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a b s t r a c t 

Self-Propagating Exothermic Reactive (SPER) bonding with lead-free solders is potentially attractive for micro- 

electronics assembly due to its highly localised heating and minimal thermal loading of the components and 

substrates. The transient dynamics of melting, wetting, solidification and defect formation during SPER bonding 

were observed using in-situ synchrotron X-ray imaging with sub-millisecond temporal resolution and the results 

were further analysed using electron microscopy and thermal modelling. In-situ imaging revealed the preferential 

melting of the solder and subsequent wetting of the substrate. Numerous air bubbles were observed to form at the 

bonding interface. The distribution of these bubbles was found to vary with the thermal conductivity and wetta- 

bility of the substrates. These bubbles appear to reduce the effectiveness of bonding by promoting the formation 

of cracks and voids within the solder joint. Our results show that metallisation layers on the bonding substrate 

can influence the dynamics of melting for the solder materials and thereby directly influence the reliability of 

SPER interconnects. 
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. Introduction 

The evolution of next-generation semiconductors has created oppor-

unities for the miniaturisation of power electronic devices operating at

levated temperatures (above 200°C) [1] . However, conventional sol-

ering techniques generate unwanted thermal damage when seeking to

ond high-temperature microelectronic components at high production

ates [1] . Environmental and regulatory requirements to move to lead-

ree solder materials, which typically require higher processing tempera-

ures, are also motivating efforts to develop new integration methods for

lectronics manufacturing. Self-propagating exothermic reactive (SPER)

onding is an alternative approach which generates minimal thermal ef-

ects compared to traditional reflow soldering [2–4] . SPER bonding is

erformed using multilayer nanofoils consisting of hundreds of alternat-

ng metal layers (e.g. Al and Ni with bilayer thickness in the range of

0-200 nm) [5] . Ignition of the nanofoils is typically achieved with an

lectrical pulse or a laser, causing a self-propagating exothermic reac-
∗ Corresponding author. 

E-mail addresses: sarah.haigh@manchester.ac.uk (S.J. Haigh), C.Liu@lboro.ac.uk

ttps://doi.org/10.1016/j.mtla.2022.101444 

eceived 19 April 2022; Accepted 28 April 2022 

vailable online 29 April 2022 

589-1529/© 2022 The Authors. Published by Elsevier B.V. on behalf of Acta Materi

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
ion that generates instantaneous intense heat [6] . This heat melts the

djacent solder layers, and the subsequent process of interfacial tran-

ient wetting and solidification results in metallurgical interconnects.

he SPER bonding method has the advantage that quasi-ambient tem-

erature conditions (300 - 400 K) are maintained in the surrounding

omponents [7] . In contrast to traditional soldering processes, SPER

onding with reactive foils usually produces a very high propagation

elocity (up to 30 m/s) in the reaction front as well as a high local tem-

erature ( > 1400°C) within a few milliseconds from the ignition time [8] .

his ultrafast reactive bonding technique will result in a sound interfa-

ial bond with minimal thermal effects [4] . The process minimises heat

xposure of nearby electronic components which is likely to cause exces-

ive warpage and premature delamination due to high-temperature ex-

ursions during electronics manufacturing [ 9 , 10 ]. Consequently, SPER

r quasi-ambient bonding has been identified as a promising intercon-

ection technology to enable future sophisticated electronics packaging

ith minimal adverse heat effects [2–4] . 
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Fig. 1. Schematic representation of the experimental configuration used for 

high-speed in-situ synchrotron imaging. Specimen shown is sample 2:Si-SAC- 

NF-Al. 
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Over the past two decades, the characteristics of SPER bonding have

een widely studied [11–18] , and a wide range of metals and engineer-

ng materials have been successfully joined [11–13] . SPER bonding has

lso been applied to electronic components, including to bond silicon

afers, and the resultant joints have been characterised to have low

hermal resistance and high shear strength [ 14 , 15 ]. Nevertheless, sev-

ral critical challenges regarding the integrity of SPER bonds need to

e addressed before this bonding technology is more widely accepted

cross the semiconductor industry. 

