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ABSTRACT OF THE DISSERTATION 

 

 

Surface interdiffusion studies in Copper-Tin system 

 

by 

 

Yang Chen 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2020 

King-Ning Tu, Co-Chair 

Yu Huang, Co-Chair 

 

 

As the demand for wearable devices and mobile technology is increasing rapidly, 

a smaller but more powerful integrated circuit (IC) is needed. However, as the chip 

technology has reached its limit to extend Moore’s law, the 3D packaging technology 

is currently the most promising way to improve transistor density while fulfilling the 

downsizing requirement of a silicon chip. Compared to currently applied 2D IC system, 

one of the most distinctive structures to realize the vertical stacking in 3D IC is the use 

of microbumps to join the through-Si vias (TSV) vertically. The diameter of 

microbumps (<10 μm) is much smaller than the traditional control-collapse-chip-

connection (C-4) flip chip solder joints (~100 μm) and ball-grid-array joints (BGA, 

~760 μm). The dramatic change in solder joint size brings new challenges in two 
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aspects: (i) The intermetallic compound (IMC) formed in solder joint will eventually 

turn into only one grain structure from a polycrystalline structure. Structural anisotropy 

begins to strongly affect microstructure evolution kinetics and properties. (ii) The 

surface-to-volume ratio is greatly increased.  

In this thesis, a systematic study of Cu-Sn surface interdiffusion is conducted on 

both 30 µm wide Cu-Sn free surface which is fabricated by FIB and Sn/Cu pillars with 

diameter of 2 µm. A 2-step surface IMC formation mechanism is proposed to explain 

the protrusion of surface IMC formation on Cu-Sn surface. In the first step, the surface 

IMC forms much faster on the surface of Cu3Sn layer than on any other layers. In the 

second step, the surface IMC will form on Cu surface. The IMC forms in the first step 

will have a potential threat to 3D IC reliability when the diameter of the microbump is 

below 2 µm. A simple kinetic model of surface diffusion-controlled surface IMC 

growth at Cu3Sn layer is proposed which explains the tendency of the lateral IMC 

growth, and it can be used to estimate the failure time for 3D IC which is caused by 

contact shorting due to the surface IMC growth.  

 

 

 

  



 

iv 

The dissertation of Yang Chen is approved by 

Jaime Marian 

Jane P. Chang 

Yu Huang, Co-Chair 

King-Ning Tu, Co-Chair 

 

 

 

 

 

 

 

 

University of California, Los Angeles 

2020 

 

 

 

 

  



 

v 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my band at UCLA, Parkedin4East. 

 

 

 

  



 

vi 

TABLE OF CONTENTS 

 

ABSTRACT OF THE THESIS……………………………………………………….ii 

LIST OF FIGURES………………………………………………………………....viii 

LIST OF TABLES…………………………………………………………………….x 

ACKNOWLEGEMENTS …....……………………...……...……..………………....xi 

Chapter 1 Introduction ................................................................................................... 1 

1.1 Industrial Background .......................................................................................... 1 

1.2 Surface Diffusion Effect with Size Reduction in Cu/Sn ...................................... 3 

1.3 Motivation ............................................................................................................ 5 

1.4 Figures .................................................................................................................. 7 

1.5 Reference ............................................................................................................ 15 

Chapter 2 Surface Interdiffusion Phenomena in Cu/Sn Couple .................................. 21 

2.1 Sample Preparation ............................................................................................ 21 

2.2 Characterization ................................................................................................. 22 

2.3 Novel IMC Formation Phenomenon .................................................................. 23 

2.4 Figures ................................................................................................................ 24 

Chapter 3 Surface Interdiffusion Analysis ................................................................... 30 

3.1 Introduction of Kirkendall Effect ....................................................................... 30 

3.2 Marker Experiment for Surface Interdiffusion................................................... 31 

3.3 EDS Studies........................................................................................................ 32 

