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Abstract 

 Solder self-aligning technology is important to the manufacturing of cost-

effective optoelectronic modules requiring accurate alignments. This thesis is to 

understand major effects on self-alignment accuracies in order to establish a model 

to guide the design for precision solder self-alignments.  

 A solder self-alignment model based on force optimization with six degrees of 

freedom in a static configuration has been developed to predict an alignment 

accuracy with respect to different manufacturing parameters and variations. The 

model was used to design a VCSEL (vertical cavity surface emitting laser) array 

soldered on a substrate. It was proven to be a powerful tool for the design of 

optoelectronic modules. For example, when using Ø80 µm solder spheres with 2 µm 

diameter variation to attach a VCSEL chip (3200 µm × 500 µm × 650 µm) on a 

substrate, the model shows that the chip‟s standoff height variation could be 

reduced from 5.6 to 2.0 µm by adding extra alignment pads. 

 Solder insufficient wetting on the bonding pads was identified to be the most 

undesirable factor affecting self-alignment accuracy. It could result in a planar 

misalignment from several to tens of µms depending on wetting quality and design 

parameters. Solder void was another undesirable factor that could increase the 

average standoff height of the assembled unit by 4 to 10 µms in the cases studied. 

Other factors, e.g. manufacturing variations in pad position and diameter, 

chip/substrate warpage, small tilt of the reflow stage, could only account for less 

than ±1 µm misalignments. The accuracy of the solder self-alignment model was 
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verified by experimental characterizations using 3 mm × 3 mm glass-on-silicon flip-

chip test vehicles comprising 25 solder joints. 

 In addition to static cases, solder self-alignments in a dynamic condition was 

studied. The vibration of the substrate near the resonant frequencies could cause 

large chip-to-substrate misalignments. The resonant motion could be "frozen in" 

during the solidification of the reflow process and resulted in large misalignments. 

For a 25 mm × 25 mm ball grid array test vehicle reflowed under a horizontal 

vibration at 12 Hz and less than 2 µm amplitude, the chip-to-substrate lateral 

misalignments could reach beyond 100 µm due to the resonance effect. For any real 

applications, it is important to characterize the frequency range of the 

manufacturing environment and make sure the resonant frequencies of the 

assembly are far from the range.   

Keywords: solder self-alignment, alignment accuracy prediction, model, incomplete 

wetting, solder voids, optoelectronic packaging, flip-chip assembly, solder, vibration.
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CHAPTER 1 INTRODUCTION 

1.1 Preface 

1.1.1 Background and Motivation 

 Optical interface multichip modules (MCMs) promise to eliminate the 

bottleneck of chip-to-chip high bandwidth interconnection. This will also lead to 

telecommunication systems having throughput exceeding several terabits per 

second and computer systems having speeds of several gigahertzes [1]. To 

accomplish this, a major challenge is to accurately align optical modules between 

each other to ensure an efficient optical coupling. For instance, in single-mode fiber 

communication systems, a fiber core with a diameter of approximately 9 µm is 

typically used, and ±1 µm accuracy placement in X, Y and Z directions is required to 

ensure a good optical coupling [2]. It is estimated that packaging contributes 60%-

90% of the overall cost of optoelectronic module, while alignment can contribute up 

to 90% of the packaging cost [3]. Such high cost in alignment is mainly due to the 

employment of active alignment technology. This technology requires a complex 

position control system and a serial low-speed process of putting microchips on a 

specific location of the substrate. The facilities required for active alignment 

technology such as a high accuracy pick-n-place machine with less than 1 µm post-

bonding accuracy is expensive, and the package rate is limited by the performance 

of the robotic manipulator system. To reduce the overall cost of packaging optical 

MCMs, it is therefore crucial to develop a low-cost high-speed precise alignment 
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technology. The flip-chip solder self-alignment assembly is a very promising 

candidate technology.  

 Flip-chip soldering technology was first introduced by IBM [4] as early as 

1969. This technology is designed to bond a large number of solder connections 

between a die and a substrate/interposer with small footprints. The solder 

connections not only mechanically lock chip and substrate/interposer together, but 

also work as electrical and thermal interconnects. As a result, this technology 

demonstrates superior packaging performance over the conventional wire bond 

technology such as higher bonding strength, higher current inputs and lower 

thermal resistance. In addition, this technology provides a very unique feature of 

surface tension enabled solder self-alignment when packaging optoelectronic chips 

that demand accurate positioning or alignment. 

 Molten solder, similar to most metals, has high surface tension. A molten 

solder joint attempts to minimize surface area by changing its shape. Such a change 

in surface profiles aligns the chip bonding pads with the substrate bonding pads 

with high precision (Figure 1.1). This highly precise passive alignment mechanism 

is especially attractive in the positioning of optoelectronic devices and modules. In 

practice, solder self-alignment has been used to couple optical fibers or waveguides 

to devices such as lasers, light emitting diodes (LEDs), vertical cavity surface 

emitting lasers (VCSELs), or photodetectors. The alignments accomplished varied 

from sub-µm to µm levels for single- or multi-mode fiber applications [5]. 
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Figure 1.1 Schematics of surface tension enabled solder self-aligning behavior  

 Despite its highly promising potential, solder self-alignment has not been 

widely used in real manufacturing of optoelectronic modules demanding precise 

alignments. For instance, as shown in Figure 1.2, NEC has demonstrated a solder-

assembled laser module with an accuracy of 0.58 ± 0.51 m [6]. NTT also 

demonstrated another impressive solder self-assembly with sub-m precision [7]. 

However, NEC has never used such a soldering approach in its manufacturing line. 

Instead, active alignment and vision-assisted passive alignment are still the only 

options in the manufacturing of optoelectronic modules demanding precision 

alignments. The solder self-alignment technology demonstrated in a laboratory 

environment could not be transferred to manufacturing practices. This gap is well 

known; unfortunately knowledge lacks to explain it. What is the reason the solder 

self-alignment technology demonstrated in laboratory could not be realized in a real 

manufacturing line? How many factors significantly affect self-alignment accuracy 

in real manufacturing environments? Which factor plays the most important role? 

How and in what range these factors would affect alignment accuracy? Are there 

any solutions to reduce or control these effects for possible improvements? The 
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following part of this dissertation will answer some of these questions through 

designed experiments and modeling. 

 

Figure 1.2 An NEC laser module assembled using self-aligning solder with 

alignment accuracy down to 0.58 ± 0.51 m 

1.1.2 Problem Statement and Objectives 

8ch LD array

8ch SMF array
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Figure 1.3 Logic die with optical components integrated with an optical device 

or a connector 

 

 The objective of this dissertation, as has been discussed in the background 

and motivation session, is to understand the effects of manufacturing environments 

on self-alignment accuracy, in order to generate design guidelines to improve 

manufacturing reliability. This problem can be further understood through the 

following application case: A typical multichip module shown in Figure 1.3 

comprises an optical connector, a logical module being coupled to an external laser 

component through an on-die waveguide on a silicon interposer, which could be 
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Thru Si 
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waveguideLogic die with
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components

Silicon 

interposer

Thru Si 

via

connector
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External laser die 

or optical connector

On-die 

waveguideLogic die with

optical components

Logic die w/

optical 

components
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soldered onto the next level substrate. To achieve a good optical coupling between 

these chips, these components should be positioned accurately at designed locations 

in the X-Y plane. In specific, the linear misalignment along the X and Y directions 

between the chips should be less than ±2 m. The rotation of the chips in the X-Y 

plane (along the Z axis) should also be controlled to a certain degree according to 

the size of the chip and the distance between the chips. In addition, the height of 

the laser chip edge should also be aligned with the edge of the logical chip so that 

the light emitted from the edge of the laser chip can be received by the logical chip. 

In general, such a height difference should be within ±2 m in the Z direction to 

guarantee a good coupling.  

 The packaging process for such flip-chip MCMs in a manufacturing line 

involves solder bumping, chip positioning (pick-n-place), high temperature reflow, 

solder melting and self-alignment, as well as low temperature solidification. Each 

step in the process line may introduce some degrees of uncertainties. Among these 

uncertainties, some of them attribute to inevitable manufacturing tolerances, such 

as variations in solder volume, deviations in solder pad diameter, or substrate 

warpage; some of them are due to impropriate reflow process control, such as 

soldering defects, reflow stage tilting, large gas flow, insufficient reducing 

atmosphere, inadequate surface tension force, or substrate mechanical vibrations. 

For instance, Figure 1.4 shows the displacement of a BGA package due to the flow 

of formic acid gas during reflow [8]. This single gas flow effect can become very 

complicated in an assembly line since flow condition changes continuously inside 
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the chamber. Whatever the reason is, quantitative relationship/model between 

these undesirable factors arising from manufacturing process and the after-

assembly self-alignment accuracy should be established. This relationship would 

not only help us understand how design parameters, manufacturing variations and 

other factors affect the alignment accuracy, but also provide us with tooling to 

specify the maximum manufacturing tolerance for certain alignment requirements. 

For instance, to enable low-cost manufacturing of optoelectronic modules, it is 

important to design the assembly to accommodate the effects of manufacturing 

variations on precision solder self-alignment. The model can be used to select the 

optimal manufacturing method, which is usually a function of cost and volume 

variations associated with different bumping procedures. 
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Figure 1.4 Gas flow effect on BGA package‟s displacement during reflow 
 

 The scope of this dissertation mainly focuses on the following factors: 

packaging tolerances such as solder volume variations and deviations, packaging 

defects such as insufficient wetting and solder voids, and packaging dynamic 

environments such as substrate vibration. These factors have been commonly 

encountered in manufacturing practices, yet were not fully investigated with regard 

to their impact on solder self-aligning assembly. Experimental as well as modeling 

studies will be performed to understand the influences of manufacturing 

environments on self-alignment accuracy, in order to answer questions such as: 

which factor is the most significant and to what extent their effect will be, and how 

to avoid them.  
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1.1.3 Contributions and Publications 

 The contributions of this thesis are listed below: 

 Developed the first solder self-alignment quasi-static model verified by 

experiments to predict 6DOF self-alignment accuracies during flip-chip soldering 

under manufacturing variations. 

 Applied the model to design optoelectronic modules for self-aligned assemblies 

with enhanced tolerance in manufacturing variations.  

 Established quantitative relationships between soldering defects and self-

alignment accuracies, and developed practical design guidelines to control these 

undesirable effects.  

 Studied chip‟s resonant motion resulting from substrate mechanical vibrations 

and demonstrated its effect on alignment accuracy in a case studied. 

Peer reviewed journal and conference papers resulting from this dissertation are 

listed below: 

 “Influences of substrate vibrations on solder self-alignment accuracy in 

BGA/flip-chip assembly”, M. Kong, S. Jeon, and Y. C. Lee, to be submitted, 2012.  

 “Design of high aspect ratio VCSEL-array for self-aligning assembly using 3-D 

solder self-alignment model,” M. Kong, S. Jeon, C. Hwang, J. M. Swan, and Y. C. 

Lee, submitted to IEEE Transactions on Components, Packaging and 

Manufacturing Technology, 2012. 
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 “Influences of solder wetting on self-alignment accuracy and modeling for 

optoelectronic devices assembly”, M. Kong, S. Jeon, C. Hwang and Y.C. Lee, 

ASME Journal of Electronic Packaging, Vol. 134 (2), 021002, 2012. 

  “Development and experimental validation of a three-dimensional solder self-

alignment model for alignment accuracy prediction of flip-chip assembly”, M. 

Kong, S. Jeon, H. Au, C. Hwang and Y.C. Lee, IEEE Transactions on 

Components, Packaging and Manufacturing Technology, Vol. 1 (10), pp. 1523-

1532, 2011. 

  “Effects of solder wetting on self-alignment accuracy and modeling for 

optoelectronics assembly”, M. Kong, S. Jeon, C. Hwang and Y.C. Lee, 

Proceedings of the 2010 Fall Conference of the ASME, IMECE 2010-37181, 

2010. 

1.1.4 Dissertation Organization 

 This dissertation is organized into six chapters. Chapter 1 provides a brief 

overview and the scope to the works of the thesis, followed by a literature review of 

the background. The review covers the current status of experimental and modeling 

studies on solder self-alignment assembly, categorized in the aspects of static and 

dynamic analysis. Chapter 2 introduces the basic mechanisms of solder self-

alignment, focuses on the development of a 6DOF quasi-static solder self-alignment 

model to guide further investigations in Chapter 3 and Chapter 4. Chapter 3 

demonstrates the application of the self-alignment model in a case related to real 
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industry practice: the model is used to design a high aspect ratio optoelectronics 

module for a flip-chip self-aligning assembly and identifies quantitative 

manufacturing tolerance windows for the ±2 m alignment accuracy requirements. 

Chapter 4 examines static factors affecting alignment accuracy, such as insufficient 

wetting and solder voids, and provides general design guidelines to reduce their 

effects. Exploration on reflow process improvement is further performed to 

eliminate these soldering defects. Chapter 5 examines dynamic factors affecting 

alignment accuracy, focusing mainly on substrate vibration, and provides design 

guidelines to reduce their effects. Lastly, Chapter 6 summarizes the conclusions 

drawn from the works of this dissertation and provides recommendations for future 

research. 

1.2 Background Overview  

1.2.1 Studies on Static Analysis of Solder Self-alignment 

1.2.1.1 Quasi-static modeling on solder self-alignment 

 During solder self-aligning assembly, chip‟s position control is mainly 

through the balance of the surface tension forces in vertical and horizontal 

directions, and therefore, calculations of the forces in these two directions are of the 

major concerns for most of the models. Generally speaking, the surface tension force 

in horizontal direction, known as shear restoring force    and in vertical direction, 
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known as normal restoring force    , can be calculated through the following 

equations. 

   
   
  

|
       

  
  

  
|
       

                                                                                                 

   
   
 𝐻

|
𝑃      

  
  

 𝐻
|
𝑃      

                                                                                             2  

 where     is the change of the solder surface energy from its minimum value, 

and can also be expressed as the change of the surface area     multiply surface 

tension coefficient of the solder material   .   is solder joint‟s horizontal 

misalignment and H is solder joint‟s height. These parameters are schematically 

illustrated in Figure 1.5. 
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Figure 1.5 Schematic of restoring forces generated by a deformed truncated solder 

joint 

 To solve for    and    , an accurate depiction of a liquid solder‟s profile is 

needed so that its surface area can be calculated. In the past 20 years, numerous 

algorithms, including analytical and numerical methods, have been developed to 

calculate the geometry of a liquid solder and solve for its surface tension forces. In 

general, the simple geometric estimation [9-12], the Laplace-Young equation based 

analytical solution [13-15], finite domain based Surface Evolver algorithm [16-18], 

and regression model [19] are four major methodologies for liquid solder joint‟s 

restoring force prediction. 

a. Simple geometric estimation 
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 The analytical solution of surface area/energy of a liquid solder based on pure 

geometric estimation was given by N. van Veen [10], which regards solder joint as a 

truncated sphere and does not take any force or energy factors into consideration. 

 In vertical direction, the surface energy      of a rotational symmetrical 

shape with height h can be calculated from the following integral: 

       2 ∫     √   
     

  

 
 

 
 
 

                                                                                       

 For a liquid solder bump      can be represented as: 

     √  
                                                                                                                                

 where r0 is the radius at the bump equator, „a‟ is the shape parameter, given 

by: 

               ⁄                                                                                                               

 In this equation, V is solder bump‟s volume, r is solder pad radius, h is bump 

height, z is the variable in vertical direction. These parameters are illustrated in 

Figure 1.6.  
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Figure 1.6 Schematic of a truncated solder joint 

 By changing the value of shape factor „a‟, the shape of the solder bump varies 

from hyperboloid to oblate ellipsoid, as shown in Figure 1.7. 

bump shape value for „a‟ 

 

a<0 

hyperboloid 

 

a=0 

cylinder 

 

0<a<1 

prolate ellipsoid 

 

a=1 

sphere 

 

a>1 

oblate ellipsoid 



16 

 

Figure 1.7 Bump shape as a function of the shape parameter „a‟ 
 

 If the top and bottom bonding pads have the same diameter, and lateral 

misalignment P equals zero, surface energy      can be calculated from the integral 

as: 

        √       
2

 
  

                       

        
 
   

                        

  Thus,  

   
     

  
 
 

 
  

                       

        
 
   

                                             

  where h is solder bump height, and k is equilibrium height of the bump. This 

equation indicates that     is a linear function of bump height when solder bump‟s 

height is close to equilibrium height. 

 To calculate     in lateral direction, the author assumes the bump has the 

shape of a circular vertical column with radius r and equilibrium height k. Upon 

shifting the chip in the x-y plane by an amount p, the cross section of the circular 

column becomes elliptical. The circumference        of an ellipse is approximated as:  

𝐶 𝑙 𝑚   (
 

 
 𝑙  𝑚  √𝑙𝑚)                                                                                                8   

 where l and m are two axes of the ellipse. For small misalignment p, the 

surface energy      and shear restoring force     can be approximated as:  
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  𝑝  2     
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 𝑝                                                                                                        9  

     
 

 
𝑝                                                                                                                                       

 Another rough estimation of    was given by J.M. Kim et. al. [11] who also 

regard solder joint as a circular cylinder with pad radius r and height h. When the 

chip is misaligned by the amount p, the cross-section of the sphere becomes 

elliptical and its surface energy      can be approximated as:  

  𝑥     *
 

2
(√𝑝      )  √ √𝑝    +                                                                   

  From this    at h=circular cylinder height can be calculated as: 

       
 𝑝

2√   𝑝 
 

 𝑝

2√ √   𝑝 √   𝑝 
                                                                2  

 The simple geometric estimation is easy to use and requires no special 

program software. The disadvantage is that it is not based on physics of solder flow 

(i.e. no surface tension input) but purely on geometrical considerations. Inaccuracy 

increases when the deviation of bump shape from equilibrium position increases. 

The shape is difficult to extract too. Also it handles solder joint in vertical and 

lateral directions separately, making it especially inaccurate in predicting    and 

   when solder joint is subjected to both lateral and vertical misalignments. 
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Therefore, it has very limited applications and is only good for quick profile 

estimation of a lightweight packaging. 

b. Laplace-Young equation based analytical solution 

 

Figure 1.8 Illustration of solder joint subject to high compressive force on top 

  A typical way to describe the equilibrium shape of a liquid-gas interface is 

with the Laplace-Young equation: 

       (
 

  
 

 

  
)                                                                             
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 where    and    are principal radii of curvature of the solder surface at 

height h;    and    are solder internal pressure and the ambient pressure, 

respectively. z is the vertical coordinate of the point subject to studied. P,    and    

are all functions of z. Laplace-Young is a non-linear equation, and can be very 

complex when the pad is not circular and the joint is nonaxisymmetric. Heinrich et 

al. [13] proposed that if the meridian defining the joint‟s free surface, R(z) is 

approximated by a circular-arc, Rarc, then the volume and unbalanced force can be 

expressed as 

   ∫          
                                                                                          

 

 
                                                                                      

      
   
2  

[         √
     

          
   ]                       

 With an initial guess height h, one may numerically calculate the meridian 

radius of the arc, Rarc, and unbalanced force in equation (1.15). Once the force is 

balanced, one can get the approximate shape and height. On the other hand, S.K. 

Patra et. al. [14] used Euler-Lagrange equation to minimize the surface energy of 

the liquid solder, and solved the solder joint geometry numerically with CAD. For 

joints with symmetric circular pads, they further proposed some simplified formulas 

for easy estimation of the joint height and restoring forces [15].  