The unacceptably high porosity reported in SPER bonded solder

oints is the most severe challenge for their further application since

ncreased porosity tends to be detrimental to reliability [ 1 , 19 , 20 ]. Both

oid quantity and void size must meet the standards of the semiconduc-

or industry [21] . Cracks are also commonly observed in SPER joints

ssociated with the nanofoil combustion products and bonding inter-

aces [ 1 , 20 ]. Studies have suggested that increasing the applied pressure

nd pre-coating the solder layer on the component surfaces can help

o reduce voids [ 20 , 22 ], but this can be difficult to optimise, leading

o inconsistent results. It has been shown that the bonding area, solder

hickness, and location of nanofoil ignition, all affect crack formation re-

ulting from the volume shrinkage during nanofoil combustion [ 23 , 24 ].

he wetting process is usually recognised as playing the most crucial

ole in achieving a metallurgical and reliable solder interconnect free

rom cracks and voids [25] , but the very short (millisecond) timescales

ake it challenging to gain mechanistic insights into this process. 

As the SPER process involves a very short cycle time ( < 0.1 s) and

igh heating rates (10 6 -10 7 Ks − 1 ) [26] , a thorough in-situ characteri-

ation of the diffusion and intermediate phase transformations during

he process is crucial for understanding the fast reaction kinetics of the

rocess. In this study, the fast reaction sequences (solidification and wet-

ing) during SPER bonding are investigated by in-situ time-resolved syn-

hrotron X-ray imaging. The melting, void formation, and cracking dy-

amics were recorded and investigated. This approach enables the real-

ime observation of the extremely rapid Pb-free solder bonding through

he SPER process. The findings from in-situ experiments are analysed

nd correlated with ex-situ microstructural examinations and thermal

odelling. Approaches to reduce voids and cracks during SPER bonding

re also discussed based on the new mechanistic knowledge obtained. 

. Experimental methods 

.1. Sample preparation 

All nanofoils used in this study were 40 𝜇m thick and contained

lternating layers of Al ( ∼60 nm thick) and Ni ( ∼40 nm thick) [24] .

hree different multilayer stacking sample configurations were investi-

ated in order to produce an interconnect between a Si component (13.5

m × 2 mm × 0.4 mm) and an Al substrate (20 mm × 3 mm × 0.5 mm).

n sample 1, the behaviour of a stack structure consisting of Si wafer –

anofoil – Al substrate in the absence of solder was studied (referred to

s Si-NF-Al). In the sample 2 the nanofoil and a 25 𝜇m thick sheet of sol-

er (SAC 305, with composition 96.5 wt.%Sn-3.0 wt.%Ag- 0.5 wt.%Cu)

ere sandwiched together to bond the silicon to the Al substrate. SAC

s a lead-free alloy commonly used for electronic solders, with a melt-

ng point of 217–220°C [27] , 34°C higher than a conventional tin-lead

63/37) eutectic alloy solder [28] . The SAC layer is adjacent to the Si, so

he complete stack is referred to as Si-SAC-NF-Al. Sample 3 was identi-

al to sample 2 except that the Si substrate was metallised with Ti-Ni-Ag

ayers ( ∼0.1/1/1 𝜇m thick respectively) to assess if this metallisation im-

roved the quality of the SPER bond, as suggested in previous reports

29] . The complete stack for sample 3 is then Si(Ti/Ni/Ag)-SAC-NF-Al. 

.2. In-situ imaging 

In-situ synchrotron X-ray imaging was carried out at the I13-2 beam-

ine of the Diamond Light Source (DLS). A polychromatic X-ray beam
2 
ith photon energy centred on 19 keV with ± 5keV weighted mean

pectral energy was employed for X-ray transmission imaging of the as-

embly as shown in Fig. 1 , where the imaging optics was placed approx-

mately 0.5 m away from the sample. For image capture, a Pco.Dimax

 camera was coupled to a 300 𝜇m LuAG: Ce scintillator using an op-

ical relay system to achieve a ∼ 5.5 ×5.5 mm 

2 field of view with 2.75

m/pixel resolution. The camera was triggered at the maximum 3745

z frame rate. This is composed of an exposure time of 0.240 ms and

ark time of 0.027 ms giving a total time between recorded frames of

.267 ms. To reveal the earliest stages of the SPER bonding process, Lab-

IEW was used to remotely trigger the camera imaging in advance of the

ulse signal that produced the nanofoil ignition. The time-resolved im-

ge sequences were processed and analysed using ImageJ [30] . An alu-

inium fixture was used to mechanically support and fix the stack struc-

ures to a hot plate for preheating to a temperature of 80°C, monitored

y thermocouples. The nanofoil was slightly longer than the neighbour-

ng layers in each case so as to make it accessible for ignition through

n electrical ignition probe connected to a direct current power supply

f 10 V and 1 A. 

