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Voids in solder bumps have been a critical reliability issue as electronic 

components continue to shrink in size. This dissertation addresses the formation 

of voids in solder joints of flip-chip assemblies. Specifically, experimental 

techniques have been developed to study how the heat flux direction affects the 

occurrence of void formation. Three types of solder pastes including high-lead 

solder (90Pb/8Sn/2Ag), eutectic solder (63Sn/37Pb), and lead-free solder 

(95.75Sn/3.5Ag/0.75Cu) have been studied in the present experiments. 

For high-lead solder, the tests were performed on flip-chip connections to 

ceramic substrates. As predicted by studies from thermocapillary driven flow 

theory, the melting direction was found to have significant effect on the formation 

of voids and their final distribution. Solder bumps that were heated and cooled 

from top have the smallest void volume and the least probability for finding a 
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defective bump. This represents the best reflow methodology to minimize voids 

for high-lead solder. Reversing the flow direction during cooling, the bumps show 

highest percentage of defective bumps and the highest void volume. This 

demonstrates that for high-lead solder, the effect of cooling process on the 

formation of voids is very significant. These results are of major significance to 

manufacturing process. 

Experiments on lead-free and eutectic solder were carried out on flip-chip 

connections to FR4 substrates. Both solders show much smaller void volume than 

high-lead solder. Compared with eutectic solder, lead-free solder has a slightly 

higher void volume and a higher percentage of defective bumps. For lead-free and 

eutectic solders, the two cases with heating solder samples from top to bottom 

show less defective bumps and smaller void volumes.   

Experimental results were compared with the numerical simulation based 

on thermocapillary theory. The case of heating from bottom and cooling from top 

agrees well with the computational results. The agreement of final void 

distribution inside the solder joints with reference to thermocapillary theory is 

encouraging. These findings will lead to better void management in solder joints 

of flip-chip connections.  
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Chapter 1:  Introduction 

1.1  MICROELECTRONIC PACKAGING AND FLIP CHIP TECHNOLOGY 

Microelectronic devices have been continuously scaled down in recent 

developments in the integrated circuits (IC) technologies. As shown by the 

technology roadmap in Table 1-1 published by Semiconductor Industry 

Association (SIA, 2004), currently, the half pitch of dynamic random access 

memory lines (DRAM) is 90 nm wide. The Table also shows that 37 nm physical 

gate length semiconductor ICs are in volume production. This makes it possible to 

significantly increase the density of IC devices on silicon chips. Chips with 110 

million transistors per cm2 are reported in volume production in 2003. In the mean 

time, the size of the chip is also becoming larger. To meet the need for 

miniaturization and integration of electronic products, the improvement and 

progress of electronic packaging and assembly technology are consistent with this 

evolution. 

Packaging focuses primarily on how chips are packaged cost effectively 

and reliably. The major function of the electronics package are: (1) to provide a 

path for the electric current that powers the circuits on the IC chips; (2) to 

distribute the signals onto and off the IC chip; (3) to remove the heat generated by 

the circuits on the IC chip; and (4) to support and protect the IC chip from hostile 

environments. 

Electronic packages can be classified into four packaging levels, as shown 

in Figure 1-1 (Lau, et al 1998). Zero level packages (chip level connections), first 
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level packages (single chip or multi-chip modules), second level packages 

(printed wiring boards), and third level packages (motherboards).  

Among many available packaging technologies, flip-chip technology is 

one of the most viable choices to meet goals for miniaturized and integrated 

product design.  

The term, “flip chip”, refers to an electronic component or semiconductor 

device that can be mounted directly onto a substrate in a ‘face-down’ manner. 

Electrical connection is achieved through conductive solder bump pads built on 

the surface of the chips and on the substrate. During mounting, the chip is flipped 

on the substrate, (hence the name ‘flip-chip’), with the bumps being precisely 

positioned on their target locations. This technology, known also as the C4 

process (Controlled Collapse Chip Connection), was first developed by IBM in 

1964 as a method to assemble IBM’s mainframe computer modules (Miller, L. F. 

1969). Driven by high chip speeds and increased I/O and bump densities, the 

automotive industry began to use flip chips on ceramics since the beginning of 

70s. Today flip-chips are widely used for watches, mobile phones, portable 

communicators, disk drives, hearing aids, LCD displays, automotive engine 

controllers as well as the mainframe computers. Its applications extend in various 

levels of electronic packaging, ranging from chip level connection (zero level) to 

flip chip interconnect to a chip carrier and chip scale package (CSP) (first level), 

to a circuit board in a direct chip attach (DCA) and ball grid array (BGA)(second 

level), and other forms of surface mount assemblies. It was reported that the 
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number of flip chips assembled was over 500 million in year 1995 and close to 

2.5 billion flip chips were consumed in 2002 (IMAPS, 2003). 

The recent explosive growth of flip chips is attributed to many advantages 

inherent in flip chip connection over traditional wire bonding chip-substrate 

connection. Firstly, a flip chip is a key device for reducing package size. The flip-

chip process where the semiconductor chip is assembled face down onto circuit 

board is ideal for size considerations. There is no extra area needed for electrical 

contacts on the sides of the component. Thus, a flip chip provides the highest 

packaging density. Secondly, a flip chip offers the best electrical and thermal 

performances. Because the length of the connection path is minimized, the 

parasitic inductance, capacitance, and resistance of the solder bump are much less 

than those resulting from the wire bonding process. The parasitic inductance of a 

solder bump is less than 10% that of a wire bond (Lau, 1995). Less parasitic 

effects result in shorter signal propagation delay time and higher IC operating 

frequency. Thirdly, reliability of packaging components is improved because of 

decreased number of connections. In flip-chip joining there is only one level of 

connections between the chip and the circuit board. Lastly, flip chip bonding is a 

low cost packaging technology. It is cheaper than wire bonding because bonding 

of all connections takes place simultaneously whereas with wire bonding one 

bond is made at a time. 

1.2  SOLDER JOINT RELIABILITY AND VOIDS 

The heart of the flip chip process is the solder bump that forms the actual 

connection between the chip and its substrate. The chips and substrate (Fig. 1-2) 
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(Hwang, 1989) have electrical contact pad areas (bonding sites), which are 

metallized with solderable materials. In making a flip-chip assembly, the solder in 

form of a paste, a mixture of solder and various volatile substances known as 

solvents, is first applied to the bonding sites on the substrate. The chip is then 

flipped over onto the board ensuring alignment between the bonding sites. The 

chip-solder-substrate assembly is then passed through an oven. When the solder 

paste melts, small solder spheres coalesce into a solder mass that wets the 

solderable surfaces, and then solidifies leaving behind a tiny ball of solder that 

secures the substrate and the chip (Mannan, 2000). 

In solder-bumped flip chip technology, the solder joints are formed after 

the flip chip assembly process, the solder joints serve various functions: 1) to 

provide an electrical connection between the chip and the substrate; 2) to provide 

thermal conduction from the chip to the substrate, thereby helping dissipate heat 

from the flip chip; 3) to act as spacer for preventing electrical shorts between the 

chip circuit and the substrate circuit; and 4) to provide mechanical support to the 

flip-chip. Thus, the reliability and lifetime of solder joints are vital issues for flip 

chip technology (Lau, 1991).  

The void formation in solder joints is one of the many critical factors that 

impacts solder joint reliability. Voids in the solder joints may potentially affect 

the mechanical properties of joints, deteriorate the strength, ductility, creep and 

fatigue life. Voids reduce electrical and thermal conductivity, and even induce 

crack initiation and propagation in the solder joints (Hwang, 1996). Voiding has 

been reported in eutectic and high-lead solders which are widely used in 
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electronics industry (Hance, 1992) (Ohara, 1995) (Xie, 1996) (Tian, 1997) 

(Villain, 2000) (Yunus, 2000). Recently, lead-free solder has been introduced in 

electronic assemblies because of health and environmental concerns about lead 

toxicity. Studies indicate that voids in lead-free solder are also of concern 

(Dasgupta, 2004) (Biocca, 2005). Compared with eutectic solder, lead-free solder 

has increased void levels due to the higher-surface tension and higher reflow 

temperature (Wickham, 2003). There are no studies comparing void defects 

among all types of solders. However, problems associated with high-lead solder 

voids in the automobile industry seem more severe. It has been reported that voids 

in high-lead solder connection of ignition modules can cause engine failure (CBS 

News, 2000).  

For flip-chip-soldered electronic components, which have a small solder 

volume (typical bump height of 75 to 130 μm), voids in solder joints can be more 

detrimental to reliability. For example, the presence of voids inside flip chip 

solder bump can decrease the cross sections available for heat dissipation, causing 

a temperature spike (Ciampolini, 1999). Moreover, reduced solder contact 

increases local current density (current crowding) and local resistance and may 

eventually result in inhomogeneous drift of metal atoms, leading to 

electromigration failure (Tang, 2001).  

Knowing the damaging effects of voids on long-term reliability, it is 

unfortunate that there are no standard specifications that provide void 

reject/accept criteria for flip-chip solder connection. Nevertheless, IPC (Institute 

of Interconnecting and Packaging Electronic Circuits) published the standards 
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IPC-A-610C (acceptability of electronic assemblies) and IPC-7095 (design and 

assembly process implementation for BGAs), which define maximum void sizes 

for BGA (Ball Grid Array) solder joints. The size categories are based on the 

percentage of joint horizontal cross-sectional area occupied by the voided area. 

According to 610C, the maximum acceptable percentage of the ball-to-board 

interface area covered by voids should not exceed 10%, joints with more than 

25% voiding are classified defect. IPC-7095 states values in the range of 9% to 

36% depending on the vertical position of the voids and on the application of the 

assembly (Roth, 2002). To address reliability issues associated with voids in 

solder joints, better understanding of void formation mechanism in solder joints of 

flip chip connection is required. 

1.3  VOID FORMATION AND THERMOCAPILLARY FLOW 

The level of understanding about the formation of voids still remains 

speculative, and very little work has been reported on this subject in the open 

literature. Voids are formed during the solder reflow, which is the process through 

which small solder bumps are attached to circuit boards. While the solder is being 

reflowed it contains bubbles of entrapped gases, which are thought to be produced 

by the evaporation of the solvents (Chan, 1996) (Ohara, 1995). Some bubbles 

may remain in the joint upon solidification, thereby creating solder joint voids. 

 It has been speculated (Goenka, 1995) (Bailey, 2002) that when the solder 

bump is completely molten, surface tension variation on the outer surface of the 

bump, due to varying temperature, drives bulk motions in the interior, a type of 

Marangoni flow. The flow causes the bubbles to migrate, collide and coalesce. 
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Some bubbles remain in the joint upon solidification, thereby creating solder joint 

voids.  To further study the motion and coalescence of bubbles in the molten 

solder, a computational model (Goenka, 1996) was developed to simulate the 

recirculating flow inside the molten solder by considering buoyancy and 

thermocapillary effects. The results demonstrate that large voids are formed as a 

result of the coalescence of numerous smaller bubbles. The direction of the 

Marangoni flow within the molten solder is determined by the temperature 

gradient direction. Computer simulations reveal that heat is supplied to the solder 

paste primarily through the chip or the substrate (Vural, 1998). This means that 

the temperature is nearly uniform in planes parallel to the chip and substrate. The 

latest numerical study (Panton,et al. 2003) shows that the bubbles migrate to the 

top of the solder bump either in a ring along the outer rim for heating from the top 

(chip side) or as a large coalesced bubble near the center for heating from the 

bottom (substrate side) (Fig. 1.3). Thus, the studies of numerical models indicate 

that the direction of the temperature gradient significantly affects the formation 

movement, and the final size and location of voids.   

If the physical models above are valid, then controlling the direction of 

melting will move bubbles to the outer edge where they can escape, thereby 

controlling the final voids. The importance of heat flux direction, however, has no 

experimental verification. 

1.4  GOALS AND SCOPE OF THE PRESENT WORK 

The goals for this work are to develop experimental techniques and study 

porosity and voids that occur in the solder joints. More specifically the emphasis 
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is on the influence of the direction of the temperature gradient during reflow. 

Better understanding of temperature profiles and surface tension effects will lead 

to new material processing techniques to reduce voids in solder joints.  

 To study how the Marangoni flow correlates the void formation, sharp 

distinct temperature gradients in the vertical direction have to be established in 

both heating and cooling processes. In the two cases studied in the previous 

numerical simulation (Panton, et al. 2003), the direction of heat flux stays 

unchanged during both heating and cooling. This means that the direction of 

Marangoni flow within the molten solder was not changed. In addition to above 

test cases, we also wanted to devise two cases where the heat flux switches its 

direction during cooling. Based on thermocapillary theory, reversing the direction 

of the heat flux will switch the Marangoni flow direction inside the molten solder. 

The reversed bulk flow will change the bubble movement, collision and 

coalescence, therefore affecting the final void formation.  

Tests were conducted on three types of solders: high-lead solder, eutectic 

solder and lead-free solder. The solder samples were carefully prepared and 

reflowed where sharp distinct temperature gradient was imposed in vertical 

direction. Grinding and polishing for micrograph examinations have been utilized 

throughout the work to reveal the cross sections of the solder bumps at different 

heights. This is the first experimental work towards understanding of the 

formation and retention of voids during the solder reflow from the aspects of 

thermocapillary theory. The final objective is using experimental methods to 

determine how reflow processing techniques including solder paste compositions, 
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time variations of temperature and heat flux directions, influence the formation of 

voids.  

The different components of this work are: (i) design and validation of test 

cases and experimental procedures, (ii) design and fabrication of the test 

apparatus, experimentation, and construction of a database and criteria for 

processing collected solder bump data, (iii) analysis of void occurrence in flip 

chip connections using high-lead solder on the ceramic substrate, (iv) analysis of 

void occurrence in flip chip connections using eutectic solder on FR4 board, and 

(v) analysis of void occurrence in flip chip connections using lead-free solder on 

FR4 board. Accordingly, these results are presented in the next five chapters. 

Chapter 2 reviews the basics of soldering techniques of joining flip chip 

devices. These include solder paste components, solder paste printing, and solder 

reflow techniques. Also the reflow test conditions are formulated to study the 

formation of voids.  

Chapter 3 details the experimental apparatus and test procedures. The 

research reflow oven and test materials are described. Specifically making a flip-

chip-solder-board assembly and solder reflow procedure is discussed step by step. 

Chapter 3 also details the procedures on sample preparation for microscopy, 

which includes the grinding and polishing schedule. 

Chapter 4 addresses how to manually extract useful information related to 

voids from tens of thousands of solder images, and how to formulate parameters 

to characterize the void distribution in solder bumps. 
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Chapter 5 presents the results of experiments on high-lead solder 

(90Pb/8Sn/2Ag) on ceramic substrates.  Void distribution patterns and void 

volume percentage for each heating regime are discussed. The comparison of void 

distribution among all four heating profiles is made along with a possible 

interpretation of the formation of voids based on thermocapillary theory.  

Chapter 6 examines the experimental results of the void formation in 

eutectic solder (63Sn37Pb) joint of flip-chip assemblies with FR-4 laminate 

boards.  

Chapter 7 reports the experimental results of the void formation in lead-

free solder (Sn-3.5Ag-0.75Cu) joint of flip-chip assemblies with FR-4 laminate 

boards. 

Finally, chapter 8 summarized the major findings and recommendations of 

this work. 

 

 

 

 

 

 

 

 



 11

Chapter 2:  Solder Characteristics and Reflow Conditions 

A flip chip assembly is basically a composite structure consisting of three 

parts: the printed circuit board (PCB), the solder joints, and the flip chip. In flip 

chip devices, solder bumps have replaced leaded terminations to make the 

physical bond between the chip and the circuit. To make a soldered joint, three 

basic things are required: solder, flux, and heat.  In this chapter, solder materials 

and soldering techniques will be considered. Specifically, the reflow test 

conditions for the void formation study are established.  

2.1 SOLDER PASTE 

2.1.1 Solder Alloy 

In general, solder can be considered as a fusible alloy, with liquidus 

temperature below 400 C, which is used to join two metal parts. The common 

alloy is a tin and lead (Pb-Sn) system. Small amounts of other metals such as 

antimony, bismuth, or silver may be included to enhance its characteristics or 

make it suitable for a special purpose. The proportions determine the melting 

point of the alloy and the most widely used is 63% tin, 37% lead (Sn63). Figure 2-

1 shows melting point of pure lead at 327 °C and pure tin at 232 °C. By alloying 

the tin-lead to a 63-37% solution, the melting point is lowered to 183 °C, the 

eutectic point of the tin-lead alloy composition. At the eutectic point a single 

liquid phase is transformed into two solid phases without exhibiting a plastic 

range where the alloy is neither completely solid nor liquid.  
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For high-temperature environments, high-lead solder compositions, 

therefore higher melting temperatures, such as 5 Sn/95 Pb, 10 Sn/90 Pb are often 

used. High-lead solders often find their applications in automotive industry. 

Nowadays, more and more circuits using solder bumps are being placed in the 

engine compartment in order to reduce the quantity of cables and therefore, 

reduce costs.  An example given in Figure 2-2 is a flip chip application in Ford 

TFI hybrid ignition module. Fourteen solder bumps can be seen as the flip chip is 

removed. These electronic modules are located in the vicinity of the engine or 

underhood where the temperature is often seen in excess of 150 C. To withstand 

high temperature, 10Sn/88Pb/2Ag is therefore used to connect the flip chip to the 

ceramic substrate.  

Because of health and environmental concerns about lead toxicity, the 

elimination of lead has been a major issue in the electronic assembly industry. In 

Europe, starting from 1 July 2006, lead will be forbidden in new electrical and 

electronic equipment in the commercial market. In response to the concern over 

lead in electronic product and manufacturing process, much work is ongoing to 

find acceptable lead-free solder material. Based on recent research development, 

it appears that the choice of suitable lead-free alloy to replace tin-lead for 

electronic assembly is narrowing. The National Electronics Manufacturing 

Initiative (NEMI) recently established the following criteria for selecting a solder 

alloy: 

1. The melting point should be as close to Sn/Pb eutectic as possible.  

2. The alloy must be eutectic or very close to eutectic.  
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3. It must contain no more than three elements.  

4. For ease of implementation, the use of existing patents, if possible, 

should be avoided.  

5. The potential for reliability should be equal to or better than Sn/Pb. 

Based on these criteria, NEMI recommended that the general-purpose 

lead-free solder alloy should be from the Sn/Ag/Cu family. 

2.1.2  Flux 

Because reliable solder connections can only be accomplished with 

cleaned surfaces, solder alone cannot join metals successfully. During soldering, 

the oxides form at extremely rapid rate on the surface of heated metals. To 

overcome this oxide film, a flux material is used to chemically remove oxidation. 

It is essential that the cleanliness of the surfaces be maintained so that they can be 

wetted by molten solder to produce a true metallurgical bond between the 

component parts. Another important performance property is that the flux 

enhances heat transfer from the molten solder to the metals being joined. 

Additionally, flux serves to promote good wetting and spreading, enhancing the 

metallurgic attraction of molten solder to the surface. 

Flux is burned off during heating and most types of fluxes leave some 

potentially harmful residue behind. The more active the flux is, and the more that 

is used, the better the solder joint. However, the acids from active fluxes continue 

eating away after soldering. It is very important that flux residue be cleaned. 

Primarily flux families include:  



 14

Rosin flux: Contains 20~30% solids. This type flux leaves a residue that 

must be cleaned with a solvent. 

Water-soluble/Water washable flux: Contains about 18% solids, and 

requires cleaning only with water. 

No-clean flux: Contains very low (0.5~3%) solids content that leaves a 

minimal nontacky residue, which is chemically inert, and electrically insulating. 

The selection of the type of flux also depends on the extent of oxide 

contamination on the soldering surface. Flux activity measures the effectiveness 

of a flux to remove oxides. Table 2-1 lists flux types and their activity 

characteristics. 

2.1.3  Solder Paste 

Solder paste is a homogeneous and kinetically stable suspension, 

composed of solder alloy powder dispersed in a continuous phase (vehicle 

system) (Figures 2-3 (a) (b)). The vehicle system carries flux, solvent and 

thixotropic agents that are there to aid printing.  

Solder paste performs several functions: (1) it is printable onto SMT 

(surface mount technology) pads on PCB (printed circuit board), (2) it transports 

flux and pre-alloyed solder powder to the joint, and (3) it coalesces during reflow 

to form a permanent and reliable connection.  