 Height of a spherical joint: 

       √             √                                                                             

app:ds:coordinate
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 where     
  

 
        

    
  

 Solder profile of a spherical joint: 

     √     
 

𝐻 

 𝐻 
                                                                                                

 Height of a frustum of a cone: 

𝐻  
  

               
                                                                                                              8  

 Calculation of the joint height by balancing the normal force to the vertical 

loading: 
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 Lateral restoring force as a function of misalignment: 
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 In the above equations, V=solder volume; Fs=lateral restoring force; 

Fn=vertical loading per joint; P=misalignment; rs=substrate pad radius; rc=chip pad 

radius; H=final joint height; and γ=surface tension coefficient. The major 

limitations of the model are: 1) only those joints with circular pads can be calculated; 

2) only the joint heights at zero misalignment can be calculated; and 3) the 

restoring forces only at a specified height can be calculated. 

c. Finite domain based Surface Evolver algorithm 

 The Surface Evolver [20] program developed by Brakke in 1994 has been 

successfully applied in predicting the shape of a liquid solder joint according to its 

pad size, volume, specific solder height, and surface tension [16-18]. It is an 

interactive program for modeling liquid surfaces shaped by various forces and 

constraints. Evolver allows the investigation of fully 3D problems by process of first 

discretizing an initial surface into a set of inter-connected triangular facets, and 

then iterating this initial surface towards a minimal energy configuration by 

conjugate gradient methods. The energy in the Evolver can be a combination of 

surface tension, gravitational energy, squared mean curvature, user defined surface 

integrals, or knot energies. Output is available as screen graphics or in several file 

formats, including PostScript. 

 In general, the total energy of a liquid body consists of three major energy 

portions: the surface tension energy, the gravitational energy, and the external 

energy that is related to the change in solder volume. Accordingly, the variational 
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free energy and restoring force along the gravitational direction of the solder ball 

are given by 

                                           

 ∬    
 

 ∭      
 

                                                                   2   

   
  

 𝐻

 
                                            

 𝐻
                                                           22  

 where, E=total potential energy;   surface tension; A=area of a facet; 

ρ=density of solder material; g=gravitation constant; z=height of a facet; P=net 

pressure in the molten solder; V=volume of solder joint; Using the divergence 

theorem the second term can be converted to a surface integral. 
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                                                                                            2   

 The first two terms are implemented directly in Evolver by specifying a 

gravitational constant 'g' and surface tension value „ ‟. However any pad weight has 

to be implemented separately by defining energy associated with the force (weight 

in this case). This energy on differentiation results in a force. In this particular 

problem the weight on the pad is due to the weight of the package and can be 

assumed to be concentrated on the top surface. The weight acting on any ball is 

obtained by dividing the weight of the package by the number of solder balls. 

 A typical problem of restoring force    and   , as well as solder profile 

prediction will have the following inputs (Refer to Figure 1.5): Solder Dimensions: (1) 

Solder volume V; (2) Board pad diameter Ra, Rb; (3) Gravity constant g; (4) Solder 

height H; (5) Pad shift along lateral plane P; Material Properties: (1) Surface 

tension of solder; (2) Density of solder; 

 Although the Surface Evolver is quite robust for analysis of the single solder, 

the Surface Evolver encounters inconvenience and time consuming in applying it to 

solder joint model. To obtain the near exact restoring force, very fine mesh is 

required for the Surface Evolver program and a single solder ball model may consist 

of more than 17000 elements. It also is extremely hard to use Surface Evolver to 

model an array of solder joints. Especially when the pad dimensions, surface tension, 

and solder volumes for each joint in the array are not uniform and weight of the 
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package instead of specific height is given to predict the balanced BGA joint 

configuration after reflow.  

d. Regression model 

 Designed for convenient and efficient application, based on the 1100 

nondimensional data generated from Surface Evolver, W. Lin et. al. [20] at the 

University of Colorado set up an explicit regression model to calculate the 

normalized shear and normal restoring forces as a function of normalized 

misalignment, joint height and pad radius. The regression model gives the explicit 

relations (polynomial form) between the force level of the surface tension and the 

design parameters of the solder joint.  

 According to Lin‟s model, the shear restoring force     and normal restoring 

force    of a solder joint are polynomial functions of pad radius R, solder volume V, 

joint height H, lateral misalignment P, and surface tension coefficient  , and can be 

expressed as: 

           𝐻                                                                                                                       2   

                                                                                                                                    28  

 The above equation can be transformed into nondimensional forms 
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 If the following transforms are applied: 
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 The calculation of normal restoring force     using regression model is shown 

as follows: 

 For the range N=0.3~0.6, 
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For the range N=0.6~2.0, 
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The calculation of normal restoring force    using regression model is shown as 

follows: 
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 The above coefficients cijk has been determined with surface evolver by Lin et. 

al. and can be referred from literature [19]. 

 The merit of the regression model is that it is much faster and more efficient 

than numerical models such as Surface Evolver. Also it is accurate within the range 

of regression model. As such, this regression model can be easily implemented to 

parallel modeling/calculation of a large number of solder joints, such as a BGA 

bump array. The regression model is a very powerful and convenient tool to aid in 

the design of solder joints for various applications, however it has its limitations. It 

is established only for solder joints with circular pads having the same diameter on 

the top and bottom. Also, it can only applied for joint with shape parameters in a 

certain range, i.e. N=(0.3 ~ 2.0), P*=(0 ~ 0.5), H* =(0.95 -0.2N) ~ (1.2 + 0.1N). This 

may limit its applications to fine pitch large height joints packaging, and further 

works need to be done to extend the cover range of regression model. 

1.2.1.2 Experimental studies on solder self-alignment 

 Table 1.1 summarizes a total of 20 reported cases utilizing solder self-

alignment as assembly method since 1990. Solder has been used to align photonic 

device to substrate or chip carrier or fiber, fiber to photonic device, microlens to 

photonic device, and MEMS/MOEMS. The alignment accuracy ranges from ± 5 to 

0.5 µm. The metallization consists of Ti or Cr as the adhesion layer, Cu, Ni, or Pt as 

the barrier metal and Au to prevent surface oxidation. Diameter or width of the 

solder bump varies from 26 to 330 µm and bump height ranges from 5 to 50 µm. 
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Solder material includes eutectic 63Sn/37Pb, Indium, 50In/50Pb, SnAgCu, or 

eutectic 80Au/20Sn. Reflow atmosphere mainly are resin flux, forming gas, or 

formic acid vapor. 

Table 1.1 Examples of optoelectronic modules using solder self-alignment assembly 

Package 

Alignment 

method and 

Accuracy 

(m) 

Solder 

bumping 

and  size 

(m) 

Solder 

material 
Metallization 

Reflow 

atmosphe

re / Temp. 

Main 

feature 

Year& 

Referen

ce 

LD on 

Silicon 

Mother-

board 

20 and 5 

tilt self-

aligned 

Height: 8.5 

µm 

Pb/Sn 

Eutectic 
Cr/Cu/Au Flux 

Hybrid 

assembly 

1991 

[21] 

LED/PD on 

ALN 

submount 

Self-aligned 

3 µm 

Electrical 

plating 

15040050 

µm 

Pb/Sn 
Cr/Ni 0.1m 

/0.2m 
180C N/A 

1991 

[22] 

Si chip on 

glass 

Self-aligned 

0.8 µm 

Evaporate 

Dia: 130 m 
50In/ 50Pb Ti/Cu/Au N/A 

Long term 

alignment 

stability 

1992[7] 

High speed 

photo-

receiver 

Self-aligned 

0.5 µm 

Lift-off 

photoresisto

r Dia: 25 

µm 

Pb/Sn or In N/A N/A 

Micro-

solder 

bump 

1992 

[23] 

VLSI/FLC 

SLM 

Self-aligned 

2 µm Self-

pulling gap 

uniformity:

0.3 µm 

Dia: 105 µm 63Sn /37Pb N/A 
Forming 

gas 

Mixed 

joint 

design 

1993 

[24, 25] 

LD on Si 

substrate 

Self-aligned 

3 1 µm 

Mechanicall

y formed,  

Dia: 50 µm 

80Au/ 20Sn 

eutectic 
N/A N/A 

Au/Sn 

solder 

alignment 

1995 

[26] 

LED on 

Silicon 

Self-aligned   

5 µm 

33033025 

µm 

 

Au78/ Sn22 Ti/Pt/Au 

Formic 

acid 300-

320C 

N/A 
1995 

[27] 

Optical 

subscriber 

system 

Self-aligned 

3 µm 

standoff 

Thermal 

evaporate 

Dia: 50 µm 

N/A N/A Flux 

Self-

aligned/ 

standoff 

1995 

[28] 

LDs on 

Silicon 

Self-aligned 

without 

stops 0.2 

µm 

Evaporated 

26 µm 
In-Pb Ti/Pt/Au Resin flux N/A 

1995 

[29] 

free space 

module 

Self-aligned 

< 2 µm 

Electroplate

d 

Height 30 

µm 

EutecticPb/

Sn 
Cr/Cu/Au Flux 

Align 

microlens 

to VCSEL 

1996 

[30] 

Waveguide 

module 

Lateral 

alignment 

<2 µm 

N/A Pb/Sn Ti/Cu 
Formic 

acid 

Controlled 

self-

alignment 

1996 

[31] 
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Dummy 

glass chip on 

Si 

Self-aligned 

<3 µm 
N/A SnPb 60/40 Ti/Pt 

Molecular 

hydrogen 

(H2) 

under 

vacuum 

Hybrid 

assembly 

with 

integrated 

waveguide 

tapers 

1996 

[32] 

Dummy 

glass chip on 

Si 

Self-aligned 

0.5 µm 

Evaporated 

Height: 25 

µm 

In N/A N/A 

Photonic 

devices 

and 

optical 

fibers 

1996 

[33] 

 

InP/Glass on 

Silicon 

Self-aligned 

1 µm 

Electroplati

ng 50 µm 
80Au/20Sn Ti: W/Au/Tin 

Nitrogen, 

Hydrogen

, Active 

atmosphe

re 

Different 

reflow 

atmospher

e were 

investigat

ed 

1996 

[34] 

Chip/FR4 N/A 

Stencil 

printing 350 

µm 

63Sn/37Pb Cu/Ni/Au 
No-clean 

flux 

µBGA 

assembly 

2000 

[35] 

VCSEL and 

RCE 

photodetecto

rs/ with fiber 

Self-aligned 

1 µm 

Ball 

dropping 

Dia. 500, 

300, 200 µm 

In N/A N/A 
Hybrid 

assembly 

2001 

[36] 

LD-SMF 
Self-aligned 

±1 µm 

Micro-press 

method: 

25µm width 

140µm long, 

18 µm high 

80Au/20Sn N/A Fluxless 

Hybrid 

assembly 

MCM 

2001 

[37] 

Quasi-

MEMS 

device/silicon 

substrate 

Self-aligned 

2±0.4 µm 

Ball 

dropping 

Dia. 200, 

300, 350,  

400  µm 

Pb37Sn63 
Cr/Cu,Cu,Ni,

Au 

Gaseous 

formic  

acid, 

0.55% 

MEMS 

applicatio

n 

2004 

[38] 

LD on 

planar light 

guide circuit 

(PLC) 

Self-aligned 

1 µm 

Height: 28 

µm 
Au80Sn20 Ni/Au Fluxless 

Mechanic

al stop 

2005 

[39] 

 Based on the above literatures, we learned that both initial design and 

assembly process can affect alignment accuracy. Factors affecting alignment 

accuracy have been investigated include solder bump dimension, solder pad shape 

and reflow atmosphere. The reported factors affecting alignment accuracy are 

summarized as following. 

a. Solder bump dimension effect 
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 Hayashi T. [7] reported that the alignment accuracy increases with the 

decreases of solder bump diameter and the increases of bumps number. They 

obtained an average misalignment of 1.0 µm for specimens with 4 bumps 75 µm in 

diameter, and the alignment accuracy increases to 0.8 µm for specimens with 16 

bumps 130 µm in diameter. Hideki et.al. [29] at NTT also found out that alignment 

accuracy does not depend on solder materials, but increases as the number of the 

solder bumps increases. As shown in Figure 1.9, when the bump number exceeds 20, 

the average misalignment is less than 0.2 µm and the maximum misalignment is 

less than 0.5 µm. 
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Figure 1.9 Alignment accuracy increases as the number of microsolder bumps 

increases reported by Hideki et.al. [29] 

 The fact that fine pitch design generates larger restoring force than large 

pitch design was also proven by W. Lin et.al. [19], who systematically studied the 

restoring and normal reaction forces as functions of solder joint height, size, volume, 

and misalignment level using the regression model. Their major findings are, at a 

given misalignment, the maximum lateral restoring force occurs when the solder 

joint height is equal to the height of a spherical joint, therefore, it is essential to 

reduce the loading per joint; also, a smaller solder volume will lead to a larger 

lateral restoring force. If we use smaller size joints, it is possible to have more joints, 

which may not only help to reduce the loading per joint, but also substantially 

increase the total restoring force under a given total connecting area.  

b. Solder pad shape effect 

 Pad shape was found to affect restoring force and thus self-aligning 

movements. Do H. Ahn, et.al. [40] investigated the normal and lateral restoring 

forces on the circular, elliptical, and rectangular pads by using Surface Evolver. It 

was found that in the vertical direction, the sharp corner of the rectangular pad 

induces larger surface area change than the circular and elliptical pads, and thus 

generates larger restoring forces for misalignment larger than 20 µm. In the case of 

the lateral restoring force, the noncircular pad has directionality so that the 

restoring force in the minor-axis direction is largest followed by the circular pad and 

the major-axis direction. Similar researches were performed by Scott E et. al. [41], 



32 

 

who investigated normal restoring forces in alternative pad designs in respect to 

circular pad. Illustrated in Figure 1.10 are the four major systems they studied: 1) a 

standard circular metallization pad-based joint, 2) a cross-shaped pad, 3) four-

pointed star shaped pad, and 4) an eight-pointed star shaped pad. Their major 

findings are: For those pads with the same diameter, although the circular pad has 

smallest surface energy, it generates the highest level of restoring forces. This is 

mainly because circular pad has the largest solder surface area that is able to 

change. The cross-shaped bump produces the next highest level of force because it 

has longer edges that allow the solder to deform more than in the tetra-star and 

octa-star examples. The tetra-star and octa-star cases yield lowest restoring forces 

since their sharp corners constrain the liquid solder from moving freely.  

 

Figure 1.10 Various bonding pad geometries investigated by Scott E et. al. [41] 

 Sasaki et.al. [26] employed novel stripe-type solder bumps to improve the 

standoff height precision. The stripe-type bumps consist of x-direction stripes and z 

direction stripes, as shown in Figure 1.11. In stripe-type bump self-alignment, x-

direction stripe bumps generate a restoring force in the z-direction, and z-direction 

stripes act in the x-direction, while vertical alignment, i.e., alignment in the y-



33 

 

direction is controlled by the volume solder bumps. The innovative soldering pads 

design can be optimized in width and length, and can improve vertical precision 

significantly. In the experiments, the authors achieved vertical precision within +1 

µm despite a solder volume deviation of +5%. 

 

Figure 1.11 LD-SMF self-aligned assembly structure developed by Sasaki et. al. [26] 

c. Reflow atmosphere effect 

 During the fluxless soldering, the surround atmosphere was found to affect 

the self-alignment through determining the thickness of the oxide layer of the 

bonding pads. For instance, Christine Kallmayer et.al. [34] compared the influences 
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of nitrogen, hydrogen, and reducing atmosphere on self-alignment accuracy of 

eutectic An/Sn solder. Nitrogen atmosphere was found to have a high residue 

oxygen content (<8 ppm) and is not suitable for self-aligning assembly. Only 75% 

sample yield good alignment of less than 3 µm misalignment. The hydrogen 

atmosphere contained only 3 ppm residue oxygen and showed a fast wetting of the 

pads together with a self-alignment process in the range of one second. 95% of the 

samples were found successfully aligned. The wetting of the solder is even more 

enhanced in reducing atmosphere, and about 98% of the samples were precisely 

aligned. Lin et. al.[42] measured the alignment accuracy of flip-chip assemblies 

reflowed at different formic acid concentrations and found that concentration from 

0.47% to 0.66% was the critical range for the formic acid fluxless soldering. As 

shown in Figure 1.12, very good alignments of 2 µm average could be achieved at 

1.7% vapor concentration. Even at 0.66% concentration, the alignment was still in 3 

µm range. But once the concentration was reduced to 0.47% or 0.35%, the alignment 

became very poor with large variations.   
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Figure 1.12 Formic acid vapor concentrations at different acid temperatures 

 K. C. Hung et. al. [43] found out that exposure of the solder paste to a 25 °C 

and 85% RH humidity environment has a detrimental effect on the self-alignment 

of the µBGA package, due to solvent evaporation and moisture absorption in the 

paste causing solderability degradation. The self-alignment of the package is also 

affected when there is slow spreading of molten solder on the pad surface. This is 
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attributed to the reduction of restoring force due to the decrease in effective wetting 

surface area of the board pad. 

1.2.2 Studies on Dynamic Analysis of Solder Self-alignment 

 Listed in table 1.2 is a summary of experimental and modeling studies on 

self-alignment dynamics. Among these researches, bonding materials used for self-

alignment are molten solder or viscous resin, self-aligning motion varies from 

under-damped oscillation to over-damped decay motion, and the movement 

direction includes X, Y and Z directions.   

Table 1.2 Researches on solder self-alignment dynamics 

Interconnect 

material 

Dynamic 

motion 

Information 

provided 

Substrate 

vibration 

Alignment 

accuracy 

Experiments 

or Model 

Year& 

Ref. 

eutectic 

solder 

periodic 

oscillation 

2D-frequency No No Experiments 1991 

[44] 

eutectic 

solder 

periodic 

oscillation 

2D-frequency  No  No  Model 1999 

[10] 

Solder and 

underfill  

over-

damped 

motion  

2D-decay time  No  No  Model 2000 

[45] 

Resin  over-

damped 

motion  

2D-displacement 

decay time  

No  Yes  Both 2004 

[11, 46] 

tin/lead 

solder  

periodic 

oscillation  

1D-decay time  No  No  Model 2005[47] 

lubricant  damping 

motion  

2D-displacement 

decay time  

No  Yes  Both 2009[48] 

SnAgCu  periodic 

oscillation  

3D-frquency, 

displacement 

amplitude  

Random  No   Both 2011[59] 

 In the aspect of dynamic modeling, the basic principle is that the motion of 

self-aligning movement of the chip and solder can be regarded as a damped mass-

spring system, governed by second-order differential equation: 

http://en.wikipedia.org/wiki/Ordinary_differential_equation
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 In the above equations, k is spring constant, c is damping coefficient, and m 

is chip mass. In x-y direction, k is given by  
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 In z direction k is given by 
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 c is calculated based on Newton‟s law of viscous flow, and given by 
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 where   is viscosity of the liquid solder joint, H is joint height at balanced 

position, and r is boding pad radius. For multi bump system,  
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 N.van.Veen [10] analytically derived force constants and damping factor as 

well as the resonance spectrum of a simple BGA system. He concluded that for 

practical bump sizes the force constant in the vertical direction is an order of 

magnitude larger than the horizontal one. The damping factor is small and the 

system can easily be brought into resonance. However, no experiments were 

performed to justify his model.  

 J.M. Kim et. al. [11] investigated lateral motion of a chip/resin/substrate 

system, predicted the system‟s behavior to be over-damped decay due to low surface 

tension and high viscosity of resin materials. They developed a model to predict the 

overall time to finish self-alignment motion for the system with initial 

misalignment level of about 100 µm and 50 µm, respectively. The predicted results 

show good agreement with experimental results. 

 Hua Lu et. al. [47] used computational fluid dynamics software, Physica, to 

solve for velocity field of a liquid solder throughout the solder and the motion of the 

chip, and concluded that, the previous uncoupled model by Veen [10] and Jim et. al. 

[11] underestimates the damping force, which will lead to significant overestimation 

of the time taken by the chip to reach complete alignment. However, as the solder 
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viscosity increases, the solder velocity distribution becomes more linear and the 

uncoupled and coupled models produce increasingly similar results. However, they 

also did not perform experiments to validate their model.  

 Most recently, Julien Sylvestre [49] performed studies on the dynamics of a 

flip-chip device subjected to small stationary random accelerations. They modeled 

the solder joints as dissipative fluid members that develop a linear restoring force. 

