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ABSTRACT OF THE DISSERTATION 

 

 

Reliability studies of Pb-free solder joints down to 1 μm in diameter 

 

by 

 

Yingxia Liu 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2016 

Professor King-Ning Tu, Chair 

 

 

 

In 3D IC, μ-bumps and through silicon vias (TSVs) have been developed to 

achieve the vertical stacking of Si chips.  Similar to the downward scaling of 

transistors in semiconductor industry, the development in advanced packaging also 

leads to the scaling down of interconnect structures.  Compared to flip chip solder 

joints having a diameter about 100 μm, the diameter of μ-bumps is reduced 10 times 

and the total volume is reduced 1000 times.  This size reduction of solder joints will 

lead to many reliability concerns.   

In this thesis, the finding that intermetallic compound (IMC) growth rate between 

solder and Cu under bump metallization increases in small μ-bumps will be analyzed 

and discussed.   The kinetic model for small size Cu-Sn interfacial reaction has been 

investigated by making different size of Sn pillars on Cu substrate with the use of 
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focused ion beam (FIB), down to 1 μm.  With the shrinking size of pillars, surface 

diffusion becomes dominant and can no longer be neglected in the Cu-Sn interfacial 

reaction.  A simple kinetic model of surface diffusion controlled intermetallic 

compound growth of Cu6Sn5 is proposed for pillars with diameter below 5 μm by 

combining surface diffusion and interstitial diffusion.  Also, the reliability concern 

of electroless nickel immersion gold (ENIG) surface finishing on IMC formation 

when the size of solder is reduced from flip chip solder joints to μ-bumps has been 

studied.  Since the volume of solder shrinks 1000 times in μ-bumps, a thin layer of 

ENIG will transform almost the entire solder joint into (Au,Ni)Sn4 intermetallic 

compound.  The fracture reliability concern of this brittle phase in μ-bumps will be 

discussed. 

In addition to size shrinking of solder joints, the diameter of Cu lines is also 

reduced.  In 3D IC packaging, there is a layer of Cu used to fan out electric current 

from flip chip solder joints to TSVs and μ-bumps, and this layer is known as 

redistribution layer (RDL).  In electrimgration test, the weakest link in this whole 

packaging system is found to be located in the RDL.  This is because of the design 

of RDL, which is composed of very thin Cu due damascene lines and has quite 

compact structure.  Thermal dissipation becomes a problem in this design of RDL.  

Joule heating will be accumulated and resulting in the increase of temperature, which 

in turn increase the rate of electromigration depletion of atoms in Cu lines and making 

the lines thinner and thinner.  This synergistic effect of Joule heating and EM on 

burn-out is a new failure mode of reliability.   
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Chapter 1 Introduction 

 

1.1 Motivation 

  

 In the era of big data and internet of things, mobile consumer electronic 

products are becoming more and more indispensable in our daily life.   To enable 

broader applications with wider bandwidth, more sensing, faster response, lower 

power consumption, and smaller form factor, the current chip technology is unable to 

meet these needs, because Moore’s law is slowing down beyond the 14nm node 

technology, due to significant challenge in materials processing complexity and 

manufacturing cost.   One of the most promising ways to overcome the challenge is 

to combine chip technology and packaging technology by stacking chips in 3D IC.   

The critical technical issue in 3D IC is the vertical interconnects between stacking 

chips.   To do so, new structure components in packaging technology have been 

introduced.  They are the through-Si–vias (TSVs) and the µ-bumps [1-6], as shown 

in Figure 1.1.  Typically, TSV is cylindrical and has a diameter of 5 µm and a height 

of 50 µm, usually filled by Cu.  The µ-bump is a reduced size solder joint with a 

diameter between 20 to 40 µm and the industry is keep pushing down the size down 

to 1 μm.   

 

Although the manufacturing process for the TSV and μ-bumps are becoming 

mature in the past ten years due to the development of Bosch technology [7] for TSV,  
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and thermal compression bonding technology [8] for μ-bumps, and the mass 

production of 3D IC packaging devices is on the horizon, yet the reliability study of 

3D IC structure is not extensive [9].  This is because the 3D IC packaging structure 

is much more complicated than previous 2D IC structure and our knowledge of these 

new structure components is far from complete.  Consequently, we have limited 

knowledge on the failure mode, so the studies of 3D IC packaging reliability will be 

significant.   

 

In semiconductor industry, the downward scaling of transistors is accompanied 

by the downward scaling of features in advanced packaging, except that the latter 

scaling rate is much slower.  In 3D IC packaging, typically three different sizes of 

solder balls are used to vertically interconnect chips and substrates: they are the 

biggest ball-grid-array (BGA), the middle size controlled-collapse-chip-connection 

(C-4) flip chip solder joints, and the smallest size µ-bump [9,10].  The size of these 

solder balls varies from about 760 μm to about 20 μm, which clearly shows the trend 

of solder balls size downward scaling, as we can see in Figure 1.1.  In the future 

advanced packaging, the size of solder joints could shrink to 1 μm in diameter [11,12].  

However, the shrinking would affect the physical properties of solder joints 

significantly.   

 

For a 10 µm diameter µ-bump, the diameter has shrunk 10 times from that of a 

flip chip solder joints, yet the volume shrinks 1000 times.  This is a dramatic change 
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from the point of view of microstructure in a solder joint.  If we assume a grain size 

of 10 µm, the μ-bump may have just one grain, yet the C-4 joint may have 1000 

grains.  The latter can be assumed to have isotropic properties, but the former cannot.  

Then if we consider a solder joint of 1 µm diameter, the volume reduction from that 

of a C-4 joint will be 106 times.  Its effect on the microstructure will indeed be 

dramatic.  On the other hand, if we consider the thickness of intermetallic compound 

(IMC), such as Cu-Sn or Ni-Sn compounds, to be the same in µ-bumps as in C-4 

solder joints, on the basis of following the same manufacturing conditions, the 

percentage of IMC in µ-bumps will be much higher than that in C-4 solder joints. The 

mechanical and electrical properties of the joint will change [10,13-15].   

 

Furthermore, as the size of solder joints shrinks, we can no longer assume that 

the kinetic growth rate of IMC will remain the same.  This is because of the increase 

of surface/volume ratio, if we take into account surface diffusion.   Figure 1.2 shows 

the SEM image of two different size μ-bumps; the big one with a diameter about 30 

μm and the small one with a diameter about 17 μm.  They are taken from a 3D IC 

device in connecting two Si chips, and they have had the same manufacturing 

condition. But we can clearly see that the smaller one has a much higher IMC 

percentage than the bigger one.  When we measured a total of 16 of them, the 

average IMC percentage in the big and the small μ-bumps is 39% and 55%, 

respectively.   
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 In addition to size shrinking of solder joints, the thickness of Cu lines is also 

reduced.  In 3D IC packaging, there is a Cu layer used to redistribute current from 

flip chip solder joints to TSVs, and this layer is known as redistribution layer (RDL).  

The FIB cross-sectional image of RDL is shown in Figure 1.3, where we can see the 

Cu lines in RDL are quite thin, about 100 nm and the structure is quite compact.  The 

thin and compact Cu lines will make heat dissipation a problem, leading to reliability 

concerns.  

 

 From the above discussion, we can conclude that our knowledge of reliability 

studies of small solder joints and thin Cu lines is far from enough.  Mechanical, 

electrical and thermal issues will be different and much more complicated than the 

reliability studies in previous packaging structures.  To study reliability issues related 

to the downward scaling of interconnect structures in advanced packaging is the main 

purpose of this thesis.   

 

1.2 Solder interfacial reaction with under bump metallization 

 

Microelectronic packaging is about how to connect the circuit on the chip to the 

outside world [16].  Solder bumping is becoming important in the trend of increasing 

need of a large number of input/output (I/O) interconnections and higher packaging 

efficiency.  Cu pads have been adopted as under bump metallization (UBM) for 

many years.  During soldering, solid state Cu pads will react with liquid Sn and lead 
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to the formation of Cu6Sn5 and Cu3Sn IMC.  Figure 1.4 shows the phase diagram of 

Cu-Sn [17].  This reaction is important to industry from the viewpoint of reliability 

and a large amount of research has been carried out in this field about the growth 

kinetics and the morphology of IMC [18-23].  After reflow, the Cu pads will react 

with eutectic SnPb and form very big scallops, as shown in Figure 1.5.[24]  The 

reaction condition is 200 °C reflow for 10 s, 10 min and 40 min.  Figure 1.6 [25] 

shows the cross-sectional view of the Cu/Sn/Cu sandwich structure after the reaction 

at 340 oC for 3 min and 3 h, respectively.  We can see the layered Cu3Sn and scallop 

type Cu6Sn5 clearly in this image.  The proposed growth mechanism that it is caused 

by the dissolution of Cu into the liquid solder and the coarsening of the scallop-type 

compounds by Ostwald ripening.  The growth of the Cu-Sn compounds has a serious 

impact on solder joint rework in electronic packaging.   

 

Cu pads under solder joints must be coated with a surface finishing layer to limit 

and to preserve the wetting property for soldering.  One of the most commonly 

adopted surface finishing structures is electroless nickel immersion gold (ENIG).  

The improved surface finishing structure for ENIG is electroless nickel electroless 

palladium immersion gold (ENEPIG).  During soldering, the Au layer dissolves into 

solder rapidly, forming the intermetallic compound (Au,Ni)Sn4.  This will cause the 

embrittlement problem in solder joints, which was quite well known in industry as 

“cold joint”.  This is because 1 Au atom will attract 4 Sn atoms.  Even if there is 

only 5% of Au, it will consume 20% of Sn to form 25 % of IMC.  What’s more, after 
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reflow, (Au,Ni)Sn4 is dispersed in the matrix of the solder bulk, as shown in Figure 

1.7 (a).  However, after being annealed at 160 oC for 500 h, (Au,Ni)Sn4 will move 

back to the interface, as shown in Figure 1.7 (b), making the mechanical properties of 

the solder joint worse [13,26,27].  The problem can be effectively alleviated by using 

a thinner layer of Au in traditional flip chip solder joints.  However, with the 

shrinking trend of solder joints in µ-bumps, as the volume shrinks 1000 times, the 

concentration of Au in solder will be very high.  Even a very thin layer (less than 100 

nm) of Au will transform the almost the whole solder layer into (Au,Ni)Sn4.  This 

will be discussed more in the following chapter.  

 

1.3 Introduction to electromigration test 

 

1.3.1 Basic concepts 

 

To interconnect the hundreds of millions or even billions transistors on a Si chip 

by VLSI circuit technology, multilayers of thin-film interconnect wires made of Al or 

Cu were used.  Electromigration in these interconnect structures becomes one of the 

most crucial and persistent reliability issues in Si chip technology.  Interconnects 

usually have a small cross section area for current to pass through.  Thus, a very high 

current density will be carried, typically 105 to 106 A/cm2.  Atomic diffusion and 

rearrangement are enhanced under such high current density, leading to void 

formation at the cathode and extrusion in the anode of an interconnect.  The 
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enhanced atomic displacement and the accumulated effect of mass transport under the 

influence of a high electric current density is called electromigation [28].   

 

The electromigration model was first described by Huntington [29], as shown in 

Figure 1.8.  High density electron moves from the cathode to the anode in the Al line 

and the momentum exchange between electrons and atoms will push atoms to move 

along the same direction as the electrons.  At the same time, a flux of vacancy will 

move in the opposite direction.  This directional mass transportation will lead to 

extrusion (hillock) at the anode side, and depletion (void) at the cathode side, which 

could further lead to open/short failure.  The driving force is described as electron 

wind force.   

 

However, electromigration does not necessarily lead to microstructure failure.  

The occurrence of electromigration failures must involve atomic flux divergence and 

change in total number of lattice sites.  After introducing the basic concepts in 

electromigration, we will briefly analysis the atomic flux divergence and review 

electromigration failures in Al and Cu interconnects. 

