 m horizontally by 10 m vertically. At each scanning position, a 

diffraction pattern was collected at 7.3 m downstream of the sample with an exposure 

time of 0.1 sec using a Pilatus 2M detector [9]. The number of photons incident on a 

sample was around 7 × 107 photons/m2 per projection.  

 

Around 600 projections were taken from 0  to 180  with an angular step of 0.3 , taking 

approximately 18 hours per tomogram. Ptychographic reconstruction algorithms, 

including difference map [10] and maximum likelihood [11], were applied to reconstruct 

2D projections. Areas of 300 × 300 pixels were used on the detector, giving 

reconstructed images with a pixel size of about 20 nm. Two-dimensional projections 

were aligned [12] to give 3D tomograms based on modified filtered back projection. The 

phase tomograms are quantitative and correspond to the electron density, as shown in 

Figure S1 [6]. Image resolution was estimated by Fourier shell correlation (FSC) [13] to 

be around 32 nm. 

 

To examine the elemental composition, simultaneous ptychography and fluorescence 

scans were performed on sample A for a 2D projection. For the fluorescence analysis, 

a Ketek energy dispersive detector was placed close to the sample at about 90 degrees 

from the incident X-ray direction. Measurements were taken at 11.2 keV to cover the 

emission peaks of Au, Ag, and Cu. A FZP with 100 m diameter was used and the 

sample-to-FZP distance was adjusted to give a 2-m-diameter beam. The sample was 



scanned by this illumination at a 0.4 m step following a Cartesian grid and an exposure 

time of 0.1 sec. The FOV was 7 m horizontally and 20 m vertically. The Ag 

fluorescence image in Figure 2 was generated by a simple integration of the emission 

spectra at 2.998 keV with a width of around +/-0.25keV, corresponding to the Lα peak 

positions. The Cu fluorescence map shows the integrated intensity at 7.998 keV with a 

width of roughly +/-0.25keV, corresponding to the Kα peaks. 

 

Figure S1 Reconstructed virtual cross section of the four Samples A-D from X-ray 

ptychographic tomography, with two different orthogonal views. Scale bars indicate 2 m. 

Horizontal and vertical lines indicate the same planes for X-Y and XZ views.  

 

1.3 Adhesion Performance Test 

Evaluation of adhesion performance was conducted by performing 90° peel test using 

a peel test device from Frolyt GmbH (Freiberg, Germany). A peel speed of 8 mm/sec 

was used for all samples.   

 

1.4 Three-dimensional morphological analysis 

Quantitative morphology studies were performed directly on the measured 3D datasets, 

as has been previously done in other tomography studies using a transmission X-ray 

microscope [14]. In the following we describe the different aspects of this analysis in 

detail. 

 

1.4.1 Segmentation 

The central region in each of the 3D reconstruction image stack was cropped for further 

analysis. PXCT provides tomograms in which voxels have quantitative values of the 



electron density of the sample, which for many light elements can be accurately 

converted to mass density [6]. Therefore, different materials in the sample can be 

segmented by their different densities and can be sometimes identified by their density 

values. The segmentation was conducted using Avizo software (FEI, Ver. 9.4). The 

phases including Cu, Cu oxide, Ni, Ag, Au and pore (air) were segmented directly using 

thresholding as their corresponding peaks in the histogram are well separated. For 

sample B (Au-P-A), as the Ag and Au peaks in the histogram overlap, the threshold 

value between Ag and Au phases was determined within a range where the slope of the 

histogram changes, indicating the mid-range of two overlapping peaks; while this 

process was semi-quantitative, within this range the morphological quantitative 

analysis results remain similar as the amount of Au is low. After the threshold value 

was determined, the artifacts of the threshold segmentation were examined by 

comparing the segmented images with the raw images and the segmented areas were 

corrected in Avizo. The 3D volume rendering was then conducted, and the segmented 

data were used for further 3D morphological quantification.  

 

1.4.2 Phase distribution profile and feature size distribution 

The various 3D morphological parameters were quantified using customized Matlab 

code developed in-house at Stony Brook University and Brookhaven National 

Laboratory. The phase distribution profiles of all phases were determined along the 

direction that is perpendicular to the interfaces. The distance was measured relative to 

the Ag-metal interface, which is defined as the zero position. The volume fraction of 

each phase at a given 2D plane was determined by voxel counting. The interface 

location was determined from the peak location of the first derivative of the Ag 

distribution profile. The feature size distribution of pore and Ag were obtained by well-

established methods in the literature [15].  

 

 

 

 

 

 



Average, standard deviation and full width half maximum (FWHM) of mean 

curvature of samples made at different conditions 

Sample Average (nm-1) Median (nm-1) 
Standard Deviation 

(nm-1) 
FWHM (nm-1) 

A: nAu-P-A -0.00437 -0.05819 0.00649 0.01014 

B: Au-P-A -0.00461 -0.07517 0.00889 0.00789 

C: Au-P-nA -0.00245 -7E-07 0.00701 0.00822 

D: Au-nP-nA -3.5E-05 0.00314 0.00450 0.00355 

Table S1 Average, standard deviation and full width half maximum (FWHM) of mean 

curvature of samples made at different conditions. 
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