They characterized the resonant behavior of a BGA device oscillating in the out-of-

plane direction and derived parameters such as stiffness and damping of the molten 

joints fromthe experimental characterization. Their model allows the study of 

arbitrary devices and vibrations if the excitation process is approximately Gaussian 

and stationary. However, they did not provide an insight into the dynamic 

environments of a real reflow oven, not to mention about characterizing self-

alignment accuracy after the SMT assembly.  

1.2.3 Literature Review Summary 

 From the above literature review, it is clear that solder self-alignment has 

been well recognized as an effective way to achieve precise assembly for 

optoelectronics. Theories have been established to explain the mechanisms of the 

solder self-aligning technology. Accurate alignments have been demonstrated 

through experiments in laboratories. However, very few works have been done with 

an emphasis on manufacturing variations related to industrial practices.  
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 In the aspect of self-alignment static modeling and experiments, the current 

studies were mainly based on self-alignment under ideal soldering conditions. 

Investigations of self-alignment under non-optimal reflow/manufacturing conditions, 

such as manufacturing variations and soldering defects, which are commonly 

encountered in industrial practices, are still insufficient. Furthermore, most self-

alignment modeling studies focused on the prediction and maximization of restoring 

forces of a single joint, and the model to predict 6DOF behavior of an optoelectronic 

module presenting multiple solder joints is absent. Further researches should focus 

on figuring out the undesirable manufacturing parameters that potentially affect 

alignment accuracy, establishing model to predict alignment accuracy with 

existence of these undesirable parameters, such as manufacturing tolerances, as 

well as manufacturing defects.   

 In the aspect of self-alignment dynamic modeling and experiments, 

theoretical analysis on dynamic behavior of self-alignment has been well 

established; however, in-situ observation of the real dynamic motion of a BGA/flip-

chip packaging is still absent. Dynamic vibrations in manufacturing line during 

solder self-alignment assembly has been frequently observed, however, whether 

such minute environment vibration will bring the system into catastrophic 

resonance is still unclear; and whether such resonance, if exists, will affect final 

alignment accuracy still remains a conjecture. Further studies should focus on the 

demonstration of the system‟s resonant behavior and relate system‟s dynamic 

behavior with final alignment accuracy through elaborately designed experiments.  
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CHAPTER 2 SOLDER SELF-ALIGNMENT MODEL 

2.1 Introduction 

 The self-aligning motion of an optoelectronic chip can be described in six 

degrees of freedom (6DOF), i.e., planar displacements in X, Y, and Z directions and 

orientations along X, Y, and Z axis. In BGA/flip-chip packaging practice, it is not 

uncommon that up to hundreds of solder joints are involved, and these joints might 

be slightly different from each other due to design and manufacturing variations. 

The final position of the chip relies on the force balancing of all participating solder 

joints. In order to predict chip‟s final position after self-alignment, parallel 

calculation of restoring force generated by individual solder joints and force 

optimization using computer aided programming becomes necessary. Therefore, in 

this chapter, our major task is to develop a 6DOF quasi-static model through 

computer aided force optimization programing. A validated model like this will not 

only help us to aid in the design of flip-chip assemblies requiring high alignment 

accuracies, but also be of instructive when investigating factors affecting alignment 

accuracy in the following chapters.  

2.2 Background 

 As has been introduced in chapter 1, numerical solutions on calculating 

restoring force of a single joint have been well established [9-19]. For instance, 

Patra et al. [14] developed a comprehensive model to calculate solder restoring force 

with minimum energy profile by solving Laplace-Young equation. The public 
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domain software Surface Evolver [20] provides another powerful tool for the 

analysis of solder restoring force, and was popularly used in the analysis of flip-chip 

self-alignment mechanisms [16-18, 50-52]. The validity of Surface Evolver analysis 

was made by Josell et al. [51], who compared the simulation and experimental 

force-displacement curves at different solder volumes and pad sizes, and concluded 

that Surface Evolver has a high degree of accuracy. Based on 1,100 nondimensional 

data generated from Surface Evolver, Lin et al. [19] developed an explicit regression 

model to calculate the nondimensional shear and normal restoring forces as a 

function of normalized misalignment, joint height and pad radius. The merit of the 

regression model is that it is much faster and more efficient than numerical models 

such as Surface Evolver. Also it is accurate since the data are directly derived from 

Surface Evolver. As such, this regression model can be easily implemented for 

parallel modeling/calculation of a large number of solder joints, such as a solder 

bump array. For instance, the regression model was used by Y. Zhang et.al. [53] in 

their model to predict a chip‟s standoff height supported by an array of solder joints; 

however, the model was not able to predict chip‟s lateral misalignment as well as 

rotations. So far as we know, there is no model that has been developed with full 

6DOF capability in predicting alignment accuracy in the area of solder self-aligning 

assembly research. 

2.3 Model Establish and Validation 

2.3.1 Model Establish 
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 The basic idea of the 6DOF solder self-alignment model is to calculate solder 

joint‟s shear and normal restoring forces according to their individual bonding 

parameters, such as pad position and solder volume, and employ optimization 

method to minimize forces and moments exert on the entire chip to find the chip‟s 

static equilibrium position.  

 Figure 2.1 is free body diagram of a flip-chip assembly which depicts forces 

acting on the entire chip. The surface tension restoring force can be resolved into 

shear and normal components. The balance of the shear restoring force generated 

by joint array yields the equilibrium position of the chip on the horizontal plane, 

while the standoff height of the chip is determined by the balance of chip‟s gravity 

against normal restoring force. In a similar way, the balance in moments along X, Y, 

and Z axis determines chip‟s rotation angles along X, Y, and Z axis. 
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Figure 2.1 Free body diagram of a flip-chip assembly illustrates force balance in 

horizontal and gravitational planes 

  In the 6DOF model, solder restoring forces are calculated using Lin‟s explicit 

regression model [19], which is fast and accurate, as has been discussed previously. 

According to Lin‟s model, the shear restoring force Fs and normal restoring force Fn 

of a molten solder joint are simple polynomial functions of pad radius R, solder 

volume V, joint height H, lateral misalignment P, and surface tension coefficient  , 

and can be expressed as: 

           𝐻                                               2    
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           𝐻                                               2 2  

 To determine the lateral misalignment P and height H, a state vector U is 

defined in equation (2.3), which describes the 6DOF position and orientation of the 

chip relative to the substrate. 
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                                                               2    

where x and y denote lateral displacements of the geometric center of 

misaligned chip relative to that of well-aligned chip, z denotes the height between 

the chip‟s geometric center and the substrate,    ,    , and     denote the rotation 

of the chip around X, Y, and Z axis. The above parameters are illustrated in Figure 

2.2.  
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Figure 2.2 Schematic on components comprising chip‟s state vector U in a 

misaligned flip-chip assembly 

 For a given chip state U, we define a residual vector   to calculate the sum of 

orthogonal forces ∑  , ∑    and ∑   in X, Y, and Z directions and the sum of 

moments ∑     ∑  , and ∑   along X, Y, Z axis, as expressed in equation (2.4):  
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                                                            2    

 Static equilibrium is achieved when the residual vector r equals zero. The 

parameter   in this equation is a scaling factor, which aids in the convergence of the 
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optimization algorithms by forcing the optimizer to operate more or less strongly on 

the sum of moments. 

 The programing code was compiled through commercial software Matlab. 

Figure 2.3 is the logic flowchart of the programing. First of all, the initial position of 

the chip‟s center (X, Y position and height) before assembly was measured and 

input to the model, which can be regarded as chip‟s initial position vector U. 

Combined with the design layout depicting the position of individual bonding pads 

on board/chip, the relative position of each bonding pad pair was calculated. Lateral 

misalignment and vertical misalignment can be determined accordingly. From 

lateral and vertical misalignments and manufacturing parameters of individual 

solder joint, such as joint volume and surface tension coefficient, the restoring forces 

that these joints exert on the chip can be determined. Combined with the inputs of 

external forces, residual vector    was calculated. To solve for U, nonlinear 

optimization methods are employed, where the objective function is defined by a 

typical least-squares formulation, expressed in equation (2.5): 

   
 

   

2
                                                         2    
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Figure 2.3 Programming flowchart of the 6DOF solder self-alignment model  

 By varying U and calculating corresponding residual vector r, we can 

evaluate the least square equation, which is a function of r. When the least square 

equals zero, the corresponding U yields chip‟s final position vector. 

 Two optimization algorithms have to be used to solve for vector U, due to 

numerical stability issues caused by finite differencing gradient calculations for 

very small angles. The solution is found by first searching for an approximate 

solution with a Levenberg-Marquardt (LMA) gradient-based minimization [54], 

followed by a non-gradient-based Nelder-Mead simplex minimization [55] for 
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convergence to the final solution to within a specified tolerance. The Levenberg-

Marquardttrust region optimization algorithm was chosen because its speed, 

efficiency, and robustness; however, it requires the calculation of a gradient by 

using a finite differencing calculation which quickly approaches the 16-digit limit of 

MATLAB‟s double floating point precision math and would not converge toward the 

solution any further. On the other hand, Nelder-Mead simplex method do not have 

to compute a gradient, however, it is not a robust algorithm. It tends to search the 

solution space unnecessarily and become stuck, and it also does not perform well far 

from the solution. The first issue may be alleviated by simply running the optimizer 

a few times, which randomly resets the initial search parameters, until the solution 

is found to a satisfactory tolerance. The second issue requires that the initial 

condition is close to the solution. Because of this, the self-aligning solder solver is 

designed to use a gradient-based optimization method to provide a close 

approximation of the solution for the Nelder-Mead simplex algorithm. A typical 

numerical interation history when solving for the objective function using this 

model is displayed in Figure 2.4. This example required 500 LMA iterations 

followed by three Nelder-Mead simplex restarts with 1500 iterations after each 

restart to converge to an adequate solution. The spikes in the objective value 

correspond to the random initialization of the simplex algorithm searching the local 

solution space. It is seen from the diagram that the objective function  
   

 
  reached a 

convergence tolerance of less than 10-20 after approximately 4700 iterations. 
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Figure 2.4 Illustration of iteration history during objective function optimization 

2.3.2 Model Validation 

 Glass-on-silicon flip-chip test vehicles were designed, fabricated, assembled 

and characterized to experimentally validate the model. Figure 2.5 shows an image 

of a typical test vehicle assembly. It contains a dummy 3 mm × 3 mm glass chip 

bonded to a silicon substrate through an array of 25 solder bumps. Pyrex 

borosilicate glass with coefficient of thermal expansion (CTE) of 3.25 ppm/°C was 

employed as this matches the CTE of silicon. 
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Figure 2.5 Top view image of the assembled test vehicle 

 The solder joint was confined on the top and bottom by a pair of circular pads 

fabricated on the chip and the substrate respectively. The under bump metallization 

(UBM) pattern on chip/substrate is shown in Figure 2.6, where the pad diameter 

and pitch are 200 µm and 800 µm respectively. The 25 circular pads array is 

arranged in a manner shown in Figure 2.6. To aid the measurement of lateral 

misalignment of the chip relative to the substrate, several sets of vernier like 

alignment marks were designed and fabricated in between the pads. By using a 

high resolution optical microscope to measure the overlay of the alignment marks, 

the lateral misalignments x and y can be determined accordingly. The optical 

microscope images at the bottom of Figure 2.6 display two sets of alignment marks 

from an actual assembly. When the sixth bar (center) on chip and substrate aligned 
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with each other, perfect alignment was achieved. If the fifth or seventh bar was 

aligned, the misalignment between chip and the substrate would be ±1 µm. The 

error associated with the measurement from these marks is ±0.5 µm since the 

resolution of the image processing program is 1 µm linewidth.  

 

Figure 2.6 Layout of UBM pattern and alignment marks on the glass chip and 

silicon substrate 

          The standoff height of the solder bump H was obtained from directly 

measuring the distance between top and bottom copper pads from the cross-section 

image of the assembly (copper pad was excluded), as shown in Figure 2.7. Since the 
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copper surface roughness plus intermetallic alloy region thickness is less than 1 µm, 

the error associated to this measuring method is ±1 µm. 

 

Figure 2.7 Cross-section image of an assembly showing the way to measure solder 

bump‟s standoff height 

 The solder pads and alignment marks were fabricated using 

photolithography, evaporation, and copper electroplating. After titanium(20 

nm)/copper(500 nm) seed layers were evaporated on the glass and silicon wafers, 

photoresist was spun coated, exposed, and developed on the wafer to form openings 
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for the solder pads and alignment marks. These openings were then filled by copper 

electroplating to form 4 µm thick copper pads and alignment marks. After removing 

the photoresist and seed layers, the chip/substrate was ready for solder bumping 

and volume measurement. Solder electroplating was used to deposit eutectic SnPb 

solder on the silicon substrate. The plated solder were first reflowed to form 

spherical cap bumps, as shown in the SEM image in Figure 2.8 (bottom). Then a 

contact profilometer was used to measure the peak heights (h) of these spherical 

caps prior to chip assembly, and the volume of each bump was calculated using the 

following equation:  

  
 

 
                                                   2    

 where r is the radius of the solder pad and h is the height of the solder crown. 

After the glass chip was placed onto the bumped substrate, the assembly was 

reflowed in a reactive formic acid environment. From the SEM image of Figure 2.8 

(top), it is evident that all the post reflow joints have formed truncated shapes (full 

solder wetting on pads seen after the top glass chip was removed), indicating the 

assembly conditions sufficed to ensure complete reflow of the solder. 
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Figure 2.8 SEM images of solder bumps being plated on solder pads before (bottom) 

and after assembly (top) 

 A formic acid-based fluxless soldering reflow process (see [42] for details), 

which is preferable for optoelectronics packaging to avoid contamination from flux 
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chemicals, was employed for the soldering. The schematic diagram of the reflow 

setup is shown in Figure 2.9.  

 

Figure 2.9 Diagram of the formic acid-based soldering apparatus 

 First, the sample to be assembled was placed on a hot plate, whose surface 

was leveled by a gradienter. Then, high-purity nitrogen gas (99.99%) was bubbled 

through a flask containing formic acid solution to generate formic acid vapor. A 

second channel of nitrogen was introduced and combined with the formic acid vapor 

channel to adjust the concentration of the formic acid vapor. The mixture of formic 

acid vapor and nitrogen gas was then guided into a glass chamber which covered 

the hot plate to create a reduction atmosphere. In this study, the formic acid vapor 
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concentration was controlled as 0.75% by volume, with N2 flow rate at 59600 sccm 

(standard cubic centimeter per minute) and formic acid flow rate at 450 sccm. The 

peak reflow temperature was 220℃ and the duration at the peak temperature was 

50 seconds. The entire reflow process of heating and cooling lasts 30 minutes. The 

reflow procedure was performed on a shear loading reflow system [51] as shown in 

Figure 2.10. The hotplate can be tilted arbitrarily with respect to the horizontal 

plane to intentionally create an initial misalignment between the chip and 

substrate. A skewed leg and a controlled leg with two runs per leg were 

investigated, generating a total of 4 representative samples. The skewed leg 

consists of the assembly tilting 5 degrees with 0.5 gram extra weight onto the chip 

(Sample #1 and #2), whereas the controlled leg consists of the assembly without 

extra weight and tilt (sample #3 and #4). In each leg, the solder volume distribution 

on the substrate prior to assembly was characterized and input to the model. 
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Figure 2.10 Reflow setup for self-alignment experiments (a) controlled leg (b) 

skewed leg 

 Listed in Table 2.1 are the measured individual volume of all 25 joints in 

sample #1, #2, #3, and #4. Since all four samples are selected from different 

electroplating batches, their average solder volume varies a lot. On the other hand, 

the solder volume within one sample shows relatively uniform distribution with 

maximum deviation from the average of around 5%. The position of these joints in 

terms of x-y coordinates is listed in Table 2.2. Table 2.3 lists other parameters 

during assembly: 1) initial design parameters; 2) initial external forces; and 3) 

initial chip position. These variables as initial conditions were input to the model 

for simulation. 
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Table 2.1 Volume distribution of the 25-arrayed solder joints in the assemblies 

Sample #1 (× 106   3) 

 1st column 2nd column 3rd column 4th column 5th column 6th column 7th column 

1st row 1.681  1.593  1.572  1.512 

2nd row  1.650  1.627  1.584  

3rd row 1.604  1.655  1.640  1.601 

4th row  1.634  1.594  1.582  

5th row 1.651  1.622  1.601  1.612 

6th row  1.659  1.645  1.637  

7th row 1.650  1.609  1.599  1.564 

Sample #2 (× 106   3) 

 1st column 2nd column 3rd column 4th column 5th column 6th column 7th column 

1st row 1.521  1.515  1.567  1.531 

2nd row  1.520  1.550  1.634  

3rd row 1.541  1.564  1.624  1.558 

4th row  1.576  1.586  1.632  

5th row 1.607  1.598  1.617  1.616 

6th row  1.598  1.565  1.563  

7th row 1.562  1.562  1.624  1.559 

Sample #3 (× 106   3) 

 1st column 2nd column 3rd column 4th column 5th column 6th column 7th column 

1st row 2.219  2.279  2.315  2.282 

2nd row  2.309  2.305  2.336  

3rd row 2.269  2.359  2.373  2.373 

4th row  2.373  2.366  2.305  

5th row 2.322  2.418  2.428  2.346 

6th row  2.377  2.315  2.397  

7th row 2.269  2.460  2.366  2.325 

Sample #4 (× 106   3) 

 1st column 2nd column 3rd column 4th column 5th column 6th column 7th column 

1st row 1.179  1.218  1.240  1.239 

2nd row  1.314  1.213  1.331  

3rd row 1.211  1.349  1.299  1.293 

4th row  1.058  1.329  0  

5th row 1.184  1.310  1.252  1.235 

6th row  1.240  1.244  1.217  



60 

 

7th row 1.122  1.208  1.215  1.187 

Table 2.2 Location of individual solder pad indicated by x, y coordinates (Units: µm) 

 1st column 2nd column 3rd column 4th column 5th column 6th column 7th column 

1st row -1200, 1200  -400, 1200  400, 1200  1200, 1200 

2nd row  -800, 800  0, 800  800, 800  

3rd row -1200, 400  -400, 400  400, 400  1200, 400 

4th row  -800, 0  0, 0  800, 0  

5th row -1200, -400  -400, -400  400, -400  1200, 400 

6th row  -800, -800  0, -800  800, -800  

7th row -1200, -1200  -400, -1200  400, -1200  1200, -1200 

Table 2.3 Other manufacturing parameters input to the model 

Classification Specified items Value 

Initial design 

parameters 
Pad radius 100 µm 

 Surface tension coefficient 0.325 N/m 

 Chip mass 
0.505 g (skewed leg)          

0.005 g (controlled leg) 

 Chip length 3000 µm 

 Chip width 3000 µm 

 Chip thickness 175.0 µm 

Initial external 

forces 

External loadings in x, y, and z directions and 

external moments around x, y, and z axis 
[ 0 0 0 0 0 0 ]'  

 Direction of gravity vector 
[0.087, 0, -0.996] ' (skewed leg)            

[0, 0, -1] (controlled leg) 

Initial chip 

position 
Chip initial lateral misalignment in micron [x, y] [5, 10] 

 Chip initial standoff height 40 µm 

 The predicted chip‟s 6DOF position from the model for sample #1 are 

displayed in Figure 2.11 and 2.12. With an average volume of 1.615 × 106 µm3 and 

maximum volume deviation from the average being about 5%, the model indicates 

that there will be 10.6 µm misaligment along X direction, and 0.018 µm 

misalignment along Y direction. Meanwhile, the standoff height between the chip 

and the substrate was predicted to be in the range of 45.5-47.3 µm. Figure 2.12 

plots out the height of the individual solder pads on the chip in a three dimensional 

space. 
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Figure 2.11 Simulation result for sample #1 implies a 10.6 µm misalignment on the 

horizontal plane  
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Figure 2.12 Simulation result for sample #1 implies a chip stand-off height 

distribution between 45.5-47.3 µm 

 Experimental results of sample #1 shown in Figure 2.13 and 2.14 indicate 

that the chip has 10.8±0.5 µm misalignment along X direction and 0±0.5 µm 

misalignment along Y direction. The height of the solder joints is distributed in the 

range from 45 to 47 µm, with measurement error margins of ±1 µm. The 

experimental results agree with simulation results to within 3%.   
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Figure 2.13 Optical microscope images of sample #1 indicate a measured 

misalignment of 10.8 ±0.5 µm in the x direction, and almost no misalignment in the 

y direction 
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Figure 2.14 Cross-sectional optical microscope images of sample #1 indicate the 

height distribution of solder bumps is between 45-47 ±1 µm 

 Table 2.4 compares simulation and experimental results for the two skewed 

leg assemblies. It is clear that simulation agrees very well with experiment for both 

assemblies. 
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Table 2.4 Simulation and experimental results for skewed leg assemblies 

 

First skewed leg assembly 

(Sample #1) 

Second skewed leg assembly 

(Sample #2) 

Simulation Experiment Simulation Experiment 

Misalign_x (µm) 10.6 10.8 ±0.5 10.3 10.6 ±0.5 

Misalign_y (µm) 0.018 0 ±0.5 0.037 0.5 ±0.5 

Height_z (µm) 45.5-47.3 45-47 ±1 44.6-46.2 44-46 ±1 

Theta_x (degree) -0.012 N/A -0.041 -0.044 ±0.02 

Theta_y (degree) 0.043 0.044 ±0.02 -0.014 N/A 

Theta_z (degree) 6.29x10-8 0 2.04x10-8 0 

 For the controlled leg assemblies, Figure 2.15 shows lateral misalignment of 

sample #3, and its standoff height distribution was demonstrated previously in 

Figure 2.7. With an average solder volume 2.34 × 106 µm3 and maximum volume 

deviation from the average about 5%, the sample shows good lateral alignment with 

accuracy better than ± 0.5 µm, and a standoff height distribution of 69-72 ±1 µm. 
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Figure 2.15 Optical microscope images of sample #3 indicate alignment accuracy 

better than ± 0.5 µm in x and y directions (this picture was featured on the cover of 

IEEE TCPMT September/October Print Collection, 2011) 

 Table 2.5 compares experimental and simulation results for the two 

controlled leg assemblies. The data again confirmed the validity of the model. Since 

sample #3 and #4 have different average solder volumes (2.34 × 106 µm3 ± 5% vs. 