 

1.3.2 Electromigration in Cu dual damascene structure 

 

Interconnect of Al has been adopted as wiring conductor in microelectronic 

industry for more than 40 years.  Electromigration failure in Al interconnect was 
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discovered in the 1960s and was found that electromigration occurred by grain 

boundary diffusion.  In the early stage of study, the effect of microstructure and the 

effect of solute were emphasized before the Blech structure was invented.  A 

bamboo-type of microstructure and even single-crystal Al thin-film lines were 

investigated.  On the solute effect, studies showed that the addition of 1 atomic % of 

Cu to Al can greatly reduce grain-boundary self-diffusion in Al [28].  In the Al(Cu) 

interconnect, W via plugs are used to make connections to either M2 or M1 

metallization layers, as shown in Figure 1.9(a).  Since the atomic diffusion in W is 

much slower than that in Al, there will be flux divergence located over the top of W 

via, and the same as electromigration voids [30-33].  

 

In comparison, the Cu dual-damascene configuration is differently constructed. 

For Cu dual-damascene interconnects, the lower-level M2 trench and V1 that 

connects to the M1 level are simultaneously prepared before Cu filling to form the 

dual-damascene interconnect, as shown in Figure 1.9(b) [33].  The M1 level also is 

separated from the V1 via by an electrically conducting Ta barrier that also coats the 

inner walls of V1 and the side and bottom walls of the M2 trench.  This barrier 

material is typically very thin in order to maximize electrical conductivity among the 

structure.  Consequently, the dual-damascene process places the flux divergence, not 

at the V1/M2 interface at the top of V1 as in Al(Cu), but at the M1/V1 interface at the 

bottom of V1.  This via-bottom flux divergence is potentially problematic from a 

reliability standpoint because only a small amount of material depletion might be 



 

9 

 

needed for EM voiding damage to cause failure.  

 

There is another aspect that the dual-damascene interconnect is distinct from the 

previous Al(Cu) architecture.  Previous work has shown that single-level Cu 

submicron interconnects are preferentially voided by surface diffusion [34]. In the 

dual-damascene architecture, the equivalent surface-like interface is the capping 

nitride placed over the M2 trench.  The nitride/Cu interface will be the fastest 

diffusion pathway along the trench, compared to both grain boundary and Cu/Ta 

barrier interface pathways [35].  A flux divergence region will exist and voids on 

this surface will be the weak links for failure.   

 

Thus, two distinct EM failure mechanisms could be in direct competition to cause 

circuit open in dual damascene interconnections, as marked by red triangular in 

Figure 1.9.  The first flux divergence point at the M1/V1 interface will lead to the 

decrease number of vias in the packaging interconnect structures.  The second one 

will lead to the Cu lines getting thinner and thinner.  Figure 1.10 shows the SEM 

image of the electromigration failure in Cu dual damascene structure, where we can 

see the voids formation at the interface between M1/V1 as well as the surface above 

M2 trench [36]. 
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1.4 Figures 

 

 

 

Figure 1.1 Schematic of 3D IC packaging 

© Yole Developpment 
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Figure 1.2 Qualcomm sample indicating faster IMC growth rate in the 

smaller size µ-bump. 
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Figure 1.3 The SEM cross-sectional image showing the structure of RDL 
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Figure 1.4 Phase diagram of Cu-Sn 
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Figure 1.5 SEM image to show the big Cu6Sn5 scallops, after the PbSn solder react 

with Cu pads at 200 oC for 10 s, 10 min and 40 min 
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Figure 1.6 The SEM cross-sectional view of the Cu/Sn/Cu sandwich structure after 

the reaction at 340 oC for 3 min and 3 h. 
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Figure 1.7 (a) (Au,Ni)Sn4 is dispersed in the matrix of the solder bulk after reflow (b) 

after being annealed at 160 oC for 500 h, (Au,Ni)Sn4 moves back to the interface 

  



 

17 

 

 

 

 

Figure 1.8 Huntington model of electromigration driving force. 
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CL: “capping” layer          DB: Ta barrier 

e-: electron flow             F: flux divergence region 

Ti: Ti layer                 TiN: TiN layer 

V1: dual damascene via       W: W plug 

 GB: grain boundary          ILD: interlevel dielectric 

M1: metal level 1            M2: metal level 2 

 

Figure 1.9 (a) Idealized schematic of a 2-level Al(Cu) interconnect; (b) Idealized 

schematic of a 2-level dual-damascene Cu interconnect. 
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Figure 1.10 SEM image to show voids formation at the interface between M1/V1 and 

the surface above M2 trench 
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Chapter 2 Interfacial reaction limited by surface diffusion in small μ-bumps  

  

 Similar to the scaling trend of transistors, interconnect structures in advanced 

packaging is also getting smaller and smaller.  The size of solder joints is shrinking 

form BGAs, to flip chip solder joints, and to µ-bumps, and the end of this shrinking 

trend is not in the near future.  With the size shrinking, kinetics in the interfacial 

reaction between solder and Cu will be different from the previous kinetics model 

with the assumption of neglecting surface diffusion, as shown in Figure 1.2, where we 

can see the thicker Cu6Sn5 in smaller pillar than that in the bigger pillar.  The 

question is why the difference? This is the motivation of our study about the size 

effect on IMC formation reported here.  The scaling effect of solder reaction on Cu 

has been studied by several groups before [1-5], however, the kinetic studies related to 

small solder joints (not much smaller than 100 μm) have been limited due to the 

restrictions on sample preparation.   

In our study, we performed a new way to prepare small solder joints on Cu 

substrate with diameter down to 1 μm.  By this sample preparation, we measured the 

IMC growth rate in different diameter Sn/Cu pillars.  A simple kinetic model of 

surface diffusion controlled intermetallic compound growth is proposed for pillars 

with diameter below 5 μm.  What is essential in the model is that we assume a rapid 

interstitial diffusion of Cu in Sn to accompany the rate limiting surface diffusion, and 

we are able to calculated surface diffusivity of Cu on Cu6Sn5.    
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2.1 Experimental procedure 

We obtained one side polished polycrystalline Cu plates with area about 1 cm × 

1 cm from MTI Cooperation.  These Cu plates were washed with 10% HNO3 

solution for 15 sec before they were plated with a layer of Sn.  The Sn plating 

solution was purchased from Transene Company, Inc. for electroplating of Sn on Cu 

plates under the condition of direct current at 0.05 A for 10 min.  After electroplating, 

the Sn layer was polished in order to reduce its thickness to about 5 to 10 μm.  Then 

we used focused ion beam (FIB) to pattern the Sn layer into various size pillars, as 

shown in Figure 2.1; the view was obtained with a tilting of 52o of the stage in FIB.  

We selected an area about 200 μm × 50 μm for FIB patterning and made different 

diameter Sn/Cu pillars, varying from 1, 5, 10, 20, to 30 μm.   

 

After obtaining the pillar structure, we immediately put the sample into a 

vacuum oven and annealed the structure at 185 oC and 195 oC for 30 min.  The 

manifest pressure is 28.6 In. Hg vacuum, about 33.4 torr.  Then FIB was used to 

make cross-sections of the pillars and scanning electron microscopy (SEM) was used 

to obtain their images.  Then samples were put back into the oven at the original 

temperature for another 30 min, and this process was repeated twice.  In this way, we 

obtained the data of IMC thickness and growth rate after annealing for 30, 60, and 90 

min.  Energy dispersive X-ray (EDX) analysis was used to confirm the composition 

of each layer.  The area and length of IMC, Cu6Sn5 and Cu3Sn was measured by 

Image J [6].  The thickness of IMC was obtained from area divided by length, as 
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shown in Figure 2.2. 

 

2.2 Experimental results 

 

 The annealing time up to 90 min is short as compared to typical solid state aging 

in reliability studies at 150 ᵒC for 1000 hrs.  The latter will lead to a total thickness 

of Cu6Sn5 and Cu3Sn formation over 10 µm and the thickness of Cu3Sn is about 2 to 3 

µm.   However, Kirkendall void formation at the interface between Cu and Cu3Sn 

and within the layer of Cu3Sn is observed frequently.  We found very little Cu3Sn 

formation in our pillar samples.  This is because the growth of IMC in our samples is 

below 1 µm, as shown in Table 2.1 and Figure 2.6 to be presented below.  Besides 

SEM, we used EDX to detect Cu3Sn in our pillar sample, but we could not find it. 

Figure 2.3 shows the FIB cross-sectional SEM image of the interface between Sn 

and Cu layer in the as-prepared state.  We can see that the interface looks flat, 

without obvious voids (to be discussed later).  Figure 2.4 shows the SEM images of 

the 1 μm pillars after annealing at 195 oC for 30, 60 and 90 min.  Figure 2.5 shows 

the SEM images of 5, 10, 20 and 30 μm pillars after annealing at 195 oC for 90 min.  

It is worth pointing out that in the cross-section views in Figure 2.5(c) and (d), 

the Cu6Sn5 layer is rather uniform across the pillar.  Also in Figure 2.7(b) and (c), the 

rather uniform layer of Cu6Sn5 across the pillar is shown after FIB cutting into the 

pillar. 

The average Cu6Sn5 thickness data of the sample annealed at 185 oC are shown 
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in Table 2.1.  For 1 and 5 μm pillars, we collected the thickness 10 times for each 

datum.  For 10, 20 and 30 μm pillars, we collected their thickness 4 times.  Figure 

2.6(a) and (b) show the Cu6Sn5 thickness which changes with different diameters 

when annealed at 185 and 195 oC, respectively.  The trend of decreasing Cu6Sn5 

thickness with increasing pillar diameter can be barely seen after 30 min annealing.  

Yet, after 60 and 90 min annealing, the trend becomes more obvious for the 1 and 5 

µm pillars.  However, there seems to be a faster increase of Cu6Sn5 thickness for the 

30 μm pillar after 90 min.  And it seems the longer the annealing, the more obvious 

of the increase for the 30 μm pillar, so a U-shape curve appears. We shall explain the 

non-monotonic behavior in the Discussion Section. 

Interfacial voids were observed after annealing, as shown in Figure 2.7.  Figure 

2.7(a) is the SEM image of 5 μm pillar taken just after the 90 min annealing.  Then, 

FIB was used to cut into the pillar to observe the interface clearly.  Figure 2.7(b) 

shows the FIB-SEM image observed by just cutting a little bit into the pillar, and a 

line of voids is observed, as indicated by the ellipse.  Figure 2.7(c) shows the image 

of a deeper cut.  We can see that when we just cut out a thin layer from the pillar, 

Figure 2.7(b), there is a row of voids located at the interface between the Cu6Sn5 and 

the Cu layer.  However, when we cut deeper into the pillar, the row of voids 

disappeared, Figure 2.7(c).  Nevertheless, we still see some voids only at the edge of 

the pillar in Figure 2.7(c).  These observations indicate that the voids are located 

along the circumference or peripheral area of the interface between Cu and Cu6Sn5.  

This kind of voids, located around the pillar surface, are found in almost all the pillars, 
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also we can actually see this kind of voids in Figure 2.4.  

 

2.3  Interfacial microstructure, diffusion path, and diffusion barrier  

 

On interfacial reaction between Cu and solder to form IMC in large size solder 

joints such as BGA and C-4 at temperatures below the melting point of solder, the 

growth of IMC occurs by the diffusion of Cu across the IMC, consisting of lattice 

diffusion as well as grain boundary diffusion.  Which of them could dominate the 

kinetic of IMC growth depends on the temperature as well as the microstructure, 

especially the grain size in IMC.  No surface diffusion was considered.  However, 

when the size of bump is approaching 1 µm, we have to take into account surface 

diffusion.  This is because not only the surface/volume ration has increased 

significantly, but also there may have no grain boundary in the IMC, especially 

Cu6Sn5 in a µ-bump.   

The grain size in Cu6Sn5 is known to be much larger than that in Cu3Sn.  It has 

been measured that the grain size in Cu6Sn5 in C-4 joints is typically above 5 µm 

[7-9].   Thus, we expect that there is just about one grain of Cu6Sn5 in a µ-bump of 

diameter of 5 μm and below, in other words, there exists no grain boundary.  