3.3.1 The Surface Diffusion of Cu ....................................................................... 32 



 

vii 

3.4 The Surface Diffusion of Sn............................................................................... 33 

3.4.1 Surface Diffusivity of Sn ............................................................................. 35 

3.5 Interdiffusion Analysis for 2-Step Surface IMC Formation .............................. 37 

3.6 Summary ............................................................................................................ 38 

3.7 Figures ................................................................................................................ 39 

3.8 References .......................................................................................................... 47 

Chapter 4 Lateral Growth of Cu3Sn ............................................................................. 51 

4.1 Industrial Background ........................................................................................ 51 

4.2 Experimental Procedure ..................................................................................... 52 

4.3 Experimental Results.......................................................................................... 52 

4.4 Lateral Growth Model ........................................................................................ 53 

4.4.1 Basic Assumptions ...................................................................................... 53 

4.4.2 Growth Model.............................................................................................. 54 

4.4.4 Calculation of the Mean Flux ...................................................................... 56 

4.4.5 The function of Lateral Growth ................................................................... 58 

4.4.6 Physical Meaning of ‘𝑎’ .............................................................................. 58 

4.5 Figures ................................................................................................................ 59 

4.6 Reference ............................................................................................................ 66 

Chapter 5 Summary ..................................................................................................... 67 

 

 

 



 

viii 

 

LIST OF FIGURES 

 

Figure 1.1 Evolution of transistor count of CPUs as well as of GPU and FPGA hardware 

accelerators. ................................................................................................................... 7 

Figure 1.2 Schematic of 3D IC packaging(Image from online resource) ...................... 8 

Figure 1.3 Qualcomm sample indicating faster IMC growth rate in the smaller size µ-

bump. ............................................................................................................................. 9 

Figure 1.4 Cu/Sn pillars fabricated by FIB .................................................................. 10 

Figure 1.5 shows the Cu6Sn5 thickness changing with different diameter when 

annealing at 185 o C respectively. ............................................................................... 11 

Figure 1.6 A simplified model to show Cu6Sn5 IMC growth with only surface diffusion 

and interstitial diffusion. .............................................................................................. 12 

Figure 1.7 A comparison of the total number of atoms transferred by bulk diffusion and 

surface diffusion changing with pillar’s radius. ........................................................... 13 

Figure 2.1 The Cu/Sn bumps with diameter of 100 µm on a Si wafer ........................ 24 

Figure 2.2 Cu/Sn free surface cut by FIB .................................................................... 25 

Figure 2.3 Annealing results at 170 ˚C ........................................................................ 26 

Figure 2.4 Annealing results at 150 ˚C ........................................................................ 27 

Figure 2.5 Cross-sectional image of Cu/Sn couple on yz-plane. ................................. 28 

Figure 2.6 TEM result of the surface IMC .................................................................. 29 

Figure 3.1 Schematic Diagram of Kirkendall’s Experiment and Result ..................... 39 

Figure 3.2 Vacancy mediated interdiffusion model ..................................................... 40 

Figure 3.3 Marker analysis to study the surface diffusion. The doted red line represents 

the movement trace of Marker II. ................................................................................ 41 

Figure 3.4 EDX analysis of surface concentration profile of Cu/Sn. .......................... 42 

Figure 3.5 Cu-Sn binary phase diagram (Image from online resource) ...................... 43 

Figure 3.6 (a)FIB-SEM image shows the y-z plane of the sample, to study the Cu 

concertation change within the Sn layer. (b)Concentration profile along y axis started 

from point B. ................................................................................................................ 44 



 

ix 

Figure 3.7 A simplified model to calculate the total amount of Sn atoms transferred by 

bulk flux. ...................................................................................................................... 45 

Figure 3.8 A simplified model to explain the surface IMC formation mechanism and 

the abnormal marker movement. (a) The 1st step of surface Cu3Sn formation, in which 

IMC only forms on Cu3Sn layer. (b) The 2nd step of the surface Cu3Sn formation, in 

which Sn atoms will react with Cu substrate. .............................................................. 46 

Figure 4.1 SEM cross-sectional image and an x-ray tomography image of our test 

sample. ......................................................................................................................... 59 

Figure 4.2 SEM cross-sectional image and an x-ray tomography image of our test 

sample. ......................................................................................................................... 60 

Figure 4.3 (a) Top view of the Cu-Sn pillar after 7 hours of annealing at 170 ˚C. (b) 

Pillar before annealing. (c) Sideview of the pillar after 16 hours of annealing at 170 ˚C.