1.24× 106 µm3 ±5%), their standoff heights are apparently different from each other. 
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Table 2.5 Simulation and experimental results for controlled leg assemblies  

 

First controlled  leg assembly 

(Sample #3) 

Second controlled leg assembly 

(Sample #4) 

Simulation Experiment Simulation Experiment 

Misalign_x (µm) -0.038 -0.5 ±0.5 -0.058 -0.5 ±0.5 

Misalign_y (µm) 0.077 0.5 ±0.5 -0.081 -1 ±0.5 

Height_z (µm) 68.0-71.2 69-72 ±1 54.5-57.6 55-58 ±1 

Theta_x (degree) -0.050 -0.057 ±0.02 0.016 N/A 

Theta_y (degree) -0.022 N/A -0.068 -0.066 ±0.02 

Theta_z (degree) -2.3x10-8 0 -2.4x10-8 0 

2.4 Chapter Summary 

 In this chapter, a model was developed to predict the 6DOF behaviors of an 

optical chip during solder self-alignment. With the following input parameters: 

bonding pad position and diameter, solder bumps volume distribution, solder 

surface tension coefficient, chip mass, external forces acting on the chip, and initial 

pick-n-place position of the chip, the model predicts the assembled position of the 

chip in terms of the misalignments in the X-Y plane misalign_x, misalign_y, 

standoff height distribution over the substrate height_z, and the rotation angles 

along X, Y and Z axis theta_x, theta_y, theta_z. The model was developed using 

force optimization methods based on an explicit regression model, and validated 

experimentally with glass-on-silicon flip-chip test vehicles. The experimental 

results correlate with the model prediction to within 3% for the lateral alignment 

and 2% for the standoff height. Using this model, the effects of manufacturing 

parameters, such as solder volume variation, solder volume distribution, as well as 



68 

 

chip mass on the alignment accuracies can be further investigated in the following 

chapters.   
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CHAPTER 3 VCSEL ARRAY SOLDERED ON A SUBSTRATE 

3.1 Introduction  

 In this chapter, we will further demonstrate the use of the solder self-

alignment model developed in chapter 2 in a case that represents a possible real 

application: to optimize the bonding pad design of a vertical-cavity surface-emitting 

lasers (VCSELs) module for solder self-aligning assembly to improve assembly 

tolerance on manufacturing variations. To illustrate how to use the model, we will 

go through the entire design procedures: specifying alignment accuracy 

requirements; identifying all possible design options for manufacturing parameter; 

calculating 6DOF alignment accuracies with inputs of manufacturing parameter; 

and finalizing the optimal design parameters by employing worst case analysis. Our 

aim in this chapter is to develop a design process using 6DOF self-alignment model 

for VCSELs and other optoelectronics requiring high self-alignment accuracy to 

achieve the concept of „design for assembly‟. Once again, we will prove that the self-

alignment model developed in chapter 2 is a powerful tool to aid in the design of 

optoelectronics flip-chip assemblies requiring high alignment accuracies.  

3.2 Background 

 VCSELs has been well recognized as low-cost low-power light sources for 

advanced optoelectronic (OE) interconnects developed for parallel high-bandwidth 

high-density optical data communication, network switching, and signal processing 

[56-58]. To fully commercialize this technology, problems such as electrical 
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interconnects [59], [60], RF compatibility [61], [62], thermal management [63], and 

more importantly, optical coupling and alignment [59], [64] need to be solved. Flip-

chip packaging technology, which uses solder joint to connect VCSELs chip directly 

onto substrate, provides incomparable solution to these problems because of better 

thermal management, lower electrical impedance and power consumption. 

Moreover, flip-chip soldering can realize cost-effective optical coupling between 

VCSELs and other optical modules through solder self-alignment. Recent advance 

of high performance VCSELs demanding smaller chip dimensions and higher 

interconnect densities imposes increasingly rigorous requirements on self-aligning 

assembly. For instance, as solder pad diameter and bonding pitch become smaller, 

solder bump nonplanarity and bridging problems become aggravated. The solder 

bumping method should be able to control solder volume variation within a certain 

degree to alleviate the nonplanarity and bridging issues. In addition, with more and 

more parallel communication channels being integrated in one VCSEL-array, the 

chip‟s width-to-length aspect ratio becomes larger and larger, leading to difficult 

control in alignment accuracy along X, Y, and Z directions. Therefore, a good control 

in manufacturing parameters especially bonding pad dimension design is crucial to 

achieve an accurate self-aligning assembly. In view of the fact that VCSELs 

fabrication process is complicate and time-consuming, prefabrication design and 

optimization of bonding pad dimensions using software simulation becomes 

necessary. However, so far as we know, no software tools have been available to 

design VCSELs or other optoelectronic devices for solder self-aligning assembly.  
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3.3 Configuration Modelled  

 

Figure 3.1 Isometric view of a 1×12-arrayed VCSELs module to be assembled 

 Figure 3.1 is isometric view of a 1x12-arrayed VCSELs chip to be assembled. 

The chip total dimension is 3200 × 500 × 650 µm3.  It features 12 identical VCSELs 

and each VCSEL has a dimension of 220 × 500 × 650 µm3. There are 4 bonding pads 

for electrical/mechanical connection on each VCSEL and the pitch between 

neighboring bonding pads is 126 µm. The total mass for the VCSEL-array is 

0.0054±0.0002 gram. To guarantee low longitudinal and transverse coupling lost, 

the following alignment accuracy should be achieved: planar misalignments in X 

and Y directions between VCSELs‟ activate layer and the substrate should be less 

than ±2 µm, and chip‟s rotation angle about Z-axis be less than 0.0006 rad; At the 
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same time, the target average standoff height between chip‟s active layer and the 

substrate should be 50 µm and the standoff height variation over the whole chip 

(max. Height_Z-min. Height_Z) be within 2 µm. In addition, to avoid solder bridging, 

maximum solder equator radius should be limited to within 63 µm as the minimum 

pitch between bonding pads is 126 µm. The above mentioned parameters are 

schematically illustrated in Figure 3.2. In this research, volume controlled SAC 

(96.5%Sn-3%Ag-0.5%Cu) solder spheres will be used as interconnects as it provides 

the best control in volume variation. Among the commercially available solder 

spheres, we identified that the spheres with diameter of 70, 80, and 90 µm from 

Senju Metal industry co., Ltd are potential candidates. According to the company‟s 

specification, these spheres have standard deviation of ±2 µm in diameter.  

 

Figure 3.2 Schematic of the VCSELs flip-chip assembly on the substrate 

 Table 3.1 lists the Cartesian coordinate locations of individual bonding pads 

input to the model. The origin of the coordinate system (0, 0, 0) is at the center of 
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the substrate, facing VCSELs‟ activate plane. The pad‟s serial number “1-1” 

indicates that the pad is located in the first row and first column of the array. Other 

design and manufacturing parameters input to the model are listed in Table 3.2. 

These parameters include: 1) initial design parameters, such as solder pad diameter 

(e.g. 70 µm), chip mass (0.0054±0.0002 grams), chip size (3200 × 500 × 650 µm3), 

solder diameter (e.g. 80±2 µm, randomly distributed on each pad), as well as solder 

surface tension coefficient (0.460 N/m [11]); 2) initial external forces, including 

reflow platform tilting represented by the gravity vector‟s direction and other 

external forces imposed on the chip, which is zero in the present study, and 3) 

initial chip‟s position before solder reflow which reflects the pick and place accuracy 

of the chip, and was found to be about 25 µm in X direction, 10 µm in Y direction, 

and 65 µm in Z direction (for 70 µm_ pad/80 µm_sphere unit). 

Table 3.1 Model inputs: location of individual bonding pads 

Pad Serial No. 1-1 1-2 1-3 1-4 1-5 1-6 

Cartesian 

Coordinate 

(-1449,149, 

0) 

(-1323,149, 

0) 

(-1197,149, 

0) 

(-1071,149, 

0) 

(-945,149, 

0) 

(-819,149, 

0) 

Pad Serial No. 1-7 1-8 1-9 1-10 1-11 1-12 

Cartesian 

Coordinate 

(-693,149, 

0) 

(-567,149, 

0) 

(-441,149, 

0) 

(-315,149, 

0) 

(-189,149, 

0) 
(-63,149, 0) 

Pad Serial No. 1-13 1-14 1-15 1-16 1-17 1-18 

Cartesian 

Coordinate 
(63,149, 0) 

(189,149, 

0) 
(315,149, 0) (441,149, 0) (567,149, 0) (693,149, 0) 

Pad Serial No. 1-19 1-20 1-21 1-22 1-23 1-24 

Cartesian 

Coordinate 
(819,149, 0) 

(945,149, 

0) 

(1071,149, 

0) 

(1197,149, 

0) 

(1323,149, 

0) 

(1449,149, 

0) 

Pad Serial No. 2-1 2-2 2-3 2-4 2-5 2-6 

Cartesian 

Coordinate 

(-1449,-149, 

0) 

(-1323,-

149) 

(-1197,-

149) 

(-1071,-149, 

0) 

(-945,-149, 

0) 

(-819,-149, 

0) 

Pad Serial No. 2-7 2-8 2-9 2-10 2-11 2-12 

Cartesian 

Coordinate 

(-693,-149, 

0) 

(-567,-149, 

0) 

(-441,-149, 

0) 

(-315,-149, 

0) 

(-189,-149, 

0) 

(-63,-149, 

0) 

Pad Serial No. 2-13 2-14 2-15 2-16 2-17 2-18 



74 

 

Cartesian 

Coordinate 
(63,-149, 0) 

(189,-149, 

0) 

(315,-149, 

0) 

(441,-149, 

0) 

(567,-149, 

0) 

(693,-149, 

0) 

Pad Serial No. 2-19 2-20 2-21 2-22 2-23 2-24 

Cartesian 

Coordinate 

(819,-149, 

0) 

(945,-149, 

0) 

(1071,-149, 

0) 

(1197,-149, 

0) 

(1323,-149, 

0) 

(1449,-149, 

0) 

 Table 3.2 Model inputs: design and manufacturing parameters 

Classification Specified items Value 

Initial design 

parameters 

Pad diameter 70 µm 

Surface tension coefficient 0.460 N/m 

Chip mass 
0.0054±0.0002 

g 

Chip length 3200 µm 

Chip width 500 µm 

Chip thickness 650.0 µm 

Solder sphere diameter 80±2 µm 

Initial external 

forces 

External loadings in x, y, and z directions and external 

moments around x, y, and z axis 
[ 0 0 0 0 0 0 ]' 

Direction of gravity vector [0, 0, -1] 

Initial chip position 
Chip initial lateral misalignment in micron [x, y] [25 µm, 10 µm] 

Chip initial standoff height 65 µm 

 As an example of the model outputs from the above inputs, Figure 3.3 shows 

that the predicted misalign_x is -4.04e-07 µm, misalign_y is -7.44e-08 µm, theta_x is 

7.03e-05 rad, theta_y is 1.85e-04 rad, theta_z is -6.83e-09 rad, and height_Z 

distribution is 49.9-51.3 µm. 
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Figure 3.3 Self-alignment model outputs from the inputs listed in Table 3.1 and 3.2 

3.4 Results and Discussion 

3.4.1 Chip‟s Standoff Height Control  

 The model was firstly used to determine all possible combinations for solder 

pad diameter and solder sphere diameter upon achieving required chip‟s standoff 

height. The solder spheres commercially available are 70, 80 and 90 µm in diameter, 

and the target chip‟s average standoff height is 50 µm with maximum tolerance of ± 

2 µm. Figure 3.4 shows the model calculated VCSELs‟ standoff height versus solder 

pad diameter when using 70, 80 and 90 µm solder spheres, respectively. It is seen 

that in order to obtain 50 µm standoff height, solder pad diameter should be 

designed to be 90 µm if using 90 µm solder sphere. The solder pad diameter has to 

be changed to 70 µm if using 80 µm sphere, and changed to 52 µm when using 70 

µm sphere. Thus we have a total of three options for the combination of solder pad 
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and solder sphere diameter: 52 µm_pad/70 µm_sphere, 70 µm_pad/80 µm_sphere 

and 90 µm_pad/90 µm_sphere.   

 

 

Figure 3.4 VCSEL chip‟s standoff height versus solder pad diameter for 70, 80 and 

90 µm solder spheres 

 According to the manufacturer‟s specification, those solder spheres have ±2 

µm standard deviation in diameter. Our task next is to determine how the sphere 

diameter deviation affects standoff height variation over the whole chip. To 

accomplish this, we will be using worst case analysis to figure out the largest 

standoff height variation in a randomly generated 100 cases. The model first uses 

matlab randn() function to generate a total of 48 random numbers. These numbers 

have an average value of 70 for 52 µm pad diameter, 80 for 70 µm pad diameter or 

90 for 90 µm pad diameter, with standard deviation of ±1, ±2, or ±3. These numbers 
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can be regarded as solder sphere diameters of the 48 solder joints distributed on 

each pad in a hypothetical assembly case. A total of 100 hypothetical cases were 

generated and the simulation results were recorded for each pad diameter case. 

Among these 100 simulation results, the one having the worst alignment was 

picked out. Figure 3.5 shows an example of the data generated during worst case 

analysis. For the 70 µm_pad/80±1 µm_sphere combination, twenty simulation 

results were recorded with regard to chip‟s max. Height_Z and min. Height_Z. 

Apparently, case No. 11 has the largest height_Z variation (max. Height_Z-min. 

Height_Z=2.9 µm), and can be regarded as the worst case. 

Figure 3.5 Largest and smallest standoff height recorded from 20 simulations for 70 

µm_pad/80±2 µm_sphere combinations  

 The recorded worst Height_Z variations for the above three combinations: 52 

µm_pad/70 µm_sphere, 70 µm_pad/80 µm_sphere and 90 µm_pad/90 µm_sphere are 

shown in Figure 3.6. As expected, for all three combinations when solder sphere 

diameter deviation increases from ±1 to ±3 µm, Height_Z variation increases 

accordingly. The largest height_Z variation can reach as high as 8.0 µm for the 90 

µm_pad/90±3 µm_sphere case. In order to meet the criterion that maximum 



78 

 

height_Z variation should be less than 2 µm, solder sphere diameter‟s standard 

deviation must be kept within ±0.8 µm. Since manufacturing variation for volume 

controlled solder spheres is ±2 µm [65], none of the above three combinations is able 

to meet such stringent requirement. 

 

Figure 3.6 Height_Z variation versus solder sphere diameter deviation recorded 

from worst case analysis of three different design combinations: 52 µm_pad/70 

µm_sphere, 70 µm_pad/80 µm_sphere and 90 µm_pad/90 µm_sphere   

 On the other hand, worst case analysis indicate that chip‟s planar 

misalignments, i.e., misalignment in X and Y directions misalign_x and misalign_y, 

and rotation angle about Z axis theta_z are very small compared to height_Z 

variation. The worst planar misalignments recorded from 70 µm_pad/80 µm_sphere 

combination are shown in Figure 3.7. It is seen that although misalign_x, 

misalign_y, and theta_z increases with the increasing of solder sphere diameter 

deviation, they are all in the range of less than 10e-4. Therefore, it is much easier to 
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meet ±2 µm planar misalignment requirement even with large width-to-length 

aspect ratio.  

 

Figure 3.7 Planar misalignment versus solder sphere diameter deviation recorded 

from worst case analysis of 70 µm_pad/80 µm_sphere design combination  

3.4.2 Solder Joint Bridging Control  

 With the advance of high performance VCSELs packaging towards higher 

interconnect densities and smaller packaging dimensions, solder bridging is 

becoming more and more common. Therefore, the model should be able to predict 

maximum radius (equator radius) of individual solder joints to avoid solder bridging 

to the best. In the 3D model, the equator radius of the truncated solder joint was 

calculated from equation (3.1) [10]:  
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 Again, V is the volume of solder joint, h is standoff height of the truncated 

joint, r0 is solder‟s equator radius, and r is bonding pad radius. Bridging would 

happen if equator radius of neighboring solder joints adds up to the pitch of solder 

pad, e.g. 126 µm in our case. As a rough estimation, solder joint‟s maximum equator 

radius should be limited to be less than 63 µm. Through worst case analysis, Figure 

3.8 recorded maximum solder joint equator radius versus ±1, ±2, and ±3 µm solder 

diameter deviation for 52 µm_pad/70 µm_sphere, 70 µm_pad/80 µm_sphere and 90 

µm_pad/90 µm_sphere combinations. From Figure 3.8, the maximum joint equator 

radius can reach as high as 61.2 µm for the 90 µm_pad/90 µm_sphere design with 

±3 µm diameter deviation, indicating that this combination should be avoided since 

large potential of solder bridging may happen. Whearas both 52 µm_pad/70 

µm_sphere and 70 µm_pad/80 µm_sphere combinations have less than 55 µm joint 

equator radius at ±3 µm diameter deviation, giving no evidence of bridging even for 

the worst situations.  
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Figure 3.8 Maximum solder equator radius versus solder sphere diameter deviation 

recorded from worst case analysis of three different design combinations: 52 

µm_pad/70 µm_sphere, 70 µm_pad/80 µm_sphere and 90 µm_pad/90 µm_sphere   

3.4.3 New Design for Better Alignment Accuracy Control 

 From the above analyses, it is clear that for the current solder manufacturing 

tolerance (±2 µm) and the above two-row design, it‟s difficult to reach required 

alignment accuracy through solder self-aligning assembly. Therefore, we proposed a 

new design which allows larger manufacturing tolerance on solder volume 

deviation/variation. Figure 3.9 shows the concept of the design. The new design 

consists of two rows of VCSEL I/O interconnect pads and 8 extra rows of self-

alignment pads, resulting in a total of 240 bonding pads, as shown in Figure 3.9a. 