.3. Ex-situ characterisation 

For post-reaction microstructural investigations, the 3 samples

onded in the in -situ experiments were prepared with a FEI Helios G4

lasma focused ion beam (P-FIB) for SEM analysis. The microstructural

nalysis was carried out using a field-emission gun scanning electron

icroscope (SEM) (FEI Helios G4) operated at 5-2 kV and 3.2-0.2 nA. 

.4. Thermal simulations 

A three-dimensional finite element model was employed to simulate

he effect of the metallisation layer on the solder solidification regime.

he thermal transfer behaviour is governed by the equation, 

𝜌𝐶 𝑃 𝜕𝑇 

𝜕𝑇 
+ ∇ . ( − 𝑘 ∇ 𝑇 ) = 𝑞 …… (1)

here 𝑇 is the temperature, 𝜌 is the density, 𝐶 𝑃 is the heat capac-

ty, 𝑘 is the thermal conductivity, 𝑞 is the heat source that depends on

he applied boundary conditions. The heat release from the nanofoil is

ssumed to be a moving heat source with a velocity of ( ∼12.42 m/s

stimated from the experiment, i.e., 

 𝑁𝐹 ( 𝑥, 𝑡 ) = 𝑄 𝑠 .𝑟𝑒𝑐𝑡 
(
𝑑 𝑛 − 𝑣𝑡 

)
…… (2)

here Q s is the heat released, d n is the distance of the current position

elative to the initial ignition position, and a rectangle function is used

o define the size of the heat source zone. More details about the previ-

usly validated model can be found in our earlier work [ 18 , 31 ]. Finite

lement simulations were performed using a time-dependent numerical

odel based on a simplified description of exothermic reactions through
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Fig. 2. Time-resolved in situ X-ray transmission radiographs of the Si-NF-Al stack (stack without a solder layer). Note that t = 0 ms is the start of the imaging (before 

the nanofoil ignition). Nanofoil ignition occurs outside the field of view on the left-hand side of the image in the time between t = 0 and t = 0.267ms. The stack is 

clamped outside the field of view on the right-hand side of the image. 
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he heat-transfer module of COMSOL Multiphysics 5.4. It is known that

here are inevitably some air gaps at the contact interface between an

lectronic device and the heat sink [32] , and the low thermal conduc-

ivity of air (0.025 W/m • K) [33] can affect the thermal resistance across

he Si/solder interface. This can be expected to critically affect the ther-

al transfer in the stacked interconnects during SPER bonding. There-

ore, to analyse the thermal transfer and temperature distribution during

onding two simulation cases were considered with different values of

hermal conductance at the Si/solder interface, corresponding to sam-

le 2, the Si-SAC-NF-Al stack, and sample 3, the Si(Ti/Ni/Ag)-SAC-NF-Al

tack. 

. In-situ Synchrotron X-ray Imaging Results 

.1. Sample 1: Si-NF-Al 

In-situ synchrotron X-ray images of the nanofoil combustion be-

aviour in the Si-NF-Al stack structure (without solder layer) are shown

n Fig. 2 . The full video series from which these images are taken can be

ound in supplementary video 1. The relative alignments of the Si plate,

anofoil, and Al plate are indicated in Fig. 2 a, where the different lay-

rs of the stack can be distinguished based on their contrast, reflecting

he total X-ray transmission of the stack. The X-ray radiograph shown

n Fig. 2 a (t = 0 ms) is considered as the reference image, represent-

ng the start of the imaging prior to the nanofoil ignition. The nanofoil

s ignited out of the field of view on the left side of the image area in

he period 0 < t < 0.267ms (between the starting reference frame and the

rst ‘bonding’ image). Note that 0.267 ms corresponds to the maximum

rame rate of the in-situ camera (3745 Hz). In the first ‘bonding’ im-

ge (t = 0.267 ms), pores start to form and the nanofoil is displaced

elative to the reference, as shown in Fig. 2 b. By the second bonding

mage (t = 0.534 ms, Fig. 2 c) the contraction of the nanofoil in the Y-

irection becomes visible at the top and bottom left of the images on

he side where the components are not directly clamped together. The

hange in the volume ratio between reactants (Ni + Al multilayers in
3 
he nanofoils) and combustion product (NiAl intermetallics) can be ex-