Based on the flux activity and residue cleaning methods, solder paste can 

be generally categorized into three groups: (1) the rosin based and solvent-

cleaning pastes, (2) the water-cleaning pastes, and (3) no-clean pastes. Again, 
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based on the content of metal powder alloy, solder pate can be classified into 

high-lead, eutectic and lead-free solder. 

The size of the powder particle depends on the application. The smaller 

the solder bumps, the smaller the stencil aperture, then the smaller the powder 

particle diameter. This is to allow sufficient alloy to reach the pad without 

blocking the stencil aperture, and to provide the best print definition. The smallest 

size available is IPC (Association Connecting Electronics Industries) Type 6 (5-

15µm particles) (Table 2-2). 

2.2 SOLDER PASTE PRINTING 

Solder paste may be deposited by a syringe or by screen or stencil 

techniques. Among these, stencil printing is the most common production 

technique for solder deposition. It is specifically used for fine pitch printing 

because of the higher levels of accuracy. 

In stencil printing (Figure 2-4), solder paste is placed on the top surface of 

the stencil. Then a moving squeegee rolled steadily across it squeezes solder 

through apertures on to the PCB. The stencil then is lifted from the PCB leaving 

local paste adhering to contact pads. Thus, stencil serves two primary functions: 

(1) ensure precise placement of a solder paste on a substrate, (2) ensure the 

formation of properly sized and shaped deposits.  

The stencil design therefore serves a crucial role in solder paste printing. 

Its composition and thickness, the size and shape of its apertures ultimately 

determine the size, shape and positioning of the solder deposits. The aperture area 

and the stencil thickness combine to determine the volume of each solder paste 
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deposit. Area ratio, which is the ratio between the aperture area and the inside 

surface of the stencil walls, is normally employed to evaluate solder paste 

printability. The general rule is that, for acceptable paste release, the area ratio 

should be greater than 0.66. The stencil thickness is usually a constant across the 

print surface and IPC-recommended stencil thicknesses are as in Table 2-3. 

Improper designed stencil or selected solder paste can cause partial or no 

deposition of solder paste as shown in Figure 2-5.  

Stencils are available in a wide variety of materials, and fabrication 

methods. Stainless steel and plastic are the most common used materials. A metal 

stencil is preferred because it is easier to clean, more robust and more readily 

available. Stencil manufacturing techniques include chemical etching, laser 

cutting and electroforming. Chemically etched stencils are normally used in the 

applications with wide tolerances. For laser-cut and electroformed stencils, the 

apertures have very sharp edges and are slightly conic (Figure 2-6 (a-c)), making 

the solder paste easily slip from the aperture edges and thereby securing a uniform 

print. The industry is moving toward laser-cut manufacturing, since electroformed 

stencils can be more expensive than other stencil types. Still, the main 

consideration should be performance coupled with cost and turnaround time. 

The printing squeegees can have different designs such as square rubber 

rods, thick rubber plates, flat metal plates or other combinations. In a standard 

PCB paste-printing application, a thin metal squeegee blade is commonly used. In 

all cases the squeegees needs to present a sharp edge, and this is subject to wear 

and should be redressed periodically. 
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Many factors during the printing process affect the solder paste deposition 

quality. For each application, the optimum printing parameters should be 

established. These parameters include alignment, print speed, print mode (single 

or double stroke), squeegee pressure and separation speed. In addition, ambient 

temperature and humidity also affect the solder rheology, which thus influences 

the solder printing (Casey, 1999). 

2.3 REFLOW SOLDERING 

The making of a good solder joint needs the right amount of solder, flux 

and heat, in the right place, and at right time. Based on the sequence in which 

solder, flux, and heat are brought to the joint, and in the way in which the 

soldering heat is brought to the joint, soldering methods can be classified into 

hand-soldering, wave-soldering, and reflow-soldering. In the first two soldering 

methods, the flux always comes first, while solder and heat together come 

afterwards. With reflow soldering methods, the heat always comes last.  

Reflow soldering is specifically suitable for a surface mount assembly. To 

begin with, a mixture of solder and flux (solder paste) is applied to every joint. 

Subsequently the chips and component are put in place. The assembled boards are 

finally heated. As soon as the molten solder fill all the joint gaps, heating is 

discontinued and solder is allowed to solidify to form a solder joint. 

Solder paste commonly is reflowed in a convection IR oven, which heats 

the circuit board in stages. The time and temperature graph while the board is in 

the oven is referred to as the reflow profile. The heat profile that the oven uses to 

reflow the solder paste is fully adjustable. To maximize product throughput and 



 18

minimize defects, the reflow profile should be customized specifically to the 

board (Lee, 1999). 

2.3.1 Typical Reflow Temperature Profile 

The setting of the reflow profile varies on whether the flux is RMA, water 

soluble, or no-clean, and it differs also depending on the low- or high-thermal 

mass components, and on how those components are laid out on the board. 

Generally, the profile is made up of four parts or zones as illustrated in 

Figure 2-7. The first three zones are heating and the last is cooling. The preheat 

zone is used to elevate the assembly temperature from ambient to the desired 

activation temperature. The heating rate generally should not exceed 2.5 °C /sec. 

If the temperature ramp-up is too fast, it may induce defects such as 

microcracking of chips.  

The soak zone is intended to bring the temperature of the entire board up 

to a uniform temperature, so that the flux is activated and the volatile materials 

are able to escape from the solder paste. In this period, the temperature stays 

almost flat, normally 30-40 C below the solder melting point. A soaking 

temperature that is too high will result in excessive oxidation of the paste, 

therefore causing some defects such as solder balls and solder splatter.  

In the reflow zone, the assembly temperature is raised quickly from the 

flux activation temperature to the peak temperature. Typically, the peak 

temperature is 30-50 C above the solder liquidius. A peak temperature that is too 

high will char or burn the PCB boards and components; too low will result in cold 

and grainy solder joints. The important parameter here is time above reflow 
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temperature, that is the period during which the solder is in the liquidous phase. 

Generally it is preferable to have the solder above liquidus for 40-60 seconds. If 

the time above reflow temperature too long, excessive growth of tin-copper 

intermetallics can occur. This will lead to a tin-depleted and brittle solder joint. If 

the time above reflow temperature is less than 30 seconds, there is a risk that the 

solder melting could be incomplete.  

The ideal cooling zone curve probably is a mirror image of the reflow 

zone curve. However, the faster the cooling rate, the smaller the grain size of the 

solder. The cooling rate should be as fast as possible. 

2.3.2 Reflow Atmosphere 

During reflow of the solder paste, the main challenge is the oxidation of 

the solder pads, solder paste particles and component terminals. Thus, using 

nitrogen to drive out the oxygen from the reflow oven and provide an inert 

atmosphere has become a generally accepted practice in electronics assembly. 

Additionally, a nitrogen atmosphere can improve the molten solder surface 

tension, which is credited with improving soldering yields by lowering defects 

(Theriault, 2000). Other benefits claimed include less solder ball formation, better 

wetting and fewer opens and bridging. The nitrogen atmosphere is also one of the 

methods often adopted by industry to reduce porosity. 

2.4 REFLOW TEST CONDITIONS 

As detailed in chapter 1, during reflow the temperature difference across 

the molten solder generates a surface tension driven flow inside it. The flow 
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causes the gas bubbles to migrate, collide and coalesce, affecting the final void 

formation. 

To study how this type of Marangoni flow correlates the void formation, 

sharp distinct temperature gradients in the vertical direction have to be established 

in both heating and cooling processes. Based on thermocapillary theory, reversing 

the direction of the heat flux will switch the flow direction inside the molten 

solder, as seen from Figure 2-8 (a) (b). Based on the heat flux direction in both 

heating and cooling processes, four reflow test cases are thus formulated in this 

study. The main purpose is to study how this circulating flow affects the final 

void formation. 

(1) Heating from top (chip-side) and cooling from bottom (substrate-

side). This is the case when the temperature gradient across the flip-chip assembly 

is from top surface to bottom surface.  

(2) Heating from bottom and cooling from top. This is an exact 

opposite case as the previous one. In this case we investigate the effect of 

reversing the temperature gradient during both heating and cooling processes. The 

temperature of the top surface is less than that of the bottom. Thus the inherent 

flow direction is changed.  

In the above two cases the flow direction within the molten solder stays 

unchanged during both heating and cooling processes. We wanted to devise two 

cases where the flow switches its direction during cooling. This gives us good 

opportunities to investigate how this reversing flow influences the bubble 

movement, collision and coalescence.  
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(3) Heating from top and cooling from top. This case uniquely defines 

a situation in which we switch the circulation inside molten solder during the 

reflow. By first heating from top we initialize the circulation or motion of bubbles 

in one direction. Then the pattern is switched suddenly when the solder reaches its 

peak temperature. Now the solder bump is heated from the bottom and cooled 

from top surface. 

(4) Heating from bottom and cooling from bottom. This case is quite 

opposite of the previous switching heating direction case. During these 

experiments it is ensured that the temperature of the bottom surface is higher at 

start and then the temperature of the top surface is higher than the bottom. 
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Chapter 3:  Experimental Set up and Procedure 

Considerable effort was devoted to the preparation and processing of 

solder bump samples, and processing micrograph images to extract the void data 

for further analysis. The whole process is very tedious and time-consuming. This 

chapter describes the experimental apparatus and procedure of making a flip-chip-

solder-board assembly and solder reflow. The metallographic sample preparation 

will also be described. 

3.1 EXPERIMENTAL PROCEDURE 

This research is to experimentally study the void formation inside solder 

joints of flip chip assemblies. Thus the experiments involve making a flip chip 

assembly and then performing the solder reflow process. The steps are as detailed 

below: 

1.Preparation of a flip chip assembly, 

a. Deposition of solder paste on to the test board, 

b. Placement of flip chip above the solder paste, 

2. Reflow the assembly in a research oven, 

a. Heating and cooling the assembly according to the prescribed 

reflow temperature profiles specific to the type of solders being used,  

3.Preparation of analysis sample and micro-sectioning, 

a. Casting of chip-substrate sample in epoxy, 

b. Cutting, grinding and polishing along various cross sections of the 

solder bump, 

c. Recording micrograph of the each cut cross section. 
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3.2 MAKING A FLIP CHIP ASSEMBLY 

3.2.1 Test Materials 

Figure 3-1 details the structure of a flip-chip-solder-substrate assembly. 

The solder bumps are connected to the bond pads on both the flip chip and the 

substrate. The bond pad metallurgy, called under-bump metallization (UBM), 

generally consists of successive layers of metals to protect the circuit while 

making a good mechanical and electrical connection to the solder bump. Note the 

bonding sites on the chip-side are designed to be joined to corresponding 

locations on the substrate. 

Three types of solder pastes are to be tested in the present study. A high-

lead solder used has a composition of 90Pb/8Sn/2Ag. This composition has a 

liquidus temperature of 290 C, and solidus temperature of 268 C. Eutectic solder 

has a composition of 63Sn37Pb with the melting temperature of 183 C. The lead-

free solder (95.75Sn-3.5Ag-0.75Cu) has the melting temperature range of 217-

219 C. Senju Comtek Corporation supplied all the solder pastes, which are IPC 

type 6 with the particle size of 5-15 µm.  

 As detailed in chapter 2, the high-lead solder because of a much higher 

melting temperature requires ceramic substrates, while the eutectic and lead-free 

solders with lower melting temperatures use FR4 laminate board. FR4 laminate is 

the usual base material from which multilayer printed circuit boards are 

constructed. "FR" means Flame Retardant, and Type "4" indicates woven glass 

reinforced epoxy resin. The laminate is constructed from glass fabric impregnated 

with epoxy resin (known as "pre-preg") and copper foil, which is commonly 
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supplied in thicknesses of "half-ounce" (approx 18 microns) or "one-ounce" 

(approx 35 microns). Commercial test boards (Figure 3-2) have the size of 3.5" × 

5.5" (89mm × 140mm) and 0.062" (1.6mm) thick. Each board has 10 mounting 

sites for the test flip chips. A band saw was used to cut apart the board. Each cut 

board has one flip chip mounting site, about 15 mm ×15 mm. Ceramic board of 

10 mounting sites for high lead solder has the same size as FR4 laminate board, 

but with thickness of 0.035" (0.89mm). Cutting the ceramic board was 

accomplished with a 100mm diamond blade on a special dicing machine.  

In the present experiments, flip-chips are also commercial items, with 

dimension of 6.3 mm × 6.3 mm × 0.7 mm. The chip has 48 bond pads (Figure 3-

3), which enable 48 solder bump connections to the corresponding bond pads on 

the substrates through deposited solder paste. In the experiments, we use every 

other bond pad, thus a total of 24 solder bumps will be formed on each chip. 

3.2.2 Solder Paste Screening 

Making a flip chip assembly begins by depositing solder paste on to the 

contacts of the substrate. This is achieved via a stencil. On ceramic substrate 

(Figure 3-4 (a) (b)) and FR4 laminate substrate (Figure 3-5), fiducial marks are 

used to align the substrate with the stencil. Cookson Electronics provided the 

specifically designed stencils for the experiments. The stencils are laser cut based 

on the Gerber data that is used to manufacture the test boards. This ensures that 

the stencil design pattern is identical to that of the circuit board. Figures 3-6 and 

3-7 show the stencils of solder paste deposition for ceramic and FR4 laminate 

substrates. Note that the fiducial marks on ceramic substrate are straight slots, 
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while those are round holes on FR4 laminate substrate. Each stencil is 5 mils (125 

µm) thick and has 24 round holes of 8 mils (200-µm) in diameter. The height of 

the deposited bumps is dependant on the stencil aperture size, viscosity of the 

solder paste, and thickness of stencil. Generally, all the solder should flow out of 

the holes, giving a consistent height of about 125 µm. 

An assembly jig as shown in Figure 3-8 is used in the existing 

arrangement. In this setup, screw settings are allowed for minor adjustments to the 

position of the stencil over the test substrate. The stencil frame (Figure 3-9) was 

held on three sides by point contact via adjustable screws. Shims were provided 

around the substrate to give a suitable snap off gap between the stencil plate and 

the substrate.  

A metal squeegee (Figure 3-10) was used to deposit the solder paste. A 

snap off distance of around 0.5 mm was maintained and the squeegee swiped in 

one clean stroke taking solder paste over the stencil holes. Care has to be taken 

regarding cleaning the substrates and stencils. No foreign particles should be 

present on the substrate surface and the stencil holes should be thoroughly cleaned 

and dry before application of solder. Solder printing manually is a delicate 

process and any minor abnormality can result in useless bumps.  

Below is the procedure for solder paste deposition:  

(a) Take a small amount of solder paste to be used from the 

refrigerator and the solder paste should be stirred before removing from the jar. 

Place the solder paste at room temperature for around 30 minutes. Keep it in an 

airtight container or keep it tightly wrapped in aluminum foil to prevent 
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evaporation of the flux material. The flow ability of solder paste is improved at 

room temperature in comparison to refrigerated temperature. 

(b) Clean substrate, stencil, jig and squeegee thoroughly using 

isopropyl alcohol or acetone. The stencil holes should be blown dry after cleaning 

with solvents to ensure no liquid is present in the holes. Inspect all the equipment 

for cleanliness thoroughly before starting work. Glue the substrate on marked spot 

on jig.  

(c) Place shims to generate a snap off distance, and then position the 

stencil over the substrate. Adjust the screws so that fiducial marks on the stencil 

align with corresponding marks on substrate. Thus, the holes on the stencil align 

with the matching bond pads on the substrate.  

(d) Apply a small quantity of solder paste on the stencil, so that solder 

covers the hole area, or on one side of the holes. Swipe the squeegee, wiping 

solder paste over the holes. Apply enough pressure that the stencil bends and 

make full contact with the substrate as the squeegee passes over it. The squeegee 

may be at a slight angle to vertical, to force the solder into the holes. The angle 

should not be too large or the solder will spread out under the stencil and will be 

smeared. Make sure the stencil does not move laterally along the motion of the 

squeegee. Ensure that the screws are holding the stencil tightly. Also use your 

hand to press down the stencil on shims. Any lateral movement will smear the 

bumps. 

(e) Remove the stencil carefully and observe the location and shape of 

bumps. If bumps are smeared or are incompletely deposited, then repeat from step 



 27

(b).  Remember to gently clean away the solder from the substrate using solvents. 

Do not rub hard, as it will damage the pads. Use a sufficient quantity of solvents 

to totally remove the solder after each unsuccessful attempt. Also inspect the 

stencil, and see if all of the solder paste has been deposited, especially for larger 

holes. Thoroughly clean the stencils after each deposition. Use solvents followed 

by strong burst of compressed air to drive out any solder sticking in the holes. 

Clean both sides of the stencil plate. 

Since the process is manual and requires practice to master the alignment 

system, normally several attempts have to be made to correctly deposit the solder 

over the bond pads.  

3.2.3 Flip Chip Placement 

To accurately place the chip on the solder bumps, a different stencil is 

used on the same jig arrangement as previously described. Ideally the chip 

bonding metal contacts should be placed on the center of bump top surface.  

Figures 3-11 and 3-12 are the stencils that we used for placing the test chip 

on ceramic and FR4 laminate substrates. The stencils are metal plates slightly 

thicker than the chip thickness with an opening size and shape of the chip. With 

help of the fiducial marks on the stencil and substrate, the substrate was placed 

underneath such that the bumps were aligned properly within the opening. The 

chip is then inserted, and pushed slightly on top of the bumps. The stencil is then 

lifted leaving the chip on the substrate.  

The procedure of positioning test chip over the solder bumps comes next. 
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(a) After removing the stencil for solder deposition, the solder bumps 

are exposed on the substrate. Then locate another stencil with an opening of the 

chip size and shape on top of the substrate. Adjust the screw on the jig to align the 

stencil fiducial marks with those on the substrate. Every care must be taken so 

that the opening on the stencil is placed correctly, or it will damage the bumps and 

solder paste deposition will have to be carried out again. Carefully eyeball the 

visible solder bumps, to make sure that they are geometrically symmetrical.  

(b) Pick up the chip using a sharp tweezers. Be careful in positioning 

the chip over the stencil opening. The metal bonding contacts should face down 

and be oriented in the correct direction as the bumps. Vertically insert the chip in 

the opening. This is a very important step. If not placed correctly the chip will 

enter at an angle, and will damage the solder bumps. Since the stencil opening is 

almost equal to the size of the chip, there is not enough clearance to easily place 

the chip vertically. It is important to use a sharp tweezers and grip the chip from 

the top edge while inserting. After the chip is vertically inserted in the opening, 

release the tweezers, and use it to gently tap the chip top surface, pushing the chip 

down onto the bumps. The downward push is very critical. Failure to put enough 

pressure would not release the chip from the jig, while too much pressure will 

crush the bumps. Inspect the assembly with a 10X glass. Make sure the chip is 

released from the stencil opening.  

Note there might be a problem with the stencil and jig arrangement when 

lifting the stencil. There are chances that the chip lifts up along with the stencil, or 

an excessive high pressure applied to push chip down may crush the paste. Or 



 29

during lifting of the stencil, the chip moves laterally and damages the bumps. So 

great care should be exercised and skill is certainly required for positioning the 

chip. It is important to inspect the chip under 10X magnification to see if it has 

been correctly placed. 

(c) Loosen the screws, using both hands, lift the stencil jig vertically. 

This process should be slow and very carefully handled. Shaking hands or any 

sideward movement will destroy the solder bumps, while risks of pulling out the 

chip along with the stencil also exist.  

(d) Inspect the chip-over-solder area with at least 10X magnification. 

Look for misplaced chip, crushed bumps or smeared solder. It might be difficult 

to view the bumps due to position of the chip. Use best judgment. If any of the 

above defects exist, go back to step (a), remove chip, clean with solvent, dry and 

store, and clean the substrate, and plan re-deposition of solder paste. If correct 

placement of the chip has been established, carefully remove the substrate from 

the jig setup. Since the substrate has been ‘glued’ by adhesive, first slide it over 

the adhesive and then lift. Now the assembly (Figure 3-13) is ready to be 

reflowed. 