The new design adopts 70 µm_pad/80 µm_sphere design combination for the best 

control of solder bridging and manufacturability. In Figure 3.9a, the red color circles 
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represent solder pads and the black color circles represent model predicted joint 

equators, which can be used to visually check the possibility of solder bridging. The 

overall dimension of the chip is 3.2 mm×1.5 mm, and the top-view image of the chip 

on substrate through 6DOF model output is shown in Figure 3.9b. 
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Figure 3.9 Proposed new design to achieve better self-alignment accuracy with large 

volume variation: (a) solder pad distribution of the new design (b) top-view image of 

the chip on substrate 

 Worst case analysis on the 240-pad design revealed that the new design can 

reduce standoff height variation substantially compared to the previous 48-pad 

design. Figure 3.10 compared Height_Z variation versus solder sphere diameter 

deviation for the two designs. It is seen that if solder diameter variation is around 

±2 µm, the standoff height variation of the 240-pad design is about 2 µm. For ±3 µm 

solder sphere diameter deviation, the standoff height variation of the 240-pad 

design still can be controlled to be within 4 µm (3.2 µm).  

 

Figure 3.10 Height_Z variation versus solder sphere diameter deviation recorded 

from worst case analysis of 48-pad design and 240-pad design 

 The reason that the 240-pad design is able to reduce standoff height variation 

is that this design enlarges the chip‟s dimension along Y direction. As a result, there 

is less possibility to have large height_Z variation along Y direction; also chip‟s 

rotation about X-axis is reduced substantially. Figure 3.11 shows that the largest 
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rotation angle about X-axis of 48-pad design is about 10 times larger than the 240-

pad design.  

 

Figure 3.11 Chip rotation along X axis versus solder sphere diameter deviation 

recorded from worst case analysis for 48-pad design and 240-pad design 

 Figure 3.12 compared the maximum solder joint equator radius of the 48-pad 

and the 240-pad designs. It is seen that maximum solder joint equator radius in the 

240-pad design is comparable to that of the 48-pad design, and shows no evidence of 

bridging even for ±3 µm solder diameter deviation.  
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Figure 3.12 Solder maximum equation radius versus solder sphere diameter 

deviation recorded from worst case analysis of 48-pad design and 240-pad design 

3.4.4 Discussion 

 Among the various parameters input to the model, solder surface tension 

coefficient is an important parameter that determines shear and normal restoring 

forces of a solder joint. Therefore, the accuracy of the model output is greatly 

influenced by the input value of surface tension coefficient. However, solder surface 

tension varies from material to material and subject to change with increasing of 

reflow temperature. For instance, the surface tension coefficient of SAC related 

solder materials being reported ranges from 390 to 510 dyne/cm [66]. Therefore, it is 

critical to understand the influence of surface tension coefficient on model output. 

Figure 3.13 shows chip‟s average standoff height at different surface tension 

coefficient predicted by the model. It is seen that for the 240-pad VCSELs design, 
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changing surface tension coefficient from 300 to 600 dyne/cm only slightly varies 

chip‟s standoff height by 0.1 µm, indicating that for the current VCSELs design, the 

6DOF model is accurate enough and the results will not be affected significantly by 

large surface tension coefficient variation.  

 

Figure 3.13 Model predicted chip‟s average standoff height at different surface 

tension coefficient 

 The reason that surface tension coefficient has very little influence on chip‟s 

standoff height is that the current VCSELs device has a very small mass and the 

joints are not subjected to large compression and will take on near geometric 

equilibrium shape. Since most optoelectronic devices are small in size and low in 

mass, therefore, calibration of solder surface tension coefficient is not needed for 
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their modeling. However, if chip‟s mass is large enough that solder joints 

significantly collapse, surface tension coefficient will greatly affect model outputs. 

Figure 3.14 shows the model predicted chip‟s average standoff height with the 

increasing of chip‟s mass at surface tension coefficient of 300, 460 and 600 dyne/cm. 

It is seen that when the chip‟s mass is less than 0.05 grams, chip‟s standoff height 

difference between 300 and 600 dyne/cm surface tension is less than 1 µm. Such 

standoff height difference becomes significant when the chip‟s mass increases to 

over 0.1 grams. And the unit with 300 dyne/cm surface tension coefficient collapses 

much faster than the one with 600 dyne/cm surface tension coefficient. Therefore, 

for the model to be valid to heavy optoelectronic devices that is greater than 0.1 

grams (for 240-pad design), it would be crucial to characterize solder‟s surface 

tension coefficient through experiments. 
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Figure 3.14 Model predicted chip‟s standoff height versus chip‟s mass for 

different surface tension coefficient 

3.5 Chapter Summary 

 In this chapter, the 6DOF solder self-alignment model was used to explore 

design widows of 1x12-arrayed VCSELs for flip-chip self-aligning assembly, and 

was proved to be a powerful tool in the design of precision flip-chip optoelectronic 

modules by providing quantitative tolerances guidelines. Worst case analysis was 

performed using the model to compare the three pad/sphere combinations, such as 

52 µm_pad/70 µm_sphere, 70 µm_pad/80 µm_sphere and 90 µm_pad/90 µm_sphere, 

in an attempt to achieve 50 µm target chip standoff height, and to determine the 
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manufacturing tolerances of solder volume deviation/variation for each combination. 

It was found out that 90 µm_pad/90 µm_sphere combination shows high potential of 

bridging and should be avoided. For an initial two-row 48-pad design, solder 

spheres used for chip bumping must have a diameter manufacturing tolerance 

within ± 0.8 µm to achieve less than 2 µm height_Z variation, and this tolerance can 

be improved to ± 2 µm through a proposed ten-row 240-pad design. For the 240-pad 

design, when the mass of the optoelectronic device is less than 0.5 grams, the 

variation of solder surface tension coefficient has very little effect on simulation 

results. However, for the model to be valid in heavy optoelectronic devices, it would 

be necessary to characterize surface tension coefficient of solder materials through 

experiments. 
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CHAPTER 4 EFFECTS OF INSUFFICIENT WETTING AND SOLDER VOIDS ON 

SOLDER SELF-ALIGNMENT  

4.1 Introduction 

 In this chapter, we will attempt to identify the primary undesirable static 

factors affecting solder self-alignment in the practice of industry manufacturing. 

Their effects are characterized by force balance between molten solder‟s restoring 

and normal reaction forces and gravity. These static effects can be used to explain 

most of experimental observations.  In the next chapter, we will expand such a 

model to consider a dynamic situation including the self-aligning motion and 

viscous damping.  

         Through elaborately designed experiments, we will try to figure out these 

factors. Meanwhile, we will use the self-alignment model developed in chapter 2 to 

build quantitative relationships between these factors and the resulted 

misalignments. We will also try to answer questions such as, among the various 

parameters affecting self-alignment accuracy, which plays the most important role? 

How and in what range will it affect alignment accuracy? Can we reduce their 

effects through optimized design? Can we avoid them through appropriate process 

control? Through the studies of this chapter, we will not only be able to get a clear 

picture on how many factors in manufacturing practices will affect self-alignment 

accuracy, but also provide solutions to minimize the influences of these undesirable 

factors. 
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4.2 Background 

 As has been discussed in the background review, investigations on static 

factors affecting alignment accuracy has been mainly focused on maximizing 

restoring forces at ideal manufacturing conditions, such as, pad size and shape 

design optimization [40], pad pitch optimization [7], solder volume optimization [19]. 

On the other hand, extensive efforts have been put to reach optimal manufacturing 

conditions for solder self-alignment, such as, reflow temperature and atmosphere 

control [35], solder material and pad metallization selection [67], bumping method 

selection and control [68]. For instance, Kallmayer et al. [69] investigated the 

optimal reflow atmosphere for eutectic gold/tin solders to achieve good wetting and 

thus good alignment accuracy. However, when manufacturing conditions are not 

ideal, and manufacturing defects are inevitable, how will they quantitatively affect 

alignment accuracy? Can we reduce their impacts through a better design? Related 

research is absent.  

 One of the common problems encountered in manufacturing environments is 

incomplete wetting, in which the solder partially wets a pad, resulting in a defective 

solder joint. This wetting problem may be aggravated when the solders are 

connected directly on bare copper pads for economic reasons, or when gas flux 

soldering technology is adopted, where the reflow environments and gas activations 

are more difficult to control [42,69]. Another soldering defect normally encountered 

is soldering voids, whose formation mechanism is very complicate and still not very 
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well understood. Many researchers [54], [55], [67], [69] have addressed these 

phenomena during the investigations on flip-chip assembly, but their focus has 

been mainly on solderability [54] and reliability examination [55,67], and none of 

the researches have been able to quantitatively relate these undesirable factors to 

alignment accuracy, not to mention modeling their effects in order to design for 

assembly. Therefore, in this chapter, we will quantitatively investigate influences of 

manufacturing defects on alignment accuracy, and utilize the 6DOF model to guide 

the design to minimize the influences of these factors. In addition, we will study the 

influences of reflow process on the formation of soldering defects, in an attempt to 

eliminate these defects through process control in manufacturing environments. 

4.3 Insufficient Wetting and Modeling 

4.3.1 Test Vehicle 

 Glass-on-silicon flip-chip test vehicles were designed and fabricated. The test 

vehicle‟s design layout and assembly have been previously shown in Figure 2.5 and 

2.6 in chapter 2. The UBM pads and alignment marks were fabricated through 

copper electroplating, lithography, and wet etching with a target of 4 µm thickness. 

A thin titanium layer of 30 nm was applied prior to copper deposition to enhance 

adhesion between copper and the substrate. AZ P4620 positive photoresist 

(Microchem Inc.) and Suss MJB4 mask aligner were used for pattern transfer. With 

careful control of lithography protocol, high pattern transfer accuracy with 

tolerance less than 200 nm was achieved. The solder used for the experiment was 
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eutectic SnPb (37/63 Pb/Sn) and its volume was controlled at 4.38±0.3 ×106 µm3 by 

using volume-defined micro solder balls from Indium Corp. Eutectic SnPb alloy was 

adopted because it has been the most commonly used soldering material in the 

electronic industry and has superior wetting capabilities on copper surfaces [70], 

good manufacturability, and process compatibility [71]. The solder balls were first 

placed on the solder pads on the silicon substrate manually with tweezers and 

reflowed to form spherical cap bumps. Then a dummy glass chip of 0.005±0.0006 

grams in weight was placed to cover the bumped substrate with an initial pick-and-

place accuracy of around 30 µm. Finally, another reflow was performed to form 

solder connections and achieve self-alignment. This assembly process is compatible 

with most optoelectronic devices such as light-emitting diodes (LEDs) and vertical-

cavity surface-emitting lasers (VCSELs), which are susceptible to contamination 

and thus usually prohibited from solder bumping. A formic acid-based fluxless 

soldering reflow process [42], which is preferable for optoelectronics packaging to 

avoid contamination from chemical flux, was employed for the soldering. The 

introduction to the reflow process and schematic diagram of the reflow setup were 

shown previously in Figure 2.9 in chapter 2. A total of 10 test vehicles were 

assembled using this reflow technology during the study.  

 The overall misalignments of the chip relative to the substrate, defined as 

misalignment in X direction, misalign_x, misalignment in Y direction, misalign_y, 

and rotation angle at the center point of the chip, θ, can then be calculated through 

the following equation sets: 
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                          (4.1) 

 where (x1, y1) and (x2, y2) are Cartesian coordinates of two individual pads 

located on the substrate, and (x1′, y1′ ), (x2′, y2′ ) are the coordinates of the pads on 

the chip opposite to the above two, which can be read directly from the optical 

microscopic observation of the alignment mark sets. Input the known parameters 

(x1, y1), (x2, y2), and (x1′, y1′), (x2′, y2′) into equation (4.1) yields misalign_x, 

misalign_y, and θ. A schematic drawing of a misaligned chip-to-substrate system 

indicating all the aforementioned parameters is shown in Figure 4.1.        
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Figure 4.1 Diagram of a misaligned chip-to-substrate system illustrates all the 

parameters appeared in equation (4.1) 

4.3.2 Experimental Results 

 The assembled test vehicles showed large variation in alignment accuracy. 

Microscopic photographs of two representative samples are shown in Figure 4.2 and 
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Figure 4.3, respectively. In Figure 4.2, precise alignment was observed, with 

misalignment of 0.5±0.5 µm in the x direction and -0.5±0.5 µm in the y direction, 

and no rotation at the chip center. On the contrary, in Figure 4.3, poor chip-to-

substrate alignment was found, with misalignments of 8.2±0.5 µm in the x direction, 

10.8±0.5 µm in the y direction, and 0.13±0.01 degree of counter clockwise rotation at 

the chip center.   

  

Figure 4.2 Optical microscope 

photographs of a test vehicle with 

precise alignment 

Figure 4.3 Optical microscope 

photographs of a test vehicle with poor 

alignment 
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 To identify the key factor that causes the alignment variation, the above 

samples were cleaved with a sharp razor blade along the gap between chip and 

substrate and separated into two parts. Figure 4.4 and Figure 4.5 reveal the 

surfaces of the glass chip and the silicon substrate after the above two samples were 

disassembled. For the sample with poor alignment, as shown in Figure 4.4, residual 

copper was clearly observed on many solder pads (Figure 4.4a), and their solder 

counterparts showed irregular shapes on the top (Figure 4.4b), indicating the 

existence of incomplete wetting. In contrast, for the sample with precise alignment, 

as shown in Figure 4.5, all the solders fully covered the solder pads and no obvious 

residual copper was found.   

app:ds:irregular
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Figure 4.4 Optical microscope 

photographs of a disassembled test 

vehicle with incomplete wetting where: 

(a) residual copper was observed on 

several UBM pads located on the glass 

chip and (b) irregular shapes were found 

for solder bumps on the silicon 

substrate. 

Figure 4.5 Optical microscope 

photographs of a disassembled test 

vehicle with complete wetting where: (a) 

no residual copper was observed on 

UBM pads located on the glass chip 

and, (b) round shapes were found for 

solder bumps on the silicon substrate. 

 

 Scanning electron micrographs (SEM, JSM-6480LV, Joel Limited) in Figure 

4.6 further revealed that completely wetting of solder bumps guarantees good 

alignment between the chip and the substrate through forming perfectly 

app:ds:irregular
app:ds:irregular
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symmetrical shapes. The magnified image in Figure 4.6b shows a perfect truncated 

bump. When incomplete wetting occurs, however, solder joints were distorted, 

causing degradation of the self-alignment. SEM images in Figure 4.6c and d reveal 

an array of distorted solder bumps and a representative defective bump, 

respectively. 
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Figure 4.6 SEM images of solder bumps in assemblies with different wetting 

conditions show: (a) an array of completely wetting solder bumps with perfect 

symmetry (b) a representative perfect truncated bump (c) an array of distorted 

solder bumps due to incomplete wetting (d) a representative defective bump 

 Further investigation indicates that among the 10 assembled test vehicles, 3 

samples had incomplete wetting defects and showed an average overall 

misalignment larger than ±10 µm both in X and Y directions. Meanwhile, solder 

joints in the other 7 samples (reflowed with auxiliary resin flux) fully wetted the 

pads and alignment accuracy less than ±1 µm was achieved. In addition, given that 

there are solder volume variation of around 5% and solder pad diameter deviation 

of around 0.2 µm in those precisely aligned samples, it is reasonable to conclude 

that the manufacturing tolerance related factors contribute minimally to post-

assembly misalignments. 

4.3.3 Modeling on Insufficient Wetting 

 The 6DOF model developed in chapter 2 cannot be directly applied to the 

joints with irregular shape, such as those in the incomplete wetting cases. It is also 

impractical to build a Surface Evolver model for individual defective solder joints 

because of the large number of solder connections being employed in one assembly. 

Therefore, in the following section, we will estimate the restoring force generated by 

incomplete wetting joints through a simplified method to modify the 6DOF quasi-

static force optimization model, so that it can simulate the insufficient wetting 

phenomenon. 
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 The chip on substrate system was originally designed to have well-aligned 

top and bottom bonding pads. However, incomplete wetting modifies the effective 

configuration of the pad, and introduces a permanent lateral alignment offset 

among the bonding pad pair. Such alignment offset is the origin of large chip-to-

substrate misalignments and should be regarded as initial conditions for model 

inputs. An example of how to determine the incomplete wetting introduced 

alignment offset of each bonding pad pair is illustrated in Figure 4.7. Residual 

copper with bright yellow contrast was first carefully identified on each pad. Then 

circles were drawn on the pads to ensure that the copper residues are excluded from 

the circles. These circles represent the adjusted positions of the pads to account for 

the effect of the incomplete wetting. The diameter of the circles is the same as the 

diameter of the solder pads. In Figure 4.7, the adjusted positions of the pads are 

outlined by white circles, and the inset on the top right corner shows the shift of the 

pad from the initially designed position to the adjusted position. The shift vector 

index (-50, 30) indicates that a shift of -50 µm along X axis and 30 µm along Y axis 

was made to the pad, which also implies the alignment offset between the top and 

the bottom pads is (-50, 30). In such a manner, all the boding pads offsets in the 

three incomplete wetting samples were measured. 
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Figure 4.7 Diagram shows methodology to identify incomplete wetting introduced 

alignment offsets by excluding residual copper from the original pads 

 It is noted that the chip shown in Figure 4.7 needs to be flipped over to finish 

the assembly, and therefore the location of individual pads needs to be adjusted to 

accommodate the flip over of the chip. The new arrangement of these pads after 

chip‟s upside-down flip over is shown in Figure 4.8. In the Figure 4.8, the dashed 

circles represent the initial designed position of the pads and the solid circles 

represent the adjusted position of these pads as a result of incomplete wetting, with 
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indexes denoting the vector of the shift. The above parameters for model inputs are 

summarized in Table 4.1, which lists the location (represented by Cartesian 

coordinate index) of each bonding pad along with its alignment offset introduced by 

incomplete wetting.  
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Figure 4.8 Diagram shows alignment offsets of the soldering pads after chip‟s 

upside-down flip over 

Table 4.1 Model inputs: solder pad locations and their respective alignment offsets 

introduced by incomplete wetting (in µm) 

Pad No. Location Alignment Offset Pad No. Location Alignment Offset 

1-1 (-1200, 1200) (-55, -35) 4-3 (800, 0) (-30, -20) 

1-2 (-400, 1200) (0, 0) 5-1 (-1200, -400) (0, 0) 

1-3 (400, 1200) (0, 0) 5-2 (-400, -400) (-30, -60) 

1-4 (1200, 1200) (0, 0) 5-3 (400, -400) (-60, -20) 

2-1 (-800, 800) (-15, -35) 5-4 (1200, -400) (0, 0) 

2-2 (0, 800) (-55, -20) 6-1 (-800, -800) (-20, -12) 

2-3 (800, 800) (0, 0) 6-2 (0, -800) (-20, 0) 

3-1 (-1200, 400) (-40, -25) 6-3 (800, -800) (0, 0) 

3-2 (-400, 400) (-35, -25) 7-1 (-1200, -1200) (0, 0) 

3-3 (400, 400) (-20, -30) 7-2 (-400, -1200) (-20, 0) 

3-4 (1200, 400) (0, 0) 7-3 (400, -1200) (0, 0) 

4-1 (-800, 0) (-20, -60) 7-4 (1200, -1200) (0, 0) 

4-2 (0, 0) (-50, -30)    

 The origin of the coordinate system (0, 0) is at the center of the chip, and the 

pad‟s serial number “1-1” indicates that the pad is located in the first row and first 

column of the array. Other design and manufacturing parameters input to the 

model are listed in Table 4.2.  