Furthermore, because of the slower lattice diffusion of Cu in the Cu6Sn5 compared to 

surface diffusion, we can regard the Cu6Sn5 grain to become a diffusion barrier to Cu 

diffusion.  Then, in a tiny μ-bump, the only diffusion path of Cu to form Cu6Sn5 is 

by surface diffusion.  On the other hand, in a 10, 20 and 30 µm diameter µ-bump, the 
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number of grains in Cu6Sn5 will be about 4, 16, and 36, respectively. In turn, the 

number of grain boundaries as well as grain boundary diffusion will increase 

accordingly.  This is a unique situation in interfacial reaction coming from the 

downward scaling.   

The diffusivity in lattice and along grain boundary and on free surface can be 

respectively described by,  

                        𝐷l = 𝐷l0exp
−𝑄l

𝑅𝑇
                        (1) 

 𝐷b = 𝐷b0exp
−𝑄b

𝑅𝑇
                       (2) 

                        𝐷s = 𝐷s0exp
−𝑄s

𝑅𝑇
                        (3) 

where Dl, Db and Ds are respectively the lattice, grain boundary, and surface 

diffusivities.   Dl0, Db0, and Ds0 are the pre-factors, and Ql, Qb, and Qs are the 

activation energies, respectively.  In general, we have  

Ds > Db > Dl 

In nearly all of the previous studies on IMC formation in solder joints, surface 

diffusion has been neglected because of large solder joint size.    

However, with the downward scaling of solder joints, the effect of surface 

diffusion becomes more and more important when the µ-bump diameter is below 5 

µm.   Furthermore, at the same time grain boundary diffusion becomes less and less 

important.  

As shown in Figure 2.6(a), after annealing for 30 min, we can barely notice the 

trend of decreasing Cu6Sn5 thickness with increasing pillar diameter.  This might be 

due to the fact that at the very early stage, the Cu6Sn5 thickness is thin because there 
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was no reflow, so atoms can diffuse through it by lattice diffusion. If lattice diffusion 

is the dominant diffusion path, the difference between different diameter pillars is not 

obvious, even if we take into account the contribution from grain boundary diffusion.  

Then, with a longer time annealing, the increased Cu6Sn5 thickness tends to become a 

barrier and begin to reduce the flux of lattice diffusion, but at the same time grain 

boundary and surface diffusion becomes important, as we can see in Figure 2.6(a).  

After 60 and 90 min, for pillars with diameter from 1 μm to 20 μm, the trend of 

increasing Cu6Sn5 thickness with decreasing pillar diameter is quite obvious.  We 

recall that we assume there are less and less grain boundaries in those pillars.  So the 

obvious increased Cu6Sn5 thickness should be contributed by surface diffusion. 

Also, we notice an increase of Cu6Sn5 thickness from 20 μm to 30 μm pillar after 

90 min annealing.  This increase might be contributed by grain boundary diffusion 

because the pillar diameter is much bigger than the grain size in the Cu6Sn5, leading to 

a faster IMC growth rate.  This is the reason for the non-monotonic growth behavior. 

With the data of Cu6Sn5 thickness at different temperatures, we can calculate the 

activation energy of the diffusion for different diameter pillars.  The linear slope of 

thickness increase of Cu6Sn5 with square root of time has been acquired, implying that 

the process is diffusion controlled.  The activation energies for 1 μm and 30 μm are 

0.2 ± 0.1 eV/atom and 0.7 ± 0.1 eV/atom, respectively.  The very large uncertainty is 

because we only have measurements at two temperatures.  Surface diffusion should 

have the lowest activation energy, and it is expected to be smaller than the activation 

energy of grain boundary diffusion.  These results tend to imply that the diffusion 
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path in 1 μm and 30 μm pillar is different.  In 1 μm pillar, surface diffusion has a 

greater contribution, but in 30 μm pillar, grain boundary diffusion is more important.  

 

2.4  Surface Kirkendall void formation induced by surface interdiffusion 

 

In Figure 2.4, we see the accumulation of voids between the Cu and Sn layer at 

the peripheral area of the pillar.  Since these voids are only found at the peripheral 

area of the pillar, we tend to think they are Kirkendall voids induced by surface 

interdiffusion.  The classical Kirkendall marker motion was due to lattice shift from 

un-equal interdiffusion fluxes, analyzed by Darken.  In Darken’s analysis, there is no 

void formation due to the assumption that the vacancy concentrataion is at 

equilibrium everywhere in the sample.  Kirkendall void formation comes from 

insufficient lattice shift, leading to the super-saturation of excess vacancies in the 

diffusion couple.  In the present case, un-equal surface interdiffusion occurs, it is 

dominated by the surface diffusion of Cu and very little surface diffusion of Sn.   

In Figure 2.4(a), (b) and (c), we can see a big hole located in the Cu6Sn5.  This 

hole can serve as a diffusion marker.  Comparing Figure 2.4(a) to 2.4(b), we can see 

that after the additional 30 min annealing, the thickness above the marker, which was 

contributed by Cu diffusion, grows much more than the thickness below the marker, 

which was contributed by Sn diffusion.  This implies that Cu is the dominant 

diffusion species.    

The Kirkendall voids could be a future concern of reliability.  We recall that in 
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flip chip solder joints, Kirkendall void formation accompanies the growth of Cu3Sn.  

Here, the surface Kirkendall void formation does not depend on the growth of Cu3Sn 

because the latter has little growth in the pillars.  Since we assume void is induced 

by surface diffusion where the surface flux of Sn is negligible, the vacant sites left 

behind by the out-diffusion of Cu atoms form voids at the peripheral area of pillar.   

It will be more and more serious when the size of pillar decreases.  As we can see in 

Figure 2.4, for the 1 μm pillar, those voids could already be linked together to become 

a continuous gap below the Cu6Sn5 layer.   For the 5 to 10 μm pillars, although those 

voids are just located at the peripheral area, it could still deteriorate the mechanical 

properties of solder joints.  

 

2.5  Kinetic model of IMC growth involving surface diffusion 

 

Based on the above discussion, we present here a kinetic model of Cu6Sn5 

growth including surface diffusion according to the layer-type growth of a compound 

phase.  We assume a concentration profile shown in Figure 2.8.  Phase i represents 

the compound phase and we consider here the concentration and the diffusion of B 

atoms.  The concentration of B atoms in B layer is CB, and the concentration of B 

atoms in A layer is negligible.  We assume if the phase growth is diffusion-controlled, 

the concentration at the two interfaces, 𝐶R
(i)

 and 𝐶L
(i)

, are constants and they 

correspond to the concentrations in equilibrium phase diagram.  In this way, we have 

for the “i” phase, 
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                   𝐽L
(i)

= −�̃�L
(i) 𝐶R

(i)
−𝐶L

(i)

𝑥R
(i)

−𝑥L
(i) ≅ −�̃�L

(i) ∆𝐶(i)

∆𝑥(i)                 (4) 

This flux is what we obtain by the traditional lattice diffusion analysis [11]. Here, 

we modify it by assuming the same B atoms concentration gradient for grain 

boundary and surface diffusion, ignoring the partition coefficients.   Then we can 

obtain two more equations, 

                   𝐽G
(i)

= −�̃�G
(i) 𝐶R

(i)
−𝐶L

(i)

𝑥R
(i)

−𝑥L
(i) ≅ −�̃�G

(i) ∆𝐶(i)

∆𝑥(i)                 (5) 

                   𝐽S
(i)

= −�̃�S
(i) 𝐶R

(i)
−𝐶L

(i)

𝑥R
(i)

−𝑥L
(i) ≅ −�̃�S

(i) ∆𝐶(i)

∆𝑥(i)                 (6) 

The subscript “L”, “G”, and “S” represent lattice, grain boundary and surface 

diffusion, respectively.  The total flux across i phase would be, 

                    𝐽(i) =
𝐽L

(i)
×𝐴L+𝐽G

(i)
×𝐴G+𝐽S

(i)
×𝐴S

𝐴L+𝐴G+𝐴S
                    (7) 

By substituting an effective diffusivity, we can simplify the equation as, 

                  �̃�(i) =
�̃�L

(i)
×𝐴L+�̃�G

(i)
×𝐴G+�̃�S

(i)
×𝐴S

𝐴L+𝐴G+𝐴S
                   (8) 

                 𝐽(i) = −�̃�(i) 𝐶R
(i)

−𝐶L
(i)

𝑥R
(i)

−𝑥L
(i) ≅ −�̃�(i) ∆𝐶(i)

∆𝑥(i)                 (9) 

To further illustrate this simple picture of the growth of “i” phase between A and 

B, we have below, respectively, at the left and the right boundaries of the “i” phase, 

                  (𝐶L
(i)

− 0)
𝑑𝑥Ai

𝑑𝑡
= −�̃�(i) ∆𝐶(i)

∆𝑥(i)
− 0                 (10) 

                (CB − 𝐶R
(i)

)
𝑑𝑥iB

𝑑𝑡
= 0 − (−�̃�(i) ∆𝐶(i)

∆𝑥(i)
)                (11) 

Rearranging them, we have 

                
𝑑(𝑥iB−𝑥Ai)

𝑑𝑡
= (

1

CB−𝐶R
(i) +  

1

𝐶L
(i)) �̃�(i) ∆𝐶(i)

∆𝑥(i)                (12) 

Based on this equation, we can proceed with numerical analysis to solve it, 

except that we encounter the very challenging difficulty because for a stoichiometric 

compound, .0)(  iC   Generally speaking, the driving force of diffusion is 
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chemical potential gradient, F = - (dµ/dx).  In an IMC growth, the chemical potential 

gradient is the formation energy of IMC across the thickness of IMC.  If we use this 

and follow the analysis of Wagner’s diffusivity, we can overcome this difficulty [10]. 

 

2.6  A simple model of IMC growth combining interstitial diffusion and surface 

diffusion 

 

Below we simplify the kinetic analysis for the Cu6Sn5 growth in µ-bumps with 

diameter close to 1 µm.  We assume no grain boundary in the Cu6Sn5 microstructure, 

so we drop grain boundary diffusion.  We further assume that lattice diffusion is too 

slow to be of concern, we drop lattice diffusion.  We have only surface diffusion.  

No doubt, a critical question arises that how can surface diffusion lead to internal 

Cu6Sn5 growth, which is away from the surface?  The answer is because Cu diffuses 

interstitially in Sn, as shown in Figure 2.9.  By the very rapid interstitial diffusion, 

the surface Cu atoms can diffuse and dissolve into Sn and react to grow the internal 

Cu6Sn5.  The interstitial diffusivity of Cu in a direction in Sn is about 5╳10-7 cm2/sec 

at temperature around 190 oC.  The interstitial diffusivity of Cu in c direction in Sn is 

even faster.  At room temperature, it is about 500 times of the diffusivity in a 

direction and 1012 times greater than the self diffusivity of tin [11][12].  The analysis 

below assumes that surface diffusion of Cu on Cu6Sn5 is the rate liming step. 

By definition, a flux of surface diffusion, Js, represents the number of diffusing 

atoms per unit area per unit time. Assuming the atomic diameter d, in time t, the 
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number of atoms diffusing on the peripheral area of pillar is,  

                   #Cuatom = 𝐽s × 2𝜋𝑟 × 𝑑 × 𝑡                   (13) 

Assuming the Cu6Sn5 thickness growth rate is ∆h/∆t, as shown in Figure 2.9, if 

we know the unit cell volume of one Cu6Sn5 molecule, Ω, we can calculate the 

number of Cu atoms in a layer of Cu6Sn5 of thickness h.  

                     #Cuatom = 𝜋𝑟2ℎ
6

𝛺
                         (14) 

By combining Eq. (13) and (14), we have 

𝐽s = 3
𝑟

𝑑

ℎ

𝑡

1

𝛺
              (15) 

We note that ∆h/∆t is the growth rate, which is not a constant because of 

diffusion-controlled growth.  According to Fick’s first equation, the flux of surface 

diffusion is, 

                       𝐽s = −𝐷s
∆𝐶

∆𝑥
                          (16) 

While ∆𝐶 is immeasurable for a stoichiometric compound, however, it can be 

assumed to be about 1% in the growth of Cu6Sn5 due to the composition range of 

Cu6Sn5 in the Cu-Sn equilibrium phase diagram [13].  ∆𝑥 is the thickness of Cu6Sn5 

and the values are listed in Table 2.2.  Then we can calculate the Cu surface 

diffusivity at 185 oC on Cu6Sn5 with equation (13) to (16) by taking values of, d = 

0.2556 nm, r = 0.5 μm, ∆t = 30 min, ∆h is the thickness growth from 60 min 

annealing to 90 min annealing which can be taken from Table 2.1, ∆h = 0.76 - 0.64 = 

0.12 μm.  The unit cell volume of Cu6Sn5 is 0.0766 nm3, with Z = 2 which means the 

unit cell has two molecules [14]. 