3.3 REFLOW TEMPERATURE PROFILES 

To reflow a chip-solder-substrate assembly, a temperature heating profile 

is first established. Recall from chapter 2 that a typical reflow temperature profile 

has four zones: ramp zone, soak zone, reflow zone and cooling zone, each does 

different functions in solder reflow.  For the present experiments, three solder 

materials are to be tested. Three reflow temperature profiles are therefore devised 
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to accommodate the design criteria and different melting temperature ranges for 

different solder pastes.  Figure 3-14 (a) is a typical reflow heating profile for high-

lead solder that was intended to be followed in the experiments. It contains 4 

minute preheat from 90 to 250 C with ramp rate ~ 40 C/minute, followed by 2 

minute equilibrating soaking around 250 C. The solder is maintained above 

liquidus (290 C) for 40 to 60 seconds and then it is cooled from a peak 

temperature about 350 C to room temperature at 80 C/minute.  

Figure 3-14 (b) and (c) are temperature profiles for eutectic and lead-free 

solders. They contain 2-3 minute preheat zone, followed by 2 minute soak zone at 

about 30 C below the liquidus. The solder is then quickly heated above the 

liquidus for about 40-60 seconds, then cooled down quickly. The peak 

temperature is about 250 C, which is much lower than that of high-lead solder. 

The solder reflow is performed in a research oven, which has been 

designed to ensure that various temperature profiles could be successfully 

generated using the same equipment.  

3.3.1 Research Oven 

In a typical reflow oven used in industry (Figure 3-15), a conveyor carries 

the chip sample at a constant speed through a series of temperature-controlled 

zones. The oven reaches and holds a specific temperature (of air or nitrogen), 

getting a profile showing preheating, soaking, meting, further heating over 

melting point temperature and final solidification of the solder alloy. The 

temperature gradient across the solder is not intentionally created and measured in 

industry applications. However, industrial ovens generally impinge hot air to the 
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topside of board surfaces with one set of heaters and to the bottom side using a 

second set of heaters (Shiloh, 2003). This would suggest that by setting the 

temperature differential of air currents introduced vertically from above and 

below on the chip sample, the direction of the temperature gradient across solder 

could be established or modified. 

In this study, the objective is to study how the temperature gradient across 

the molten solder affects the final void formation, based on thermocapillary 

theory. So the oven in current experiments is specifically designed to be able to 

create not only a temperature reflow profile, but also the prescribed temperature 

gradient across the solder bump in the vertical direction.  

Instead of multiple zone oven design, a single chamber oven is employed 

in the experiments to meet the research needs. As shown in Figure 3-16, the oven 

is made of stainless steel and designed to heat the sample through radiation and 

convection. 

Convection heating equipment is responsible for initial heating and 

soaking of the sample, maintaining even and uniform flow, such that the spatial 

variations of temperatures across the chamber are very small. The final 

temperature rise to liquidus and beyond, along with temperature control of top 

and bottom surfaces is made through radiation lamps at a low power. This method 

reduced spatial temperature variations to acceptable limits and produced 

repeatable temperature readings.  

The convective heating source is nitrogen pre-heated as it flows through a 

well-insulated electric heater. Three 300 W, electrical heating tapes were used, 
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uniformly distributed throughout the length of the heater. In order to ensure heat 

distribution across the cross section, stainless steel conducting mesh was inserted 

around the tape heaters. Commercially available “chore boys” were used for this 

purpose. With this arrangement, uniform and quick heating of nitrogen flow was 

attained. 

A thick layer of insulation was provided to minimize heat losses and hence 

maximizing the gas temperature in shortest possible time. At the end of the heater, 

an arrangement of double layer heat resistant glassware was installed. Double-

layered glass tubes help confine the flow and establish a uniform temperature 

field.   

The principle radiant heating source comes from the filament heaters that 

are commonly used in halogen lamps. There are four filament heaters in all. Two 

of them are located at the top and two at the bottom of the oven. They are each of 

500-Watts power and are 3.5 inches long. Each of the heaters was attached to the 

oven with setscrews, which enable adjustment of the distance between the heaters. 

The power to these heaters is controlled by a PC computer using ACTIVEHOME, 

a software designed for commercial appliance control. Each of the heaters was 

connected to a power module, which is identified by a unit name. Both the top 

heaters were assigned as A3 and the bottom heaters were assigned as A5. This 

way the heaters were coupled together and the heat received by the sample from 

the top and bottom can be adjusted by programming the power to these two units. 

On the power control, the icons marked as A3 and A5 represent ACTIVEHOME 

screen heaters. When these icons are activated, they produce pop up windows 
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where there exist two time scales. One of them sets the time when the heater 

should be switched on and the other specifies the time when power should be 

terminated. Representing two heater modules by the same icon is beneficial in 

regard to the fact that the power to the top and bottom heaters is controlled all at 

once. In addition to quick response times, the primary advantage of radiant 

heating is the ability to keep different temperatures at top and bottom surfaces of 

the solder bump simply by adjusting the intensity of radiation heaters above and 

below the samples.  

The chip-solder-substrate assembly is mounted at the center of the double-

layered glass tubes and held at the edge of the L shaped sample holder. The 

sample holder is attached to a linear stepper motor via a lead screw arrangement. 

The motor is programmable through CONTINUUM, which is a commercial 

motion control PC software. The motor drives the sample holder and moves the 

assembly in and out of the oven central region between the heaters. This changes 

the distance between the chip sample and the heating elements. 

Nitrogen was chose as a suitable agent to inert the atmosphere.  Nitrogen 

was extracted from a cylinder tank and flushed into the pre-heater through a 

rubber hose and a brass fitting that was attached to the pre-heater. The preheated 

nitrogen served two purposes: firstly, to inert the reflow atmosphere and prevent 

solder from oxidation; secondly, to serve as a convection heating source.  

An oxygen sensor was used to monitor the oxygen level, which has to be 

maintained below 30 ppm during the experiments. By using double-layered glass 

tube, the nitrogen usage was greatly reduced. We found that despite gas flowing 
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out the narrow opening, oxygen levels inside the chamber can be much higher. 

This is obviously due to diffusion of oxygen molecules against the nitrogen flow. 

If the oven becomes completely sealed after the chip assembly enters the 

chamber, low oxygen levels can be achieved without a constant nitrogen purge. 

For this purpose, a covering at the glassware exit was provided to get required 

oxygen concentrations. Also with low gas flows, the spatial distribution of 

temperatures was found to be remarkably good. 

3.3.2 Measurement of Temperature 

The direction of the temperature gradient during reflow is of vital 

importance in establishing the patterns of bubbles and voids in a bump. Surface 

tension gradient along the solder free surface cause internal motion of molten 

solder. This motion drives randomly generated small bubbles. In this study 

distinct temperature gradients in the vertical direction across the solder bump are 

controlled.  

To ensure that we are studying the correct problem it was essential that we 

are able to place some confidence in our temperature measurement. For example, 

when studying the case where the solder bump is melted from chip-side to 

substrate-side it is necessary that the temperature of the top surface of the solder 

bump is maintained higher than the bottom surface. This would require 

measurement of temperature at top and bottom surfaces of a chip-solder-substrate 

assembly. The top surface is the back of the flip chip, while the bottom surface is 

the back of the substrate. The temperature differential across the assembly infers 

that across the solder bump.  
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It is not possible to attach thermocouples on every sample to be tested. So 

we designed a control sample that is held in the holder alongside the flip-chip 

substrate assembly, as seen from Figure 3-17. Two thermocouples attached to the 

control sample are used to monitor the corresponding surface temperatures in the 

assembly. The first thermocouple measures the temperature of the top surface of 

the flip-chip. The bottom thermocouple returns the temperature of the bottom 

surface of the board.  

The thermocouple junction is cemented directly to the surface where the 

temperature to be measured. Omega CC High Temperature Cement (thermal 

conductivity of 1.15 W/m-K, dielectric constant of 5-7) is used to attach the 

thermocouple to the surface. The bond ensures an adequate contact to the surface 

and minimizes degradation by insulating the thermocouple electrically and 

chemically. To reduce conduction error, the thermocouple wires are cemented to 

the surface along an isotherm for about half inch (equal to 50 wire diameters) 

away from the junction. Thermocouples are K type with gauge of 36, which are 

made of the wire with the special limits of error and uncertainty is greater of 1.1 C 

or 0.4% of the measurement. For high-lead solder experiments, the highest 

operating temperature inside oven is about 350 C, uncertainty is less than ±1.4 C. 

Temperature measurements are logged and plotted through a software 

VirtualBench on a PC, which connected the thermocouples via a 15-channel 

interface card. 

To establish confidence on our experimental setup and data acquisition, 

we wanted to ensure that the temperatures read from the control thermocouples 
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reflect the temperatures on the test assembly. This would require the temperature 

uniformity across the width of the test chamber. As previously discussed in the 

oven design, a combination of the convective heating using preheated nitrogen 

and the radiant heating with low lamp power inside the specifically designed 

double-layered glass tubes help serve this purpose.  

A setup (Figure 3-18) was devised to check the validity of the control 

sample in the temperature measurements. Two pairs of thermocouples are 

attached on both test assembly and control sample. We want to make sure that the 

temperatures at the test assembly and the control sample return the same reflow 

profile. More strictly, the direction of the temperature gradient across the control 

sample must be consistent with that of the test assembly during solder melting and 

solidification phases. As shown in Figure 3-19 (a), the temperatures read from 

control thermocouples represent exactly the reflow temperature profile for the test 

assembly. The temperature differences between the corresponding surfaces of the 

test assembly and the control sample are within ±1.5 C (Figure 3-19 (b)).  

The most important parameter we wanted to control in this study is the 

direction of the temperature gradients during the solder melting and cooling 

processes. As seen from Figure 3-19 (c), the direction of the temperature gradient 

from the control sample agrees well with that from the test assembly. We ensured 

our setup is sound on grounds of repeatability. Temperature data obtained from 

many tests confirmed that control thermocouples could be used to represent the 

temperatures on the test assembly within ±1.5 C. Hence in this study the surface 

temperatures of test assemblies are monitored by the control thermocouples. To 
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ensure the distinctive directions of the temperature gradients across molten solder, 

the temperature difference on the control sample was monitored to be around 7C. 

3.3.3 REFLOW PROCEDURE 

One of the vital issues in conducting these experiments is to recognize the 

significant parameters in this setup. These parameters include the powers assigned 

to the gas pre-heaters and radiant lamps during the course of the experiment, and 

the motion of the sample holder induced by the linear stepper motor. The task is 

hence to devise a procedure to implement these parameters in an effective manner 

so as to simulate the temperature history. Both motion control and heater powers 

can be programmed with time by CONTINUUM and ACTIVEHOME 

respectively. With the help of the control thermocouples the amount of time and 

power given to each set of heaters can be determined. Therefore, we can 

completely program the temperature profile of any bump. In essence the complete 

reflow process is monitored with the control thermocouples and programmed with 

two independent softwares. One is capable of motion control and the other is 

responsible for the power assigned to each of the heaters. Together they control 

each of the cases that were studied.  

Following is a step-by-step procedure to reflow samples using this 

combined convection and radiation research oven.  

1. Start gas pre-heater, and activate all three heating tapes. In order to 

save on nitrogen, start by using compressed air, from outlet provided in 

laboratory. 
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2. Start temperature monitoring. To do so, insert the thermocouple 

holder inside the glass chamber. Use CONTINUUM controls on PC to move the 

stage inside the chamber. Be careful as the sample holder enters the narrow 

opening of the chamber, avoid contact with glass tube. Wait till the temperature 

reaches about 30 C below the soaking temperature (it varies with different solder 

materials) at a point close to the exit of the gas pre-heater. Move the stage out of 

the chamber, and use a fan to cool the control sample back to room temperature. 

3. Shut off all or two of the three heating tapes (this depends on the 

soaking temperature of solder material), using nitrogen in place of compressed air 

to pass through the system. Insert the oxygen sensor probe and measure oxygen 

concentration inside the chamber. Use a piece of insulation covering tape, to close 

the exit. Adjust the nitrogen flow and make sure that the oxygen reading is below 

30 ppm. 

4. Start mounting the test assembly next to the control thermocouples. 

This is done after the control sample is completely cooled to room temperature. 

Move the stage into the glass chamber test section and begin the temperature 

logging using VirtualBench. Adjust the power of the heating tapes and the motion 

speed of the stage, so that the temperature follows the ramping and soaking 

profile as required.  

5. After soaking is complete, use ACTIVEHOME to adjust powers of 

halogen lamp heaters so that the heating and cooling profiles and temperature 

gradients required are achieved. 
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6. After reflow, shut off the nitrogen flow. Move the stage out. Cool 

the sample and carefully remove and store for further processing. 

3.4 ANALYSIS SAMPLE PREPARATION AND PROCESSING 

The objective of this research is to study the void formation with regard to 

different heat flux directions during the reflow processes. After heating, the solder 

joints enclosed between the substrate and the chip, are cooled to room 

temperature. We wanted to observe the size, number and patterns of voids inside 

the solder joints. For this purpose we must resort to Metallography, which is the 

imaging of topographical or microstructural features on prepared surfaces of 

materials. It plays a vital role in the void analysis of solder joints.  

The metallographic preparation of cross sections is very time-consuming, 

and requires patience and skill to grind and polish to a specific target position 

inside the solder bumps. The first methodology was to cut the solder bumps 

sideways and reveal vertical cross sections that would show the relative positions 

of the voids.  For studying vertical cross section the solder bumps were cut with a 

diamond tipped saw and then mounted in epoxy. The problem with this 

methodology lies in the difficulty of grinding a ceramic substrate. The substrate in 

high lead solder samples is Alumina, which is very hard substance. It is 

impossible to grind Alumina together with solder material, which is very soft in 

nature. Recall that 24 solder bumps are placed in a square in our samples, for 

vertical micro-sectioning we can at most process 6 bumps at a time. There are 

some occasions only 2 bumps can be processed at the same time. 
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For a more comprehensive view, it was decided to cut through the solder 

bump laterally, and look the bump in several horizontal cross sections. We mount 

the sample in epoxy and then grind it from top to bottom examining several 

intermediate surfaces. This would give a thorough insight into the number, size 

and distribution of the bubbles trapped inside the bump. With this method we 

were able to inspect all 24 solder bumps simultaneously, hence providing us a 

considerable amount of data. This approach adds a great deal to the work, but the 

data gathered is comprehensive and very representative of the bump condition.  

Sample preparation essentially consists of casting the sample in an epoxy 

resin mold, grinding and very fine polishing of the sample to give cross sectional 

views of the bump at very small successive distances. At each view a micrographs 

is recorded. 

3.4.1 Micro-section Sample Preparation 

The grinding and polishing equipment requires that all samples be cast in a 

standard sized mold. To fit the size of the mold case, we need to remove part of 

the substrate by chipping off unwanted regions. For lead-free and eutectic solder 

samples, FR4 laminate substrates are used. In these cases, a band saw can be used 

to cut them to fit the epoxy mould. For high-lead solder sample as previously 

mentioned, the substrate is made of very hard Alumina. This makes it impossible 

to cut the substrate by normal means. Though costly and time-consuming, we 

used a diamond abrasive wheel mounted on a dicing machine to do the Alumina 

substrate cutting. Note this was done before making the test assembly, therefore 

avoiding any unnecessary damage to the bumps if the cutting occurs after reflow.  
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Another consideration was whether to break off the chip from the 

substrate before casting or not. By breaking the chip it becomes easier to keep the 

substrate level and directly start the grinding process of the solder bumps. But 

breaking off the chip also invariably removes material from the bumps. And we 

loose valuable information because of that. It was therefore decided to cast the 

substrate and chip together. 

The epoxy used is a Calamity Resin with hardener, which has a hardening 

time of 10 hours at room temperature. A very important consideration at this step 

is the level of the sample. As explained above, an alumina substrate is an 

extremely hard substance. Whereas solder bumps are extremely soft. If the 

substrate is not perfectly level, the alumina substrate first has to be ground off 

before grinding of solder bumps can be made. Grinding of alumina is impossible 

with sand abrasive, and with diamond paste it takes a very long time. 

Additionally, non-flat cross sections introduce errors when recording the void 

diameter. For leveling the substrate when casting in resin we used round graphite 

rods of 0.9 mm in diameter. Two or three such graphite pieces were placed at the 

bottom of the mold case and the substrate was balanced on them. This provided 

uniformity of the substrate from the bottom of the mold. The chip, which is 0.7 

mm thick, hung attached to the substrate by solder bumps.  

After placing the substrate with the chip facing downward on the mold 

cup, a mixture of castalilte resin and hardener is poured in from side. Care is 

required to eliminate any air or gas bubbles underneath the substrate. The resin 
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should flow around the chip, and also should seep into the space between the 

substrate and the chip, and surround the bumps.  

Normally 15-20 hours are required to completely solidify and totally dry. 

Elevating the temperature of the resin can quicken the process. This however may 

run the risk of the resin not flowing and seeping into the fine spacing between the 

chip and substrate. Cracks may also occur if hardening is carried out too rapidly.  

Figure 3-20 shows a casting sample processed using the method above. 

Below lists the detailed procedure we used to cast the sample in epoxy resin mold: 

1. Mix 20 ml epoxy with 3-5 drops of hardener. Stir thoroughly in 

random directions. Give some time for the bubbles to escape.  

2. Place two or three small pieces of 0.9 mm diameter graphite rods 

at the base of the mould in a parallel or triangle. You may add a drop or two of 

epoxy paste, so that the graphite remains somewhat fixed at the desired location.  

3. Place the substrate, with the chip facing down, over the graphite 

rods, use sharp pointed tweezers, or wooden sticks to place the graphite pieces at 

the correct positions under the substrate, so that it is completely balanced. You 

may want to lift the substrate after position of graphite has been established and 

pour some epoxy before placing the substrate back over them. This will ensure 

that the chip is surrounded by epoxy and there are no air bubbles around it.  

4.  While pushing down upon the substrate with a wooden sticks, or a 

tweezers, pour epoxy around the substrate. The substrates have a tendency to 

move along with the flow of high viscosity epoxy. So to avoid displacement and 

to ensure that the substrate remains level with the bottom, keeping it pressed 
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against the graphite is important. Also care must be taken to uniformly pour 

epoxy around it, so that it is present uniformly underneath the substrate.  

5. Pour epoxy to a height of at least 1.5 inches. A small height sample 

will not work in the grinding machine. At this point, a lot of bubbles will be 

visible in the epoxy.  

6. Curing the epoxy should be slow. Heating it for faster curing runs 

the risk of keeping the bubbles trapped in the epoxy. This is not good if the 

bubbles are around the bump area.  Wait for 15-20 hours and remove the samples 

from mould. 

Inspect the samples as they are removed from the mold. If the substrate 

has moved from its horizontal position and is at an angle to the horizontal, due to 

any reason, consideration should be made to cut up the epoxy and re-casting. In 

case of visible voids or air bubbles in epoxy resin near the bumps area, partial 

grinding and then application of epoxy patch at that location may be considered.  

Now the sample is embedded in a hard stable mold and is ready for 

grinding and polishing. 

 3.4.2 Grinding and Polishing Procedure 

Grinding and polishing are two operations, which are the most common 

method of preparing materialographic samples for microscopic examination. 

Abrasive particles are used in successively finer steps to remove material from the 

surface until the required result is reached.  

Since solder is such a soft material, successful polishing of minute solder 

bumps is an incredible task. Figure 3-21 shows the Struers RotoPol-15 machine, 
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where sample grinding and polishing was carried out. The machine has a sample 

holder, which can hold up to three samples. Once the sample is mounted on the 

sample holder, the bumps are on the lower side of the mold. The grinding or 

polishing start from that side upwards which implies that processing proceeds 

from the top of the bump to the substrate. 

Main steps involved in grinding/polishing are: 

1. Grind away epoxy and chip material until solder bumps become 

visible 

2. Use fine grinding to expose the first cross section of the bumps 

3. Polish the sample to a very smooth surface finish 

4. View under a microscope, and record solder cross section image 

(a) Plane Grinding 

Grinding is the first step of mechanical material removal. Proper grinding 

removes damaged or deformed surface material, while introducing only limited 

amounts of new deformation. The goal is a plane surface with minimal damage 

that can be removed easily during polishing. Grinding can be divided into two 

individual processes: plane grinding and fine grinding. 

Plane grinding, the first grinding step, will remove excess epoxy resin, and 

expose the entire silicon chip and the solder bumps. Plane grinding ensures that 

the surfaces of all bumps are similar, despite their initial condition and their 

previous treatment. In addition, when several specimens in a holder need to be 

processed, they must all be at the same level, or "plane", for further preparation. 