 Table 4.2 Model inputs: design and manufacturing parameters of the test 

vehicle 

Classification Specified items Value 

Initial design 

parameters 

Pad diameter 200 µm 

Surface tension coefficient 325 gram/s2 

Chip mass 0.005 gram 

Chip length 3000 µm 

Chip width 3000 µm 
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Chip thickness 175.0 µm 

Solder volume 4.38±0.3 × 106 µm3 

Initial external 

forces 

External loadings in x, y, and z directions 

and external moments around x, y, and z 

axis 

[ 0 0 0 0 0 0 ]' 

Direction of gravity vector 
[0, 0, -1]  (its value is [0, 0, -1] if 

the assembly does not tilt at all) 

Initial chip 

position 

Chip initial lateral misalignment in micron 

[x, y] 
[25, 10] 

Chip initial standoff height 40 µm 

 These parameters include: 1) initial design parameters, such as pad diameter 

(200 µm), chip mass (0.005 grams), chip size (3 mm × 3 mm × 0.175 mm), solder 

volume (4.38±0.3 × 106 µm3, randomly distributed on each pad), as well as solder 

surface tension coefficient (325 gram/s2 [17]); 2) initial external forces, including 

reflow platform tilting represented by the gravity vector‟s direction and other 

external forces imposed on the chip, which is zero in the present study, and 3) 

initial chip‟s position before solder reflow which reflects the pick and place accuracy 

of the chip, and was found to be about 25 µm in the X direction and 10 µm in the Y 

direction. It is noted that chip‟s pick and place position determines only the initial 

value of the state vector U, by doing so it will affect the starting point of the 

iteration path for model convergence. However, it has no effect on the equilibrium 

condition of the assembly, and U will be converged to zero no matter what its initial 

value is. Therefore, the output of the model, i.e., the predicted alignment accuracy 

will not be affected by chip‟s initial pick and place position. By contrast, incomplete 

wetting altered the equilibrium condition of the chip by introducing permanent 

misalignment between chip and substrate, and will affect the final alignment 

accuracy substantially. 
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 The results from the model for the above inputs are shown in Figure 4.9. 

With 12-60 m as the characteristic widths of incomplete wetting areas in 14 out of 

the total 25 solder joints, the model predicts chip‟s overall lateral misalignments 

x=19.0 m, y=15.0 m, and rotation angle θz= -0.19°. Figure 4.9a displays the 

visualized output of the model, where the inner white square represents chip and 

the outer green square represents substrate. The calculated misalignments at each 

corner of the chip are labeled in Figure 4.9a. This simulation result is very close to 

that of the real assembly measured with microscope, implying the validity of the 

methodology used in the model. As shown in Figure 4.9b, the misalignments of four 

individual points at each corner of the flip-chip system were characterized with 

microscope and the chip‟s overall misalignments were calculated to be 

misalign_x=20.5±0.5 m, misalign_y=17.5±0.5 m, and θ=-0.16±0.01° using the 

above mentioned Equation (4.1). 
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Figure 4.9 Comparison between (a) modeling and (b) experimental results for an 

incomplete wetting case. 

 Listed in Table 4.3 are individual alignment offsets of the bonding pad pairs 

in sample #1 and #2. It is noted that only those pads poorly wetted by the solder are 

listed in the table, and the pads that are not listed showed complete wetting and 

had default alignment offset of (0, 0).  

 Table 4.3 Model inputs for sample #1 and sample #2: solder pad locations and their 

respective alignment offsets introduced by incomplete wetting (in µm) 

sample #1 sample #2 

Pad No. Location Alignment Offset Pad No. Location Alignment Offset 

1-1 (-1200, 1200) (30, -30) 3-2 (-400, 400) (40, 20) 

1-3 (400, 1200) (-15, -15) 3-3 (400, 400) (-10, -25) 

3-1 (-1200, 400) (65, -20) 4-1 (-800, 0) (20, -6) 
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3-2 (-400, 400) (45, -45) 4-2 (0, 0) (20, -50) 

3-3 (400, 400) (5, -5) 5-2 (-400, -400) (55, -65) 

3-4 (1200, 400) (15, -15) 5-3 (400, -400) (10, -50) 

4-1 (-800, 0) (50, -20) 6-2 (0, -800) (50, -35) 

4-2 (0, 0) (45, 25) 7-1 (-1200, -1200) (30, 40) 

5-1 (-1200, -400) (35, -35) 7-2 (-400, -1200) (35, -6) 

5-2 (-400, -400) (-15, -5)    

5-3 (400, -400) (15, -15)    

6-1 (-800, -800) (-15, 5)    

7-2 (-400, -1200) (50, -50)    

7-3 (400, -1200) (25, 0)    

 Table 4.4 summarized the experiment and simulation results of three 

representative samples showing incomplete wetting. The three samples have 

similar manufacturing parameters and were assembled with the same procedure, 

yet were found to have various incomplete wetting situations and thus different 

post-assembly misalignments. From the data of Table 4.4, it is seen that the 

simulations match the experiments fairly well for all the three cases. Besides, large 

misalignments (>7 m) were found in these samples, showing significant influence 

of incomplete wetting on self-alignment accuracy.  

Table 4.4 Comparisons between simulation and experimental results for three 

assemblies with incomplete wetting 

 
(sample #1) (sample #2) (sample #3) 

Simulation Experiment Simulation Experiment Simulation Experiment 

Misalign_x (µm) -13.7 -13.0±0.5 10.3 8.2±0.5 19.0 20.5±0.5 

Misalign_y (µm) 9.2 9.0±0.5 7.5 10.8±0.5 15.0 17.5±0.5 

θ (°) -0.11 -0.072±0.01 0.16 0.13±0.01 -0.19 -0.16±0.01 

4.3.4 Design to Reduce Influence of Insufficient Wetting  
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 Equipped with the above modified self-alignment model, we are now ready to 

design to reduce adverse effect of insufficient wetting on self-alignment accuracy. 

The model further reveals that if the incomplete wetting introduced alignment 

offset vectors had been predetermined; it would not be possible to improve the chip‟s 

alignment accuracy by changing solder volume, pad diameter, surface tension 

coefficient, or chip mass. This is because the lateral restoring force is linearly 

proportional to the alignment offset of the bonding pad pair, and the above 

mentioned parameters only determine the coefficient of the proportionality. The 

changing of the above parameters only proportionally varies the restoring force of 

each joint, however, the chip‟s equilibrium condition as a whole (in which the sum of 

restoring forces is zero) does not change at all. On the other hand, the position 

layout of the bonding pads does have an influence on alignment accuracy. For 

instance, by placing the bonding pads closer to each other, i.e. reducing the pad 

pitch from 800 to 400 µm, as shown in Figure 4.10a, while keeping the other 

parameters (alignment offsets and pad diameters) the same, the chip‟s rotation 

angle increased from 0.19 to 0.38 degree (Figure 4.10b). On the contrary, if the pitch 

was increased from 800 to 1600 µm (Figure 4.11a), the chip‟s post-assembly rotation 

angle was reduced by half (Figure 4.11b), indicating that large pitch is preferable 

for reducing incomplete wetting caused misalignment. However, this type of layout 

modification has no effect on reducing misalignments in X and Y direction. As listed 

in Table 4.5, with the increasing of pad pitch, the rotation angle θ decreased 

substantially, while lateral misalignments misalign_x and misalign_y remained the 
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same. The minute variations in misalign_x and misalign_y were due to the random 

distributions of solder volume on the bonding pads in each simulation. Therefore, by 

increasing bonding pad pitch, we can reduce the insufficient wetting caused 

rotational misalignment. 
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Figure 4.10 (a) A hypothetical layout design of bonding pads and their individual 

incomplete wetting conditions (the pad pitch was reduced to 400 µm and the other 

parameters were kept the same). (b) Simulation results for the above design. 

  

Figure 4.11 (a) A hypothetical layout design of bonding pads and their individual 

incomplete wetting conditions (the pad pitch was reduced to 1600 µm and the other 

parameters were kept the same). (b) Simulation results for the above design 
 

Table 4.5 Simulated misalignments of three hypothetical assemblies with different 

pad pitches 

 400 µm pitch 800 µm pitch 1600 µm pitch 

Misalign_x (µm) 18.7 19.0 18.9 

Misalign_y (µm) 14.7 15.0 14.5 

θ (°) -0.38 -0.19 -0.096 

 

4.4 Solder Voids and Modeling 

4.4.1 Test Vehicle 

   The test vehicle used for the investigation on solder self-alignment accuracy 

is shown in Figure 4.12. It is a 1x12-arrayed dummy VCSELs (3200 × 500 × 650 

µm), which features 12 identical VCSEL chips. Each chip has a dimension of 220 × 
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500 × 650 µm3 and composes 4 bonding pads for electrical/mechanical connection. 

Pitch between neighboring bonding pads is 126 µm. Total mass for the VCSEL-

array is 0.0054±0.0002 gram. Volume controlled SAC (96.5%Sn-3%Ag-0.5%Cu) 

solder spheres were used for interconnects. The diameter of bonding pad is 70 µm 

and the diameter of solder sphere is 80 µm. The fabrication, assembly, and reflow 

process of the dummy VCSELs are similar to the test vehicle previously introduced 

in chapter 3. The reflow process for this test vehicle is also a formic acid-based 

fluxless soldering process, and process details have been introduced in the previous 

section in chapter 2. Different from the 220 ℃ reflow temperature used for eutectic 

Pb/Sn solder in section two, the peak reflow temperature for this assembly is 250 ℃. 

In addition, the formic acid concentration used for the assembly is increased to 

around 1.5%. A total of 9 samples were assembled. Because this kind of assembly 

has only two rows of solder joint, a more detailed observation on each single joint 

becomes possible.  
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Figure 4.12 Isometric view of 1x12-arrayed VCSELs (3200 × 500 × 650 µm) test 

vehicle used for the research 

 Figure 4.13 is the top view of the assembly using optical microscopic 

photography (Nikon ECLIPSE LV150, Japan, 50 magnification). The round pads 

surrounded by dark rings are solder pads and solder interconnects. The small 

square dots between solder pads are vernier-like align marks patterned respectively 

on silicon chip and glass substrate to measure chip‟s planar misalignments.  
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Figure 4.13 Top view of the 1×12 VCSEL chip array assembly using optical 

microscopic photograph. The assembly include flip-chip bonded silicon chip onto 

glass substrate using SAC lead-free solders. 

4.4.2 Experimental Results 

 It was found out that big soldering voids appeared in the assembly reflowed 

at a formic acid concentration of about 1.5%. From the cross-section images in 

Figure 4.14, big voids were observed in four joints from a total of exposed 12 joints.  

 

Figure 4.14 Assembled unit reflowed with 1.5% formic acid vapor contains large  

visible voids 

 The existence of large numbers of visible voids was further confirmed by X-

ray inspection, as shown in Figure 4.15. Big voids were found in 40 joints out of the 

entire 48 interconnects and the largest voids has a diameter of around 46 µm. The 

number listed on top and bottom of each solder joint is diameter of the solder joint 

and the voids measured from the image. However, due to low resolution of the X-ray 
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image, the measured results from these images are not as accurate as those from 

optical microscopic photography.  

 

Figure 4.15 X-ray inspection of the assembly shows big visible voids in solder 

joint connections 

 Experiments further revealed that compared to those units without voids, 

units contain large amount of voids demonstrate large average standoff height. As 

shown in Figure 4.14, an average 54 µm standoff height was observed for the unit 

shown in the image containing large visible voids, while the one shown in Figure 

4.16 without obvious voids has an average standoff height of only 51 µm. Listed in 

table 4.6 are the measured misalignments of the VCSEL samples reflowed at 

different atmospheres: sample #1 to #3 were reflowed with resin flux and sample #4 

to #9 were reflowed with formic acid vapor at 1.5% volume concentration. The data 

clearly evident that samples with large visible voids have higher standoff height. 

On the other hand, solder voids seems to have no obvious influence on planar 

alignment accuracy as all the assembled units have good alignment in X-Y plane no 

matter contain voids or not. 
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Figure 4.16 Assembled unit reflowed with resin flux contains no visible voids and 

has small average chip standoff height 

Table 4.6 Measured misalignments of the VCSEL samples reflowed at different 

atmospheres 

Sample 

No. 

Misalign_x 

(µm) 

Misalign_y 

(µm) 

Max. height_Z 

(µm) 

Min. height_Z 

(µm)  

#1 0±0.5 0.5±0.5 53.8±0.2 51.9±0.2 Small Visible 

Voids 

(UBM thickness 

included) 

#2 0±0.5 0±0.5 51.5±0.2 50.9±0.2 

#3 0±0.5 0±0.5 52.1±0.2 50.5±0.2 

#4 0±0.5 0 ±0.5 54.9±0.2 53.4±0.2 

Large Voids 

Observed 

(UBM thickness 

included 

#5 0±0.5 0.5±0.5 58.2±0.2 56.4±0.2 

#6 0±0.5 -0.5±0.5 56.8±0.2 55.2±0.2 

#7 0±0.5 0±0.5 61.5±1.5 58.6±1.5 

#8 0±0.5 0.5±0.5 56.4±1.5 54.3±1.5 

#9 0±0.5 0±0.5 57.2±1.5 54.8±1.5 

4.4.3 Modeling on Solder Voids 
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 The challenge with modeling voids effect on alignment accuracy lies on the 

accurate determination of the voids concentration. Our early attempts to evaluate 

the volume percentage of the voids using X-ray image failed because the resolution 

of X-ray is very low and it intends to underestimate the volume of the voids, 

especially those voids with smaller size. In this section, we will be using solder 

joint‟s geometric profile to calculate the total volume of the joint containing voids, 

and voids volume can be derived through subtracting solder joint‟s initial volume 

from the total volume. The voids volume concentration estimation process is 

described as follows: 

 The volume of a truncated solder joint can be calculated from the following 

equation:  

  
   2  

     

 
                                                                      2  

 where V is the total volume of the joint, h is standoff height of the joint, r0 is 

joint‟s equator radius, and r is bonding pad radius. It is noted that this equation is 

also valid when the joint contains voids. Therefore, from measuring solder joint‟s 

standoff height, equator radius, as well as bonding pad radius, its total volume Vt 

including voids can be determined accordingly. As the initial volume of solder 

materials Vi is a known value from the solder sphere specification sheet, which is 

provided by solder sphere‟s vendor, thus the voids volume Vv contains by this joint 

can be determined by: 
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 And voids volume concentration Cv can be calculated from: 

𝐶   (
  
  
)                                                                   

 During the experiments, cross-sectional examination of the assembly and 

confocal microscopy were performed to determine standoff height of individual 

solder joints. The maximum measurement error is about 1 µm. Solder‟s equator 

radius was measured with optical microscope from the dark ring shown in Figure 

4.13, and the maximum error associated to this measurement method is less than 

0.5 µm.  

 The validation of the above methodology was made through the following 

experiments. Solder spheres with known diameter Ø80 µm were used as flip-chip 

interconnects in the VCSELs assembly. After bonding was finished, these joints 

were cross-sectioned and their optical microscopic photographs are shown in Figure 

4.17. For the first joint, its height was measured to be 53.2 µm (include 

intermetallic alloy thickness) and its equator diameter is 85.2 µm, which yields a 

volume that equals sphere with diameter of Ø80.2 µm from equation (4.2). 

Therefore the voids volume concentration in this joint is calculated to be 0.75%, 

which agrees with experiments since only tiny voids were observed from the cross-

section image. The second joint contains one big voids with diameter of 31.5 µm and 

two small voids with diameters of 9.1 µm and 5.0 µm respectively, and this gives 
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the voids volume concentration of 5.9%. On the other hand, its standoff height and 

equator diameter were measured to be 52.9 and 89.5 µm, and equation (4.2) 

predicts that it has a voids concentration of 7.5%. The large deviation between two 

measurement methods might come from the dissolving of the copper pad into solder 

material forming intermetallic compounds. The volume increment from dissolved 

copper is also counted as voids from equation (4.2).  

   

Figure 4.17  Cross-sectional images of solder joint for the purpose of measuring 

standoff height and equator radius   

 Table 4.7 compared the voids volume concentration observed directly from 

cross-section and calculated from the method proposed in this research for a total of 

three joints shown in Figure 4.17. It can be seen that the model predicted voids 

volume concentration agrees experiments observations very well in case one and 

case three. In case two, due to severe dissolving of copper pads into solder joint, the 

calculated voids volume concentration is larger than that actually observed.  

Table 4.7 Comparison of joint volume observed from cross-section and calculated 

from the model  

 Experiment Observed Voids Volume Concentration 
Model Predicted Voids Volume 

Concentration 
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Item 

Joint 

original 

dia. 

(µm) 

Voids 1 

dia. 

(µm) 

Voids 2 

dia. 

(µm) 

Voids 

3 dia. 

(µm) 

Voids volume 

concentration 

Joint 

standoff 

height 

(µm) 

Joint 

equator 

dia. 

(µm) 

Voids volume 

concentration 

Joint 

#1 
80 0 0 0 0% 53.2 85.2 0.75% 

Joint 

#2 
80 31.5 9.1 5.0 5.9% 52.9 89.5 7.5% 

Joint 

#3 
80 30.0 0 0 5.0% 56.9 84.3 5.8% 

 Using this method, a total of 3 VCSELs units were analyzed. With the 

measured standoff height and equator radius of each solder joint, the volume of 

individual solder joint given by equivalent sphere diameter was determined and 

recorded in Figure 4.18. It is seen that the solder joints in all 3 units have 

equivalent diameter much larger than their original diameter Ø80 µm, indicating 

large percentage of voids exist in the units. From the data in Figure 4.18, the 

average joint volume distribution for unit #1 equals to the spheres having 

diameters of 86.3±1.4 µm, yields an average voids volume concentration of 20.3%. 

This value becomes 84.0±1.0 µm and 83.8±1.1 µm for units #2 and #3, and as a 

result the voids volume concentrations for units #2 and #3 are 13.6% and 13.0%, 

respectively. Evidently unit #1 contains more voids than units #2 and #3. The joint 

volume distributions in all three units shown in Figure 4.18 were then input to the 

6DOF self-alignment model, and the predicted chip‟s standoff heights are shown in 

Figure 4.19. 
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Figure 4.18  Solder volume distribution in the characterized 3 units that include 

voids 

 As expected, the average chip‟s standoff height of the three samples increases 

with the increasing of voids volume concentration. Unit #1 has the largest standoff 

height among the three units. The model predicted height for unit #1 is 57.9-59.2 

µm, which is close to experimental results 58.6-61.5 µm. For units #2 and #3, the 

model predicted height is 54.9-56.7 µm and 54.8-56.2 µm, which also agree with 

experimental results 54.9-56.4 µm and 54.8-57.2 µm. The solid line in Figure 4.19 is 

model predicted average chip standoff height versus average voids volume 

concentration in the assembly, assuming all the joints have the same volume and 

voids concentration. The average standoff height lies reasonably between the 

maximum and minimum standoff height of the three assemblies. It is also seen 

from the average standoff height line that to keep chip‟s standoff height within 52 

µm, the voids volume concentration should be less than 3.7%. 



122 

 

 

Figure 4.19  Solder self-alignment model predicted chip standoff height in 3 units 

and average standoff height versus average voids volume concentration 

4.4.4 Design to Reduce Influence of Solder Voids 

 From the above analysis, it is seen that chip‟s standoff height increases with 

the increasing of voids volume concentration. In order to reduce the influence of 

solder voids on standoff height variation, can we design the pad so that it produces 

the smallest standoff height increment when the joint contains a certain amount of 

voids? We are going to explore such possibility through the following example. In 

chapter 3 during the design of VCSELs for self-aligning assembly, we have 

identified three pad/solder sphere diameter combinations, i.e. 52 µm_pad/70 

µm_sphere, 70 µm_pad/80 µm_sphere and 90 µm_pad/90 µm_sphere. Figure 4.20 

shows the model simulated chip‟s standoff height increments with the increasing of 
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solder voids volume concentration for these three design combinations. It is seen 

that to keep the chip‟s average standoff height increments within 2 µm, voids 

volume concentration in general must be controlled within 5%. Moreover, the 52 

µm_pad/70 µm_sphere design is more preferable as it shows higher resistance to 

standoff height increment with the increasing of voids volume concentration 

compared to the other two designs. 