ected to cause local contraction [34] . Nonetheless, as the contraction

n the Y-direction appears first, and is largest, where the nanofoil film is

ot clamped, it is likely that out-of-plane bending in the imaging direc-

ion is the main contributor to this visible contraction (as observed from

he perpendicular Z-direction). The observed shrinkage of the nanofoil

ropagates towards the right-hand side (positive X-direction) as an in-

icator of the reaction front and completes the entire 4.5 mm length

n 1.068 ms (fourth bonding image) giving an estimated propagation

ate of 4.21 ± 0.14 m/s, which is slightly slower than that of the free-

tanding nanofoil reported as ∼7.5 - 9.47 m/s [ 8 , 26 , 35 ]. This decrease

n propagation velocity is likely attributed to the bilayer thickness of the

anofoil [36] and the heat transfer characteristics of the encapsulating

aterials [ 8 , 35 ]. 

Analysis of subsequent images later in the time series shows that the

nclamped side of the nanofoil continued to deform until 80.634 ms

 Fig. 2 i), after which no obvious changes were observed (see supple-

entary video 1). The large contraction in the Y-direction, likely result-

ng from the out-of-plane bending, together with the large distortion

f the layer position in the Y-direction and absence of visible crack-

ng, suggests that the nanofoil is relatively ductile behind the reaction

ront, in agreement with previous findings [ 26 , 37 ]. The contraction of

he foil along Y is accompanied by the formation of pores in the nanofoil,

rst observed at the earliest stages of the reaction (first bonding image,

ig. 2 b, 0.267ms). These pores nucleate and grow over time and at 2.136

s (8 th bonding image) many spherical pores, likely containing the par-

itioned gases from the solidifying melt, with sizes of 10-100 𝜇m are

learly visible. Gases may result from those dissolved in the liquid metal

nd evolved as the metal solidifies or due to heat-induced expansion of

ir pockets trapped at the interface. The highest bubble density was seen

t the unclamped (negative X) end with a tendency to align in strips per-

endicular to the nanofoil propagation direction ( Fig. 2 f). After 80 ms,

any pores with diameters of > 100 𝜇m dominate the morphology of

he film at the unclamped end and are also present in smaller numbers

nd with smaller diameters on the clamped right-hand side ( Fig. 2 i). 
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Fig. 3. Time-resolved in-situ X-ray radiographs of the Si-SAC-NF-Al stack (multilayer stacking system with a solder layer but without metallisation on the Si substrate). 

Similar to Figure 2 nanofoil ignition occurs outside the field of view on the left-hand side of the image between t = 0 and t = 0.267ms. The stack is clamped outside 

the field of view on the right-hand side of the image. 
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.2. Sample 2: Si-SAC-NF-Al 

Selected X-ray transmission images from the in-situ synchrotron ex-

eriment for SPER bonding of the Si-SAC-NF-Al stack, are shown in

ig. 3 . The full video series from which these images are taken can be

ound in supplementary video 2. The relative locations of the Si plate,

anofoil, SAC solder layer, and Al plate are indicated in the reference

mage at t = 0 ( Fig. 3 a). A dynamic response from the stack is observed

n the first image after ignition ( Fig. 3 b), at t = 0.267 ms, where shrink-

ge in the Y-direction is evidence of the nanofoil reaction. The reaction

ront is seen to have propagated across the full 4.5 mm field of view

ithin 1 frame (0.267 ms) giving a velocity of > 12.42 m/s, although

e note this is a lower limit since observing a higher propagation rate

or the same field of view would require a faster imaging speed than

s achievable with the in-situ camera. This is faster than the speed for

he nanofoil stack without SAC (4.21 m/s) and also faster than the rate

eported previously for nanofoils coated with just a 1 𝜇m Incusil solder

ayer (7.6 m/s) [38] . Fig. 3 c-f show further shrinkage of the nanofoil,

eaching ∼7% of the projected width. In the third bonding image, at

 = 0.801 ms, a mottling becomes visible in the edges of the sample

 Fig. 3 d), which is indicative of local melting of the solder. Lower in-

ensity, mobile, spherical features are also visible in this region, sug-

esting voids or air bubbles in the specimen, which locally decrease the
4 
hickness and increase X-ray penetration. These bubbles are likely to be

aused by thermal expansion of air, expected to be trapped at the stack-

ng interfaces as a result of inhomogeneous contact. At 1.335 ms (fifth

onding image, Fig. 3 f), the molten solder regions at the edges of the

lm combine and the total molten area continues to propagate towards

he unclamped left-hand side, as shown in Fig. 3 f-j. 