The machine is set to the 300 rpm grinding mode with water. This is done with 
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400 grit silicon carbide paper, which is self-adhesive, attached to the rotating 

grinding wheel. It is vital that the wheel is free of dirt and contamination because 

that would produce small irregularities on the paper cloth surface and hurt the 

sample. A considerable high force of 45N may be required. It is very important to 

stay at the highest vigilance during this process, as just the slightest of over 

grinding will grind through the solder bumps and destroy the sample in a matter 

of seconds. Reduce the force to 5N and reduce the time between inspections, as 

the sample is ground towards the end of chip.  

After this we grind the bumps with 600 grit silicon carbide paper which 

essentially prepares the sample for the diamond polishes. The force is 30N and 

machine stays at 300 rpm. Both 400 grit and 600 grit grinding is done in the 

presence of water. The water helps reduce the friction and damage to the surface 

during these grinding processes. It also effectively helps remove the dirt from the 

surface. At the end, the coarse papers have been able to expose a coarse solder 

surface to air. Fine grinding and polishing from here on is essential to obtain any 

sort of metallographic results. 

(b) Fine Grinding 

Fine grinding produces a surface with such a small amount of deformation 

that can be removed during polishing. Because of the drawbacks with grinding 

papers, and to improve and facilitate fine grinding, we use a Struers MD-Largo 

composite disc for fine grinding. Rigid MD-Largo disc provides excellent flatness 

and is specially designed for soft materials, ideal for grinding solder. This step 

involves with diamond paste, which is essentially a suspension of diamond 
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compound. Diamond is used as an abrasive to accomplish the fastest material 

removal and the best possible planeness. There is no other abrasive available that 

can produce similar results. Because of its hardness, diamond cuts extremely well 

through all materials. For diamond polishing, a lubricant must be used. METADI 

polishing oil, which is an extender for diamond abrasives, was used to help obtain 

the desired consistency.  A small amount of the METADI diamond paste is 

applied to MD-Largo disc and then the oil is sprinkled over it in regular intervals 

during preparation. Consequently, a constant material removal rate is obtained. 

Usually the speed and pressure are very critical during the fine grinding 

and polishing steps. We use 150 rpm and small force 15 N, as it is only necessary 

to hold the sample over the paper. We use 15-micron diamond paste. The coarsest 

of diamond suspensions is responsible for removal of the scratches and embedded 

dirt that may have been left over from the first two silicon carbide papers. The 

suspension of oil and diamond erodes away the top surface of the bump. This is 

significant in our context as the first genuine voids are isolated at this step. The 

time duration is about 5 minutes or until one is able to get rid of majority of the 

scratches on the surface. It is important that the amount of paste applied is small 

so that the mixture does not erode too much of the surface or hurt it. This is 

perhaps the most crucial step as it is intermediate between the coarse 400 grit and 

600 grit polishes, and the later 3 micron and 1 micron diamond polishes. 

(c) Polishing 

While grinding is for material removal, polishing prepares the surface to 

be viewed under microscope. Like grinding, polishing must remove the damage 
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introduced by previous steps. This is achieved with steps of successively finer 

abrasive particles.  3 micron diamond paste was used on MD-Dac which is metal 

backed woven nylon polishing cloths by Struers. For this polishing step, we had 

to make sure that the pressure applied was light, as any excess pressure would 

damage the now smooth surface. The operating speed was kept low at 150 rpm 

for polishing steps. This stage carefully digs out the additional material from the 

surface so that the void cavities are clearer and more visible. The duration of this 

step is approximately 3-6 minutes or more depending on the surface finish. 

Solder material, which is soft, requires a final polish for optimum quality. 

Here, TEXMET cloth by BUEHLER with 1 micron diamond suspension was 

used. This step is usually for about one minute or more. The pressure should be 

extremely light so as to maintain the contact. The final polish attempts to remove 

the dull texture and smoothen the surface even further. By this time the void 

cavities are evident and visible if they are present. Before the sample is taken to 

the microscope it is washed carefully or else one is able to see the residual patches 

of green and blue from the previous polishes. Of course the sample has to be 

washed and cleaned thoroughly between polishes to keep the polishing clothes 

from being contaminated. Also, the sample has to be carefully dried as moisture 

should be avoided when we are using the diamond polishing paste and MD-

system composite disc or MEXMET cloth. After each step, the disc or cloth 

should be carefully stored to prevent contamination. 

The detailed schedule of solder bump grinding/polishing is described in 

Table 3-1, which excludes the step where the 400 grit paper was used to remove 
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the chip to expose solder bumps. The schedule was recommended by Struers with 

proper modifications for different solder pastes used in the current study. 

(d) Collecting sample pictorial data 

The sample preparation consisting of grinding and polishing is just the 

beginning of a lengthy process of data acquisition and analysis. During grinding 

and polishing we intend to cut through the sample cross-section making visible a 

variety of shapes and sizes of void bubbles present there. As shown in Figure 3-

22, after the chip is ground off and the solder bumps exposed, then a micrograph 

is taken under an optical microscope. The figure shows how cuts through the 

bump would reveal the voids. 

 It is important to control the depth of each cut, so that all the voids can be 

included in the micrographs. However, due to equipment and sample limitations, 

we cannot maintain a constant distance between two successive cross sections. It 

is therefore important that we have some means of measuring the distance 

between two cross sectional images.  As seen in Figure 3-22, a micrometer, which 

has uncertainty ± 3 μm, was used to record the thickness of the sample. Note that 

the bottom surface of the sample epoxy mold was taken as reference. Hence plane 

grinding normally proceeds on this surface to ensure it is planar.  

It is also important to keep under consideration the fact that the sample 

grinding may not remain uniform. It is frequent that the sample gets unevenly 

ground, resulting in a tapered surface. We therefore need measurements from two 

opposite sides of the sample. To be consistent in measurements, we also need to 

mark the sample from the two locations ensuring that height is read from exactly 
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the same points as before. An average of the two measurements will give us the 

average height of the sample and difference in two successive readings will give 

the depth of cut, while difference between first and last reading will give height of 

bump.  

 A typical height of solder bump after reflow is about 100 μm, we 

typically made 10 or more horizontal cuts through one bump till the end of the 

solder and the substrate is seen. The layer removed during the grinding/polishing 

sequence is approximately 10 μm or less thick.  

Each cut reveals sizes and locations of voids at that level. A typical cross 

sectional view of a cut is shown in Figure 3-23. Generally solder micrographs are 

taken using 200× magnification. It is important to add the scale to the 

photographs at the time of capturing images. This is done by using the adobe 

photo-shop program in the computer attached to the digital camera microscope 

used for recording images.  

There are twenty-four bumps on each sample assembly. It is important to 

identify the bumps while recording images, so that data can be allocated properly. 

For purpose of identification the bumps are labeled alphabetically from A1 to D6.  

Figure 3-24 shows the arrangement of bumps on a sample. Note that the direction 

mark has to be first inscribed on the sample. All the micrographs should be saved 

in carefully designed archive, keeping in mind the large scale of expected data. 
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Chapter 4:  Data Collection and Analysis 

Following grinding and polishing the cross sections of the solder bumps, 

we have pictorial data which reveal the sizes and locations of voids. Now we are 

in the position to examine these solder micrographs and to generate quantitative 

and qualitative data regarding the distribution of voids as caused by various 

reflow heating regimes.  

This chapter essentially addresses how to extract useful information 

related to voids from tens of thousands of solder images, and how to formulate 

parameters to characterize the void distribution in solder bumps.  

4.1 CONSTRUCT A VOID DATABASE 

We start by examining each solder micrograph (“horizontal cut”), and 

record useful information to create a database regarding void formation. Keep in 

mind that we wanted to investigate how Marangoni flow in molten solder affects 

bubble movement, collision and coalescence. All the samples are reflowed 

following standard temperature profiles. Among those profiles the difference is 

the direction of the temperature gradient intentionally created across molten 

solder. This determines the direction of Marangoni flow. For each reflowed solder 

bump, the number, size, location and occurrence of voids are of primary interests 

in this study. 

(a) Void location 

Ultimately, we want to find the void locations for solder reflowed under 

each specific heating profile. To do so, the location has to be first defined in a 
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solder bump. As seen from Figure 4-1, the vertical positions of voids are 

categorized into top layer, middle layer, or bottom layer. Also, the radial location 

in thirds is noted in one of three categories; inner region, middle region, or outer 

region. The solder bump is thus divided into nine areas. Each area can be labeled 

accordingly, for example, top layer inner region of the bump is called top inner 

area. 

The approximate center of a void, regardless of its size, would specify 

where among the above nine areas it is located. Initially data collection would not 

be able to point out the location of the void in the vertical direction. It will simply 

be related to the measured height of grinding interval among the saved sample 

images. The determination of what is the location of the void in vertical direction 

will be made later, while evaluating the worksheet containing the data.  

(b) Void size 

From the micrographs we also measure the size of each void on the cross 

section. It may be noted, that the void might not be round, in that case, we used an 

equivalent diameter of the circle that would have an equivalent area as the void 

area. The diameter is approximated using the scale already imprinted within the 

image at the time of saving the micrograph.  

It may be pointed out, that we do not require a high degree of precision in 

determining the exact dimensions of the voids. We require data in broad ranges 

for the purpose of comparison among bumps reflowed with various temperature 

profiles. The method of determining the dimensions of the bumps and voids does 

not rely on high precision instrumentation. Hence, as void locations are 
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categorized into nine areas, the sizes of voids are also classified to facilitate data 

analysis. Sine the bumps were generally about 200 μm in diameter and 100 μm 

high after reflow, voids are grouped by diameter; less than 25 μm, 25-50 μm, and 

greater than 50 μm. Voids smaller than 5 μm were disregarded.  

(c) Number of voids 

Determination of the total number of voids in a bump is not precise. The 

micrograph of the bump cut shows the voids present in each horizontal cross-

section. In each image, some voids may be just finished, some are continuing 

from the previous image, and some are new voids. Counting the voids in each 

cross section and adding them up will definitely result in double, triple or multiple 

counting of voids and will not be representative of the total number of voids in 

each bump. The data processing therefore proceeds by tracing every void from its 

first appearance to its end in the bump. Though the method is quite time-

consuming, it yields more accurate counting of the total number of voids. 

(d) Bump diameter and height 

The ideal bump diameter and height are defined by the aperture of the 

stencil, assuming solder paste is completely released from the aperture. However, 

during the reflow process, when the solder is molten, gravity causes an initial 

drop of the solder ball. When the reflow peak temperature is reached, the solder 

bump experiences a second drop. After the initial and final collapses, the standoff 

height normally drops to 80% of the initial bump height. In our samples, the 

stencil aperture is 125 μm thick, after reflow, the solder bump is generally 90~100 

μm in height. 
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Also, the diameter of the bumps may not be the intended diameter. The 

intended diameter assumes the diameter of the aperture in the stencil, in the case 

that paste is completely deposited. Because the solder collapse during reflow, so 

the actual diameter could increase approximately 20%. As the aperture on the 

stencil is 200 μm round, we normally can get the maximum cross section 

diameter in solder bumps up to 220~250 μm.   

 However, depending on the amount of solder paste released from the 

aperture, the diameter and height of solder bump from the same aperture in the 

stencil may vary from sample to sample. Also, the actual shape of solder bumps is 

neither exact spherical nor cylindrical. Rather most of them taper from a smaller 

diameter from the top to a larger diameter at the middle or the bottom. So, in 

order to better understand how voids are distributed in a bump, the bump diameter 

and bump height need to be included in the database.  With diameter and height of 

a bump, we can define the void location and calculate the volume percentage of 

voids in the bump. Additionally, they help determine the shapes of the bump and 

voids.  

The bump diameter is noted in the same manner as the void size, i.e. by 

comparing with the imprinted scale on the image. As described in chapter 3, the 

distance between two horizontal cross sectional cuts was measured and recorded. 

So the bump height is the sum of depths of all the cuts made during 

grinding/polishing. Note that generally the grinding depth between two 

consecutive cuts varies from 5-10 μm, voids less than 5 μm were ignored. This is 
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justified by considering the volume of a general solder bump with about 200 μm 

in diameter, the void volume of diameter less than 5 μm is negligible.   

(e) The void percentage area 

In the raw database, we also include the void percentage area, which is 

given by sum of squares of void diameters, divided by the square of total bump 

diameter for each cross section.  

As seen from Figure 4-2, if d1, d2, ---, dn etc are the diameters of voids on 

a given cross section and D is the diameter of the bump at that cross section then 

Total Percentage Void Area is defined as: 

 

% Void Area is a good indicator of the extent of porosity at a given cross 

section. It helps in developing a sense of how voids are distributed in a bump. 

Also the data set can also be used to give the percentage void area for voids 

whose centers are located in the inner, middle or outer regions of a cross section. 

For example, the % Center Void Area would be given by the sum of squares of 

diameters of voids located in bump inner region divided by the square of bump 

diameter. Similarly, % Middle Void Area and % Outer Void Area can be defined.  

(f) Sample data sheet 

Manual data collection from each image is a very lengthy and tedious 

process. Opening each image on computer and then noting down the data requires 
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patience and time. An attempt was made to generate a software code, which by 

differentiating between pixel shades can generate data of percent void area on the 

bump.  A MATLAB code was acquired and tested on our data set. However, it 

could not succeed since all the areas outside the bump was the same shade as the 

voids, and resulted in very erroneous data. Therefore visually assessing each 

image and noting down the data was decided upon.  

The data thus collected is noted down in an excel sheet, a partial copy of 

which is shown in Table 4-1. In a sample data sheet, the sample ID and bump 

location on the sample must be included. In addition we also have a temperature 

profile data log for each bump reflowed. This is necessary for record keeping and 

review of the exact temperature profile followed during the reflow process of each 

sample. Table 4-1 gives the void information only in the inner region of bump A5 

on solder sample 34. The sample was reflowed following a temperature profile in 

the case of Heating from Top surface and Cooling from Bottom surface (HTCB). 

The locations are further defined by top, middle and bottom layers. The H column 

represents the bump cut positions, which is the distance between each cut and 

reference plane. From this column, the bump height and grinding interval can be 

computed. Diameters of each individual void are noted in Dn columns, so 

multiple counts of voids are avoided. The area percentage of the bump covered by 

voids of each size in each region is calculated and denoted as “ %A voids ” in the 

table. The middle region and outer region of the bump has same data sheet. One 

complete sample, comprising of 24 bumps, is recorded in one excel sheet.  
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It must be kept in mind that some bumps are not round shaped, due to 

screening too much or too little paste. Some voids are a not circular shape. It may 

be noted, that we do not intend to measure exact bump or void sizes and shapes, 

instead we want the information of void distribution, i.e. how voids of certain size 

range located at specific regions in bumps. So, we do not intend to focus on an 

individual bump, rather on a collection of bumps in the size range close to that 

defined by the stencil aperture. Therefore using an approximation to note down 

the size of the bumps and voids is justified.  

4.2 FORMULATE VOID PARAMETERS 

Once the information of voids in all test samples are noted and recorded in 

a consolidated database, we then have the raw data to characterize void 

distribution with respect to different heat flux directions during reflow process.  

The format as Table 4-2 is designed to facilitate the description of void 

distribution. In the table, nine void locations and three groups of void sizes are 

tabulated. We then need to formulate some variables to quantitatively describe the 

void distribution. The defective bump, volume percentage of voids, and the 

number of voids are thus defined to serve this purpose.  

(a) Defective bump 

Many bumps do not show voids. We define a defective bump as one in 

which voids appear after reflow. Again, bumps with void size less than 5 μm only 

are not counted as defective bumps.  
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 (b) The volume percentage of voids  

The volume percentage of voids is perhaps a more meaningful result to 

represent porosity in a bump. It is the ratio of the volume of voids to the volume 

of the bump. As shown in Figure 4-3, multiple cuts normally are made through a 

void. If the void can be thought of as a sphere, then each discrete small void 

volume between two cuts could be approximated as a spherical segment. Then the 

volume of the whole void can be obtained by summing up all the small void 

volume. If the solder bump can be considered as a cylinder, then, similarly, the 

volume of the bump can be calculated. Thus, the void volume percentage is 

computed.  

Figure 4-4 shows how to calculate the volume of spherical segment, which 

is defined by cutting a sphere with a pair of parallel planes. If the void has radius 

of b in one cut, a in next cut, the distance between the two cuts, i.e. grinding depth 

is h, then the void volume in between these two cuts is 

 

 By a similar argument, the volume calculation of the top or bottom cap of 

void follows that of spherical cap as shown in Figure 4-5.  

 

 However, the top and bottom of void generally fall in between two cuts as 

shown in Figure 4-3. So h cannot be measured. Furthermore, the void is only 

roughly spherical. In this case, it makes more sense if we use the assumption that 

cap height assumes a half of the distance between two cuts. 
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Note that voids or bumps most time are not perfect spheres or cylinders. 

They could be in a vertical elongated or oval shaped. So it is justified to use other 

methods such as a truncated cone to approximate the void or bump between every 

two consecutive cuts. Since the purpose of the experimentation is to study the 

void distribution pattern among various directions of the temperature gradient 

during solder reflow, it is essential to have consistency in the data analysis. 

Hence, as long as we use spherical segment approach to compute the void 

volume, the results from the comparison should be valid. Additionally, the void 

area is roughly estimated by approximating any void shape to a circle, and then 

the improvement of the volume percentage calculation using a more sophisticated 

analysis would be limited. 

Once the volume percentage of voids in a bump is known, it is easy to 

further compute the void volume percentage of total void volume as distributed by 

areas and void sizes. 

(c) The number of voids 

Another parameter to describe the void distribution is the number of voids. 

As in prior discussion, it is difficult to correctly assess the number of voids in a 

bump, or in one of the nine defined areas. A void may be visible in more than one 

cross section views, and simple counting may result in double or multiple 

counting of the same void. Then tracing each individual void is quite time 

consuming and requires extra caution. By comparing adjacent cross sections 

multiple cuts of the same void were noted.  The number of voids is also presented 

in the data by three void size ranges and nine areas as previously defined. 
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The data processed as discussed above is compiled and tabulated in tables 

formatted as Table 4-2 according to the four reflow heating profiles and three 

solder materials. Ample information about void formation is obtained to shed 

light on how Marangoni flow affects bubble movement, collision and 

coalescence. 
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Chapter 5:  Voids in high lead solder on ceramic substrates 

The data for void distribution is complex, as it involves four reflow 

heating profiles. The bumps are divided into nine areas and the voids themselves 

into three size ranges to facilitate data interpretation. In this chapter the results of 

high-lead solder on ceramic substrates will be presented and discussed in a 

structured manner to get a clearer insight into the physics of void formation 

during reflow. A high lead solder (90Pb/8Sn/2Ag, Sparkle Paste OZ 295-268C 

Type 6, the particle size of 15-5 μm, the melting temperature range of 285-293 C, 

supplied by Senju Comtek Corporation) is used in the experiments. A typical 

reflow heating profile for high-lead solder has been described in chapter 3, Fig. 3-

14 (a). 

Mathematical and graphical presentation of data will be made for each 

reflow heating profile. While discussing each heating regime, void distribution 

patterns and void volume percentage will be emphasized. The comparison of void 

distribution among all four heating profiles will be made towards the end along 

with possible interpretation of the formation of voids based on thermocapillary 

theory.   

5.1  HEATING FROM TOP AND COOLING FROM BOTTOM 

We first look at the reflow case of heating from top and cooling from 

bottom. In this case, the temperature of the flip chip-side was set higher than that 

of the substrate-side. Hence, during both heating and cooling processes, the heat 

flux direction the same. Thus the direction of the bulk flow inside the molten 
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solder, which was generated by surface tension variation along the surface due to 

the imposed temperature gradient is always the same. 

A total of 240 solder bumps on 10 chips were reflowed in this case. Voids 

were found in 193 bumps, which gives an 80% chance of finding a defective 

bump. Regarding variation from chip to chip defects, maximum number of 

defects on a chip was 23 out of 24 bumps; minimum number of defects on a chip 

was 15 out of 24 bump. The standard deviation is 3.02, and 95% confidence level 

is 2.16. 