We note that in the above calculation, ∆t = 30 min and ∆h = 0.12 µm, which is 



 

37 

 

very thin and it is about the detection limit of thickness measurement by using SEM. 

Because ∆h/∆t is not constant in a diffusion-controlled growth, so the thinner the 

measured thickness, the better the approximation in using Eq. (15) and (16).  Here, 

our approximation is reasonable on the basis of the following analysis. 

We have measured the growth of Cu6Sn5 three times in the period of 0 to 30 sec, 

30 to 60 sec, and 60 to 90 sec.  In each period, the growth of Cu6Sn5 in terms of ∆x 

varies with ∆t is given in Table 2.2.  Furthermore, ∆x = 0 at ∆t = 0, and ∆x grows 

with time.  In our first calculation by using Eq. (15) and (16), we will take ∆x to be 

the average value of ∆h at t = 0 and t = 30 min.  Following this procedure, we can 

calculate the surface diffusivity in each of those other two periods, see Table 2.2.  

We note that as ∆x increases, ∆h decreases.  The calculated surface diffusivities are 

very close to each other, as shown in Table 2.2.  With these three calculated 

diffusivities, we use the average as the Cu surface diffusivity on Cu6Sn5, which is 

about 3.1×10-7 cm2/s.  We note that while we can reduce ∆t from 30 min to 10 min or 

below, yet the measurement of ∆x becomes challenging due to large uncertainty using 

SEM.  In Table 2.2, the ∆x is already approaching 0.1 µm.  Below that, the 

uncertainty of measurement is unacceptable.   

In this way, we calculate the Cu surface diffusivity on Cu6Sn5, Ds, to be 3.1×10-7 

cm2/s.  With previously calculated activation energy for 1 μm pillar, which is 0.2 ± 

0.1 eV/atom, Ds0 can be calculated, about 5.8×10-5 cm2/s.   So we express the 

surface diffusivity of Cu on Cu6Sn5 to be  

)
2.0

exp(108.5 5

kT

eV
DS   cm2/sec 
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For comparison, however, there is no experimentally measured surface 

diffusivity of Cu on Cu6Sn5 surfaces.  Nevertheless, the liquidus temperature of 

Cu6Sn5 is about 650 ᵒC, which is very close to the melting point of Al at 660 ᵒC.  The 

activation energy of self lattice diffusion in Al is 1.3 eV/atom, and the self grain 

boundary diffusivity of Al is about 0.7 to 0.8 eV/atoms, as measured by 

electromigration.  On the other hand, surface diffusion on Al is difficult to measure 

because of a very stable native oxide. 

Surface self-diffusivities of Cu on Cu surfaces are available, although the 

diffusion coefficients and activation energies reported in the literature for Cu surface 

self-diffusion often are in serious disagreement [15].  Gjostein and Bonzel [16,17] 

reported that in the temperature range of 500 to 960 oC and in near vacuum 

atmosphere, the activation energy is about 20.7 kcal/mol, or 0.86 eV/atom.  From 

1000 oC to the melting point (1083 oC), a much larger activation energy, about 63 

kcal/mol was found, with Ds at the melting point extrapolated to be about 5×10-4 

cm2/s.  Bradshaw, Brandon and Wheeler measured activation energy varying from 

17 to 22 kcal/mol (about 0.71 eV/atom to 0.92 eV/atom) with Ds varying from 1×10-6 

cm2/s to 8×10-6 cm2/s, at 660 oC [18].  At a much lower temperature range, 0 to 200 

oC, the activation energy is 0.4 eV/atom and Ds0 is 1.4×10-4 cm2/s [19].  On the other 

hand, the simulated value of Cu self surface diffusivity on (100) plane is that Ea = 

0.59 eV/atom, Ds0 = 0.0023 cm2/s; and on (111) plane is that Ea = 0.11 eV/atom, Ds0 = 

0.00014 cm2/s [20].  Thus, the simulated value of Cu self surface diffusivity at 200 

ᵒC on (111) plane is 9.42×10-6 cm2/s, on (100) plane is 1.19×10-9 cm2/s, and on (110) 
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plane is 5.98×10-11 cm2/s [21].  

On the basis of the above data, we can roughly estimate that in 

face-centered-cubic metals, the activation energy of grain boundary diffusion and 

surface diffusion is about one half and about one third, respectively, of that of lattice 

diffusion.  Since the liquidus temperature of Cu6Sn5 (about 630 ᵒC) is very close to 

the melting point of Al, we might use the activation energy of surface diffusivities of 

Al (about 0.4 eV/Atom) as references for the diffusivities of Cu6Sn5 measured here.  

It seems that the measured 0.2 ± 0.1 eV/atom is low, which is due to the fact that we 

have data from only two temperatures.  No doubt we should conduct measurements 

at the least of three to four temperatures, especially at lower temperatures.    

It is worth emphasizing here that we have found a way to measure surface 

diffusivity on IMC surfaces. Yet, it depends on a rapid interstitial diffusion, so we ask 

if it has a broad application or not.  It is known that noble metals (Cu, Ag, Au) and 

near-noble metals (Ni, Pd, Pt) diffuse interstitially in group IV elements (Si, Ge, Sn, 

Pb) in the periodic table.  Therefore, not only we can measure surface diffusivity of 

Cu on Cu-Sn IMC, Ni on Ni-Sn IMC, we can also measure surface diffusion of Ni on 

Ni-Si silicides, for instance.  Especially, this is because Ni3Sn4, Ni2Si, Pd2Si are 

known to be single phase growth in Ni/Sn, Ni/Si, and Pd/Si reactions, respectively.  

It does open up a new area of kinetic analysis. 

Finally, oxidation is a build-in concern on surface diffusion.  It is better if we 

can conduct the measurements in ultra-high vacuum. However, because the 

processing of Si chip technology and packaging technology is not performed in 
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ultra-high vacuum, rather they occur in vacuum around 10-3 to 10-6 torr under 

mechanical pumps.  Therefore, the latter enables us to obtain relevant application 

data.   

 

2.7 Summary 

 

Different diameter Sn/Cu pillars varying from 30 to 1 μm have been made by 

focus ion beam, and the solid state reaction to form Cu6Sn5 in these pillars has been 

studied.  An increased Cu-Sn reaction rate to form Cu6Sn5 was observed as the pillar 

diameter decrease from 20 to 1 μm when annealed at 185 and 195 oC.  With the 

shrinking of pillar size, surface diffusion becomes important as compared to grain 

boundary and lattice diffusion in the Cu-Sn interfacial reaction.   Also, surface 

diffusion induced Kirkendall voids were observed to exist at the peripheral area just 

above Cu of the Cu-Sn pillars.  A simple kinetic model of intermetallic compound 

growth involving surface diffusion and interstitial diffusion is presented.  In 1 μm 

diameter pillar, we neglect grain boundary and lattice diffusion, and our simple model 

enables us to measure surface diffusivity of Cu on Cu6Sn5.   Preliminary data of Cu 

surface diffusivity on Cu6Sn5 was calculated to be 3.1×10-7 cm2/s at 185 oC to 195 oC 

and the activation energy is about 0.2 ± 0.1 eV/atom. 
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2.9 Figures 

 

 

 

Figure 2.1 The 52o tilt view of FIB patterned pillar structure of Sn/Cu. 
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Figure 2.2 FIB-SEM image to show the way measuring the thickness of IMC by area 

divided by length.  
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Figure 2.3 Interface between electroplated Sn and Cu layer before annealing. 
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Figure 2.4 SEM images of 1 μm pillars after annealing at 195 oC for (a) 30 min, 

(b) 60 min, and (c) 90 min. 
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Figure 2.5 SEM cross-sectional images of (a) 5 μm, (b) 10 μm, (c) 20 μm, and (d) 

30 μm pillars after annealing at 195 oC for 90 min.   
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Figure 2.6 (a) and (b) show the Cu6Sn5 thickness changing with different 

diameter when annealing at 185 and 195 oC, respectively. 
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Figure 2.7 (a) The SEM image of 5 μm pillar taken just after the 90 min annealing.  

(b) The FIB-SEM image observed by just cutting a little bit into the pillar. The voids 

are indicated by the ellipse. (c) The image of a deeper cut.  The voids in Figure 2.7(b) 

are gone.  The Cu6Sn5 layer is rather uniform. 
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Figure 2.8 Assumed concentration profile in the formation of a single IMC of 

i-phase between A and B 
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Figure 2.9 A simplified model to show Cu6Sn5 IMC growth with only surface 

diffusion and interstitial diffusion. 
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Table 2.1 Average thickness of Cu6Sn5 in different diameter pillars after annealing. 

 

min       

μm 

1 5 10 20 30 

30 0.46 0.44 0.41 0.40 0.39 

60 0.64 0.61 0.56 0.48 0.49 

90 0.76 0.71 0.65 0.54 0.62 
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Table 2.2 Calculated Ds in different periods of time. 

 

∆t (min) ∆h (μm) ∆x (μm) Ds (×10-7 cm2/s) 

0-30 0.46 0.23 3.4 

30-60 0.18 0.55 3.2 

60-90 0.12 0.70 2.7 

 

  



 

53 

 

2.10 References 

1. M. L. Huang, and F. Yang, Size effect model on kinetics of interfacial reaction 

between Sn-xAg-yCu solders and Cu substrate, Sci. Rep. 2014, 4, pp. 7117. 

2. W. K. Choi, S. K. Kang, and D. Y. Shih, A study of the effects of solder volume on 

the interfacial reactions in solder joints using the differential scanning calorimetry 

technique, J. Elec. Mater. 2002, 31(11), pp. 1283. 

3. A. Sharif, Y. C. Chan, R. A. Islam, Effect of volume in interfacial reaction 

between eutectic Sn–Pb solder and Cu metallization in microelectronic packaging, 

Mater. Sci. Eng.: B, 2004, 106(2), pp. 120. 

4. M. N. Islam, A. Sharif, and Y. C. Chan, Effect of volume in interfacial reaction 

between eutectic Sn-3.5% Ag-0.5% Cu solder and Cu metallization in 

microelectronic packaging, J. Electron. Mater. 2005, 34(2), pp. 143. 

5. C. C. Chang, Y. W. Lin, Y. W. Wang, et al. The effects of solder volume and Cu 

concentration on the consumption rate of Cu pad during reflow soldering, J. Alloy. 

Compd. 2010, 492(1), pp. 99. 

6. W. S. Rasband, Image J, U. S. National institutes of Health, Bethesda, Maryland, 

USA, http://imagej.nih.gov/ij/, 1997-2016. 

7. H. F. Zou, H. J. Yang, and Z. F. Zhang, Morphologies, orientation relationships 

and evolution of Cu6Sn5 grains formed between molten Sn and Cu single crystals, 

Acta Mater. 2008, 56, pp. 2649. 

8. M. H. Lu, and K. C. Hsieh, Sn-Cu intermetallic grain morphology related to Sn 

layer thickness, J. Electron. Mater. 2007, 36, pp. 1448. 

http://imagej.nih.gov/ij/


 

54 

 

9. M. N. Islam, A. Sharif, and Y. C. Chan, Effect of volume in interfacial reaction 

between eutectic Sn-3.5% Ag-0.5% Cu solder and Cu metallization in 

microelectronic packaging, J. Electron. Mater. 2005, 34, pp. 143. 

10. K. N. Tu, and A. M. Gusak, Kinetics in Nanoscale materials, Wiley, New Jersey, 

2014, pp. 178. 

11. K. N. Tu, Interdiffusion and reaction in bimetallic Cu-Sn thin films, Acta Mater. 

1973, 21, pp. 347. 