From Fig. 3 g-j, it is noticed that the rapid heat produced by the reac-

ive nanofoil progressively melts the solder layer, leading to a melting

ront that propagates away from the clamp. After 3.204 ms ( Fig. 3 j),

here is no significant change in the area of solder melt indicating that

he solder in contact with the nanofoil was fully molten within ∼3 ms.

he video captured for 4.272-20.826 ms shows evidence of the move-

ent and agglomeration of air bubbles in the solder region, demon-

trating that the solder remains liquid for approximately 20 ms (see

upplementary video 2) . Image frames from 20.826-62.211 ms show

o further bubble motion, but a sudden shrinkage of the solder melt is

bserved, likely due to the contraction of the molten solder caused by

ooling. Some density variations remain even in the fully cooled joined

pecimen. 

Importantly, pores similar in appearance to those observed in

ig 2 (see supplementary video 2) are visible in the nanofoil on the

eft-hand side where the solder layer does not melt, but not in the re-

ion where the molten solder appears. These pores grow during the later
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Fig. 4. Time-resolved in-situ X-ray radiographs of the Si(Ti/Ni/Ag)-SAC-NF-Al stack (multilayer stacking system with a solder layer and also with the Ti/Ni/Ag 

metallisation on the Si substrate). Similar to Fig. 3 nanofoil ignition occurs outside the field of view on the left-hand side of the image between t = 0 and t = 0.267ms. 

The stack is clamped outside the field of view on the right-hand side of the image. 
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ideo frames in a similar fashion to that discussed in Fig 2 . The obser-

ation that where the solder melts no pores are visible suggests that the

eneration of molten solder during the bonding reaction is key to filling

f pores in the nanofoil. 

.3. Sample 3: Si(Ti/Ni/Ag)-SAC-NF-Al 

Fig. 4 shows selected images from the in-situ synchrotron video se-

uence of the Si(Ti/Ni/Ag)-SAC-NF-Al stack (for full sequence, see sup-

lementary video 3). The relative locations of the Si die, Nanofoil, SAC

older layer, and Al plate are indicated on the reference image ( Fig. 4 a).

s for previous stacks, the start of the nanofoil reaction is visible by a

light contraction of the nanofoil in the first bonding image at 0.267 ms

 Fig. 4 b). In the second bonding image, at 0.534 ms, a mottled patch

ecomes visible at the bottom edge and centre-left regions, indicating

older melting. This provides indirect evidence that the nanofoil reac-

ion front propagation speed is similar to that seen in the Si-SAC-NF-Al

tack, with the reaction being completed in the first 0.8 ms. By the fourth

onding image, t = 1.068 ms, the area of molten solder has expanded over

he entire X-ray inspected area in the stack as mottling appears in the

ight-hand side of the image ( Fig. 4 e). At this point in the reaction, bright

ubble-like features are visible in the centre of the stack, with these fea-
5 
ures appearing over the whole molten area by the fifth bonding image

t = 1.335 ms, Fig. 4 f). Most of these relatively low-density regions are

obile and have sharp boundaries, with sizes ranging from microns to

illimetres, suggesting they are air bubbles trapped at the interfaces.

nterestingly the reaction appears more violent than sample 2 (the iden-

ical geometry but without metallisation), with SAC melting the top and

ottom of the image in the clamped region of the stack accompanying

he nanofoil reaction in the first ∼1 ms ( Fig. 4 e). 

In the time series images from 1-13 ms (see supplementary video

), the solder layer on the unclamped left-hand side of the sample also

elts. This contrasts to the stack without Si metallisation ( Fig. 3 , sup-

lementary video 2), where the SAC solder in the unclamped end of

he stack did not melt during the reaction. Later images, from t = 13 ms

o the end of the reaction show that the SAC in the unclamped region

olidifies in inhomogenous patches with a part hanging free and large

reas of this region having low intensity, suggesting there is little SAC

emaining. We will thus focus further discussion on the behaviour of

he clamped right-hand side, as this area is more representative of a

uccessful joint. 