The total void volume per defective bump is 4.0%. As seen from Figure 5-

1, the majority of the volume of voids was found in the bump outer region and in 

the top and middle layers. The total void volumes for inner, middle and outer 

regions are 0.3%, 1.2%, and 2.5% respectively. 

Figure 5-2 shows the average void volume percentage per defective bump 

as distributed by void size. It is not surprising that the big voids (lager than 50 

μm) are mainly responsible for the majority of the void volume. As seen from 

Table 5-1, large voids account for 2.38% out of a total of 4.04% of void volume. 

Large voids represent 59% of total void volume per defective bump, as shown 

from Figure 5-3 and Table 5-2, while middle-size and small voids 29% and 12% 

of total void volume respectively. 

Figure 5-4 and Table 5-2 show the average number of voids per defective 

bump as distributed by size and region. With regard to the distribution of large 

voids, Fig. 5-4 reveals that they tend to be found at the bump outer region from 

top to middle layer. Table 5-1 confirms that volumes of large size voids in the 
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outer region top and middle layers are 0.69% each (which accounts for 34% of 

total void volume, as seen in Fig. 5-3). This is also supported by a higher 

percentage volume of voids in the outer region as seen in Fig. 5-1.  

On the other hand, many small voids are observed to form near the bump 

outer edge. From Table 5-3, the average total number of voids smaller than 25 μm 

per defective bump in the outer region is 6.16, considerably higher than 0.64 and 

2.94 in the respective inner and middle regions.  

Middle-size voids (25-50 μm) have a similar distribution pattern as large 

voids. It is evident from Fig. 5-4 that they are most likely to stay at the bump 

outer region from top to middle layer. This comprises about 15% of total void 

volume as shown in Fig. 5-3. 

Typical micrographs for the case with heating from top and cooling from 

bottom are shown in Fig. 5-5. 

With the information of the void distribution, an illustrative sketch of the 

distribution of voids in a typical bump is constructed shown in Fig. 5-6.  

The results differ from numerical results based on thermocapillary theory. 

When solder bumps were reflowed under the profile where the heat flux direction 

was from chip side to substrate side, the melt front moves from top to bottom. 

Thermocapillary theory shows that bubbles subject to the upward buoyancy force 

rise rapidly to the top of the bump and the bulk flow carries them to the outer rim, 

where most of the coalescence occurs. Numerical simulation by Panton predicted 

that small voids would form in a ring along the bump outer edge, as illustrated in 

Fig. 5-7. 
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The discernable difference in results between the experimental study and 

computational simulation is that the numerical study shows only small voids 

appeared in a ring at the top outer rim of the bump. However, the experimental 

finding infers that once small bubbles coalesce, they tend to end up forming a big 

void. The observation of large and middle-size voids located on the bump outer 

region seems to corroborate this explanation.   

It needs to be noted the limitation of numerical study due to lack of 

modeling of the solidification phase during solder reflow. The interaction among 

bubbles and the solidification front is very complicated, and the physics not 

simply described. Further study of solidification can improve the computational 

models and give useful insights into the porosity investigation of solder joint. 

However, the experimental findings seem not to contradict 

thermocapillary theory. The hypothesis based on Marangoni flow could still be 

suggested to interpret the test results of void distribution. As seen from Fig. 5-8, 

during the heating process, when a higher temperature was imposed on the chip 

side, bubbles randomly generated in the molten solder were driven to the outer 

rim by the Marangoni type bulk flow. Bubbles can coalesce at the outer edge to 

form big voids, which can escape from the molten solder. Without taking the 

solidification process into account, the numerical results implied the existence of 

only small voids scattered along the bump top edge, which is consistent with 

thermocapillary theory. 

After the peak temperature is attained, the cooling process begins in the 

molten solder. The solidification front moves from substrate-side towards chip-
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side. It is assumed that bubbles continue to be generated either due to remaining 

volatile materials inside the solder or the segregation effect of different solder 

phases or both of them. The segregation effect refers to the discontinuity of the 

gas bubble concentration across the interface of liquid and solid phases of solder. 

Normally the concentration in solid phase is less than that in liquid phase of 

solder, so more gas bubbles are ejected into the melt when solidification occurs. 

The bubble upward velocity is determined by the buoyancy force and the drag 

force due to the bulk flow motion. If the solidification front travels faster than the 

bubbles, then they could be trapped inside the solder bump and become voids. 

Many small voids found at the bump outer edge might be due to the relative small 

velocity of bubbles. Because Marangoni flow is against buoyancy effect along the 

outer rim, which slows bubbles down, and they got caught by the solidification 

front. Similarly, small bubbles collide and coalesce to create middle- or large-size 

bubbles, which could also be trapped by the solidification front to form middle- 

and large-size voids, as observed from Fig. 5-6. 

5.2  HEATING FROM BOTTOM AND COOLING FROM TOP 

In the case of heating from bottom and cooling from top, solder bumps are 

melted from substrate-side with the melt front moving upward. Once the molten 

solder reaches the reflow peak temperature, it is cooled in a way that the chip-side 

solder begins to solidify first, then the solidification front proceeds downward to 

the substrate-side. This case is the opposite case of heating from top and cooling 

from bottom discussed in the prior section. The Marangoni flow is a bulk 

recirculating flow moving up along the bump edge and descending downward at 
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the bump center. Again, the direction of heat flux imposed during both heating 

and cooling processes is not changed, which implies the direction of Marangoni 

flow during reflow is unchanged.  

Out of 240 solder bumps examined, 95 bumps showed voids inside 

(variation from chip to chip defects from minimum 6 to maximum 15 out of 24 

bumps; standard deviation of 2.83 with 2.03 at 95% confidence level). That gives 

a 40% chance of finding a defective bump, much less than 80% in the opposite 

case. It is evident from Fig. 5-9 that majority of the void volume is in the bump 

inner region. Detailed examination showed that the void volume of the inner 

region is 1.71% per defective bump, which is much higher than 0.81%, 0.50% in 

respective middle and outer regions. The total void volume in this case is 3.0%, 

which is less than 4.0 % in the opposite heating profile, representing the improved 

solder reflow methodology at both the reduced total void volume and the 

decreased probability of a defective bump. 

It is observed from micrographs of a typical void shown in Fig. 5-10 that a 

large void tends to stay in the bump top center towards the middle layer. Figure 5-

11 and Table 5-4 further indicate that the volumes of large voids in the inner 

region top and middle layers are 0.72% and 0.68% (which accounts for 46% of 

total void volume, as seen in Fig. 5-12 and Table 5-5). This finding is also 

consistent with a higher percentage volume of voids in the inner region seen from 

Fig. 5-9. Again, the void volume is mainly contributed by large-size voids, which 

comprises 85% of the total void volume, as demonstrated by Table 5-5. 
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Another observation is that fewer small and middle-size voids occurred in 

this heating condition. The average total number of voids smaller than 25 μm and 

25-50 μm are 4.05 and 0.59 respectively for each bump, which are much smaller 

than 9.74 and 1.55 per bump in its reverse case previous discussed. These data are 

found in the Fig. 5-13 and Table 5-6, which show the average number of voids 

per defective bump as distributed by size and region.  

Close examination of each bump showed that the higher volume 

percentage of voids in the bump center usually comes from a single big void. An 

illustrative representation of the void distribution in this heating condition would 

be like Fig. 5-14, in which a big void is located at the bump top center with few 

small voids.  This finding agrees well with previous numerical results by Panton, 

as shown in Fig. 5-15, which are based on a theory of flow driven by 

thermocapillary action. An exception in this experimental finding is that the big 

void tends to dip toward the middle of the bump in the experimental results. 

According to thermocapillary theory, as the melting direction was from 

bottom to top, the temperature difference across the melt engenders a weak bulk 

flow. This Marangoni type flow rises on the outside and descends in the center as 

seen from Fig. 5-16. Bubbles rise with the melt front due to buoyancy and the 

bulk flow drives them toward the center where they coalesce to form a large 

bubble. Note that once the solder is completely melted, the bubble at the center 

cannot escape from the molten solder bump. 

Since the cooling process starts from the chip-side, the solidification front 

is likely to first trap the bubble at the top center to form a large-size void. It is 
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worthy of mentioning that as the molten solder gets solidified, new gas bubbles 

might be ejected into the melt. Some of them might diffuse into the existing large 

bubble at the top center, so the bubble is enlarged and could extend into middle 

layer of the bump. It offers a possible interpretation of the discrepancy between 

the numerical simulation and experimental results.  

5.3 HEATING FROM BOTTOM AND COOLING FROM BOTTOM 

The two test cases discussed above examined the void formation under 

heat flux directions either from top to bottom (chip-side to substrate-side) or from 

bottom to top (substrate-side to chip-side). In those experiments, the heat flux 

remains in the same direction during both heating and cooling processes. 

It is equally important to study the effect of reversing the flow direction 

during solder reflow. Based on thermocapillary theory, reversing the direction of 

the heat flux during cooling also reverses the flow direction inside the molten 

solder. Two types of reflow profiles are thus established. That is, melting from top 

to bottom with cooling from top to bottom (both melting and solidification fronts 

are from chip to substrate) or melting from bottom to top with cooling from 

bottom to top (both melting and solidification fronts are from substrate to chip).  

In this section, the results of the void formation for the case of heating 

from bottom and cooling from bottom will be presented. During the heating 

process, solder bumps are heated with heat flux direction from substrate to chip. 

During the cooling process, the heat flux is reversed, cooling the solder from the 

substrate-side to the chip-side. 
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Out of 240 solder bumps, 122 bumps were found to have voids (variation 

from chip to chip defects from minimum 7 to maximum 17 out of 24 bumps; 

standard deviation of 3.88 with 2.77 at 95% confidence level). Compared with the 

case without the heat flux reversal, heating from bottom and cooling from top, 

reversing the solidification direction increases the chance of finding a defective 

bump from 40% (cooling from top) to 51% (cooling from bottom). The volume of 

voids per defective bump also rises from 3.0% to 3.7%. These results show that 

reversing the flow direction in cooling process has significant effect on the void 

formation during solder reflow. 

 Figure 5-17 shows the average void volume by regions. The void volumes 

in inner, middle and outer regions are 1.3%, 1.1% and 1.4% respectively. 

Figure 5-18 and Tables 5-7 give the average void volume at different 

locations within the bump for this heating profile. Attention is on the importance 

of the middle- and large-size voids (lager than 25 μm), which is 3.52% out of a 

total of 3.72%, comprising the majority of the void volume.  

A further examination of the void location reveals that large voids reside 

at the bump top from the inner to the middle region, and at the middle outer 

region. It is seen from Table 5-8 and Fig. 5-19 that big voids in these regions 

contributed 50% of total void volume for a defective bump. This is also consistent 

with a higher void volume in these regions, 0.85%, 0.57% and 0.82% for 

respective top inner, top middle and middle outer regions (shown in Fig. 5-17).  

Average number of voids distributed by size and region are given in Fig. 

5-20 and Table 5-9. It is found that the locations of small size voids tend to stay in 
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the bump middle, bottom layer. As shown in Table 5-9, the total numbers of small 

size voids in the middle layer and the bottom layer are 6.40 and 3.37 out of 11.05. 

Figure 5-21 shows micrographs of a solder bump with voids formed with 

this heating profile. Compared to the case of heating from bottom and cooling 

from top, where a single big void was noticed to stay at the bump top center, the 

case with reversal flow shows that big voids tend also to form at the bump outer 

region (Fig. 5-22). As illustrated in Fig. 5-23, thermocapillary theory would 

predict that reversing the heat flux direction during cooling gives rise to a reverse 

bulk flow. The flow ascending from the bump center brings the bubbles down to 

the outer rim, where they accumulate and coalesce to form big voids. 

The distribution of small voids could also be better understood using 

Marangoni flow theory. As shown in Fig. 5-23, when the molten solder is 

solidified from bottom to top, the bulk flow resulting from the temperature 

gradient in the melt pool brings the bubbles downward to the bump middle and 

the bottom layers, where they are trapped by the upward solidifying interface to 

form voids. Note that to justify this explanation, the buoyancy force would be 

assumed negligible for the small size bubbles, compared to Marangoni force that 

dominates the bulk flow. 

5.4 HEATING FROM TOP AND COOLING FROM TOP 

The case of heating from top and cooling from top continues the study of 

how the reversed flow during cooling affects the void formation. In this case, 

solder bumps are first melted from chip side. Once the reflow peak temperature is 

achieved, solder bumps then are cooled from chip side to substrate side. Hence 



 70

the heat flux changes its direction from top-to-bottom during heating process to 

bottom-to-top during cooling process. 

Totally 240 bumps were reflowed following this heating profile. Among 

them, 68 bumps were found to have voids, which gives a 28% of chance of 

finding a defective bump (variation from chip to chip defects from minimum 3 to 

maximum 11 out of 24 bumps; standard deviation of 2.39 with 1.71 at 95% 

confidence level). The volume of voids per defective bump was found to be 1.5%. 

This is the best reflow methodology to minimize voids. Without reversing the 

heat flux (the case of heating from top and cooling from bottom) the defective 

bumps were 80% with 4.0% void volume.    

Figure 5-24 shows the average void volume at different locations within 

the bump. It is clear that considerable void volumes were found from the bump 

center down towards the bottom, and at the bump top middle region extending 

further into the outer edge. Detailed examination of Fig. 5-25 and Table 5-10 

indicates that large-size voids (lager than 50 μm) comprise the majority of the 

void volume. The large voids are 1.04% out of a total of 1.54% for this heating 

condition. Figure 5-26 and Table 5-11 show the void volume percentages of total 

void volume. It is evident that big voids are primarily located at the inner region 

middle layer, inner region bottom layer and middle region top layer, accounting 

for 33%, 14% and 9% of total void volume respectively.  

As to the small size (< 25 μm) voids, they are observed to exist from the 

bump top layer towards the middle layer, as seen in Fig. 5-27 and Table 5-12. The 
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total numbers of small size voids in the top layer and the middle layer are 4.51 

and 2.75, while 1.22 in the bottom layer. 

Figure 5-28 shows solder micrographs for this heating profile.  

The effect of reversing the solidification direction when melting is from 

top to bottom is manifested in the location of the larger voids. In the previous 

study, the case of heating from top and cooling from bottom showed that larger 

voids were likely to stay near the bump outer edge. In the case with flow reversal, 

however, voids are more likely distributed as illustrated in Fig. 5-29. 

Thermocapillary theory can explain the existence of larger voids in the bump 

center. As shown in Fig. 5-30, during cooling, reversing the heat flux direction 

causes the bulk flow to reverse its direction, rising on the outside and descending 

in the center. The smaller bubbles are then carried by the bulk flow to the bump 

center, where the coalescence occurs, forming the large bubbles. The large-size 

bubbles rising due to buoyancy are pushed down by the solidification front from 

the top, ending up in the bump middle center.   

Based on the assumption that bubbles exist through whole reflow process 

or some bubbles are just generated once the molten solder begins solidification, 

the location of small voids can be justified by thermocapillary theory. When the 

direction of the heat flux was reversed, the solidification front was moving from 

chip side towards substrate side. Thus, small size voids are likely formed at the 

upper half of the bump when the solidification interface trapped the smaller 

bubbles flowing upward.  
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5.5 SUMMARY 

Experiments were carried out to study how Marangoni flow inside molten 

solder affects the formation of voids in high-lead solder. Four types of heating 

profiles are designed to enable the different setup of the direction of the heat flux 

during heating and cooling processes. For each heating profile, 240 solder bumps 

are reflowed and microsectioned to examine the size and location of voids.  

Figure 5-31 and Figure 5-32 present respectively the percentage of 

defective bumps, and the average void volume per defective bump, for all heating 

profiles. It is evident that the case where solder bumps are heated and cooled from 

chip-side gives the least percentage of chance for finding a defective bump and 

the smallest void volume among all four heating profiles. This heating profile 

represents the best reflow methodology for high-lead solder to minimize voids. 

The case of heating from top and cooling from bottom corresponds to the 

worst methodology to reflow high-lead solder, since it has highest percentage of 

defective bumps and the void volume per defective bump. 

Figure 5-33 gives, for all the reflow profiles, the average number of voids 

per defective bump by three size ranges. It is observed that heating from top to 

bottom and cooling from top to bottom has fewer middle- and large-size voids. 

This further illustrates that it is the best reflow profile to minimize voids. 

Additionally, the effect of reversing flow on the void formation can also 

be identified through examination of Fig. 5-31 and Fig. 5-32. This study shows 

that by reversing the flow direction during cooling, with heating from top to 

bottom, the percentage of defective bumps was reduced from 80% to 28%, 
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accompanying a drop of the void volume from 4.0% to 1.5%.  In the case of 

solidification direction/melting direction from bottom to top, the percentage of 

defective bumps increases from 40% to 51%, and the volume of voids rose from 

3.0% to 3.7%. The study demonstrates that the effect of cooling process on void 

formation is significant. 

The dynamics of the bubble movement and coalescence is very 

complicated. The possible interpretation of the final void distribution has been 

given based on thermocapillary theory. Buoyancy force and drag force due to 

Marangoni type of bulk flow are major forces to drive the bubble migration and 

collision. The magnitude of the Marangoni force is determined by the temperature 

differential across the solder and the thermal properties of molten solder, 

specifically, the surface tension gradient with temperature at the solder melting 

temperature range. For current test conditions, the velocity scale that characterizes 

flow due to thermocapillary phenomenon is in order of ~100 μm/s. A bubble 

could move from the bottom to the top of the bump in one second. 

There is a critical diameter of a bubble above which the buoyancy force 

will overcome the drag force to move the bubble upward, as seen from Fig. 5-34. 

Due to unavailability of the thermal properties of solder being tested, it is not 

possible to calculate the exact critical diameters. However, it is safe to assume 

that the buoyancy force is negligible for the small size bubbles, compared to 

Marangoni force that dominates the bulk motion. These two forces interact to 

determine the bubble movement. When the bubble gets trapped by the 

solidification front, it becomes void.  The agreement of final void distribution 
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inside the solder joints with reference to thermocapillary theory is encouraging. 

These results will lead to better void management in solder joints of flip-chip 

connections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 75

Chapter 6:  Voids in eutectic solder on FR-4 substrates 

This chapter presents the experimental results of the void formation in 

eutectic solder joint of flip-chip assemblies. The substrates are FR-4 laminate 

boards. A eutectic solder (63Sn37Pb, Sparkle Paste OZ 63-268C Type 6, the 

particle size of 5-15 μm, the melting temperature of 183 C) obtained from Senju 

Comtek Corporation was employed in the experiments. A total of 288 solder 

bumps were reflowed. A typical reflow temperature profile for eutectic solder has 

been described in chapter 3, Fig. 3-14 (b). Void distribution inside solder joints 

will be described.  

We first examine the two cases where the heat flux direction was held 

unchanged during reflow, i.e. heating from top and cooling from bottom, or 

heating from bottom and cooling from top. According to thermocapillary theory, 

we would expect that the direction of the surface tension driven flow is unaltered 

during reflow process. 

Then, the results are compared with those of the two cases where the heat 

flux direction was switched during reflow, thus changing the flow direction inside 

molten solder. The two cases are heating from top and cooling from top, and 

heating from bottom and cooling from bottom.  

6.1   HEATING FROM TOP AND COOLING FROM BOTTOM 

In this heating profile the temperature of the flip chip-side was set higher 

than that of the substrate-side. A total of 72 solder bumps were reflowed. Only 11 

bumps showed voids inside, which amounts to 15% chance of finding a defective 

bump. The total void volume per defective bump is 0.2%.  
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Fig. 6-1 and Table 6-1 show the average number of voids per defective 

bump. It is evident that no big voids appear in this type of heating case. A few 

small voids, <25 μm, were found to stay near the bump top layer. Most of them 

are located in the middle and outer region, as shown 0.18, 0.91 and 1.0 for 

respective inner, middle and outer regions. In some bumps the middle-size voids 

are found near the top outer region. 

As for the volume distribution, Fig. 6-2 clearly shows that the highest void 

volume is at the bump top-outer region. Detailed examination shows that the 

middle-size voids are responsible for the majority of the void volume. This is seen 

from Fig. 6-3 and Table 6-2, which present the void volume as percentage of total 

void volume as distributed by region and size. 

Fig. 6-4 are solder micrographs of a sample reflowed with melting 

direction from top to bottom. It is in marked contrast with the results reported in 

the previous high-lead solder, in which big voids are found at the end of the solder 

reflow. However, it seems to agree with the numerical results (Panton et. al.) 

based on thermocapillary theory, in which only small bubbles collected in a ring 

near the bump top edge. 