12. B. F. Dyson, T. R. Anthony, and D. Turnbull, Interstitial diffusion of copper in tin, 

J. Appl. Phys. 1967, 38(8), pp. 3408. 

13. N. Saunders, A. P. Miodownik, et al. The Cu-Sn (copper-tin) system, Bulletin of 

Alloy Phase Diagrams, 1990, 11(3), pp.278. 

14. A. Gangulee, G. C. Das, and M. B. Bever, An x-ray diffraction and calorimetric 

investigation of the compound Cu6Sn5, Metall. Mater. Trans. B, 1973, 4, pp. 2063. 

15. D. B. Butrymowicz, J. R. Manning, and M. E. Read, Diffusion in Copper and 

Copper Alloys. Part I. Volume and Surface Self‐Diffusion in Copper, J. Phys. 

Chem. Ref. Data, 1973, 2, pp. 643. 

16. H. P. Bonzel, and N. A. Gjostein, Use of a Laser Diffraction Pattern to Study 

Surface Self-Diffusion of Metals, Appl. Phys. Lett. 1967, 10, pp. 258. 

17. H. P. Bonzel, and N. A. Gjostein, Surface self-diffusion measurements on copper, 

Phys. Status Solidi B, 1968, 25, pp. 209. 

18. F. J. Bradshaw, R. H. Brandon, and C. Wheeler, The surface self-diffusion of 

copper as affected by environment, Acta Mater. 1964, 12, pp. 1057. 



 

55 

 

19. J. J. De Miguel, A. Sánchez, A. Cebollada, et al. The surface morphology of a 

growing crystal studied by thermal energy atom scattering (TEAS), Surf. Sci. 

1987, 189, pp. 1062. 

20. P. M. Agrawal, B. M. Rice, and D. L. Thompson, Predicting trends in rate 

parameters for self-diffusion on FCC metal surfaces, Surf. Sci. 2002, 515, pp. 21. 

21. C. M. Liu, H. W. Lin, Y. C. Chu, et al. Low-temperature direct copper-to-copper 

bonding enabled by creep on highly (111)-oriented Cu surfaces, Scr. Mater. 2014, 

78, pp. 65. 

 

  

http://www.sciencedirect.com/science/article/pii/S0039602887805502
http://www.sciencedirect.com/science/article/pii/S0039602887805502
http://www.sciencedirect.com/science/article/pii/S0039602887805502
http://www.sciencedirect.com/science/article/pii/S0039602802019167
http://www.sciencedirect.com/science/article/pii/S0039602802019167
http://www.sciencedirect.com/science/article/pii/S0039602802019167


 

56 

 

Chapter 3 (Au, Ni)Sn4 phase in µ-bumps 

 

 With the shrinking trend of solder joints, the volume of solder in µ-bumps is 

reduced 1000 times compared to flip chip solder joints.  This will lead to very 

different results of kinetics and microstructure.  In this chapter, we will report the 

finding that the brittle (Au,Ni)Sn4 phase will consume almost all the unreacted β-Sn 

in the solder layer due to the trend of size shrinking.  We believe that it is because of 

the Au surface finishing layer on the Ni pad.  When the size of solder joints becomes 

1000 times smaller than the traditional flip chip solder joints, the Au concentration in 

solder will be very high even though a rather thin layer of Au is adopted.  The Au in 

surface finishing will dissolve into solder layer very quickly during reflow, form the 

intermetallic compound (Au,Ni)Sn4, and transform almost the whole solder layer into 

the intermetallic compound even with only one reflow.  Reliability studies related to 

this phase were carried out in this study and the fracture reliability concern of this 

brittle phase will be discussed in this chapter.  

 

3.1 Industrial fabrication of µ-bumps in the test samples 

 

Figure 3.1 shows a schematic diagram of the cross-section of two neighboring 

µ-bumps by using the thermal compression bonding method.   To produce them, the 

top half and the bottom half of µ-bumps on Si are made by sequential depositions of 

Cu, Ni, and SnAg solder of 2 % of Ag.  Then, underfill is dispensed before flipping 
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the top half over the bottom half.   With careful alignment, the bonding between the 

solder layers on the top half and on the bottom half occurs at a temperature slightly 

above the melting point of the Pb-free solder [1].   During the bonding, a 

compression force about 100 Newton is applied on about 1000 µ-bumps of diameter 

of 20 µm.  The compressive stress is about 300 MPa.  It is applied to make sure that 

the upper and lower solder layers of all the µ-bumps in the array are in direct contact 

for bonding.  This is because the TSV chip is thin, about 50 μm in thickness, so it 

tends to buckle.   Thus, the compression will reduce any gap between the top and 

bottom solder layers so that a uniform bonding can occur over all the µ-bumps.  

Although the process is using compression, the pressure is small.  Actually, gap 

stoppers are used to define the gap between two stacking chips and they limit the 

compression.  In cooling, the top die is rapidly cooled down at about 200 oC/sec in 

order to increase the thermal compression bonding throughput.   

 

Since underfill is applied before bonding, some of the underfill is trapped in the 

solder joint.  In addition, the compression will squeeze out the molten solder, so that 

a donut-type extrusion of solder will form a ring around the circumference of the 

µ-bump, as depicted in Figure 3.1.    Figure 3.2(a) shows a focused ion beam (FIB) 

cross-sectional image of a µ-bump, in which the filler-trap in the middle and the 

extrusion at both ends of the solder joint are clear.  In the FIB image, the 

microstructure of the Cu, the Ni, the Ni3Sn4, and the un-reacted solder can be seen.   

Figure 3.2(b) is SEM image of half of the cross-section of another µ-bump.    No 
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doubt, the filler-trap and the extrusion are unique features of this type of solder joint.   

In the filler-trap, some glass beads in the underfill can be seen.  The thickness of the 

trap is about the diameter of a bead, which is about 100 nm, and the width of the trap 

is about the diameter of the µ-bump.  We note that there is no filler-trap in the 

extrusion at both ends.  Since the filler-trap is a poor electric conductor, the µ-bump 

would have had high resistance if electric current had to go through the filler-trap.  

However, the extrusion provides an alternative path for electrical conduction.  Thus 

the solder extrusion is important.  

 

3.2 Identification of (Au, Ni)Sn4 phase in µ-bumps 

 

The sample was used to do electromigration tests.  The electromigration 

condition was 100 oC, with current density about 3.4×104 A/cm2.  We found that 

under electromigration, only the corner area can be depleted away under current, as 

shown in Figure 3.3, the rest of the solder layer seemed to have quite a good 

resistance to electromigration and no failure was observed even after a very long time.  

The shape of the void seems to be a grain when we took a closer look of the images of 

µ-bumps.   Figure 3.2(a) is the FIB ion beam image, and the contrast of the image is 

due to the channeling effect.  If we take a careful look of the solder layer, the corner 

area of the layer actually has a darker color than the rest of the layer.  Also we note 

that in the SEM image in Figure 3.2(b), the corner area shows a very different 

morphology from the other area.  This is because ion beam etches different in those 
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two areas, so we can see a clear morphological difference between them in Figure 

3.2(b).    

 

When we examine the microstructure in the extrusion as well as in the unreacted 

solder around the filler-trap, they seem to have a mixture, revealed by different 

indexing in electron back-scattering diffraction (EBSD).  The EBSD images indicate 

that there are two different Sn phases; one is β-Sn but the other phase of Sn cannot be 

indexed as β-Sn, as shown in Figure 3.4.  Figure 3.4(a) is the SEM cross-sectional 

image of one µ-bump and Figure 3.4(b) is the EBSD layered image of the 

corresponding bump.  As we can see in Figure 3.4(b), the corner area marked as red 

is indexed as β-Sn, while the rest area of the solder layer in µ-bump cannot be indexed 

as β-Sn.  Figure 3.4(c) is the band contrast image, showing that the quality of the 

image is good enough to see the grains in the µ-bump, but still we cannot index the 

image.  By using electron probe for compositional measurement as shown in Figure 

3.5(c) for β-Sn and Figure 3.5(d) for the other phase, we confirm that both of them are 

nearly 100% Sn.   However, we found that there are a few percent of Ni as well as 

some Au in the other phase of Sn.    The presence of Au is from the surface 

finishing electroless Ni immersion Au (ENIG), which is used to prevent Ni surface 

from oxidation.    

 

In order to have a definitive identification of the crystal structure of the other Sn 

phase, we cut out tiny pieces of it and used synchrotron radiation micro beam x-ray 
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diffraction at BL12.3.2 of the Advanced Light Source, Berkeley, to obtain clear Laue 

diffraction patterns.  These pieces were scanned under a 1 micron size polychromatic 

beam with an energy band pass of 5 to 22 KeV [2].  The indexing of the Laue 

patterns was performed using the XMAS software [3].  One of the indexed patterns 

is shown in Figure 3.6.  The accuracy of indexation has been checked and the 

absolute lattice parameters were measured by performing monochromatic scans on the 

sample to measure the energy (wavelength) of each reflection.    It is indexed as 

orthorhombic unit cell with lattice parameter of a = 0.635 nm, b = 0.639 nm, and c = 

1.147 nm.    The space group is Aba2.    Table 3.1 lists the calculated value of 

interplanar spacing of the orthorhombic structure.  The structure is probably 

isostructural with those of Sn4Pt, Sn4Au, and Sn4Pd with Ni replacing the noble metal 

[4, 5].  

 

Knowing the structure of the phase of Sn, we further confirm it by high 

resolution TEM images and selected area electron diffraction.  Two pairs of image 

and its corresponding electron diffraction pattern are shown in Figure 3.7(a) and (b) as 

well as Fig, 3.7(c) and (d), respectively.   The pattern in Figure 3.7(b) has a near 

4-fold symmetry, and its zone axis is [001] or the c-axis.  In this pattern, we can 

measure the interplanar spacing values to determine the lattice parameter “a” (and “b”) 

in the tetragonal structure, but not the lattice parameter of “c”.   The pattern in 

Figure 3.5(d) has a near 2-fold symmetry, and we can determine “c”.  Its zone axis is 

[0,-3,1].   The lattice parameter values are in good agreement, within 5 %, with 



 

61 

 

those determined from synchrotron radiation micro beam x-ray diffraction.  From the 

above analysis, we confirmed that it is (Au,Ni)Sn4 phase in the solder layer instead of 

β-Sn. 

  

We recall that the equilibrium phases of pure Sn are known to be α-Sn (gray Sn 

or diamond Sn) and β-Sn (white or metallic Sn).  Besides, under a pressure of 110 

kbar at room temperature, β-Sn changes to a high pressure Sn phase, which has a 

body-centered-cubic crystal lattice.   The lattice parameter is about 0.35 nm.  The 

phase change can also occur under pressure about 40 kbar at 300 °C, but the high 

pressure phase was found to have a body-centered-tetragonal crystal lattice with the 

ratio of c/a = 0.91.  It is worth noting that under high pressure, the melting point of 

β-Sn increases with pressure. At 30 kbar, it is above 300 °C [6-8].  

 

In addition, a γ-Sn phase (gamma Sn) is known, which forms upon 

rapid-quenching of an alloy of Sn having a few percent of other metals such as Ag.  

The cooling rate in the quenching is about °C/sec.  The γ-Sn has a simple 

hexagonal unit cell of space group of P6/mmm, with lattice parameter of a = 0.3212 

nm and c/a = 0.9312 [9, 10].   

 

3.3 Discussion of the formation of (Au, Ni)Sn4 phase in µ-bumps 

 

The detection of (Au,Ni)Sn4 phase in µ-bumps is the first time even though 

610
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solder joints have been widely used in electronic packaging technology for a very 

long time.  The question of why can it form will require a detailed systematic study.   