After initial melting, the SAC layer in sample 3 can be separated

nto three regions with different characteristic appearances. These are

roposed to correspond to solid SAC (low intensity, abrupt edges, immo-
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Fig. 5. Evolution of the solder melting area with time for samples 2 and 3. 

Fig. 6. Numerical simulation of the time versus temperature profile of the SAC 

solder (with and without metallised layer on the Si substrate), where the blue 

dotted line denotes the melting point of the solder. 
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ile), molten SAC (low intensity, soft edges, mobile) and bubbles (high

ntensity); see supplementary video 3 for evidence of mobility. At 1.869

s a crack appears in the centre of the stack, as indicated on Fig. 4 g. As

he accompanying video suggests that the SAC remains fully molten in

his region the crack is likely associated with the reacted nanofoil, due

o the internal stress resulting from the out-of-plane bending in the un-

lamped left-hand side. Even after the SAC has melted across the whole

-ray detected region, structural inhomogeneity and the likely accompa-

ying temperature variations continue to cause violent evolution in the

lamped region. The temperature increase of trapped air bubbles will

e slower than the surrounding materials due to the poor thermal con-

uctivity of air ( ∼0.025 W/m • K), which is several orders of magnitude

maller than that of metals (e.g. ∼32.5 W/m • K for molten tin [39] ). In

ddition, with the limited heat dissipation of the solder layer, the heat

eleased in the exothermic reaction ( ∼4.54 ×10 8 W/cm 

3 ) [18] causes a

rolonged temperature differential between the solder and the nanofoil

17] . The evidence of the thermal stresses present in the stack is ob-

ervable by the abrupt ejection of a solder droplet from the top of the

ample at t = 5.874 ms, when a bubble appears to burst out from the

nterface ( Fig. 4 j). A droplet is launched out of the stack and travels

0.43 mm within one frame (0.267 ms), giving an initial velocity of

he droplet more than 1.40 m/s. The expulsion event is closely followed

y widespread cracking across the whole width of the stack in both the

anofoil and the SAC layer as highlighted on Fig. 4 k. This includes sig-

ificant enlargement of the crack earlier identified in the nanofoil. Such

xpulsion of material is also very undesirable for microelectronic bond-

ng applications as solder may splash on to nearby components poten-

ially causing unwanted conductive paths. 

The next 45 ms (to t = 48.861 ms)are accompanied by slow expan-

ion of the solidified areas and many smaller cracks appearing in the

entre of the stack which has the lowest density (suggesting the biggest

ocal loss of SAC volume). Drifting of bubbles within the darker solidi-

ed areas suggests interfacial liquid remains present. At 23.229-23.496

s, a crimping of the solder in the unclamped region is accompanied by

ignificant lateral motion of material in the lower part of the clamped

egion, probably resulting from an abrupt volume contraction during

ooling. At 49.128 ms a crack appears in the nanofoil, dissecting almost

he full width on the right-hand side of the stack. Its presence causes a

ubble to appear in the solder for the whole length of the crack as well

s significant local movement of existing bubbles. This suggests that at

9 ms the majority of the SAC layer is still in liquid or semi-solid state

hich is readily deformed. The later stages of cooling and solidification

p to t = 159 ms show comparatively minor visible changes, confined to

he movement of interfacial bubbles (see supplementary video 3). This

alue is much longer than the total duration of solder melting reported in

xisting reactive bonding studies attempted through numerical analysis

n different stacking materials and bonding conditions [ 17 , 40 ], which

id not consider the interfacial thermal resistance and the undercooling

n solidification. Importantly the presence of bubbles moving indepen-

ently in different directions within the same specimen area suggests

hat they are present on at least two different internal interfaces. The

nal morphology of the stack contains many large cracks (10s 𝜇m wide

nd mm in length) as well as large bubble features and patches of low

ontrast suggesting the absence of SAC layer. 