6.2 HEATING FROM BOTTOM AND COOLING FROM TOP 

Among 72 solder bumps heated from substrate-side and cooled from chip-

side, there are 19 defective bumps, which equals a 26% chance of finding a bump 

having voids.  

Again, for this heating case, very few big or middle-size voids are found, 

as seen from Fig. 6-5. The trend of void distribution shows more or less the same 
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pattern of high-lead solder, where small voids are at the bump outer edge, with 

larger voids at top center. The finding is in good agreement with the simulation 

results.  

The average total void volume is 0.36%. Figure 6-6 indicates that the 

majority of void volume is at the bump center, which is mainly due to big voids. 

Recall that in high-lead solder, big voids comprised 85% of the total void volume. 

Due to fewer big voids in eutectic solder, they only account for 49% as seen from 

Fig. 6-7 and Table 6-4.  

Figure 6-8 gives micrographs of a solder bump reflowed under this 

heating temperature profile. 

6.3 HEATING FROM BOTTOM AND COOLING FROM BOTTOM 

Reversing the heat flux direction during cooling process offers a way to 

study how the reversal of the bulk flow affects the formation of voids. Two reflow 

cases with reversal are heating/cooling from top, or heating/cooling from bottom. 

The results for the case of heating from bottom and cooling from bottom 

are first presented. During the heating process, solder bumps are heated with heat 

flux direction from substrate to chip. During the cooling process, the heat flux is 

reversed, cooling the solder from the substrate-side to the chip-side. 

Out of 72 solder bumps, 32 bumps were found to have voids. Compared 

with the case without the heat flux reversal, heating from bottom and cooling 

from top, reversing the solidification direction increases the chance of finding a 

defective bump from 26% (cooling from top) to 44% (cooling from bottom). The 

volume of voids per defective bump also rises from 0.36% to 0.48%. These 
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results show that reversing the flow direction in cooling process has some effect 

on the void formation during solder reflow. 

 Figure 6-9 demonstrates that small voids are primary found to stay at the 

bump outer edge from the top down to the bottom layer. The average numbers of 

small voids in respective top, middle and bottom layers are 1.34, 1.59, and 0.53 as 

shown from Table 6-5.  Previous high-lead solder, however, exhibited small voids 

that predominantly stayed at the bump bottom half. For middle-size or big voids, 

only a few bumps are noticed to have them at the bump outer region.  

 Figure 6-10 shows the average void volume by regions. The void volume 

maximizes at the outer region at middle layer, where most small voids and some 

big voids are found. Again, small voids are found to comprise more of the total 

void volume than those in high-lead solder. As shown from Fig. 6-11 and Table 6-

6, the small voids take up 50% of total void volume. Figure 6-12 shows the solder 

micrographs of a bump reflowed with this temperature profile.  

6.4 HEATING FROM TOP AND COOLING FROM TOP 

In this case, solder bumps are first melted from chip side, and then are 

cooled from chip side to substrate side after the reflow peak temperature is 

achieved. Thus the heat flux changes its direction from top-to-bottom during 

heating process to bottom-to-top during cooling process. 

A total of 72 bumps were reflowed following this heating profile. Among 

them, 15 bumps were found to have voids, which gives 21% of chance of finding 

a defective bump. The volume of voids per defective bump was found to be 
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0.17%. Without reversing the heat flux (the case of heating from top and cooling 

from bottom) the defective bumps were 15% with 0.2% void volume.   

 Figures 6-13 – 6-15 present the results of the average number of voids 

and void volume at different locations within the bump. From Fig. 6-13 and Table 

6-7 where average number of voids are presented, no big voids showed in this 

heating case. Accordingly, the void volume consists primarily of small voids, 

which accounts for about 88% of the total void volume as shown in Fig 6-17 and 

Table 6-8. Regarding the distribution of voids, it can be seen that most small 

voids are located on the top and middle layers. Revisiting the high-lead solder 

results reveals the similar pattern of small void distribution.  

Figure 6-16 shows solder micrographs of a bump reflowed following this 

heating profile.  

6.5 SUMMARY 

Experiments were carried out to study how Marangoni flow inside molten 

solder affects the formation of voids in eutectic solder. Four types of heating 

profiles are designed to impose the different setup of the direction of the heat flux 

during heating and cooling processes. For each heating profile, 72 solder bumps 

are reflowed and microsectioned to examine the size and location of voids.  

Figure 6-17 presents the percentage of defective bumps reflowed for all 

four temperature profiles in eutectic and high-lead solders. It shows that eutectic 

solder has less defective bumps in comparison with high-lead solder. From Fig. 6-

18 where void volumes are plotted for both eutectic and high-lead solders, the 

volume percentage of eutectic solder ranges from 0.2%-0.5%, which represents 
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about a 90% decrease from that of high-lead solder that has void volume from 

1.5% to 4.0%. 

From Fig 6-17, it is clear that for eutectic solder, the two cases with 

heating from top have less defective bumps (about 15% for cooling from bottom 

and 20% for cooling from top). Smaller void volumes (about 0.2% for cooling 

from bottom, 0.16% for cooling from top) as seen in Fig 6-18 support that these 

two cases are better reflow methodology to achieve the solder joints with 

minimum voids.  

Figure 6-19 gives, for all the reflow profiles, the average number of voids 

per defective bump by three size ranges. It seems that eutectic solder has fewer 

voids than high-lead solder does. There are only few big voids that appear in 

some heating cases, almost negligible. Unlike high-lead solder, in which small-

voids account for only 5-12% of total void volume, eutectic solder has small-

voids taken up 35-88% of void volume. 

In the prior investigation of high-lead solder, reversing the heat flux 

direction during cooling demonstrate a noticeable improvement for the case of 

melting from top to bottom. For eutectic solder, reversing the heat flux direction 

during cooling didn’t show a significant change in either chance of finding a 

defective bump or void volume. This can be seen from Fig 6-17 and Fig. 6-18.   

The difference between the results of high-lead solder and those of 

eutectic solder might be due to the different solder materials, which varies in the 

metal alloy and the type of flux. Additionally, the bulk flow inside molten solder 

might account for it. Based on the thermocapillary theory, the bulk flow velocity 
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is determined by the surface tension gradient with temperature, the temperature 

difference across the molten solder and the solder viscosity. High-lead solder is 

likely to have a higher temperature difference across the solder because of a much 

higher melting temperature. Then, in some heating cases, the resulting stronger 

bulk motion might tend to cause more bubbles to coalesce into big-size voids, 

leading to higher void volume and more defective bumps.  
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Chapter 7:  Voids in lead-free solder on FR-4 substrates 

Recently, lead-free solder has become increasingly prevalent in electronics 

manufacturing due to environmental and health concerns. It is of great importance 

to extend the study on void formation to lead-free solder. In this chapter, the 

experimental results of the void formation in lead-free solder joint of flip-chip 

assemblies will be reported. The substrates are FR-4 laminate boards. A lead-free 

solder (Sn-3.5Ag-0.75Cu, Sparkle Paste OZ M31-268C Type 6, the particle size 

of 5-15 μm, the melting temperature range of 217-219 C) obtained from Senju 

Comtek Corporation was employed in the experiments. A total of 288 solder 

bumps were reflowed. A typical reflow temperature profile has been described in 

chapter 3, Fig. 3-14 (c).  After sample microsectioning, solder micrographs were 

taken. The void distribution inside solder joints was then studied.  

Again, we start by examining the two cases where the heat flux direction 

was held unchanged during reflow, i.e. heating from top and cooling from bottom, 

or heating from bottom and cooling from top. It would infer the unaltered 

Marangoni flow direction based on thermocapillary theory. The tests mean to 

study how the bulk flow affects the void formation. 

Next, results of the two cases where the heat flux direction was switched 

during reflow were presented. The two cases are heating/cooling from top, and 

heating/cooling from bottom. The results are compared with those of first two 

cases to identify how the flow reversal affects the formation of voids in lead-free 

solder joints. 
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7.1   HEATING FROM TOP AND COOLING FROM BOTTOM 

A total of 72 solder bumps were reflowed following this heating profile 

where the temperature of the flip chip-side was set higher than that of the 

substrate-side during both heating and cooling processes. 21 bumps showed voids 

inside, which gives 29% chance of finding a defective bump. Compared with 

eutectic solder, lead-free solder has more defective bumps reflowed. The total 

void volume per defective bump is 0.25%, which is also slightly higher than 0.2% 

of eutectic solder.  

Figure 7-1 and Table 7-1 give the average number of voids per defective 

bump, which show that only few small voids appeared at top middle and outer 

region. No big voids are found in this heating case. As for middle-size voids, they 

tend to stay in the bump top middle region in some bumps. The trend is quite 

similar to that of eutectic solder, except lead-free solder shows smaller number of 

voids. Compare with the results reported in the previous high-lead solder, in 

which big voids are found at the end of the solder reflow, lead-free and eutectic 

solder have a much lower percentage of defective bumps and smaller void volume 

due to a lack of big voids in the joints. 

Figure 7-2 shows the volume percentage by size and regions. It is 

consistent that top middle and outer regions have higher void volume than other 

areas. From Fig. 7-3 and Table 7-2, it can be seen that small voids take up 56% of 

the total void volume, which is similar to that of eutectic solder. To the contrary, 

the results of high-lead solder showed that big voids are responsible for the 

majority of void volume.  
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Figure 7-4 shows the micrographs of a typical lead-free solder bump 

reflowed with melting direction from top to bottom.  

7.2 HEATING FROM BOTTOM AND COOLING FROM TOP 

In this case, solder bumps are melted from substrate-side with the melt 

front moving upward, and then cooled in a way that the chip-side solder begin 

solidified first so the solidification front proceeds downwards to the substrate-

side. Among 72 solder bumps reflowed this way, there are 43 defective bumps, 

which gives 60% chance of finding a bump having voids. Compared with the 

results for heating from top, this represents twice the number of defective bumps. 

The total void volume per defective bump is 0.4%, which is higher than 0.25% in 

the case heated from top.  

Previous results of high-lead solder and eutectic solder indicated the 

appearance of big voids in this heating profile. From Fig. 7-5, which shows the 

void distribution by size in lead-free solder bumps, only middle-size and small 

voids appeared on the bump top layer. The observation is inconsistent with the 

hypothesis of a thermocapillary flow. 

Figure 7-6 shows the void volume distributed by regions. The majority of 

void volume is in the bump top layer. Figure 7-7 and Table 7-4 give the void 

volume as percentage of total void volume by bump regions and void sizes. It is 

evident that small voids comprise about 40% of the total void volume, while 

middle-size void about 60%.   

Figure 7-8 gives typical micrographs of a solder bump reflowed under this 

heating temperature profile. 
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7.3 HEATING FROM BOTTOM AND COOLING FROM BOTTOM 

Heating/cooling from top and heating/cooling from bottom are the two 

cases where the bulk flow would reverse its direction based on thermocapillary 

theory. The results of the void formation for the case of heating/cooling from 

bottom will be presented here. During the heating process, solder bumps are 

heated with heat flux direction from substrate to chip. During the cooling process, 

the heat flux is reversed, cooling the solder from the substrate-side to the chip-

side. 

Out of 72 solder bumps, 31 bumps were found to have voids. This gives 

43% chance of finding a defective bump. Compared with the case without the 

heat flux reversal, heating from bottom and cooling from top, reversing the 

solidification direction decreases the chance of finding a defective bump from 

60% (cooling from top) to 43% (cooling from bottom). However, the volume of 

voids per defective bump rises from 0.4% (cooling from top) to 0.54% (cooling 

from bottom). 

 In Fig. 7-9 and Table 7-5, the number of voids is shown by bump regions 

and void sizes. It is noticed that small voids are primary found to stay at the bump 

middle to outer edge from the top down to the bottom layer. This pattern is similar 

to that found in eutectic solder. In previously reported results of high-lead solder, 

small voids are predominantly found to appear at the bump bottom half. As to 

middle-size or big voids, only a few bumps are noticed to have them at the bump 

top middle region.  
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 Most void volumes are found at the outer region at middle layer as seen 

from Fig. 7-10, which shows the average void volume by regions. From Fig. 7-11 

and Table 7-6, it can be seen that the small voids comprise 59% of total void 

volume. 

Figure 7-12 are the solder micrographs of a bump reflowed with this 

temperature profile.  

7.4 HEATING FROM TOP AND COOLING FROM TOP 

The second case designed to study how the flow reversal affects on the 

void formation is heating/cooling from top to bottom. Solder bumps are first 

melted from chip side, and are then cooled from chip-side to substrate-side after 

the reflow peak temperature is achieved. Thus the heat flux changes its direction 

from top-to-bottom during heating process to bottom-to-top during cooling 

process. 

A total of 72 bumps were reflowed following this heating profile. Among 

them, 24 bumps were found to have voids, which gives 33% of chance of finding 

a defective bump. The volume of voids per defective bump was found to be 

0.25%. Without reversing the heat flux (the case of heating from top and cooling 

from bottom) the defective bumps were 29% with 0.25% void volume.  From 

these results, the flow reversal does not seem to have strong effect on the 

formation of voids in lead-free solder. 

 Figures 7-13 – 7-15 present the results of the average number of voids 

and void volume at different locations within the bump. It is shown from Fig. 7-

13 and Table 7-7, that some bumps have few large voids (>25μm) at the top inner 
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region. The majority of the void volume is from small voids which comprise 

about 50% of total void volume seen from Fig. 15 and Table 7-8. It is evident that 

most small voids are located on the top and middle layers. The results of eutectic 

and high-lead solder reveal the similar pattern of small void distribution.  

Figure 7-16 are the solder micrographs of a bump reflowed following this 

heating profile.  

7.5 SUMMARY 

The study focuses on how Marangoni flow inside molten solder affects the 

formation of voids in lead-free solder. Four types of heating profiles are designed 

to enable the different setup of the direction of the heat flux during heating and 

cooling processes to be imposed. For each heating profile, 72 solder bumps are 

reflowed and microsectioned to examine the size and location of voids.  

Figure 7-17 gives, for all the reflow profiles, the average number of voids 

per defective bump by three size ranges. Like eutectic solder, very few middle-

size or big voids are formed during lead-free solder reflow. This is much different 

from the high-lead solder results, as seen from Table 7-9. Detail examination 

shows that in high-lead solder, majority of void volume comes from big voids, 

while small-voids account only for only 5-12% of total void volume. Similar to 

eutectic solder, 40-60% of void volume in lead-free solder is due to small voids.  

Figure 7-18 compiles the void volume percentage among all three types of 

solder pastes. The high-lead solder has shown much higher void volume than 

either eutectic or lead-free solder does. Void volume percentage of eutectic and 

lead-free solders range from 0.2%-0.5%, while high-lead solder has void volume 
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from 1.5% to 4.0%. Between eutectic and lead-free solders, the latter was found 

to have slightly higher void volume percentage.  

As to chance of finding a defective bump, Fig. 7-19 clearly demonstrates 

that eutectic solder generally has a lower percentage of defective bumps. Figure 

7-19 further shows that the two cases with heating from top have less defective 

bumps (about 30% for lead-free solder, and 20% for eutectic solder). Smaller void 

volumes (0.25% for lead-free solder, and about 0.2% for eutectic solder) as seen 

in Fig. 7-18 support that these two cases are better reflow methodologies to 

minimize solder joint voids. 

In the prior investigation of high-lead solder, reversing the direction of the 

heat flux during cooling illustrated a noticeable improvement for the case of 

melting from top to bottom. For either eutectic or lead-free solder, however, the 

reversal of the heat flux direction during cooling did not show a significant 

change in either the chance of finding a defective bump or void volume, as shown 

from Fig. 7-18 and 7-19. 

 Based on the thermocapillary theory, the bulk flow velocity is determined 

by the surface tension gradient with temperature, the temperature difference 

across the molten solder and the solder viscosity. High-lead solder is likely to 

have a higher temperature difference across the solder because of a much higher 

melting temperature. Then, in some heating cases, the resulting stronger bulk 

motion might tend to cause more bubbles to coalesce into big-size voids, leading 

to higher void volume and more defective bumps.  
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Similarly, compared with eutectic solder, a higher void volume and more 

defective bumps in lead-free solder might be ascribed to its higher melting 

temperature. Additionally, the high surface tension of lead-free solder may also 

come into play to increase the bulk velocity. However, the detailed surface 

tension data with temperature for a specified flux type and solder alloy need to be 

furnished for further analysis. 
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Chapter 8:  Conclusions 

Voids in solder bumps are a major problem that hinders the reliability of 

solder connection. Voids become more critical as the components become 

smaller. The level of understanding about the formation of voids, however, still 

remains speculative and very little work has been reported on this subject. This 

dissertation addresses the occurrence of voids in solder joints of flip-chip 

assemblies. The study has been motivated by the need for experimental data to 

document the quantity of voids and need for a better understanding of the voiding 

mechanism. It is speculated that when the solder bump is completely molten, 

surface tension variation on the outer air solder surface of the bump drives a 

surface flow that is transmitted to the interior by viscosity. If this is so, then the 

temperature gradient across the bump determines the internal circulation. In turn 

the motion of bubbles that eventually form the voids follows the flow. The 

objective of this research is to develop experimental techniques and to study how 

the heat flux direction affects the occurrence of void formation in solder joints. A 

better understanding will lead to new material process techniques to reduce voids 

in solder joints. 

Computations show that a solder bump melts and solidifies by a horizontal 

interface proceeding from top to bottom or vice versa. During solder melting and 

cooling phases, based on thermocapillary theory, a bulk flow is created inside 

molten solder when a distinct temperature gradient in the vertical direction is 

established. Four reflow test cases are thus formulated: temperature gradients 

from top to bottom, bottom to top, during heating or cooling. Reflow temperature 
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profiles are achieved in a research reflow oven, which has been developed to 

allow different heat flux directions to be imposed.  

In present experiments, three types of solder pastes studied are high-lead 

solder (90Pb/8Sn/2Ag, the melting temperature range of 285-293 C), eutectic 

solder (63Sn/37Pb, the melting temperature of 183 °C) and lead-free solder 

(95.75Sn/3.5Ag/0.75Cu, the melting temperature range of 217-219 °C). Senju 

Comtek Corporation provides the solder pastes, which are Sparkle Paste OZ Type 

6 series, having the particle size of 5-15 μm. Solder samples were carefully 

prepared and reflowed following each specifically designed heating case. Sample 

materialographic preparation of cross-section was then carried out for 

micrographic examination. A database on sizes and locations of voids in the 

solder bumps was constructed for subsequent data analysis on the size and 

distribution of voids. 

In high-lead solder tests, for each reflow temperature profile, 240 bumps 

in flip-chip connections to ceramic substrates have been studied. As predicted by 

studies from thermocapillary driven flow theory, the melting direction was found 

to have significant effect on the formation of voids and their final distribution. 

This is displayed in the Table 8-1 that shows the percentage of defective bumps 

and the void volume in a defective bump. Among all four heating profiles solder 

bumps that were heated and cooled from top have the least probability for finding 

a defective bump. Furthermore, defective bumps formed with this heating profile 

had the smallest void volume. Heating and cooling from top represents the best 

reflow methodology to minimize voids for high-lead solder. Reversing the flow 
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direction during cooling, the bumps are heated from top and cooled from bottom. 

This case corresponds to the worst methodology. It has the highest percentage of 

defective bumps and the highest void volume per defective bump. This 

demonstrates that for high-lead solder, the effect of cooling process on the 

formation of voids is very significant. These results are of major significance to 

manufacturing process. 

Experimental results were compared with the numerical simulation based 

on thermocapillary theory. Solder bumps that were melted from bottom and 

cooled from top show a big void near the bump center with a few smaller voids 

inside the bump. This finding agrees well with the computational results. When 

solder bumps were melted from top and cooled from bottom the experimental 

examination shows that many small voids appeared at the bump outer edge. Most 

big and middle-size voids tend to be found in the middle and outer regions, and 

located from the top down towards middle of the bump. However, the numerical 

study on bumps reflowed with this heating case indicates no big voids. In the 

cases of heating/cooling from top, big voids are mainly found at the bump center, 

with the smaller voids at the bump top and middle layers. In the cases, where the 

solder melted and cooled from bottom to top, big voids stay at the bump top from 

the inner to the middle region, and at the middle outer region. The smaller bubbles 

are at the bump middle and bottom layers. These results agree with the 

interpretation based on thermocapillary theory. The smaller bubbles are driven by 

the Marangoni flow, while buoyancy force carries the big-size bubbles upward. 