 

One possible reason for the formation of this phase is that this phase is a 

metastable phase formed during thermal compression bonding.  The phase has a 

structure which is probably isostructural to NiSn4 and can be regarded as NiSn4 

dissolving Au.  According to S. A. Belyakov and C. M. Gourlay [11-13], NiSn4 is a 

metastable phase that can be formed during the reflow of Sn on Ni plate.  We recall 

that the thermal compression bonding of µ-bumps is different from the normal reflow 

process in solder joint formation, which has no applied compression and tends to cool 

down gradually.  Still, we have no reason to expect the effect of high rate of rapid 

quenching and the effect of high pressure on formation of the metastable phase of Sn 

in µ-bumps.    However, what is unique in the thermal compression bonding is the 

extrusion of molten solder which solidifies to form a donut-type ring around the 

circumference of the µ-bump.   The donut ring has a large interface with the 

underfill, in turn a larger cooling rate when heat is being conducted away from the top 

die and underfill.   If we assume that the metastable phase has a higher melting point 

than the β-Sn, relative speaking it has a much larger undercooling than β-Sn from the 

point of view of nucleation during the solidification of the µ-bump.  We speculate 

that the metastable phase forms because of its higher rate of nucleation than that of 

β-Sn under a large undercooling.  It is very likely that the effect of Ni UBM on the 

heterogeneous nucleation should be considered too.    

https://scholar.google.com/citations?user=ETsItIkAAAAJ&hl=zh-CN&oi=sra
https://scholar.google.com/citations?user=prm-giYAAAAJ&hl=zh-CN&oi=sra
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While the metastable phase is the dominant phase in the remaining solder in the 

µ-bump, it co-exists with the minor phases of β-Sn and Ag3Sn. Typically, a metastable 

phase forms when the formation of the equilibrium phase (β-Sn here) was suppressed 

due to kinetic reasons.    For example, rapid quenching has been used to produce 

many amorphous alloys.  What is of interest here is that we found the metastable 

phase co-exists with the equilibrium phase of β-Sn, as shown in Figure 3.2.  We do 

not know the sequence of their formation on the basis of the morphology of Figure 3.2, 

whether the metastable phase or the β-Sn forms first.   Nevertheless, it is reasonable 

to assume the metastable phase forms first.  Otherwise, it has no thermodynamic 

reason to form after β-Sn.    

 

Another possible explanation for the formation of this phase is actually the 

intermetallic compound of Au, Ni and Sn, rather than the metastable phase of NiSn4 

dissolving Au.  According to the phase diagram [14] in Figure 3.8, Au, Ni and Sn 

can form a stable intermetallic compound (Au,Ni)Sn4.  This phase is actually not 

new to industry.  The formation of this phase is due to the surface coating of Au/Pd 

used on the Ni layer in µ-bumps.  During soldering, the Au/Pd layer dissolves into 

solder rapidly, forming intermetallic compound (Au, Ni)Sn4 and (Pd, Ni)Sn4, causing 

embrittlement problem [15-18]. The problem can be effectively alleviated by using a 

thinner layer of Au/Pd in traditional flip chip solder joints, so that the fraction of 

Au/Pd in the entire solder joint will be less that 5 % in order to avoid the well-known 



 

64 

 

problem of “cold joint”, in which a large fraction, over 25 %, of the brittle AuSn4 or 

PdSn4 phase forms.  However, in µ-bumps, as the volume shrinks 1000 times as 

compared to that of flip chip solder joints, the concentration of Au/Pd in solder will be 

very high.  Thus, during even one reflow, the Au in the surface finishing layer can 

transform almost the whole solder layer into intermetallic compound (Au,Ni)Sn4.  

 

With these two possible explanations of (Au,Ni)Sn4 formation, we tend to 

believe the second one is more reasonable.  Since the condition for the formation of 

intermetallic compound is easy to achieve, while the condition for metastable phase 

formation is not very clear.  Also we found this phase seems quite stable; it resists 

FIB etching better than β-Sn, and also it resists electromigration better, as shown in 

Figure 3.2 and 3.3.  

 

3.4 Reliability studies  

 

The (Au,Ni)Sn4 phase replacing almost the whole solder layer in µ-bumps is 

new to industry.  There are no reported reliability studies related to this phase in 

micorbumps.  So reliability studies of (Au,Ni)Sn4 phase in µ-bumps will be in 

demand and should be studied carefully.  In the following, we will report our 

observations of this phase with a thorough crack after the sample being annealed at 

150 oC for 1000 h.  Kirkendall voids have been found at the interface between 

Ni3Sn4 and electroplated Ni layer.  These reliability studies imply that there should 
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be a fracture reliability concern related to this phase in µ-bumps and the results should 

be of concern to industry relating to ENIG or ENEPIG surface finishing applications.  

  

3.4.1 Crack formation after high temperature storage 

 

Test samples in the as-received state, provided by Qualcomm, were polished and 

Figure 3.9(a) shows the image of a µ-bump with (Au, Ni)Sn4 phase before annealing.  

Figure 3.9(b) shows the corresponding image of a µ-bump after being annealed for 

1000 h at 150 oC.  A thorough crack propagated across the µ-bump.  Figure 3.10(a) 

shows the FIB-ion beam image of one µ-bump with (Au, Ni)Sn4 phase.  The black 

square frame indicates the area that is shown in the TEM images in Figure 3.10(c) and 

(d).  By comparing Figure 3.10(a), (c) and (d), we can see that the upper and lower 

Ni layer have different morphology.  The grain size in the upper side Ni layer varies 

from about less than 100 nm to 1 μm, which is electroplated Ni.  The lower side Ni 

layer seems to be amorphous, corresponding to electroless plated Ni(P).  Also, phase 

transformation has been found after the sample being annealed at 170 oC for 500 h, as 

shown in Figure 3.2(b).  By EDS detection, the new phase has the chemical formula 

of AuNi2Sn4.  This new phase has a brighter contrast in FIB-ion beam images than 

the (Au, Ni)Sn4 phase. 

As shown in Figure 3.9, a thorough crack has been found across the µ-bump 

after being annealed for a long time.  This crack can be regarded as a time-dependent 

reliability failure and will be a potential concern in the application of µ-bumps.  The 
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reason of this crack formation is unclear yet.  It might be due to the non-conservation 

of molar volume during interdiffusion and reaction, which could be an intrinsic and 

inevitable reason.  With the assumption of the molecular formula for (Au, Ni)Sn4 as 

Au0.5Ni0.5Sn4, we evaluate below the change of volume in the reaction: 

 

           2Au0.5Ni0.5Sn4 + 4Ni → Ni3Sn4 + AuNi2Sn4     (1) 

 

The lattice parameter of (Au, Ni)Sn4 is a = 0.635 nm, b = 0.639 nm, c = 1.147 

nm [19].  There are 18 atoms in the unit cell. The atomic volume of (Au, Ni)Sn4 is:  

Ω(𝐴𝑢0.5𝑁𝑖0.5𝑆𝑛4) =
a ∗ b ∗ c

18
= 2.58 ∗ 10−29  

𝑚3

𝑎𝑡𝑜𝑚
  

Molar volume of Ni is: 

𝑉𝑚𝑜𝑙𝑎𝑟(𝑁𝑖) = 6.59 
𝑐𝑚3

𝑚𝑜𝑙𝑒
 

Atomic volume of Ni is: 

Ω(𝑁𝑖) = 1.09 ∗ 10−29  
𝑚3

𝑎𝑡𝑜𝑚
 

The unit cell volume for Ni3Sn4 is [20]: 

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙(𝑁𝑖3𝑆𝑛4) = 250.0 Å3, 𝑍 = 2 

Atomic volume of Ni3Sn4 is: 

Ω(𝑁𝑖3𝑆𝑛4) =
250.0 Å3

2 ∗ (3 + 4)
= 1.78 ∗ 10−29  

𝑚3

𝑎𝑡𝑜𝑚
  

The unit cell for AuNi2Sn4 is [21]: 

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙(𝐴𝑢𝑁𝑖2𝑆𝑛4) = 4.109 ∗ 108 𝑝𝑚3, 𝑍 = 3 

Atomic volume of AuNi2Sn4 is: 
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Ω(𝐴𝑢𝑁𝑖2𝑆𝑛4) =
4.109 ∗ 108 𝑝𝑚3

3 ∗ (3 + 4)
= 1.95 ∗ 10−29 𝑚3 

Total volume of the left-hand side in the reaction equation (1) is: 

7 ∗ Ω(𝐴𝑢𝑁𝑖2𝑆𝑛4) + 7 ∗ Ω(𝑁𝑖3𝑆𝑛4) = 26.11 ∗ 10−29 𝑚3 

Total volume of the right-hand side in the reaction equation (1) is: 

2 ∗ 5 ∗ Ω(𝐴𝑢0.5𝑁𝑖0.5𝑆𝑛4) + 4 ∗ 𝛺(𝑁𝑖) = 30.16 ∗ 10−29 𝑚3 

Change of volume per atom is shown below, which is negative: 

ΔΩ(per atom) =
26.11 − 30.16

15
∗ 10−29 = −2.70 ∗ 10−30 𝑚3/𝑎𝑡𝑜𝑚 

ΔΩ

Ω(𝐴𝑢0.5𝑁𝑖0.5𝑆𝑛4)
=

−2.70 ∗ 10−30 𝑚3/𝑎𝑡𝑜𝑚

2.58 ∗ 10−29 𝑚3/𝑎𝑡𝑜𝑚
= −10.5% 

 

From the above calculation, if we assume rigidly constrained sides of the sample, 

the volume change of minus 10.5% would mean a significant tensile stress in the 

order of a few GPa.  This could be an intrinsic reason for the crack formation in 

µ-bumps with (Au, Ni)Sn4 phase instead of β-Sn.  Nevertheless, we also observed 

some big voids formation after annealing.  The formation of these big voids may 

release part of the tensile stress.   

 

3.4.2 Kirkendall voids formation after high temperature storage 

 

Aside from the thorough crack formation, Kirkendall voids have been found at 

the interface between the Ni3Sn4 and the upper Ni layer, as shown in those FIB-SEM 

images in Figure 3.11, indicated by an arrow.  Figure 3.11(a) and (b) show the 

sample after being annealed for 100 h and 800 h at 170 oC, respectively.  We can see 
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the accumulation of Kirkendall voids at the interface between the Ni3Sn4 and the 

upper electroplated Ni layer.  In Figure 3.11(b) both the lower and the upper Ni layer 

are shown.  By comparison, we can find that there are only narrow and long voids at 

the Ni3P layer between the Ni3Sn4 and the lower electroless plated Ni(P) layer, which 

has been widely reported [22,23], however, there are no continuous, small, and round 

Kirkendall voids at the interface.   

 

Makers have been made to study the kinetics of Ni3Sn4 growth in this (Au, 

Ni)Sn4 phase, as shown in Figure 3.12.  Figure 3.12(a) shows the SEM image that 

was taken just after making the marker in Ni3Sn4 layer by ion beam.  Figure 3.12(b) 

shows the image that was taken after being annealed for 800 h at 170 oC.  The Si 

wafer interface (the bottom end of the white arrows) is taken to be the fixed plane to 

serve as the reference for the marker movement measurement.  With the software 

Image J, we measured the distance between markers and the fixed plane, as shown by 

the white arrows in Figure 3.12. Before annealing, the distance between the marker in 

the lower side Ni and Si interface is 5.9 μm and the distance between the marker in 

the upper side Ni and Si interface is 9.8 μm.  After annealing for 800 h at 170 oC, the 

distance changed to 5.5 μm and 10.2 μm, respectively.  Both of these two markers 

move along the direction towards Ni layers.  Also, it is clear that the vertical distance 

between the two makers has increased after annealing.  

 

Kirkendall voids formation in solder on Cu and electroless plated Ni(P) has been 
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widely studied [22-25].  The formation of Kirkendall voids may deteriorate the 

mechanical properties of solder joints and cause reliability problems.  However, 

Kirkendall voids formation between solder and electroplated Ni has not been reported 

before.  Here, we find that when the (Au, Ni)Sn4 phase replaces the β-Sn in µ-bumps, 

Kirkendall voids form at the interface between the Ni3Sn4 and the Ni layer.  So the 

Ni flux and the Sn flux must be different due to the replacement of β-Sn by this (Au, 

Ni)Sn4 layer in Ni3Sn4 layer growth.  According to the marker movements in both of 

the upper and lower Ni layer, shown in Figure 3.13, the marker moves toward the Ni 

layer, meaning the out-flux of Ni is bigger than the in-flux of Sn (“in” and “out” is 

relative to the Ni layer).  This can be explained by the transformation of (Au, Ni)Sn4 

layer.  The formation of AuNi2Sn4 layer in the sample after annealing means that 

there is an extra Ni flux diffuse to (Au, Ni)Sn4 so that the original (Au, Ni)Sn4 can 

have a higher Ni concentration and transform to AuNi2Sn4.  In other word, in 

addition to the Ni flux for Ni3Sn4 formation, there is another Ni flux for AuNi2Sn4 

formation.  However, there is only one Sn flux from (Au, Ni)Sn4 to Ni3Sn4 formation, 

leading to a vacancy flux toward Ni layer.  So the marker moves toward the Ni layer 

and Kirkendall voids form at the interface of Ni3Sn4 and Ni layer.  