 

Figure 4.20 Chip standoff height increments with the increasing of voids volume 

concentration for the three pad/solder combinations in the design of VCSELs 

4.5 Reflow Process Control to Eliminate Insufficient Wetting and Solder Voids 

Effects 

 As can be seen from the above sections, insufficient wetting and solder voids 

are two major undesirable factors that significantly affect self-alignment accuracy. 
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We can reduce their effects through appropriate pad design. Alternatively, we can 

improve the process itself. In this section, we are going to explore solutions that are 

able to eliminate these adverse factors from improvement of the process.  

 Insufficient wetting and solder voids are two common packaging defects 

during SMT or flip-chip assemblies. One major reason causes these defects is solder 

pad oxidation which arises from insufficient reducing reflow atmosphere. It has 

been reported that formic acid concentration determines the activity of reducing 

atmosphere during solder reflow. For instance, Lin.W. et.al. investigated the 

influence of formic acid concentration on self-alignment dynamics using Tin/Lead 

solder connections [42] in a BGA packaging. They found out that the BGA board 

reflowed at high formic acid concentration atmosphere finished self-alignment much 

quicker than those reflowed at low formic acid concentration atmosphere. However, 

the study did not mention the insufficient wetting and solder voids problems. As a 

matter of fact, there have been very rare researches about the influences of formic 

acid atmosphere on insufficient wetting and solder voids formation, especially for 

SAC solder materials. Therefore, in the studies of this dissertation, we performed a 

series of experiments trying to figure out effect of formic acid reflow atmosphere on 

the formation of soldering defects such as insufficient wetting and solder voids.  

 The formic acid reflow setup was introduced previously in chapter 2 (refer to 

Figure 2.9). In our studies, various formic acid concentrations ranging from 0.77% 
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to 4.3% were evaluated for their activities in assisting SAC soldering. The procedure 

used to determine formic acid concentration is listed as follows: 

Measure formic acid solution mass before reflow m1; 

Measure formic acid solution mass after reflow m2; 

Total formic acid vapor mass M consumed during reflow is m1-m2;  

Divide the mass M with 48.6 yields mole volume of formic acid n;  

According to PVf=nRT, formic acid vapor volume Vf can be determined; 

N2 volume Vn=flow rate × reflow time; 

Formic acid concentration is calculated from C=Vf/Vn+Vf. 

 Resin flux has been recognized as the most efficient material in removing 

surface oxidation thus assisting wetting between bonding materials [69]. Therefore, 

the first experiment was performed to compare effectiveness of resin flux versus 

reflow atmosphere with different formic acid concentration in assisting wetting 

between solder and the bonding pad. Figure 4.21 is schematics of the test setups. 

Ø90 µm SAC solder spheres were placed on bare copper pad. Some of them were 

covered by resin flux (lead free soldering paste from William H. Harvey CO., part 

No. 097205) and the others were exposed directly to the reflow atmosphere. The 

reflow atmosphere was composed of nitrogen and formic acid gas mixture with 

formic acid vapor concentrations can be adjusted. During the experiments, hot plate 
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was turned on to heat the copper pad up until SAC melting temperature was 

reached, and solder spheres began to melt and spread out driven by wetting force 

between solder and the beneath copper pad. After wetting was completed, high 

resolution optical microscope was used to measure spreading diameter of the solder 

spheres over the copper pad.  

 
Figure 4.21  Schematics of test setups for wetting test of Ø90 µm SAC solder at 

different reflow atmospheres  

 Figure 4.22 shows three photographs in course of measuring solder spreading 

area reflowed at different atmospheres. The first picture shows the spread of solder 

spheres covered with resin flux. The second picture shows the spread of solder 

spheres reflowed at an atmosphere of 1.0% formic acid concentration, and the third 

picture shows the spread of solder spheres reflowed at an atmosphere of 0.7% formic 

acid concentration. 
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Figure 4.22 Photographs in course of measuring Ø90 µm SAC solder spreading area 

at different reflow atmosphere 

 The spreading diameter of solder spheres on copper pad was recorded in 

Figure 4.23. It was found out that the spheres covered with resin flux have almost 

constant spreading diameter of around 270 µm regardless of formic acid vapor 

concentration which acts as external reflow atmospheres. The spheres reflowed 

without resin flux, however, showed a gradual increase in spreading diameter with 

the increasing of formic acid concentration. Solder spheres reflowed at 0.7% formic 

acid concentration have smaller spreading diameter of 200 µm than those reflowed 

with resin flux. When formic acid concentration reaches 1.1%, the spreading 

diameter is comparable to those reflowed with resin flux of 270 µm, indicating that 

formic acid concentration of 1.1% and higher is able to provide an effective reducing 

atmosphere to assist spread wetting of SAC solder on copper pad and is comparable 

to conventional resin flux. 
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Figure 4.23 Solder spreading diameter versus formic acid concentration for SAC 

spheres wetting copper pad 

 Another series experiments were performed to explore mechanisms of solder 

voids formation during reflow process using formic acid vapor as soldering flux. 

Commercially available direct attach LED chips (Cree DA 3330) with 3 µm-thick 

eutectic 80Au/20Sn bonding pads were used for the experiments. The chip was flip-

chip bonded on a PCB with Cu(18 µm)/Ni(4 µm)/Au(200 nm) as bonding pad surface 

finish. It was found out that SAC interconnect between Au/Sn and Au/Ni/Cu 

bonding pads reflowed at 1.1% formic acid concentration still contains large 

numbers of voids, and the voids concentration is about 21%. The voids concentration 

was reduced significantly to about 10% when formic acid concentration was 
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increased to 2.6%, and totally disappeared when formic acid concentration was 

increased to 4.3%, as can be seen from Figure 4.24.  

 

Figure 4.24 Voids concentration versus formic acid concentration for SAC 

interconnect between Au/Sn and Au/Ni/Cu bonding pads  

 According to ref. [72-79], there are two key factors that cause the formation of 

voids, which are, 1) Large amount of gas bubbles generated in molten solder; 2) The 

bubbles do not have enough time to escape. Herein we will briefly discuss the voids 

formation mechanism when using formic acid as soldering flux. When using formic 
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acid to remove surface oxidation of solder pads, the following chemical reactions will 

happen: 

 When T>150 °C, MeO+2HCOOH=Me(COOH)2+H2O 

 When T>200 °C, Me(COOH)2=Me+CO2+H2 and H2+MeO=Me+H2O 

 where Me(COOH)2 is a kind of metal compound that covers solder pad surface 

at lower temperature and then decomposes into metal, CO2 and H2 at higher 

temperature. Therefore, the possible voids formation mechanism might be in the 

following: As shown in Figure 4.25, low concentration formic acid could not totally 

remove MeO on some areas of solder pad due to low reducing activity, as a result, 

these MeO spots were covered by thin Me(COOH). At higher temperature, with the 

decomposing of Me(COOH), metal begin to expose and solder wetting happens.  The 

fast moving wetting front entrapped those MeO in the molten solder. Together with 

the MeO being entrapped should also be some hydrogen adsorption layer coming 

from decomposing of Me(COOH). The hydrogen layer continues to react with MeO 

and generate CO2 and water vapor bubbles inside the SAC material. These bubbles 

cannot totally escape from the solder joints and form voids. From the experiments, 

although 1.1% formic acid concentration is sufficient for a quality solder wetting 

spread, it is still not sufficient to remove local oxidation spots, which will eventually 

become the source of trapping vapors and the formation of voids. 
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Figure 4.25 Illustrations on voids formation mechanism when using formic acid as  

reflow flux 

 It should be noted that the above proposed mechanisms are purely based on 

reasonable assumptions and need a more rigorous verification through well-

designed experiments. Since the formation of voids is a very complicated topic, a 

much more detailed study of voids formation mechanism is outside the scope of this 

dissertation, and therefore will not be discussed further. 

4.6 Chapter Summary 

 In this chapter, we conclude that insufficient wetting and solder voids during 

formic acid-based reflow have significant influences on self-alignment accuracy. 

Complete wetting of solder on bonding pads results in good alignment, while 

incomplete wetting results in bad alignment caused by solder joint deformation. In 

order to reduce misalignment caused by incomplete wetting, a large pitch between 

the bonding pads is preferable. Solder void is another undesired factor and it 

increases standoff height variation of the assembled unit. However, it imposes 

almost no impact on lateral alignment. Manufacturing tolerance related factors, 

such as solder volume manufacturing variation and solder pad diameter deviation, 

substrate manufacturing warpage, etc. contribute minimally to post-assembly 

misalignments. The above phenomena were successfully modeled with a modified 

solder self-alignment model and preferable design was proposed to minimize their 

effects. These two undesirable factors can also be reduced or eventually eliminated 

through increasing formic acid concentration during the reflow process.  
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CHAPTER 5 SUBSTRATE VIBRATION EFFECT ON SOLDER SELF-

ALIGNMENT 

5.1 Introduction 

 In real manufacturing practice, not only static factors could affect self-

alignment accuracy, as has been discussed in chapter 4, dynamic factors, such as 

environmental gas flow or system mechanical vibrations could also affect alignment 

accuracy and need to be carefully examined. The influence of the gas flow on self-

alignment accuracy was investigated by Bingzhi Su et. al. [8] and will not be 

discussed here. Studies regarding the influence of mechanical vibrations on self-

alignment accuracy are still underway. For instance, a theoretical model 

established by Veen et. al. [10], [11] predicted that chip would be brought into 

resonance at a certain driving frequencies; however, in-situ observation of such 

resonant motion was absent. In fact, whether such a resonant behavior would affect 

self-alignment accuracy is still unclear. In this chapter, our major task would be to 

experimentally observe dynamic behavior of a ball grid array assembly under 

minute environmental vibrations and study the possible effect of dynamic resonance 

on  self-alignment accuracy. Moreover, we will report of a case that characterizes 

the real dynamic conditions of an SMT manufacturing line, trying to understand 

the possible influence of the SMT line on self-alignment accuracy of the BGA 

assemblies it produces. The vibration frequencies of the specific reflow oven 

characterized are far away from the BGA‟s resonant frequency. Therefore, the 

vibration effect might be negligible in such a specific reflow oven.  Limited by the 
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experimental setup, we have not been able to characterize the vibration effect on 

solder self-alignments for a flip-chip assembly.  The insight gained from the BGA 

study and the dynamic model can be applied to the flip-chip assembly.  

5.2 Background 

 Solder self-aligning technology is important to cost-effective optoelectronic 

devices assembly requiring accurate positioning. While most of the previous studies 

were devoted to the quasi-static analysis of chip-to-substrate alignment accuracy 

arising from the force balance of the restoring forces of the molten solder joints [13-

19], there have always been concerns about the self-alignment quality affected by 

dynamic factors, such as mechanical vibrations of a conveyor belt that the 

assemblies are placed on. At high temperatures, the chip/substrate system 

connected with molten solder joints can be regarded as a damped mass-spring 

system. Due to the high restoring force and low dissipative force of the molten joints, 

classical mechanics predicts that the chip may be brought into resonant if substrate 

is subject to periodical vibrations [10], [11]; However, the system may also be over-

damped due to solder oxidation or contaminations. In-situ observation of the 

resonant motion of a BGA/flip-chip assembly is needed to verify the theoretical 

prediction. Moreover, it cannot be foreseen whether such resonant motion can be 

"frozen in" during the solidification process of the joints or not. If the solidification 

timescale is significantly shorter than the period of the resonant oscillations, it can 

be expected that the first set of joints to solidify will “freeze” the system, thus 

defining the “alignment accuracy” between the chip and the substrate. If the 
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solidification timescale is much longer than the period of the resonant oscillations, 

the chip may gradually approach its quasi-static equilibrium position through a 

damped oscillation motion, resulting in a fairly well realignment. To the best of our 

knowledge, there has been no experiment performed to understand the influence of 

the substrate variation on solder self-alignment accuracy.  

5.3 Experiments and Discussions 

5.3.1 Test Vehicle     

 The BGA test vehicles used for the experiments are shown in Figure 5.1. The 

substrate had a size of 25 mm × 25 mm × 1.0 mm, and the dummy BGA chip had a 

size of 20 mm × 25 mm × 1.0 mm. Chip mass is around 0.00125 Kg. The chip was 

soldered onto the substrate through 6 Tin/Lead solder interconnects arranged in 3 

by 2 array. The diameter of the bonding pads was 3.8 mm, and the pad was covered 

by 35 µm eutectic thin/lead solder through hot air solder leveling (HASL) coating. 

Alignment marks were designed on the substrate and chip to assist the observation 

of their relative motion .Figure 5.1 (a) shows the schematics of the designed test 

vehicle; (b) shows the fabricated FR4 BGA board, where 6 bonding pads and 

alignment marks can be clearly seen. The final chip on substrate assembly after 

self-alignemnt is shown in Figure 5.1(c). 
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(a) (b) 

 

(c) 

Figure 5.1  Test vehicle used for analysis of solder self-alignment dynamic behavior 

(a) Schematics of the test vehicle design; (b) fabricated FR4 BGA board with 

bonding pads and align marks; (c) Chip-on-substrate assembly through solder self-

alignment 

5.3.2 Experimental Setup 

 The experimental setup used to study the resonant behavior of the test 

vehicle is schematically shown in Figure 5.2. The setup was composed of a shaking 
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hotplate that vabriates at controlled frequencies and amplitude; a three-axis 

accelerometer to inspect the vabriation frequency and amplitude, and an image 

processor with an optical microscope and a CCD camera to observe and record the 

resonant behavior of the system.  

 

Figure 5.2  Schematics of experimental setup for analysis of solder self-alignment 

dynamic behavior  

 Figure 5.3 is the photograph of the test setup. The miniature hotplate was 

made of a copper block combined with electrical resistance wire and temperature 

sensor, and its temperature and ramping time could be controled. The BGA 

assembly was attached on the hotplate with double-stick high temperature carbon 

tape. The hotplate was securely held by a long arm clip and mechanically connected 
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to the cone (diaphragm) of a loudspeaker using epoxy adhesive. Inside the speaker, 

an electromagnet (attached on the diaphragm) is placed in front of a permanent 

magnet. The permanent magnet is fixed firmly into position whereas the 

electromagnet is mobile. As pulses of electricity pass through the coil of the 

electromagnet, it is in turn attracted to and repelled from the permanent magnet, 

vibrating back and forth, inducing mechanical vabriation of the loudspeaker‟s cone. 

The frequency and amplitude of the vabriation was controled by the input electrical 

pulse signal generated from a sine wave generator through the sound card of a 

laptop PC. A high temperature triaxial piezoelectric accelerometer (model 356A70 

from PCB Piezoelectronics, Inc) was attached on the beam of the clip to measure the 

vibration frequency and amplitude. The clip was made from a heat insulation 

material (wood) so that heat generated by hotplate does not affect the speaker and 

the accelerometer. A data acquisition system was used to record data from the 

accelerometer. The whole testing system was covered by clear acylic chamber with 

formic acid/N2 gas mixture inlet to the chamber. Microscope and CCD camera were 

placed on top of the acrylic chamber focusing on the flip-chip/BGA samples for the 

in-situ observation of the dynamic behavior. 
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Figure 5.3  Photographs of experimental setup for analysis of solder self-alignment 

dynamic behavior  

 The experimental procedure is listed in the following:   

(1) Place six Pb/Sn eutectic solder spheres with diameter of around 4.0 mm on 

the bonding pads of the BGA chip and form solder bumps after a reflow 

process. 

(2) Put the bumped BGA board on a substrate and attach the entire assembly on 

the hotplate. 

(3) Turn on the hotplate and increase the temperature to approximately 220 °C 

to melt the solder joints. 

(4) When the solder joints reach the melting point, we can observed a sudden 

motion of the chip, i.e. the BGA board relative to the substrate, which 

indicates self-aligning motion is initiated.  

(5) After the initial self-alignment is finished, keep the device temperature at 

220 °C and input a serial drive signal from 4 to 20 Hz with 1 Hz inteval to 
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shake the hotplate horizontally and generate quasi-harmonic vibriations on 

the BGA substrate.  

(6) Resonant oscillation of the chip may be obverved at certain driving 

frequencies.  

(7) Record the BGA board motion with CCD camera. From the video frame 

captured during the reflow process, BGA board vibration amplitude can be 

measured. 

(8) Keep the substrate vibrating at resonant frequency while turning off the 

hotplate. The system would cool down to room temperature gradually, e.g. 35 

minutes.  

(9) Cross-section the finished BGA assembly and measure the chip-to-substrate 

alignment accuracy. 

5.3.3 Experimental Results   

 The chip behavior under the forced vibration was studied by applying a 

harmonic driving force on the hotplate. Six samples were assembled and measured, 

in all cases giving fairly consistent results. Figure 5.4 presents chip oscillation 

amplitudes at different driving frequencies. It is noted that for the convenience of 

microscope observation, the alignment marks are designed to have large width (100 

µm). In addition, the resolution of the video images captured by the CCD camera is 

very low. Therefore, the error bars of the observed chip vabration amplitudes are 

large and around 10 µm determined from the pixel resolution of the image. Even so, 

the results clearly showed that resonant oscillation of the BGA chip occurred at the 
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driving frequency around 12 Hz. The chip‟s maximum vibration amplitude could 

reach as high as 100 µm, which far beyond the amplitudes of the substrate vibration.  

 

Figure 5.4 BGA chip‟s amplitude response at various driving frequencies 

 The final alignment accuracy of the chip over the substrate was derived 

through cross-sectional observation of the assembly from an optical microscope. 

Since the images obtained from this method have higher pixel resolution, the error 

bar is found to be around 2 µm. Three representative samples cooling down at 

different driving frequencies are shown in Figure 5.5. Figure 5.5a shows a sample 

solidified without the substrate vibration and has a very good alignment of less 

than 2 µm. Figure 5.5b is the sample solidified at the frequency of 12 Hz, and shows 

a large misalignment of around 76 µm, evident that the large misalignment was 

„frozen in‟ during the solder solidification. The pictures on the right of the Figure 5.5 

(b2, b3, and b4) are the other three samples reflowed at 12 Hz frequency and all of 
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them show large post-assembly misalignment. Through the experimental 

observation, the duration of the solder solidification process was less than 0.04s, 

which was far less than the half period of resonance frequency and would freeze the 

chip very quickly. The sample in Figure 5.5c was solidified at 20 Hz, and shows a 

very small lateral alignment of less than 5 µm.  

 

 

b2:111.5 µm misalignment 

 

b3:108 µm misalignment  

 

b4: 89.5 µm misalignment 
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Figure 5.5  Cross-section images of solder joint in three representative 

samples solidified at different driving frequency: (a) stationary (b) 12Hz (c) 

20Hz 

 Final alignment accuracies recorded from a total of 6 samples solidified at 

different frequencies are plotted in Figure 5.6. For those samples reflowed at the 12 

Hz substrate vibration frequency, their misalignments range from 76 to111.5 µm. 

On the other hand, the devices solidified at 0 Hz and 20 Hz driving frequencies have 

less than 5 µm misalignment. 

 

Figure 5.6  Misalignment of six units solidified at different driving frequencies 

5.3.4 Discussion 
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 From a classical mechanics view point, the chip connected by molten solder 

can be regarded as a damped mass-spring system. When the system is brought into 

forced vibration by adding a simple harmonic force, the governing equation is given 

in the form below: 

𝑚
  𝑥

   
  

 𝑥

  
  𝑥        2                                  

 where m is chip mass, k is solder joint‟s spring constant and c is damping 

coefficient, as shown in Figure 5.7 (a) and (b). 