...................................................................................................................................... 61 

Figure 4.4 Experimentally measured IMC lateral thickness for different annealing time 

at 170 ˚C. ...................................................................................................................... 62 

Figure 4.6 Integration for x-y plan ............................................................................... 64 

Figure 4.7 The curve calculated by the model compared with the experimental data 

which represented by the red points ............................................................................. 65 

 

 

 

 

 

 

 

 

 

  



 

x 

LIST OF TABLES 

 

Table 1.1 Calculated Ds in different periods of time……………………………...…14 

 

  



 

xi 

ACKNOWLEGEMENTS 

 

It took me six years from knowing almost nothing about materials science and 

engineering to completing my Ph.D. thesis. This would definitely be one of the most 

challenging experiences in my life. I am delightful to take the chance to show my 

appreciation for the help and support I received in this journey. 

 

I would like to express my deepest gratitude to Prof. King-Ning Tu, my advisor 

and my hero. I look up to him as my academic idle. He showed me how a great scientist 

and a human being is like. I might not be as good as him in any aspects through my life. 

He will always be my guiding star showing me the direction to the greatness. I would 

also like to show my sincere thanks to Professor Yu Huang, my co-advisor, a gentle and 

bright scientist who supports me effortlessly every time I turned to her for help. Without 

her, I will have no chance to get my Ph.D. degree. Furthermore, I would like to extend 

my appreciation to Professor Jaime Marian, the best lecturer I met in MSE department 

who treated me not only as his student but also as a friend. Last but not least, I would 

like to pay my heartfelt respects to Prof. Jane P. Chang, who showed me how a scientist 

should hold reverence to science and helped me level up my quality of thesis in a month.  

 

Meanwhile, I would like to express my gratitude to Dr. Yiangxia Liu, Dr. Yaodong 

Wang and Dr. Menglu Li for their supports in my academic journey and in my life. 

 

Above all, I would like to thank my parents for their support and tolerance for my 

defects and my ambitions. 

 



 

xii 

VITA 

 

 

2008-2009         University of Tennessee, Knoxville 

           Knoxville, TN, USA 

 

2009-2011         Georgia Institute of Technology 

           Atlanta, GA, USA 

 

2012-2014         University of Michigan, Ann Arbor 

           Ann Arbor, MI, USA 

 

2014-2020         University of California, Los Angeles 

           Los Angeles, CA, USA 

 

 



 

1 

Chapter 1 Introduction 

 

1.1 Industrial Background 

 

 Owing to rocketing development of semiconductor industry, integrated circuits (IC) 

have thoroughly changed our daily life with various electronic devices. Since the first 

working IC invented in 1958 [1], the performance of IC has been dramatically boosted 

with increasing number of transistors on a chip. Over the past 60 years, the number of 

transistors on a chip nearly doubles every 18-24 months without production cost 

increase, which is known as Moore’s law. Moore’s law is an empirical law and currently 

has become more of an industrial development goal than a prediction, which has 

inspired all the leading semiconductor companies and institutes to keep developing new 

technologies to realize the maintenance of Moore’s law. Up to 2019, Moore’s law is 

still working in the transistor count per chip (Figure 1.1, [3]). The state-of-the-art 

technology node has reached 3 nm and the first prototype of 3 nm GAAFET 

semiconductor has been created by Samsung. However, the economic aspect of 

Moore’s law seems hard to realize. Design and manufacturing costs for new generation 

of nodes are astronomically and dramatically increasing with smaller dimension. The 

design cost for a 3 nm chip is $650 million, compared to $436.3 million for a 5 nm 

device, and $222.3 million for 7 nm [4]. From the perspective of economy, it’s 

becoming a more fascinating option to get the benefits of scaling by putting advanced 

chips in a package than making transistor smaller. Hence, package-on-package (PoP) 
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technology and 3D IC design have currently become the most promising candidate to 

break the limitation of Moore’s law since they were first presented at 2003 [5]. 