 

3.5 Summary 

 

In summary, we found the IMC phase of (Au,Ni)Sn4 in µ-bumps formed by 

thermal compression bonding with Ni as the under-bump-metallization.  It has 
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orthorhombic lattice with a = 0.635 nm, b = 0.639 nm, and c = 1.147 nm.   We used 

synchrotron radiation micro beam x-ray diffraction to determine the structure, which 

has been confirmed by selected area electron diffraction.  The composition of this 

phase has been inspected by electron micro probe to be almost Sn, but it contains a 

few percent of Ni and some Au and Pd.  From all these characterization methods, the 

phase can be regarded as the IMC, (Au,Ni)Sn4.    

The reason for the formation of this phase is due to the fact that when Au is 

adopted as the surface finishing layer.  With the size shrinking of solder joints to 

µ-bumps, Au surface finishing on Ni layer plays a more and more important role and 

it leads to the replacement of β-Sn by (Au, Ni)Sn4 phase.  This (Au, Ni)Sn4 phase 

will cause potential fracture reliability concerns.  First, the phase transformation of 

(Au, Ni)Sn4 to Ni3Sn4 and AuNi2Sn4 during subsequent annealing will lead to volume 

shrinkage.  Volume shrinkage may result in tensile stress and a thorough crack 

formation after being annealed for a long time.  Second, Kirkendall voids have been 

found at the interface of Ni3Sn4 and electroplated Ni layer.  Marker movement 

indicates that Ni is the dominant diffusing species.  This is because the phase 

transformation of (Au, Ni)Sn4 to AuNi2Sn4 needs an extra flux of Ni diffusing out of 

the Ni layer.  The volume shrinkage and Kirkendall voids formation imply that the 

(Au, Ni)Sn4 phase has potential mechanical problems, on top of the fact that (Au, 

Ni)Sn4 is intrinsically brittle. 

   

 



 

71 

 

3.6 Acknowledgement  

 

This chapter’s results have been published in the Scripta Materialia, (102) 2015, 

39-42 and Scripta Materialia, (119) 2016, 9-12.  The reprint permission of any 

figures should acquire copyright from Scripta Meterialia.  We would like to 

acknowledge the financial support of project 77630 by Qualcomm.  The Advanced 

Light Source (ALS) is supported by the Director, Office of Science, Office of Basic 

Energy Sciences, of the U.S. Department of Energy under Contract No. 

DE-AC02-05CH11231 at the Lawrence Berkeley National Laboratory (LBNL).  We 

would like to thank Dr. N. Tamura at ALS for the help of the experiment.  Yingxia 

would also like to acknowledge the technical support of Chi Ma at Caltech for EBSD 

study, Sergey Prikhodko at MSE, UCLA for SEM and TEM and Noah Bodzin at 

nanolab, UCLA for FIB study.   

 

 

 

 

 

 

  



 

72 

 

3.7 Figures 

 

 

Figure 3.1 Schematic diagram of thermal compression bonding showing the 

formation of filler trap and solder extrusion. 
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Figure 3.2 Void formation at the corner of the solder layer after electromigration 
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Figure 3.3 (a) FIB and (b) SEM cross-sectional images of one µ-bump. 
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Figure 3.4 (a) One µ-bump SEM cross-sectional image; (b) EBSD layered image of 

the corresponding µ-bump; and (c) band contrast image of the bump. 
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Figure 3.5 (a) and (b) EDX analysis of solder layer in the cross-section of a 

µ-bump. 
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Figure 3.6 Synchrotron radiation micro beam x-ray diffraction of metastable Sn phase 

indexes as orthorhombic unit cell with lattice parameter of a = 0.635 nm, b = 0.639 

nm,  and c = 1.147 nm. 
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Figure 3.7 Two pairs of lattice image and their corresponding electron diffraction 

pattern 
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Figure 3.8 Isothermal section of Au-Ni-Sn system at room temperature 
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Figure 3.9 SEM images to show the thorough crack (a) before, and (b) after the 

annealing of 1000 h at 150 oC. 
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Figure 3.10 (a) FIB-ion beam image of one µ-bump, (b) FIB-ion beam image of one 

µ-bump after being annealed at 170 oC for 500h, (c) and (d) TEM images of the upper 

and lower Ni layers, respectively. 
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Figure 3.11 (a) and (b) are FIB-SEM images showing the sample after being annealed 

for 100 h and 800 h.   
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Figure 3.12 (a) FIB-ion beam image showing the position of marker before annealing 

and (b) SEM image showing the position of marker after being annealed for 800 h at 

170 oC. 
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Table 3.1 hkl reflections, interplanar spacing, and relative intensity of the phase 

 

(hkl) d-spacing (Å) Relative intensity 

002 5.73270 100.0000 

111 4.19201 14.61959 

020 3.19570 4.62170 

200 3.17380 5.37955 

113 2.91404 5.89791 

004 2.86635 18.72840 

120 2.85437 22.15377 

022 2.79130 6.50030 

202 2.77667 7.59351 

213 2.28087 22.37076 

220 2.25192 0.79254 

222 2.09600 1.28859 
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Chapter 4 Synergistic effect of electromigration and Joule heating on system 

level weak-link failure in 2.5D integrated circuits 

  

 With the development of advanced packaging, the size of interconnect structures 

is shrinking and the whole packaging structure is getting more compact.  In 3D IC 

packaging, several layers of Si chips are vertically stacked together by µ-bumps and 

TSVs.  The dimensions of µ-bumps and TSVs are about 20 μm and 5 μm 

respectively.  With the trend of size shrinking, the size of those interconnects could 

be reduced further.  These structures are newly developed and the reliability studies 

on 3D IC devices are not extensive yet, consequently we have little idea on its failure 

behavior.  As the size shrinking smaller and the packaging becoming denser, the 

synergistic effects of Joule heating on electrical, thermal, and mechanical failures 

could be an issue.  In the following, we begin with electromigration (EM) and use 

system level tests to find out what will be the weak-link which is affected by Joule 

heating and tends to fail first in the entire packaging system. 

 

4.1 Experimental procedure 

 

Figure 4.1(a) and 4.1(b) show respectively an SEM cross-sectional image and an 

x-ray tomography image of our test sample.  From the bottom, an array of very large 

ball-grid-array (BGA) solder balls of 250 μm is shown.  Above the BGA is a 

polymer-based printed circuit board (PCB) containing plated-through-holes (PTHs) or 
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substrate vias which were filled with thick Cu.  On top of the board is an array of flip 

chip solder joints of 100 μm in diameter.  Flip chip solder joints, typically are called 

C-4 (controlled-collapse-chip-connection) solder joints, connect the board and a Si 

interposer chip containing TSVs.  On the interposer chip is an array of µ-bumps with 

diameters about 20 μm.  Finally, a Si device chip is on top of the µ-bumps.  In the 

above 3D structure, we must mention that there is a first set of redistribution layer 

(RDL) in the PCB, and the RDL is required in order to fan-out circuits from the BGA 

to the C-4 joints.  Then, in the interposer chip, there is a second set of RDL for the 

circuit transition from C-4 joints to µ-bumps.  This second set of RDL is new in 3D 

IC because it is not required in 2D IC.  We will show that this RDL is the weak-link 

in our EM tests. 

 

We note that the interposer chip serves as the substrate for the device chip so that 

there is no or very little thermal stress between them.  Long time ago, ceramic 

substrate which has a close thermal expansion coefficient as Si has been used as 

interposer.  If we add transistors to the interposer chip, it becomes 3D IC.  If no 

transistors in the interposer chip, it is 2.5D IC, as the one shown in Figure 4.1(a). 

 

In Figure 4.1(b), a set of arrows in blue color was used to indicate that we can 

pass electric current to study EM in the packaging circuit.  We use one of the BGA 

balls on the left as the cathode and direct electrons to flow through the PTH, flip chip 

solder joint, TSV, and a daisy chain of µ-bumps, and then return in opposite direction 
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to another BGA ball on the right as the anode.  Since our EM test is only for a 

packaging circuit, we do not include transistors or multi-level Cu damascene 

interconnects on the top Si chip.   Nevertheless, in the packaging circuit, we do have 

a large number of Cu connections in the TSV and RDL as well as solder joints.  This 

system level EM test is much more complicated than those previous studies of EM in 

a pair of solder joints or a stripe of Cu or Al lines [1-4].  

 

Before EM test, I-V curve of test samples were measured. It is shown in Figure 

4.2, which will be discussed later.  Then we connected samples to power supply and 

did EM tests.  The EM testing conditions and life times of each test are listed in 

Table 4.1.  The samples failed in a second when 100 mA passed through a pair of the 

BGA at 100 oC.  Based on this finding, three testing conditions of lower current were 

chosen at 100 oC, 50 mA; 100 oC, 60 mA; and 150 oC, 50 mA.   

 

To locate the failure site, those failed samples were polished layer by layer slowly 

and carefully with SiC papers down to 2500 grit and optical microscope was used to 

observe the cross-section in time to find the failure site. Then the cross-section was 

polished consecutively with 0.1 and 0.05 μm Al2O3 powders, and scanning electron 

microscopy (SEM) was used to find and obtain the image of the failure site. To obtain 

a better image of the failure site, focus ion beam (FIB) was used to cut 

perpendicularly into the failure site so that we can obtain very clear SEM image of the 

site.  The Cu lines in RDL are also characterized by transmission electron 
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microscopy (TEM) using Titan 80-300 kV S/TEM.  Energy disperse X-ray (EDX) 

analysis was used during TEM observation to determine the material composition in 

RDL. TEM samples from the RDL were prepared by FIB. 

 

4.2 Experimental results 

 

Figure 4.2 shows an I-V curve of a sample before EM test.  It is a straight I-V 

curve, indicating ohmic behavior.  The resistance is about 100 Ω and there is a little 

bit variation between different samples.  The measured resistance is of the current 

path includes 10 µ-bumps, 10 TSVs, RDL, one pair of C4 solder joints, one pair of 

PTHs, and one pair of BGAs.  Upon EM tests, the resistance change curves for some 

of the tests are shown in Figure 4.3.  Although under different testing conditions, 

some samples fail really fast, and some fail much slower, all of them show a rather 

flat resistance change with time until a sudden increase leading to failure.  Just 

before the failure, a tiny increase of resistance about less than 5% can be barely 

observed.  Because the period of recording data is 1 minute and 40 second, the 

abrupt increase in resistance meaning that within the period of failure, a dramatic 

damage occurs in the testing sample.   

 

Figure 4.4(a) and 4.4(b) show the failure site images of the sample failed in 164 h 

at 100 oC and 50 mA; and Figure 4.4(c) and 4.4(d) show the sample failed in 12.25 h 

at 150 oC and 50 mA.  They were found in the RDL in the interposer chip.  In 
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Figure 4.4(a), we can see six periodic holes in the RDL.  Figure 4.4(b) shows a 

clearer image by using FIB to cut perpendicularly into the failure site. These holes 

indicate a burn-out type failure, where we see that the Cu lines were molten and the 

dielectric materials were broken.  Figure 4.4(c) shows another failure site with FIB 

cut. This failure site is really big, about 80 μm long.  FIB was used to cut three holes 

at the beginning, the middle, and the end of the failure site respectively to obtain more 

clear images, as shown in Figure 4.4(c).  The obtained FIB images are similar and 

one of the three images is shown in Figure 4.4(d).  All of them show the burn-out 

type failure.   