. Analysis and microstructural characterisation 

.1. Solder melting and solidification rates 

Previous experiments [ 41 , 42 ] have reported that the undercooling of

b-free solders can reach up to 90°C although this varies with the size,

ubstrate and cooling conditions. The thin nanofoils used in SPER bond-

ng provide a fixed amount of heat; however, the duration for which

he solder remains in a molten state will be affected by the contact to

he nanofoil, ambient conditions and the physical properties of solder

ayers and surrounding components (e.g., thermal capacity and conduc-
6 
ivity). The projected area of molten solder for the Si-SAC-NF-Al and

i(Ti/Ni/Ag)-SAC-NF-Al stacks was measured as a function of time, as

hown Fig. 5 . It is interesting to note that the SAC in the metallised stack

Si (Ti/Ni/Ag)-SAC-NF-Al, Fig. 4 ) appears to melt slightly more quickly

nd more completely than in the Si-SAC-NF-Al stack ( Fig. 3 ). Key points

n the reactions are indicated on the graph, with numbers 1-3 showing

he nanofoil ignition, bulk solder melting, and complete melting of the

hole X-ray inspection region, respectively. It should be noted that in

oth cases the nanofoil reaction was complete within ∼2 ms, so after this

oint the heat being applied to the SAC is expected to be decreasing. 

The observed difference between the metallised and the bare Si sub-

trate can be explained based on the thermal properties of the stack (es-

ecially the coefficient of thermal expansion and thermal conductivity).

or the Si(Ti/Ni/Sg)-SAC-NF-Al stack, the metallised layer (Ti/Ni/Ag)

ould significantly alter the heat transfer during the bonding process.

ig. 6 presents the simulated temperature profiles of the point at the

id-layer of the SAC solder during SPER bonding for the two cases.

he presence of the metallisation layer is found to slow the heat trans-

er, leading to high temperatures being retained in the early stages of

he reaction, and thus producing the faster melting of the solder that

e observe experimentally. Although faster melting might be consid-

red to be a favourable feature of a bonding reaction, our in-situ data

emonstrates this is accompanied by explosive expulsion of solder from
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Fig. 7. Comparison of ex-situ SEM microstructural analysis of the Si-SAC-NF-Al stack with the in-situ images: (a) The in-situ X-ray radiograph captured at 2000 ms 

(after completion of the reaction), (b) Top-view of the nanofoil (NiAl) side of the sample, (c) Top-view of the solder (SAC) side of the sample, (d) Magnified image 

of the region shown in (c), (e) SEM image of the FIB milled cross-section through a crack feature, (f) Magnified cross-sectional view of the region shown in (e). 
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nterfaces, cracking and large inhomogeneities in the resulting solder

istribution. The slower cooling predicted by the simulation results in

ig. 6 also means that the temperature of the SAC layer remains above

he melting temperature for longer with metallisation ( ∼144 ms for the

i(Ti/Ni/Sg)-SAC-NF-Al stack but ∼110ms for the Si-SAC-NF-Al stack).

his is consistent with our experimental observations of more complete

older melting in the metallised stack, even persisting to where the sol-

er and the nanofoil are unclamped. Again, although complete melting

s beneficial, this slow cooling could also have a negative impact on the

ond integrity. Relatively longer time in the molten state or relatively

lower cooling times are known to significantly increase the likelihood

f reaction between the solder and the air as well for air to be trapped

ithin the joint [43] . 

.2. Defect formation 

The Al plate was removed from the Si-SAC-NF-Al stack and Si(Ti-Ni-

g)-SAC-NF-Al stacks (samples 2 and 3) in order to facilitate ex-situ mi-

rostructural characterisation. The surface morphology of the nanofoil

ide of the in-situ reacted nanofoil-SAC solder sample 2(Si-SAC-NF-Al

tack) is shown in Fig. 7 (b). This secondary electron SEM image has been

ipped to match the geometry of the in-situ X-ray images from Fig. 3 ,

ith the final image in the in-situ movie shown in Fig. 7 (a) for refer-

nce. Several cracks are visible in the reacted nanofoil, mainly oriented

long the Y-direction, as indicated in Fig. 7 (b), although no cracking

as observed in the synchrotron images. This is potentially due to the

imited pixel size of the X-ray images which is larger than the width of

he cracks. The SEM images in Fig. 7 (c) and Fig. 7 (d)) show the surface

orphology of the SAC solder side of the extracted SAC-nanofoil sample.