When the bubbles are trapped by the solidification interface, the voids are formed. 
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In eutectic and lead-free solder studies, 576 solder bumps have been 

reflowed. Results as seen from Table 8-1 show that lead-free and eutectic solders 

have much smaller void volume than high-lead solder. The void volume of 0.2%-

0.5% represents about a 90 percent decrease from that of high-lead solder. In 

comparison with eutectic solder, lead-free solder has a slightly higher void 

volume and a higher percentage of defective bumps (with an exception of 

heating/cooling from bottom to top).  

Regarding the better reflow methodology for lead-free and eutectic 

solders, the two cases with heating solder samples from top to bottom are 

recommended. Both cases are shown to have less defective bumps (about 30% for 

lead-free solder, and 20% for eutectic solder) and smaller void volumes (0.25% 

for lead-free solder, and about 0.2% for eutectic solder). 

Both eutectic and lead-free solders show fewer larger-size voids (>25 μm) 

than high-lead solder. The contribution to total void volume from small voids 

were found to increase from 5-12% in high-lead solder to 35-88% on lead-free 

and eutectic solders. Unlike in high-lead solder, reversing the bulk flow direction 

during cooling process seems to have no significant improvement on the overall 

void formation in either eutectic or lead-free solder. The final distribution of voids 

does show a moderate agreement with thermocapillary theory, indicating the 

significance of the temperature gradient on the formation of voids.  

The dynamics of the bubble movement and coalescence is very 

complicated. The possible interpretation of the final void distribution has been 

given based on thermocapillary theory. The buoyancy force and drag force due to 
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Marangoni type of bulk flow are major forces to drive the bubble migration and 

collision. The strength of this Marangoni flow might be attributed to the 

difference in void volumes among different solders. The information regarding 

the surface tension variation with temperature for a specific solder paste would be 

helpful to shed lights on how the void bubbles respond to the molten solder bulk 

motion.  

Due to unavailability of the thermal properties of solder being tested, it is 

not possible to calculate the exact critical diameter, above which the buoyancy 

force will overcome the drag force to move the bubble upward. However, it is 

safe to assume that the buoyancy force is negligible for the small size bubbles, 

compared to Marangoni force that dominates the bulk motion. These two forces 

interact to determine the bubble movement. When the bubble gets trapped by the 

solidification front, it becomes a void.  The agreement of final void distribution 

inside the solder joints with reference to thermocapillary theory is encouraging. 

These results will lead to better void management in solder joints of flip-chip 

connections.  
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 2004 2007 2010 2018 

DRAM Half-Pitch (nanometers) 90 65 45 18 

DRAM Memory Size (mega or gigabits) 1G 2G 4G 32G 

DRAM Cost/Bit (micro-cents) 2.7 0.96 0.34 0.021 

Microprocessor Physical Gate Length 
(nanometers) 

37 25 18 7 

Microprocessor Speeds (MHz) 4.2 9.3 15 53 

Table 1-1: ITRS (The International Technology Roadmap for Semiconductors) 
technology nodes and chip capabilities. (http://www.sia-online.org) 

Abbreviation 
R  
WW  
RMA  
OA  
RA  
SA  
SRA 

Meaning 
Rosin 
Water white 
Mildly activated rosin 
Organic acid 
Activated acid 
Synthetic activated 
Super-activated rosin 

Level of activity 
Very low  
Very low 
Mildly active 
Strongly active 
Strongly active 
Strongly active 
Very strongly active 

Table 2-1: Flux types and related activities. 

Type in IPC-SPEC. Particle size Remarks 
Type 2 53 - 10 um 25mils pitch 

Type 3 45 - 25 um 20mils pitch 

Type 4 36 - 25 um 16mils pitch 

Type 5 25 - 15 um 12mils pitch 

Type 6 15 - 5 um Wafer bumping 

Table 2-2: Powder of solder paste. 
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Stencil thickness Components 
8-20 mils Chip component only 

8mils Leaded components with >30 mil pitch 

6 mils Leaded components with 20-25 mil pitch 

< 6 mils Leaded components with < 20 mil pitch 

Table 2-3: IPC-recommended stencil thicknesses. 

Grinding Step#1 Step#2 Polishing Step#1 Step#2 

Disc/Cloth paper MD-Largo Disc/Cloth MD-Dac MEXM
ET 

Grit/Grain 
Size 600 15μm Grain Size 3μm 1μm 

Abrasive SiC diamond Abrasive diamon
d 

diamon
d 

Abrasive 
Dosing --- 3 Abrasive 

Dosing 3 4 

Speed 
(rpm) 300 150 Speed 

(rpm) 150 150 

Load (N) 45 15 Load (N) 15 15 

Lube water DP-Blue Lube DP-
Blue 

DP-
Blue 

Lube 
Dosing --- 6 Lube 

Dosing 7 8 

Time to area of 
interest 5 min Time 3-6 min 1 min 

Table 3-1: Solder bump sample preparation schedule. 
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Sample ID 34 Bump ID A5 Heating case HTCB 

Inner Region 
(>50μm) 

Inner Region 
(25μm-50μm) Inner Region (<25μm) 

Location H 
(mm)

No. 
Cut 

Bdia 

(μm) D1 D2-
D6

%A 
voids D1 D2-

D6 
%A 
voids D1 D2 D3 D4 D5 D6 %A 

voids

7.954 1 170 50  8.7%   0.0%   20 15 15 10 3.3%
7.940 2 190 55  8.4% 20  1.1% 10 10     0.6%Top 

Layer 
7.929 3 200 100  25.0% 25  1.6% 10      0.3%
7.914 4 210 105  25.0% 30  2.0%       0.0%
7.906 5 210 80  14.5% 20  0.9%  5 5    0.1%Middle 

Layer 
7.898 6 210   0.0%   0.0%  15 15 15 15 10 2.3%
7.888 7 210   0.0%   0.0% 20 15 15 10 10 5 2.4%
7.880 8 210   0.0%   0.0%       0.0%
7.873 9 210   0.0%   0.0%       0.0%

Bottom 
Layer 

7.861 10 210   0.0%   0.0%       0.0%

H: bump cut position (mm); Bdia: Bump diameter (μm); D1-6: diameter of individual 
void (μm); %A voids: area percentage of voids in the inner region (same format of Data 
Sheet for middle region and outer region) 

 

Table 4-1: Sample data sheet format. 

 
 
Void 

Diameter <25μm 25μm-50μm >50μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region 

Inner 
Region 

Middle 
Region 

Outer 
Region 

Inner 
Region 

Middle 
Region 

Outer 
Region 

Top  layer          
Middle 
layer          

Bottom 
layer          

Table 4-2: Result format (Number of voids or Void volume percentage). 

 



 98

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.01% 0.06% 0.15% 0.03% 0.19% 0.32% 0.11% 0.33% 0.69% 0.23% 0.53% 1.14%

Middle 
Layer 0.01% 0.06% 0.10% 0.02% 0.19% 0.29% 0.09% 0.27% 0.69% 0.17% 0.50% 1.06%

Bottom 
Layer 0.01% 0.03% 0.06% 0.01% 0.05% 0.08% 0.01% 0.05% 0.13% 0.10% 0.14% 0.19%

Total 0.03% 0.15% 0.31% 0.06% 0.43% 0.68% 0.21% 0.65% 1.52% 0.49% 1.17% 2.38%

 

Table 5-1: Average void volume percentage of bump volume per defective bump 
as distributed by size and region for Heating from Top and Cooling 
from Bottom. 

 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region Total Total Total 

Top Layer 0.28% 1.58% 3.78% 0.68% 4.62% 7.79% 2.75% 8.23% 17.14
% 5.64% 13.09% 28.12%

Middle 
Layer 0.23% 1.45% 2.41% 0.58% 4.73% 7.14% 2.32% 6.69% 17.18

% 4.09% 12.46% 26.19%

Bottom 
Layer 0.20% 0.77% 1.40% 0.30% 1.21% 1.90% 0.20% 1.14% 3.28% 2.38% 3.41% 4.62%

Total 0.71% 3.80% 7.60% 1.56% 10.57% 16.83
% 5.28% 16.06

% 37.60% 12.11
% 

28.96
% 

58.93
% 

 

Table 5-2: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Top, Cooling from Bottom. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.19 1.09 2.66 0.05 0.27 0.37 0.03 0.10 0.26 3.95 0.69 0.39 

Middle 
Layer 0.19 1.07 1.95 0.04 0.19 0.32 0.03 0.06 0.12 3.22 0.54 0.21 

Bottom 
Layer 0.25 0.78 1.54 0.05 0.14 0.12 0.01 0.00 0.02 2.57 0.31 0.03 

Total 0.64 2.94 6.16 0.13 0.61 0.81 0.06 0.17 0.40 9.74 1.55 0.63 

Table 5-3: Average number of voids per defective bump as distributed by size and 
region for Heating from Top and Cooling from Bottom. 

 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region Total Total Total 

Top Layer 0.01% 0.03% 0.02% 0.03% 0.02% 0.02% 0.72% 0.26% 0.12% 0.06% 0.08% 1.09%

Middle 
Layer 0.00% 0.03% 0.03% 0.02% 0.02% 0.05% 0.68% 0.28% 0.09% 0.06% 0.10% 1.05%

Bottom 
Layer 0.01% 0.03% 0.05% 0.00% 0.01% 0.07% 0.24% 0.14% 0.04% 0.09% 0.09% 0.42%

Total 0.01% 0.08% 0.11% 0.06% 0.05% 0.15% 1.64% 0.68% 0.24% 0.20% 0.26% 2.56%

 

Table 5-4: Average void volume percentage of bump volume per defective bump 
as distributed by size and region for Heating from Bottom and 
Cooling from Top. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region Total Total Total 

Top Layer 0.19% 1.00% 0.76% 1.04% 0.68% 0.80% 23.78% 8.51% 3.85% 1.95% 2.52% 36.14%

Middle 
Layer 0.05% 0.90% 1.03% 0.75% 0.70% 1.79% 22.57% 9.30% 2.85% 1.98% 3.24% 34.72%

Bottom 
Layer 0.18% 0.86% 1.81% 0.07% 0.36% 2.44% 8.01% 4.56% 1.18% 2.85% 2.87% 13.74%

Total 0.42% 2.76% 3.60% 1.86% 1.74% 5.03% 54.36% 22.37% 7.87% 6.78% 8.63% 84.60%

 

Table 5-5: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Bottom and Cooling from Top. 

 
 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region Total Total Total 

Top Layer 0.21 0.49 0.69 0.08 0.04 0.03 0.17 0.03 0.02 1.40 0.16 0.22 

Middle 
Layer 0.08 0.55 0.86 0.06 0.11 0.13 0.25 0.09 0.02 1.49 0.29 0.37 

Bottom 
Layer 0.08 0.38 0.69 0.00 0.03 0.11 0.02 0.00 0.00 1.16 0.14 0.02 

Total 0.38 1.42 2.25 0.15 0.18 0.26 0.44 0.13 0.04 4.05 0.59 0.61 

Table 5-6: Average number of voids per defective bump as distributed by size and 
region for Heating from Bottom and Cooling from Top. 
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Void 

Diameter <25μm 25μm-50μm >50μm <25μm 25μm-
50μm 

>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.01% 0.01% 0.02% 0.07% 0.08% 0.01% 0.77% 0.48% 0.10% 0.04% 0.16% 1.35%

Middle 
Layer 0.01% 0.02% 0.06% 0.01% 0.08% 0.14% 0.33% 0.27% 0.63% 0.09% 0.23% 1.22%

Bottom 
Layer 0.01% 0.02% 0.04% 0.01% 0.06% 0.09% 0.09% 0.04% 0.26% 0.07% 0.16% 0.40%

Total 0.03% 0.06% 0.12% 0.08% 0.22% 0.24% 1.19% 0.79% 0.99% 0.20% 0.55% 2.97%

 

Table 5-7: Average void volume percentage of bump volume per defective bump 
as distributed by size and region for Heating from Bottom and 
Cooling from Bottom. 

 
 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region

Inner 
Region

Middle 
Region

Outer 
Region Total Total Total 

Top Layer 0.26% 0.30% 0.50% 1.82% 2.21% 0.35% 20.77
% 

12.85
% 2.70% 1.06% 4.38% 36.33%

Middle 
Layer 0.25% 0.65% 1.52% 0.19% 2.28% 3.65% 8.79% 7.21% 16.89

% 2.41% 6.12% 32.90%

Bottom 
Layer 0.24% 0.54% 1.18% 0.22% 1.51% 2.46% 2.46% 1.14% 7.07% 1.95% 4.19% 10.67%

Total 0.74% 1.49% 3.19% 2.23% 6.00% 6.46% 32.02% 21.20
% 26.66% 5.42% 14.69% 79.89%

 
 

Table 5-8: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Bottom, Cooling from Bottom. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.17 0.35 0.75 0.11 0.14 0.01 0.24 0.17 0.01 1.28 0.26 0.42 

Middle 
Layer 0.66 1.92 3.83 0.03 0.21 0.52 0.06 0.12 0.41 6.40 0.76 0.59 

Bottom 
Layer 0.41 1.20 1.75 0.01 0.08 0.09 0.00 0.01 0.05 3.37 0.18 0.06 

Total 1.24 3.48 6.34 0.16 0.43 0.61 0.30 0.30 0.47 11.05 1.20 1.07 

 

Table 5-9: Average number of voids per defective bump as distributed by size and 
region for Heating from Bottom and Cooling from Bottom. 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.01% 0.04% 0.03% 0.03% 0.08% 0.03% 0.04% 0.14% 0.08% 0.08% 0.14% 0.26%

Middle 
Layer 0.01% 0.02% 0.03% 0.06% 0.04% 0.02% 0.50% 0.03% 0.02% 0.06% 0.12% 0.55%

Bottom 
Layer 0.00% 0.01% 0.03% 0.04% 0.01% 0.00% 0.22% 0.01% 0.00% 0.04% 0.06% 0.23%

Total 0.02% 0.08% 0.08% 0.13% 0.12% 0.06% 0.76% 0.18% 0.09% 0.18% 0.32% 1.04%

 

Table 5-10: Average void volume percentage of bump volume per defective bump 
as distributed by size and region for Heating from Top and Cooling 
from Top. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.54% 2.67% 2.20% 1.86% 4.91% 2.10% 2.40% 9.17% 5.07% 5.41% 8.86% 16.63%

Middle 
Layer 0.72% 1.49% 1.65% 3.92% 2.63% 1.41% 32.70% 2.15% 1.03% 3.86% 7.96% 35.87%

Bottom 
Layer 0.28% 0.76% 1.66% 2.88% 0.53% 0.31% 14.38% 0.60% 0.00% 2.71% 3.72% 14.97%

Total 1.55% 4.92% 5.52% 8.65% 8.07% 3.82% 49.47% 11.91% 6.09% 11.98% 20.54% 67.48%

 
 

Table 5-11: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Top, Cooling from Top. 

 
Void 

Diameter <25μm 25μm-50μm >50μm <25μm 25μm-
50μm 

>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.54 1.59 2.38 0.05 0.12 0.07 0.01 0.10 0.05 4.51 0.24 0.16 

Middle 
Layer 0.47 1.06 1.22 0.08 0.05 0.06 0.21 0.04 0.00 2.75 0.19 0.25 

Bottom 
Layer 0.19 0.35 0.68 0.04 0.01 0.00 0.03 0.00 0.00 1.22 0.05 0.03 

Total 1.21 3.00 4.28 0.17 0.18 0.13 0.25 0.14 0.05 8.49 0.48 0.44 

 

Table 5-12: Average number of voids per defective bump as distributed by size 
and region for Heating from Top and Cooling from Top. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.18 0.91 1.00 0.00 0.00 0.18 0.00 0.00 0.00 2.09 0.18 0.00 

Middle 
Layer 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Bottom 
Layer 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 0.18 0.91 1.00 0.00 0.00 0.18 0.00 0.00 0.00 2.09 0.18 0.00 

Table 6-1: Average number of voids per defective bump as distributed by size and 
region for Heating from Top and Cooling from Bottom. 

 
Void 

Diameter <25μm 25μm-50μm >50μm <25μm 25μm-
50μm 

>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 2.99% 17.96
% 

13.47
% 0.00% 0.00% 55.39

% 0.00% 0.00% 0.00% 34.43
% 55.39% 0.00%

Middle 
Layer 0.60% 0.00% 0.00% 0.00% 0.00% 9.58% 0.00% 0.00% 0.00% 0.60% 9.58% 0.00%

Bottom 
Layer 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Total 3.59% 17.96
% 

13.47
% 0.00% 0.00% 64.97

% 0.00% 0.00% 0.00% 35.03
% 64.97% 0.00%

Table 6-2: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Top, Cooling from Bottom. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.37 0.74 0.84 0.00 0.11 0.00 0.05 0.00 0.00 1.95 0.11 0.05 

Middle 
Layer 0.11 0.05 0.89 0.00 0.00 0.00 0.00 0.00 0.00 1.05 0.00 0.00 

Bottom 
Layer 0.11 0.11 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.00 0.00 

Total 0.58 0.89 2.05 0.00 0.11 0.00 0.05 0.00 0.00 3.53 0.11 0.05 

Table 6-3: Average number of voids per defective bump as distributed by size and 
region for Heating from Bottom and Cooling from Top. 

 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 12.51
% 

10.59
% 9.61% 0.00% 3.50% 0.00% 30.88% 0.00% 0.00% 32.72

% 3.50% 30.88%

Middle 
Layer 0.46% 0.55% 4.88% 0.00% 5.30% 0.00% 17.92% 0.00% 0.00% 5.89% 5.30% 17.92%

Bottom 
Layer 0.51% 0.97% 2.11% 0.00% 0.00% 0.00% 0.20% 0.00% 0.00% 3.59% 0.00% 0.20%

Total 13.48
% 

12.12
% 

16.60
% 0.00% 8.80% 0.00% 49.00% 0.00% 0.00% 42.20

% 8.80% 49.00%

Table 6-4: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Bottom and Cooling from Top. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.50 0.63 1.34 0.00 0.06 0.03 0.00 0.03 0.00 2.47 0.09 0.03 

Middle 
Layer 0.06 0.22 1.59 0.00 0.00 0.09 0.00 0.00 0.03 1.88 0.09 0.03 

Bottom 
Layer 0.09 0.16 0.53 0.00 0.00 0.03 0.00 0.00 0.00 0.78 0.03 0.00 

Total 0.66 1.00 3.47 0.00 0.06 0.16 0.00 0.03 0.03 5.13 0.22 0.06 

Table 6-5: Average number of voids per defective bump as distributed by size and 
region for Heating from Bottom and Cooling from Bottom. 

 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 11.33
% 6.61% 10.42

% 0.00% 4.94% 1.21% 0.00% 7.76% 0.97% 28.35
% 6.16% 8.73%

Middle 
Layer 3.00% 1.79% 9.68% 0.00% 0.09% 23.79

% 0.00% 0.09% 9.39% 14.47
% 23.88% 9.48%

Bottom 
Layer 0.61% 1.02% 6.11% 0.00% 0.00% 1.20% 0.00% 0.00% 0.00% 7.74% 1.20% 0.00%

Total 14.94
% 9.41% 26.21

% 0.00% 5.03% 26.20
% 0.00% 7.85% 10.35% 50.56

% 31.23% 18.21%

Table 6-6: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Bottom and Cooling from Bottom. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.73 1.00 1.27 0.00 0.00 0.07 0.00 0.00 0.00 3.00 0.07 0.00 

Middle 
Layer 0.00 0.33 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.00 0.00 

Bottom 
Layer 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 

Total 0.80 1.33 1.47 0.00 0.00 0.07 0.00 0.00 0.00 3.60 0.07 0.00 

 

Table 6-7: Average number of voids per defective bump as distributed by size and 
region for Heating from Top and Cooling from Top. 