 

Figure 4.5(a) shows the location of RDL in the sample.  It is near the bottom 

side of the interposer and below the TSV.  This RDL is served as the current fan out 

paths when current passing from C4 solder joints into TSVs and µ-bumps.  Figure 

4.5(b) is a higher magnification image of RDL and the network structure of RDL can 

be seen. This network structure is made similar to Cu damascene structure. 

 

Figure 4.6 is a cross-sectional TEM image of the Cu lines in RDL.  The 

cross-section of the Cu line is about 100 nm by 100 nm.  The Cu lines are coated 

with Ta diffusion barrier and the thickness of the barrier is about 5 nm.  According to 

Figure 4.6, if we assume 1 mA passes across the cross sectional area, the current 

density will be 1 x 107 A/cm2, which is very high for EM to happen in Cu lines at 100 

oC.  The estimate of current density is not unreasonable.  Because from the density 
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change of solder joints (number of joints per unit area) of BGA to C-4 solder joints 

and to µ-bumps, we expect it when the applied current is 50 to 60 mA. 

 

4.3 Synergistic effect of Joule heating and electromigration 

 

The design of the network structure of Cu line in RDL, as shown in Figure 4.5(b), 

is very compact when compared to previous Cu or Al interconnect structures studied 

in the literature. The compactness means that it is very difficult for dissipation of the 

generated Joule heating.  Besides the compact structure, the reduced Si layer 

thickness also leads to the poor heat dissipation.  Physically, we note that the 

thickness of interposer chip is about 50 µm as shown in Figure 4.1(a), which is much 

less than the typical thickness of Si wafer at 200 µm.  The heat conduction of Si 

interposer is much reduced and it becomes one of the reasons why heat dissipation is 

poor.  These situations are very different from the previous EM studies carried out in 

Cu and Al lines reported in the literature [5-9].  Joule heating generation and 

dissipation is an important issue in this experiment, leading to the time-dependent 

heat accumulation and temperature increase.  These special situations result in the 

new failure mode, the time-dependent failure of burn-out in EM test. In this failure, 

the temperature must be raised above the melting point of Cu, which is 1083 oC.  

Below, we confirm the time-dependent Joule heating and the positive feed-back to 

EM by simulation.   
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A three-dimensional simulation program was adopted to show the possibility of 

burn out in the RDL wires at the stressing condition.  Figure 4.7 shows the geometry 

of the modeled RDL unit. Here, the copper wires have the dimension of 100 nm x 100 

nm x 1.7 um, while the copper vias have the diameter of 100 nm, and height of 100 

nm. Suppose there are 10 units to redistribute the current of 50 mA, each RDL unit 

will carry 5 mA.  The current flow direction is from bottom (substrate side) to top 

(chip side).  Figure 4.8 shows the current density distribution inside the RDL at the 

stressing condition of 100 ℃, 50 mA.  The current density in the copper vias along 

the current flow direction is on the order of 106 A/cm2.  Under this current density, 

EM will occur and deplete materials away.  The generated Joule heating will be 

absorbed and conducted through the copper wires and vias in the RDL structure. The 

heat generation and heat conduction in the copper RDL structure is fully coupled, and 

governed by the following Fourier’s equation of heat transfer in solids [10],  

                 ρ𝐶𝑝𝒖 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + 𝑄       (1)                    

where ρ is the density of copper,  𝐶𝑝 is the heat capacitance, k is the thermal 

conductivity, and Q is the power density per unit volume (W/m3) induced by Joule 

heating, and Q = j ∙ E, where j is the current density, and E is the electric field (𝑬 =

𝒋 ∙ 𝜌, where 𝜌 is resistivity), and u is distance over time in finite element simulation.  

The first term on the right hand side of the equation represents divergence of heat 

fluxes in a unit volume, or the net change of heat in the volume due to flux in and out 

from the neighboring volumes.  The second term represents heat generation within 

the unit volume due to Joule heating. 
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At the steady state, the RDL dissipates the generated Joule heating in two ways: 

the first is from its upper side through silicon to the surrounding air (at 373K), and the 

second is from its lower side through the substrate to the surrounding air.  For the 

dissipation process, the dissipation heat flux is governed by the following equation: 

 𝑞0 = (ℎSi + ℎsub) ∙ (𝑇 − 𝑇ext)                (2) 

where 𝑞0 is the dissipation heat flux (Joule/(cm2∙sec)), h is the thermal transfer 

coefficient (W/(m2∙K)). For the chip side, ℎSi is assumed to be 90000 W/(m2∙K), and 

for the substrate side, ℎsub is assumed to be 500 W/(m2∙K). 𝑇ext is the surrounding 

temperature and T is the temperature of the position at Cu line under consideration.  

With the assumed values of thermal transfer coefficient, it is clear that most heat is 

dissipated through the Si side in the model. 

 

Since the Cu line in RDL is made similar to Cu damascene structure, we assume 

that the EM damage is also similar to Cu damascene structure by surface diffusion at 

100 oC in which a bi-model failure was found [5, 11-12].  The first mode of failure is 

at the interface between the capping liner and Cu, and the second is at the bottom of 

vias.  Void formation at the capping liner interface will make Cu lines thinner and 

thinner in the current flow direction, while the void at the via bottom will lead to 

opening.  Because of the reduced cross sectional area of current path in Cu line, its 

resistance and Joule heating will increase.  Due to poor thermal dissipation, the 

increased Joule heating will result in the increase in temperature, which in turn will 
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increase the rate of EM.  However, the enhanced EM will increase resistance and 

temperature again. This positive feed-back process accelerates the thinning of the Cu 

lines in RDL.  Figure 4.9 shows the positive feedback between electromigration and 

Joule heating. From Figure 4.9(a) to Figure 4.9(d), the diameter of the copper via is 

shrunk from 100 nm to 14 nm.  In the final stage, as shown in Figure 4.9(d), the Cu 

line become very thin and the local temperature can reach 1615 K, which is high 

enough to melt copper.   Figure 4.10 is the simulation result in three different 

stressing conditions when the Cu lines become thinner due to EM.  We can see the 

synergistic and positive feed-back process leading to fast and catastrophic type of 

burn-out failure. 

 

4.4 Summary 

 

Electromigration test in 2.5 D IC packaging structure has been studied.  The test 

include the whole interconnect structures in packaging system, including BGAs, 

PTHs, flip chip solder joints, TSVs and µ-bumps.  The weakest link in this whole 

packaging system is the RDL between TSVs and flip chip solder joints.  The RDL is 

located in the Si interposer.  Due to the design of RDL, which is composed of very 

thin Cu damascene lines and has quite compact structure, thermal dissipation becomes 

a problem.  Joule heating will be accumulated and resulting in the increase of 

temperature, which in turn increase the rate of EM depletion of atoms in Cu lines and 

making the lines thinner and thinner. 
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This synergistic effect of Joule heating and EM on burn-out is a new failure mode 

of reliability.  Joule heating will be the critical issue as the density of transistor 

becomes higher and higher while the form factor cannot change much in mobile units.  

This synergistic effect can couple with mechanical and other failure in the future.   

Our experimental results will also provide some input to the microelectronic industry 

about the design and processing of RDL in the Si interposer. 
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4.6 Figures 

 

 

Figure 4.1 SEM cross-sectional image and an x-ray tomography image of our test 

sample. 
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Figure 4.2 I-V curve of the current path in test sample. 
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Figure 4.3 The resistance change curves for some of the EM test 
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Figure 4.4 Failure site images (a) and (c) and their corresponding FIB cut images 

(b) and (d). In (c), the failure site is really big, about 80 μm long.  FIB was used 

to cut three holes at the beginning, the middle, and the end of the failure site. 
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Figure 4.5 SEM images to show (a) location of RDL and (b) higher magnification 

of RDL. 
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Figure 4.6 TEM image of Cu lines in RDL. 
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Figure 4.7 Geometry of simulated RDL unit, (a) 3D view of the structure and (b) 

2D side view. 
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Figure 4.8 Current density distribution in the RDL 
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Figure 4.9 Positive feed-back between EM and Joule heating. 

(a) via diameter is 100nm; (b) via diameter is 50 nm; 

(c) via diameter is 30 nm; (d) via diameter is 14 nm 
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Figure 4.10 Positive feed-back between EM and Joule heating under different 

testing conditions. 
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Table 4.1 EM tests conditions and life times. 

 

T (oC) Current (mA) Time-to-failure (h) 

100 50  164 384 461 

100 60 5.5 6.25 30 

150 50 12.25 14.3 148 
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Chapter 5 Summary 

 

 In this dissertation, reliability studies related to the scaling of interconnect 

structures in advanced packaging have been investigated.  First, different diameter 

Sn/Cu pillars varying from 30 to 1 μm have been made by focus ion beam, and the 

solid state reaction to form Cu6Sn5 in these pillars has been studied.  An increased 

Cu-Sn reaction rate to form Cu6Sn5 was observed as the pillar diameter decrease from 

20 to 1 μm when annealed at 185 and 195 oC.  With the shrinking of pillar size, 

surface diffusion becomes important as compared to grain boundary and lattice 

diffusion in the Cu-Sn interfacial reaction.   Also, surface diffusion induced 

Kirkendall voids was observed to locate at the peripheral area just above Cu of the 

Cu-Sn pillars.  A simple kinetic model of intermetallic compound growth involving 

surface diffusion and interstitial diffusion is presented.  In those pillars approaching 

1 μm diameter, we neglect grain boundary and lattice diffusion, and our simple model 

enables us to measure surface diffusivity of Cu on Cu6Sn5.   Preliminary data of Cu 

surface diffusivity on Cu6Sn5 was calculated to be 3.1×10-7 cm2/s and the activation 

energy is about 0.2 ± 0.1 eV/atom. 

In addition, we found the IMC phase of (Au,Ni)Sn4 in µ-bumps formed by 

thermal compression bonding with Ni as the under-bump-metallization.  It has 

orthorhombic lattice with a = 0.635 nm, b = 0.639 nm, and c = 1.147 nm.   We used 

synchrotron radiation micro beam x-ray diffraction to determine the structure, which 

has been confirmed by selected area electron diffraction.  From all these 
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characterization methods, the phase can be regarded as the IMC, (Au,Ni)Sn4.   The 

reason for the formation of this phase is due to the fact that when Au is adopted as the 

surface finishing layer.  With the size shrinking of solder joints to µ-bumps, Au 

surface finishing on Ni layer plays a more and more important role and it leads to the 

replacement of β-Sn by (Au, Ni)Sn4 phase.  This (Au, Ni)Sn4 phase will cause 

potential fracture reliability concerns.  First, the subsequent phase transformation of 

(Au, Ni)Sn4 to Ni3Sn4 and AuNi2Sn4 during annealing will lead to volume shrinkage.  

Volume shrinkage may result in tensile stress and may be the reason for a thorough 

crack formation after being annealed for a long time.  Second, Kirkendall voids have 

been found at the interface of Ni3Sn4 and electroplated Ni layer.  Marker movement 

indicates that Ni is the dominant diffusing species.  This is because the phase 

transformation of (Au, Ni)Sn4 to AuNi2Sn4 needs in an extra flux of Ni diffusing out 

of the Ni layer.  The volume shrinkage and Kirkendall voids formation imply that the 

(Au, Ni)Sn4 phase may cause potential mechanical problems, on top of the fact that 

(Au, Ni)Sn4 is intrinsically brittle. 

Electromigration test in 2.5 D IC packaging structure has been studied.  The test 

include the whole interconnect structures in packaging system, including BGAs, 

PTHs, flip chip solder joints, TSVs and µ-bumps.  The weakest link in this whole 

packaging system is the RDL between TSVs and flip chip solder joints and the layer 

is used to redistribute current from the transition.  Due to the design of RDL, which 

is composed of very thin Cu due damascene lines and has quite compact structure, 

thermal dissipation becomes a problem.  Joule heating will be accumulated and 
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resulting in the increase of temperature, which in turn increase the rate of EM 

depletion of atoms in Cu lines and making the lines thinner and thinner. This 

synergistic effect of Joule heating and EM on burn-out is a new failure mode of 

reliability.   

 

 

 

 