ig. 7 (d) demonstrates the presence of large pits at the regions of lower

ensity observed in the synchrotron X-ray image ( Fig. 7 a). These pits

ean that the SAC solder layer is thinner, causing the observed higher
7 
ntensity in the corresponding X-ray transmission image, and could be

ssociated with a region of local porosity at the SAC-Si interface. Fig. 7 e

nd f show a cross-section extracted by FIB milling from the bonded

anofoil/solder at the location marked in Fig. 7 a where there is a crack

n the nanofoil. Fig. 7 e shows the cross-sectional morphology demon-

trating that the crack is not filled by solder. Thus, the crack is likely

nitiated by the thermal stress during a later cooling stage as a result

f higher thermal gradients and differences in thermal expansion coeffi-

ient (CTE) between the SAC (22.9 ×10 − 6 K 

− 1 ) [44] and the NiAl inter-

etallic produced by the nanofoil reaction (14 ×10 − 6 K 

− 1 ) [45] . Fig. 7 f

hows the magnified image of the location mapped in Fig. 7 e, where the

g 3 Sn interdiffusion layer is evident between the SAC and NiAl, and the

mage reveals that the crack propagated into the interdiffusion layer but

ot into the bulk of the SAC. 

Fig. 8 shows similar SEM microstructural analysis of the Si(Ti-Ni-Ag)-

AC-NF-Al stack after in-situ imaging. The SEM image of the nanofoil

ide of the nanofoil-SAC stack (after removing the Al plate) is shown

n Fig. 8 (b), with the image Fig. 8 (a) duplicated for ease of comparison

o the in-situ X-ray images in Fig. 4 . Large cracks with big intersection

ngles are observed in the NiAl intermetallic, and the crack locations

gree well with those visible in the in-situ X-ray images. Vertical cracks

n the brittle NiAl layer are commonly observed in SPER bonded solder

oints [46] . Fig 8 c shows the formation of an intermetallic layer at the

nterface between NiAl and SAC. This intermetallic layer is Ag 3 Sn [18] ,

nd is also visible in the magnified image, in Fig 8 d. In addition, large

ubble voids in the SAC solder ( > 10μm in diameter) can be observed in

ig. 8 (c) and (d), at a position that agrees well with the low-density re-

ion seen in the in-situ X-ray transmission results. The cross-sectional

orphology close to a crack in the NiAl layer is shown in Fig. 8 (e)

nd (f), where it can be seen to be partly filled by the SAC solder,

hich indicated the crack initiated before complete solder solidifica-

ion. These figures confirm that when cracks form before the end of SAC
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Fig. 8. Comparison of ex-situ SEM microstructural analysis of the Si(Ti/Ni/Ag)-SAC-NF-Al stack with in-situ X-ray data: (a) The in-situ X-ray radiograph captured 

at 2000 ms (after completion of reaction dynamics), (b) Top-view of the NiAl layer of the bonded stack, (c) Cross-sectional SEM image after FIB milling through the 

SAC layer, (d) Magnified image of the region shown in (c), (e) Morphology of crack and void, (f) Magnified image of the region located in (e). 
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olidification they can be filled by solder, whereas cracking after so-

idification results in unfilled cracks in the nanofoil as observed in the

i-SAC-NF-Al stack. 

. Conclusions 

We have successfully applied in-situ X-ray imaging to the real-time

bservation of melting, wetting, void formation and cracking during

PER bond formation with < 0.5 ms temporal and < 10 𝜇m spatial reso-

utions. Coupled with thermal simulations and ex-situ microstructural

haracterisation, the results demonstrate new insights into the SPER

onding process which can be applied to develop new bonding ap-

roaches with reduced defects and improved bond strength. The main

ontributions of this article are (1) revealing the void formation mech-

nisms, and (2) demonstrating the influence of the substrate on the re-

iability of SPER interconnects. More specifically, this work: 

• Demonstrates the use of in-situ X-ray imaging to reveal time-resolved

information on void formation processes and their relationship to the

bond components. 

• Demonstrates that the metallised layer on the Si substate signifi-

cantly slows the heat transfer away from the nanofoil, causing faster

and more complete melting of the solder, but also resulting in the

molten solder phase existing for a longer time. This is shown to in-

duce dynamic stresses, likely due to trapped air at the interfaces and

consequently has a negative impact on bond integrity, leading to

cracking and porosity. A faster cooling rate when the metallisation

layer is absent results in a bond with fewer, smaller cracks and a

more homogeneous solder layer. 

• Nonetheless it is shown that achieving bond integrity requires suffi-

cient heat retention to ensure full melting of the solder, since in the

absence of solder the reacted nanofoil contains a high concentra-

tion of linear pore features, especially in the absence of local physi-

cal clamping. This motivates the further investigation of the optimal
8 
heat transfer for different bond geometries to ensure complete solder

melting together with rapid cooling to minimise defect formation. 
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