 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 17.23
% 

28.62
% 

18.91
% 0.00% 0.00% 11.66

% 0.00% 0.00% 0.00% 64.76
% 11.66% 0.00%

Middle 
Layer 3.93% 14.73

% 1.77% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 20.43
% 0.00% 0.00%

Bottom 
Layer 0.97% 2.18% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 3.15% 0.00% 0.00%

Total 22.13
% 

45.53
% 

20.68
% 0.00% 0.00% 11.66

% 0.00% 0.00% 0.00% 88.34
% 11.66% 0.00%

 

Table 6-8: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Top and Cooling from Top. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.00 0.48 1.05 0.00 0.10 0.00 0.00 0.00 0.00 1.52 0.10 0.00 

Middle 
Layer 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 

Bottom 
Layer 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 0.00 0.52 1.05 0.00 0.10 0.00 0.00 0.00 0.00 1.57 0.10 0.00 

 

Table 7-1: Average number of voids per defective bump as distributed by size and 
region for Heating from Top and Cooling from Bottom. 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.00% 25.59
% 

29.65
% 0.00% 42.68% 0.00% 0.00% 0.00% 0.00% 55.24

% 42.68% 0.00%

Middle 
Layer 0.00% 0.59% 0.43% 0.00% 1.06% 0.00% 0.00% 0.00% 0.00% 1.02% 1.06% 0.00%

Bottom 
Layer 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Total 0.00% 26.17
% 

30.08
% 0.00% 43.74% 0.00% 0.00% 0.00% 0.00% 56.26

% 43.74% 0.00%

 

Table 7-2: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Top, Cooling from Bottom. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.28 0.77 1.16 0.12 0.07 0.07 0.00 0.00 0.00 2.21 0.26 0.00 

Middle 
Layer 0.00 0.05 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.00 

Bottom 
Layer 0.02 0.05 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.00 0.00 

Total 0.30 0.86 1.44 0.12 0.07 0.07 0.00 0.00 0.00 2.60 0.26 0.00 

Table 7-3: Average number of voids per defective bump as distributed by size and 
region for Heating from Bottom and Cooling from Top. 

 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 6.50% 7.27% 20.37
% 

15.20
% 15.53% 22.38

% 0.00% 0.00% 0.00% 34.13
% 53.11% 0.00%

Middle 
Layer 1.17% 1.26% 2.32% 2.63% 3.97% 0.41% 0.00% 0.00% 0.00% 4.74% 7.01% 0.00%

Bottom 
Layer 0.13% 0.24% 0.64% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1.01% 0.00% 0.00%

Total 7.80% 8.77% 23.32
% 

17.83
% 19.50% 22.79

% 0.00% 0.00% 0.00% 39.88
% 60.12% 0.00%

Table 7-4: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Bottom and Cooling from Top. 
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Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.35 0.84 0.42 0.03 0.19 0.00 0.00 0.03 0.00 1.61 0.23 0.03 

Middle 
Layer 0.03 0.23 0.84 0.00 0.00 0.00 0.00 0.00 0.00 1.10 0.00 0.00 

Bottom 
Layer 0.06 0.16 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.00 0.00 

Total 0.45 1.23 1.74 0.03 0.19 0.00 0.00 0.03 0.00 3.42 0.23 0.03 

 

Table 7-5: Average number of voids per defective bump as distributed by size and 
region for Heating from Bottom and Cooling from Bottom. 

 
Void 

Diameter <25μm 25μm-50μm >50μm <25μm 25μm-
50μm 

>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 6.06% 19.17
% 8.35% 2.06% 26.98% 0.00% 0.00% 6.18% 0.00% 33.58

% 29.05% 6.18%

Middle 
Layer 0.75% 2.23% 11.50

% 0.00% 2.19% 0.00% 0.00% 3.55% 0.00% 14.48
% 2.19% 3.55%

Bottom 
Layer 0.22% 1.80% 8.96% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 10.98

% 0.00% 0.00%

Total 7.03% 23.20
% 

28.81
% 2.06% 29.17% 0.00% 0.00% 9.73% 0.00% 59.04

% 31.23% 9.73%

 

Table 7-6: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Bottom and Cooling from Bottom. 
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Void 

Diameter 
<25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 0.29 0.83 1.00 0.13 0.00 0.04 0.04 0.00 0.00 2.13 0.17 0.04 

Middle 
Layer 0.13 0.42 0.75 0.00 0.04 0.08 0.00 0.00 0.00 1.29 0.13 0.00 

Bottom 
Layer 0.04 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 

Total 0.46 1.29 1.79 0.13 0.04 0.13 0.04 0.00 0.00 3.54 0.29 0.04 

Table 7-7: Average number of voids per defective bump as distributed by size and 
region for Heating from Top and Cooling from Top. 

 

Void 
Diameter <25μm 25μm-50μm >50μm <25μm 25μm-

50μm 
>50 
μm 

Locations Inner 
Region 

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region

Inner 
Region

Middle 
Region 

Outer 
Region Total Total Total 

Top Layer 6.26% 7.51% 13.12
% 

12.99
% 0.00% 3.25% 6.50% 0.00% 0.00% 26.89

% 16.24% 6.50%

Middle 
Layer 4.57% 9.40% 5.10% 7.31% 2.93% 11.02

% 6.50% 0.00% 0.00% 19.07
% 21.26% 6.50%

Bottom 
Layer 2.00% 0.43% 1.12% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 3.55% 0.00% 0.00%

Total 12.83
% 

17.34
% 

19.34
% 

20.30
% 2.93% 14.27

% 12.99% 0.00% 0.00% 49.51
% 37.50% 12.99%

 

Table 7-8: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Top and Cooling from Top. 
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Void 
size <25μm 25μm-50μm >50μm 

High-
lead 4.05 11.05 9.74 8.49 0.59 1.20 1.55 0.48 0.61 1.07 0.63 0.44

Eutectic 3.53 5.13 2.09 3.60 0.11 0.22 0.18 0.07 0.05 0.06 0.00 0.00
Lead-
free 2.60 3.42 1.57 3.54 0.26 0.23 0.10 0.29 0.00 0.03 0.00 0.04

Reflow 
profile 1 2 3 4 1 2 3 4 1 2 3 4 

   
   1: heating from bottom and cooling from top 
   2: heating from bottom and cooling from bottom 
   3: heating from top and cooling from bottom 
   4: heating from top and cooling from top 
 

Table 7-9: Average number of voids per defective bump. 
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 Heating 
from 

Cooling 
from 

Void volume on a 
defective bump (%)

Defective Bumps 
(%) 

A Top Bottom 4.04% 80.41% 

B Bottom Top 3.02% 39.58% 

C Top Top 1.54% 28.33% 

High-lead 
solder 

D Bottom Bottom 3.72% 50.83% 

 Heating 
from 

Cooling 
from 

Void volume on a 
defective bump (%)

Defective Bumps 
(%) 

A Top Bottom 0.21% 15.28% 

B Bottom Top 0.36% 26.39% 

C Top Top 0.17% 20.83% 

Eutectic 
solder 

D Bottom Bottom 0.48% 44.44% 

 Heating 
from 

Cooling 
from 

Void volume on a 
defective bump (%)

Defective Bumps 
(%) 

A Top Bottom 0.25% 29.17% 

B Bottom Top 0.40% 59.72% 

C Top Top 0.25% 33.33% 

Lead-free 
solder 

D Bottom Bottom 0.54% 43.06% 

Table 8-1: The percentage of defective bumps and the void volume in a defective 
bump. 
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Figure 1-1: Packaging levels. 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: A schematic diagram of flip chip joints. 
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Figure 1-3(a): Collection of Bubbles near the Top as a Large Bubble (Panton, 
2003). 

 

 

 

 

 

Figure 1-3(b): Collection of Bubbles in a Ring near Top of the Bump (Panton, 
2003). 
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Figure 2-1: Tin lead phase diagram. 

 

 

Solid



 117

 

Figure 2-2: Ford TFI ignition module using a flip chip solder bump technology. 

 

 

 

 

 

Figure 2-3(a): Senju Sparkle Paste OZ powder (http://www.senjucomtek.com). 
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Figure 2-3(b): Senju Sparkle Paste in Jar or Cartridge 
(http://www.senjucomtek.com). 

 

Figure 2-4: Solder paste stencil printing. 
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Figure 2-5: Common problems in solder paste stencil deposition. 

 

 

 

1. No deposition  

 

 

 

2. Partial deposition 

 

 

 

 

3. Complete deposition 
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Figure 2-6(a): Laser-cut stencil. 

 

 

 

 

Figure 2-6(b): Electroformed stencil. 

 

 

 

 

Figure 2-6(c): Etched stencil. 
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Figure 2-7: Standard solder paste reflow profile for eutectic composition. 
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Figure 2-8(a): Marangoni flow in molten solder (downward heat flux direction). 
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Figure 2-8(b): Marangoni flow in molten solder (upward heat flux direction). 
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Figure 3-1: A flip-chip assembly.  

 

 

 

 

 

 

Figure 3-2: FR4 laminate test board. 
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Figure 3-3: Test flip chip with 48 bond pads. 

 

 

 

 

 

 

Figure 3-4(a): A ceramic substrate (single mounting site). 
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Figure 3-4(b): A ceramic test board showing fiducial marks and bond pads. 
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Figure 3-5: A FR4 laminate substrate (single mounting site). 

 
 
 
 

 

 

 

 

Figure 3-6: A stencil of solder deposition for ceramic substrate. 
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Figure 3-7: A stencil of solder deposition for FR4 laminate substrate. 

 

 

Figure 3-8: Assembly jig. 
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Figure 3-9: Stencil with frame. 

 

 

 

 

 

 

Figure 3-10: Metal squeegee. 
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Figure 3-11: Stencil of placing test chip for ceramic substrate. 

 

 

 

 

 

 

Figure 3-12: Stencil of placing test chip for FR4 laminate substrate. 
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Figure 3-13: Flip-chip on ceramic substrate. 

 

Figure 3-14(a): Reflow time-temperature profile for high-lead solder. 
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Figure 3-14(b): Reflow time-temperature profile for eutectic solder. 

 

Figure 3-14(c): Reflow time-temperature profile for lead-free solder. 
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Figure 3-15: A typical solder reflow oven in industry. 

 

 

Figure 3-16: The research reflow oven. 
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Figure 3-17: The research reflow oven test section (a) right projection, (b) front 
projection. 

Figure 3-18: The setup for validation of control thermocouples. 
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Figure 3-19(a): Reflow profiles of the test assembly and the control sample. 

Figure 3-19(b): The temperature differentials between the corresponding surfaces 
of the test assembly and the control sample.  

B-Test: Temperature on the bottom surface of the test assembly
T-Test: Temperature on the top surface of the test assembly
B-Control: Temperature on the bottom surface of the control sample
T-Control: Temperature on the top surface of the control sample
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B-dT: Temperature differential between the bottom surfaces  of the test assembly and the control sample
T-dT: Temperature differential between the top surfaces  of the test assembly and the control sample
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Figure 3-19(c): The direction of temperature gradients across the test assembly 
and the control sample. 

 
 

 

 

 

 

 

Figure 3-20: Sample casting in a standard mould cup. 
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Figure 3-21: Grinding and polishing machine. 

Figure 3-22: Grinding and polishing illustration (Not in scale). 
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Figure 3-23: A typical solder micrograph (horizontal cross section cut). 

 

 

 

 

 

 

Figure 3-24: Identification of solder bumps. 
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Figure 4-1: An illustration of void location in a solder bump. 

 

 

 

 

Figure 4-2: An illustration of void percentage area in a cross section. 
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Figure 4-3: A void in a bump (dash lines represent horizontal cuts). 

 

 

 

 

 

 

Figure 4-4: Volume of spherical segment. 
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Figure 4-5: Volume of spherical cap. 

Figure 5-1: Average void volume percentage by regions for Heating from Top and 
Cooling from Bottom. 
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Figure 5-2: Average void volume percentage as distributed by size and region for 
Heating from Top and Cooling from Bottom. 

Figure 5-3: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Top, Cooling from Bottom. 
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Figure 5-4: Average number of voids per defective bump as distributed by size 
and region for Heating from Top and Cooling from Bottom. 
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Figure 5-5: Micrographs of a solder bump reflowed with melting direction from 
top to bottom, (a) the 2nd cut, (b) the 4th cut, (c) the 8th cut. 
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Figure 5-6: An illustrative representation of experimental results. 

 

 

 

 

 

 

Figure 5-7: Numerical results (Heating from Top and Cooling from Bottom). 
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Figure 5-8: Hypothesis for voiding mechanism in a solder bump reflowed under 
Heating from Top and Cooling from Bottom. 
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Figure 5-9: Average void volume percentage by regions for Heating from Bottom 
and Cooling from Top.  
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Figure 5-10: Micrographs of a solder bump reflowed with melting direction from 
bottom to top, (a) the 1st cut, (b) the 4th cut, (c) the 8th cut. 
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Figure 5-11: Average void volume percentage as distributed by size and region 
for Heating from Bottom and Cooling from Top. 
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Figure 5-12: Void volume as percentage of total void volume as distributed by 
size and Region for Heating from Bottom and Cooling from Top. 
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Figure 5-13: Average number of voids per defective bump as distributed by size 
and region for Heating from Bottom and Cooling from Top. 

 

 

 

 

 

Figure 5-14: An illustrative representation of experimental results (Heating from 
Bottom and Cooling from Top). 
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Figure 5-15: Numerical results (Heating from Bottom and Cooling from Top). 
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Figure 5-16: Hypothesis for voiding mechanism in a solder bump reflowed under 
Heating from Top and Cooling from Bottom. 
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Figure 5-17: Average void volume percentages by regions for Heating from 
Bottom and Cooling from Bottom. 
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Figure 5-18: Average void volume percentage of bump volume per defective 
bump as distributed by size and region for Heating from Bottom, 
Cooling from Bottom. 
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Figure 5-19: Void volume as percentage of total void volume as distributed by 
size and region for Heating from Bottom, Cooling from Bottom. 
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Figure 5-20: Average number of voids per defective bump as distributed by size 
and region for Heating from Bottom, Cooling from Bottom. 
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Figure 5-21: Micrographs of a solder bump reflowed with melting & cooling 
directions from bottom to top, (a) the 1st cut, (b) the 4th cut, (c) the 
8th cut. 
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Figure 5-22: An illustrative representation of experimental results (Heating from 
Bottom and Cooling from Bottom). 

 

 

 
 
 

 



 156

 
 

Figure 5-23: Hypothesis for voiding mechanism in a solder bump reflowed under 
Heating from Bottom and Cooling from Bottom. 
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Figure 5-24: Average void volume percentages by regions for Heating from Top 
and Cooling from Top. 
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Figure 5-25: Average void volume percentage of bump volume per defective 
bump as distributed by size and region for Heating from Top and 
Cooling from Top. 
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Figure 5-26: Void volume as percentage of total void volume as distributed by 
size and region for Heating from Top, Cooling from Top. 
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Figure 5-27: Average number of voids per defective bump as distributed by size 
and region for Heating from Top and Cooling from Top.  
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Figure 5-28: Micrographs of a Solder Bump Reflowed with Melting/Cooling 
Directions from Top to Bottom, (a) the 1st cut, (b) the 4th cut, (c) the 
8th cut. 
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Figure 5-29: An illustrative representation of experimental results (Heating from 
Top and Cooling from Top). 
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Figure 5-30: Hypothesis for voiding mechanism in a solder bump reflowed under 
Heating from Top and Cooling from Top. 
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Figure 5-31: Percentage of finding a defective bump by reflow profiles. 

Figure 5-32: Average void volume percentages by reflow profiles. 
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Figure 5-33: Average number of voids per defective bump distributed by void 
size. 

Figure 5-34: Marangoni force and buoyancy force on a bubble movement. 
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Figure 6-1: Average number of voids per defective bump as distributed by size 
and region for Heating from Top and Cooling from Bottom. 

Figure 6-2: Average void volume percentage by regions for Heating from Top and 
Cooling from Bottom. 
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Figure 6-3: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Top, Cooling from Bottom. 
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Figure 6-4: Micrographs of a solder bump reflowed with melting direction from 
top to bottom, (a) the 1st cut, (b) the 3rd cut, (c) the 7th cut. 
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Figure 6-5: Average number of voids per defective bump as distributed by size 
and region for Heating from Bottom and Cooling from Top. 

Figure 6-6: Average void volume percentage by regions for Heating from Bottom 
and Cooling from Top. 
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Figure 6-7: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Bottom and Cooling from Top. 
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Figure 6-8: Micrographs of a solder bump reflowed with heating from bottom and 
cooling from top, (a) the 1st cut, (b) the 3rd cut, (c) the 7th cut. 
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Figure 6-9: Average number of voids per defective bump as distributed by size 
and region for Heating from Bottom and Cooling from Bottom. 

Figure 6-10: Average void volume percentage by regions for Heating from 
Bottom and Cooling from Bottom. 

Top
Inner

Top
Middle

Top
Outer

Middle
Inner

Middle
Middle

Middle
Outer

Bottom
Inner

Bottom
Middle

Bottom
outer

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

>50um 25um-50um <25um

Inner Region
Middle Region

Outer Region

0.00%

0.05%

0.10%

0.15%

0.20%

0.25%

Bottom Layer Middle Layer Top Layer



 171

Figure 6-11: Void volume as percentage of total void volume as distributed by 
size and region for Heating from Bottom and Cooling from Bottom. 
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Figure 6-12: Micrographs of a solder bump reflowed with melting/cooling from 
bottom to top, (a) the 2nd cut, (b) the 4th cut, (c) the 7th cut. 
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Figure 6-13: Average number of voids per defective bump as distributed by size 
and region for Heating from Top and Cooling from Top. 

 

 

 

 

 

 

Figure 6-14: Average void volume percentage by regions for Heating from Top 
and Cooling from Top. 
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Figure 6-15: Void volume as percentage of total void volume as distributed by 
size and region for Heating from Top and Cooling from Top. 
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Figure 6-16: Micrographs of a solder bump reflowed with melting/cooling from 
top to bottom, (a) the 2nd cut, (b) the 4th cut, (c) the 9th cut. 
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Figure 6-17: Percentage of finding a defective bump by reflow profiles.  

Figure 6-18: Average void volume percentages by reflow profiles. 
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Figure 6-19: Average number of voids per defective bump distributed by void 
size. 
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Figure 7-2: Average void volume percentage by regions for Heating from Top and 
Cooling from Bottom. 

Figure 7-3: Void volume as percentage of total void volume as distributed by size 
and Region for Heating from Top, Cooling from Bottom. 
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Figure 7-4: Micrographs of a solder bump reflowed with melting direction from 
top to bottom, (a) the 2nd cut, (b) the 4th cut, (c) the 8th cut. 
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Figure 7-5: Average number of voids per defective bump as distributed by size 
and region for Heating from Bottom and Cooling from Top. 

Figure 7-6: Average void volume percentage by regions for Heating from Bottom 
and Cooling from Top. 
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Figure 7-7: Void volume as percentage of total void volume as distributed by size 
and region for Heating from Bottom and Cooling from Top. 
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Figure 7-8: Micrographs of a solder bump reflowed with melting direction from 
bottom to top, (a) the 2nd cut, (b) the 4th cut, (c) the 8th cut. 
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Figure 7-9: Average number of voids per defective bump as distributed by size 
and region for Heating from Bottom and Cooling from Bottom. 
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Figure 7-10: Average void volume percentage by regions for Heating from 
Bottom and Cooling from Bottom. 

Figure 7-11: Void volume as percentage of total void volume as distributed by 
size and region for Heating from Bottom and Cooling from Bottom. 
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Figure 7-12: Micrographs of a solder bump reflowed with melting/cooling from 
bottom, (a) the 1st cut, (b) the 3rd cut, (c) the 7th cut. 
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Figure 7-13: Average number of voids per defective bump as distributed by size 
and region for Heating from Top and Cooling from Top.  
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Figure 7-14: Average void volume percentage by regions for Heating from Top 
and Cooling from Top. 

Figure 7-15: Void volume as percentage of total void volume as distributed by 
size and region for Heating from Top and Cooling from Top. 
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Figure 7-16: Micrographs of a solder bump reflowed with melting/cooling from 
top to bottom, (a) the 2nd cut, (b) the 4th cut, (c) the 8th cut. 
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Figure 7-17: Average number of voids per defective bump distributed by void size 
(lead-free solder). 
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Figure 7-18: Average void volume percentages by reflow profiles. 

Figure 7-19: Percentage of finding a defective bump by reflow profiles.  
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