                

 

 

(a) (b) 

Figure 5.7  Free body diagram of chip connected on substrate by molten solder 

which can be regarded as a damped mass-spring system 

 During a forced vibration, the chip will oscillate at the same frequency of the 

applied force, but with a phase shift  The amplitude of the vibration “X” can be 

calculated by the following equation 

  
  
 

 

√         2    
                                     2   
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 where  

  
 

  
                                                                                

  
 

2√ 𝑚
                                                                        

 When driving frequency   equals system‟s nature frequency   , the chip will 

subject to a large oscillation amplitude due to resonance. The    is given by 

   
 

2 
√
 

𝑚
                                                                    

 According to N.van.Veen [10], the spring constant k and the damping 

coefficient c of a single solder joint can be calculated from the following equations: 

 In the X-Y plane: 

  
   

𝐻
                                                                    

  
    

𝐻
                                                                   

In the Z direction: 

  
                    

       
 
   

              8  
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 where H is bump quilibrium height, r is solder pad radius,   is solder joint 

surface tension coefficient, and η is liquid solder‟s viscosity. For our six joints 

system 

                                              

                                        2  

 Listed in table 5.1 are gometric parameters measured from the BGA 

assembly. For the current assembly studied, solder joint height H is 1.12 mm, pad 

radius r is 1.9 mm, and chip‟s mass m including solder joint is 2.1 grams. In order to 

match the calculated resonant frequency with  the observed system‟s resonant 

frequency, which is around 12 Hz, the liquid solder‟s surface tension coefficient    

and viscosity η were assumed to be 0.375 N/m and 0.03 Pa•s, which are very 

reasonable values for SnPb solder materials. The calculated resonant frequency 

using the above parameters was 12.3 Hz. The solid line in Figure 5.4 is model 

predicted frequency response of the system from the above derived solder properties. 

At frequencies away from resonant frequency, the chip-to-board oscillation 

amplitude was around 2 µm and was hardly observed, and this amplitude increased 
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to over 100 µm when resonance occurrs and could be clearly observed from CCD 

camera (videos was not insert here).  

Table 5.1 Parameters derived from the BGA assembly and calculated resonant 

frequency 

H (m) r (m) m (kg) σ (N/m) η (Pa•s) k (N/m) c (Ns/m) fn(hz) 

0.00112 0.00190 0.002 0.375 0.03 12.02 0.0018 12.34 

5.4 Design to Reduce the Substrate Vibration Effect  

 From the above experimental results, it is seen that a substrate vibration at 

even tiny amplitude could be detrimental to system‟s self-alignment accuracy if the 

driving frequency is close to the assembly‟s resonant frequency. Since it is almost 

impossible to totally eliminate vibrations in a manufacturing environment, one 

feasible way to reduce such an effect is to shift the natural frequency of the self-

aligned assembly to a region that is different from the possible environmental 

vibrations. In the following sections, we will briefly introduce several methods that 

are able to alter the resonant frequency of the assembly. 

 First of all, the BGA/Flip-Chip package‟s resonant frequency can be varied 

from changing the surface tension coefficient of the solder materials. As shown in 

Figure 5.8, when solder material‟s surface tension coefficient increases from 0.2 to 

0.8 the resonant frequency increases from 9.0 Hz to 18.0 Hz. This can be achieved 

by changing solder materials or alloy combinations. However, due to the limited 

selection of soldering materials, this variation in frequency is very limited. 
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Figure 5.8 System‟s resonance frequency versus surface tension coefficient of solder 

joint 

  

           The BGA/Flip-Chip package‟s resonant frequency can also be varied from 

changing solder joint‟s height, i.e. solder volume. As shown in Figure 5.9, for the 

current BGA assembly, by increasing solder joint‟s height from 0.2 mm to 12 mm 

while keeping bonding pad diameter to be 3.8 mm, the resonant frequency 

decreases from 29.2 Hz to 3.8 Hz.  
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Figure 5.9 System‟s resonance frequency versus solder joint width to height aspect 

ratio 

  

          Another way to change the BGA/Flip-Chip package‟s resonant frequency is 

through varying BGA chip‟s mass. As shown in Figure 5.10, when chip‟s mass 

increases from 0.13 grams to 4 grams, resonant frequency decreases from 48.4 Hz to 

9.7 Hz.  
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Figure 5.10 System‟s resonance frequency versus chip mass 

 From the above calculations, it is clear that the resonant frequancy of a 

BGA/Flip-Chip assembly can be changed by varying surface tension coefficient, joint 

height to width aspect ratio, or chip mass. The change is very limited (<50 Hz). 

Alternatively, a feasible way to significantly shift system‟s resonant frequency is 

increasing the solder joint number with scaled down solder joint size. As shown in 

Figure 5.11, if solder pad radius is scaled down 10 times, i.e. from 1.9 mm to 190 µm, 

and joint height decreases from 1.12 mm to 112 µm, we can fit the board with an 

array of 3600 solder joints, which yields a shift of resonant frequency from 12.3 Hz 

to 302.2 Hz. Based on these results, we also understand that the resonant 

frequencies of flip-chip assemblies are usually much higher than those of BGA 

assemblies. It is not unusual to have a flip-chip assembly with resonant frequencies 

up to 100‟s or even 1000‟s of Hz.  
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Figure 5.11 System‟s resonance frequency versus solder joint number 

5.5 SMT Manufacturing Line Dynamic Condition Characterization  

            SMT manufacturing line is the most commonly used production line for BGA 

assembly. In order to identify the possible range of the substrate vibrations that a 

BGA subject during the SMT reflow process, in-situ measurements were performed 

on the conveyor belt of an SMT reflow oven to understand the real dynamic 

environment of a manufacturing line. Figure 5.12 is the picture of a three zone 

(preheating zone, high temperature zone, cooling zone) reflow oven used in an SMT 

manufacturing line. During the test, a high temperature triaxial accelerometer was 

placed on the conveyor belt and went through three zones of the reflow oven. 

Conveyor speed is 60 cm/min and the peak temperature of the reflow profile is 
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220 °C. X-axis of the accelerometer is in the direction of the conveyor belt‟s motion, 

Y-axis is perpendicular to X-axis and parallel to the conveyor belt surface, while Z-

axis is in the direction normal to the conveyor belt surface. 

 

Figure 5.12  A four zone reflow oven used to test dynamic environments of an SMT 

manufacturing line 

            Figure 5.13 recorded background noise of the accelerometer in X, Y and Z 

axis. From Figure 5.13, the background noise amplitudes for all three axis are 

similar to each other and in the range of 0.01 g, which are much less than the 

measured vibration amplitude of the conveyor belt of around 0.1 g, and therefore 

the accelerometer‟s sensitivity is good enough to identify mechanical vibration of 

the conveyor belt. It is noted that the average value of background noise for all 

three axis have an offset from zero due to float voltage generated from the circuitry. 
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However, the maximum amplitude can still be calculated from the recorded 

maximum acceleration and minimum acceleration.  

 

Figure 5.13 Background noise of the accelerometer in X, Y, and Z axis 

           The accelerometer recorded three-axis accelerations in course of passing 

through the entire reflow oven are shown in Figure 5.14 and 5.15. It is seen that 

during the preheating and high temperature reflow process (time scale from 0 to 

around 150 seconds), the vibration of the conveyor belt is relatively stable. The 

small peak appeared around 150s was due to system variation caused by high 

temperature. Between 180s and 250s, two large peaks arise, which was caused by 

strong wind blew from the top and the bottom of the reflow chamber forcing the 

assembly to cool down quickly. This strong gas flow in the chamber, however, 

should have no effect on self-alignment accuracy as it happened after the 

solidification of solder joints. 
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Figure 5.14  Accelerometer recorded three-axis accelerations in course of passing 

through the entire reflow oven 

           The data in Figure 5.14 were further zoomed in to measure acceleration 

frequency and amplitude of the conveyor belt, as shown in Figure 5.15. The first 

observation is that Y axis acceleration is a little bit larger than that of X and Z axis, 

and all of them have amplitude in the range of 0.05-0.1g. Sudden mechanical shocks 

happened occasionally, and such shock affects the motion of the conveyor belt in all 

three directions. Apart from these large mechanical shocks, the dynamic vibrations 

are relatively smooth and repeatable and can be approximately regarded as 

periodical vibration. The measured vibration frequencies of the conveyor belt along 

X, Y and Z axis are in the range of around 1.4-2 Hz, which are in low frequency 

range. As a comparison, the acceleration amplitude that brings the current BGA 

test vehicle into resonance is comparable to the vibration amplitude of the conveyor 

belt (Figure 5.16). However, the around 2 Hz conveyor belt vibration frequency is 
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apart from the resonant frequency of the current BGA assembly. Therefore, the 

tested reflow system is expected to exert no significant effect on the self-alignment 

of the current BGA test vehicle if occasional sudden mechanical shocks were not 

considered. Of course, it is difficult for us to draw any conclusion from a single 

reflow oven characterized as above.  Nevertheless, we have gained an insight into 

the potential vibration effect on solder self-alignment.  
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Figure 5.15  Accelerometer recorded vibration of the conveyor belt along X, Y, and Z 

axis 

 

Figure 5.16  Accelerometer recorded vibration of the hotplate along X, Y, and Z axis 

that drives BGA test vehicle into resonance 

5.6 Chapter Summary 

 In this chapter, the dynamic behavior of a BGA assembly reflowed under a 

forced substrate vibration was investigated. Due to low dissipative force of the 
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molten solder joint, resonant oscillations between the chip and the substrate was 

observed at around 12 Hz driving frequency for the specific configuration studied. 

The maximum chip‟s oscillation amplitude could reach up to 100 µm for only several 

microns‟ driving amplitude on the substrate. This resonant motion could be "frozen 

in" during the solidification process of the solder joints and result in large post-

assembly misalignments. In order to reduce the adverse influence of such an 

environmental vibration on self-alignment accuracy, several feasible methods were 

proposed, including varying solder surface tension coefficient, solder joint aspect 

ratio, chip mass, and the number of joint interconnections, in order to shift the 

resonant frequency of the to-be-assembled device to a range that is different from 

the frequency of environmental vibrations. Dynamic characterization of a real SMT 

line indicates that the conveyor belt‟s vibration in X, Y and Z directions is in the 

range of 1.4-2 Hz and may not have significant effect on the designed BGA test 

vehicle, however, for any real applications, it is important to characterize the 

frequency range of the manufacturing environment and make sure the resonant 

frequencies of the assembly are far from the range.  

             It should be noted that we have not been able to study the vibration effect 

on the flip-chip assembly. The resonant frequencies of flip-chip assemblies are 

usually much higher than those of BGA assemblies. It is not unusual to have a flip-

chip assembly with resonant frequencies up to 100‟s or even 1000‟s of Hz. If the 

vibration frequencies of a solder reflow oven or hot plate are usually around a few 

Hz, it is possible that we can neglect the vibration effect on solder self-alignment.   
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CHAPTER 6 SUMMARY AND FUTURE WORK 

6.1 Summary 

 In this dissertation, effects of different design and manufacturing factors on 

self-alignment accuracy were studied through experimental and modeling studies. 

Design guidelines were developed to improve the accuracy of the solder self-

alignment with respect to different configurations and variations. Specifically, 

 In Chapter 2, we developed a 6DOF solder self-alignment model based on a 

force optimization algorithm to predict the alignment accuracy with input 

manufacturing parameters and tolerances. We also experimentally verified the 

model. The experimental results correlated with the model‟s predictions to be 

within 3% for the lateral alignments and 2% for the standoff height. By using this 

model, the effects of solder volume variation, solder volume distribution, as well as 

chip mass on the post-assembly alignment accuracies were further investigated.   

 In Chapter 3, the 6DOF self-alignment model was used to explore design 

widows for a flip-chip assembly with 1x12-arrayed VCSELs. To achieve the 50 µm 

target chip standoff height, three pad/solder diameter combinations, 52 µm_pad/70 

µm_sphere, 70 µm_pad/80 µm_sphere and 90 µm_pad/90 µm_sphere, were 

evaluated. The worst case analysis was performed using the model to determine the 

manufacturing tolerances of solder volume deviation/variation of the three 

combinations. For an initial two-row pad design, solder spheres used for chip 

bumping should have a diameter with a manufacturing tolerance within ± 0.8 µm to 
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achieve less than 2 µm height_Z variation, and this tolerance could be improved to ± 

2 µm through a proposed ten-row new design. For most optoelectronic devices that 

are small in size and low in mass, no calibration of solder surface tension coefficient 

is needed. However, for the model to be valid for heavy BGA boards with mass 

larger than 0.1 grams, solder‟s surface tension coefficient should be determined by 

experiments. The 6DOF solder self-alignment model was proven to be a powerful 

tool in the design of precision flip-chip optoelectronic modules by providing a 

quantitative guideline on tolerances.   

 In Chapter 4, we concluded that insufficient wetting and solder voids during 

formic acid-based reflow have significant influences on self-alignment accuracy. 

Complete wetting of solder on bonding pads resulted in good alignments, while 

incomplete wetting resulted in increased misalignments caused by nonsymmetrical 

solder joints formed. In order to reduce the misalignment caused by incomplete 

wetting, a large pitch between the bonding pads is preferable. Solder voids was 

another undesired factor and it increased the standoff height variation of the 

assembled unit. However, it imposed almost no impact on lateral alignments. Other 

fabrication variations, e.g. bonding pads diameter manufacturing variations, only 

accounted for less than ±1 µm misalignments. The 6DOF solder self-alignment 

model developed in Chapter 2 was modified to model these factors and was further 

used to develop design guidelines to minimize their effects. In addition to design, 

these two undesirable factors can also be eliminated by increasing formic acid 

concentration during the reflow process.  



159 

 

 In Chapter 5, the dynamic behaviors of BGA assemblies reflowed under 

forced substrate vibrations were investigated. We concluded that due to low 

dissipative force of the molten solder, resonant oscillations between chip, i.e. BGA 

board, and the substrate were observed at around 12 Hz driving frequency for the 

specific test vehicle studied. The maximum oscillation amplitude could reach over 

100 µm corresponding to driving amplitudes with only several microns. This 

resonant motion could be "frozen in" during the solidification process of the joint, 

resulting in large misalignments post-assembly. In order to reduce such an effect, 

we recommended shifting the natural frequency of the self-assembled module to a 

region that is far away from manufacturing vibration frequencies. We studied the 

influences of solder surface tension coefficient, solder aspect ratio, chip mass, and 

number of joint interconnections on the system‟s resonance frequencies. The results 

showed that increasing joint number in the assembly was the most effective way to 

change the resonant frequencies significantly. For any real applications, it is 

important to characterize the frequency range of the manufacturing environment 

and make sure the resonant frequencies of the assembly are far from the range. For 

a specific solder reflow oven characterized, the vibration frequencies were in the 

range of a few Hz. As a result, the abovementioned vibration effect on self-

alignments might be negligible.  We did not study flip-chip assemblies due to the 

limitations of the setup. Typically, the resonant frequency of a flip-chip assembly is 

much higher that of a BGA. Since the vibration effect on BGA might be negligible, 

we do not expect to see any major effect on flip-chip assembly.  
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           A comprehensive solder self-alignment model has been developed; it is also 

proven by experimental characterizations. This model is important to design 

optoelectronic assemblies for precision solder self-alignments.  

6.2 Future Work 

 Based on the works of this dissertation, we have identified new issues to be 

considered in future studies. The recommendations for these studies are 

summarized as follows:  

6.2.1 Future Work on Investigating Static Factors Affecting Self-alignment 

Accuracy 

 First of all, due to the limitations of Lin‟s regression model, the current self-

alignment model regards the top and bottom bonding pads on two parallel planes.  

This provides reasonable results for fine pitch and small joint design since the chip‟s 

rotation angles are very small compared to the form factor of the chip to be 

considered. However, if the top bonding pad has a large inclination relative to the 

bottom pad, as shown in Figure 6.1, the calculated restoring and normal reaction 

forces would be inaccurate. Such a situation may be found in some BGA assemblies 

where large solder joints are employed with large manufacturing variations. In 

these cases, a new regression model calculating solder restoring and normal 

reaction forces incorporating top pad inclination and misalignment needs to be 

developed by simulating this configuration using the Surface Evolver. 
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          In fact, it is desirable to integrate the Surface Evolver‟s computation with the 

6 DOF self-alignment model. Such an integrated model will be able to 

characterization very complicated solder self-aligned assemblies.  

 
 

Figure 6.1 Illustration of a solder joint with parallel bonding pad pair and  inclined 

bonding pad pair 

 One possible solution to address insufficient wetting issue proposed in 

chapter 4 is to have a smaller top bonding pad and a large bottom one, as shown in 

Figure 6.2. By reducing the dimension of top bonding pad, solder wetting spread 

area is greatly reduced and the effect of insufficient wetting may be reduced.  In 

addition, such a design may be able to generate larger restoring force than that 

with the normal symmetric bonding pads, thus improving the capability of solder 

self-aligning technology. As a matter of fact, such a nonsymmetrical bonding pad 

design is not unusual in industrial practices. If our model has the capability to 

process force optimization on such a design, we would be able to cover more 

innovative design solutions. Therefore, it is desirable to develop a regression model 

to calculate the resorting and normal reaction forces generated by a nonsymmetrical 

bonding pad pair. 
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Figure 6.2 Illustration of a solder joint with large bottom bonding pad and small 

top bonding pad  

           In addition, thermo-mechanical analysis is important to the chip-to-substrate 

assembly. High temperature reflow would not only create large warpage on the 

substrate and the chip, but also create large thermal stress between chip and 

substrate through solid solder joints, inducing large misalignments. The situation 

would become even worse with the adoption of lead-free solder materials (e.g. SAC) 

since the reflow temperature has to be increased to 280 °C. Future self-alignment 

model should be integrated with thermo-mechanical finite element model to cover 

the effects associated with solid solder joints.  

6.2.2 Future Work on Investigating Dynamic Factors Affecting Self-alignment 

Accuracy 

 In Chapter 5, we have characterized the real vibration conditions on the 

conveyor belt of an SMT reflow oven. Obviously the dynamic environments that a 

BGA/optoelectronic module to be assembled is much more complicated than the 

controlled vibration hotplate in experimental studies. And the model prediction 

should be verified by a test vehicle going through the real manufacturing processes. 

Unfortunately, due to limited access to these SMT manufacturing lines, we were not 
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able to run extensive experiments on a real SMT reflow oven. Future works should 

include reflow the test vehicle through a real SMT line to verify the model, and 

possibly identify other unexpected dynamic factors in the manufacturing line 

affecting alignment accuracy.  

           Compared to the BGA assembly we investigated in Chapter 5, flip-chip 

packaged optoelectronics usually composes chip and solder joints in much smaller 

size. The small mass of the chip and large numbers of fine pitch solder joints in 

optoelectronic packaging yield predicted resonant frequency in the range of 

hundreds Hz. However, our initial attempts of using small-sized optoelectronic 

packaging e.g. dummy VCSEL assembly as test vehicle failed to observe any 

resonant behavior. We attribute this phenomenon to several possible reasons. First 

of all, the camera and microscope we used for experiments are low speed and low 

resolution and may not be able to identify high frequency and small amplitude 

displacement between chip and substrate. Secondly, the parameters e.g. viscosity 

and surface tension coefficient we used to predict theoretical resonant frequency of 

the assembly were based on the liquid solder joint in pure metal state. However, 

small solder spheres are prone to surface oxidation and their surface tension 

coefficient and viscosity may deviate a lot due to the change of material 

compositions. As a result, the real resonant frequency of the system would deviate 

hundreds of Hz from theoretical predicted frequency and it is hard for us to scan the 

whole frequency spectrum to identify it. What‟s more, if the effect of oxidation layer 

is large enough, overdamping phenomenon may have to be considered, resulting in 
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totally different mechanisms between large-sized BGA and small-sized flip-chip 

packaging. Therefore, more work needs to be done to understand the reflow process 

difference between large-sized BGA and small-sized flip-chip packaging.  

           An extensive study on various BGA and flip-chip assemblies and reflow ovens 

and hot plates is needed. For most of cases, we expect the effect to be negligible 

though. If the vibration effect is important in some cases, the current model can be 

improved further. Besides resonance frequency, solidification time of the solder joint 

is also important in determining final alignment accuracy since whether the 

resonant motion will be “locked in” or not depends on the comparison of 

solidification time and resonant period. Is it possible to prolong solidification time of 

solder material through a controlled reflow process to avoid such sudden “freeze in”? 

Further studies should be performed to understand the solder solidification process 

and integrate this process to the solder self-alignment model with molten solder 

being solidified gradually in an environment with dynamic vibrations.  
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