Compared to currently applied 2D IC system, one of the most distinctive structures 

to realize the vertical stacking in 3D IC is microbump, which joins the through-Si vias 

(TSV) vertically [6-11]. The diameter of microbumps (<10 μm) is much smaller than 

the traditional C-4 flip chip solder joints (~100 μm) and ball-grid-array joints (BGA, 

~760 μm), as shown in Figure 1.2. And in the future, the diameter of a microbump will 

be eventually reduced to 1 µm. Nickel and copper are two popular under-bump-

metallization (UBM) materials for microbumps. Pb-free solder has been employed for 

the microbumps to join two chips vertically. Usually, Sn with small amount of alloying 

element like Ag is used as solder [38,39].  

Microbumps have currently been successfully fabricated by reflow or thermo-

compression [12-20]. Therefore, metallurgical reaction occurs and IMCs become 

another important part of microbumps. As the volume will shrink 103 times if the 

diameter is reduced by 10 times, the size reduction will definitely affect the physical 

properties of solder joints significantly. The dramatic change in solders’ sizes brings 

new challenges in two aspects: (i) As the IMC usually has a grain size more than 4 µm, 

the number of grains in a microbump will eventually turn into only one grain. Structural 

anisotropy begins to strongly affect microstructure evolution kinetics and properties. (ii) 

Although the size of microbumps is reduced, the temperature and time of reflow almost 

remain unchanged. As a result, instead of unreacted solder, IMCs have become the 

dominant structure in microbump. Therefore, in recent years a large number of 
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researchers have paid attention to the anisotropy structure, electrical and mechanical 

property of IMCs [40], which brings great reliability challenge of microbumps [21-23], 

such as Joule heating effect [24-26], electromigration [27-32], and porous IMC brittle 

fracture caused by Kirkendall voids [33-36]. 

From the perspective of atomic scale kinetics, the formation of IMCs is a diffusion-

controlled process. Hence, clarify the special diffusion behavior is the key to control 

the reliability of microbumps. The largest difference brought by shrinking scale in 

diffusion is the dramatic increase of surface-to-volume ratio. Meanwhile, with a single 

grain of IMC, there will not be any grain boundary diffusions for Cn or Sn atoms. IMC 

also serves as the diffusion barrier for bulk diffusion of Cu and Sn atoms. As a result, 

with the size reduction in microbumps, bulk diffusion of Cu atoms and Sn atoms will 

decrease rapidly, instead the dominant diffusion in a microbump will shift from bulk 

diffusion to surface diffusion. 

 

1.2 Surface Diffusion Effect with Size Reduction in Cu/Sn 

 

From the Qualcomm sample, shown in Figure 1.3, where 2 bumps with different 

diameters, 30 µm and 17 µm, were annealed under the same heat treatment condition. 

The thickness of IMC formed in 17 µm bump is higher than that in the 30 µm bump. In 

order to figure out the mechanism behind it, Dr. Yingxia Liu in our group conducted a 

systemic study towards this phenomenon. 

Liu fabricated Cu/Sn pillars with different diameters range from 1 µm to 30 µm by 
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focused ion beam (FIB), shown in Figure 1.4. And the pillars were annealed at 185 ˚C 

from 0 to 90 min[41]. The thicknesses of formed IMC were measured every 30 min. 

From Fig. 1.5, it shows the increased IMC thicknesses of each pillar as the annealing 

time increases. We can see that the pillar with smaller diameter has a relative faster IMC 

thickness increasing rate than the ones with larger diameters. This is because in smaller 

pillars, the lattice diffusion and grain boundary diffusion can be neglected due to only 

one grain of IMC between the Cu and Sn. And the smaller the pillar, the larger the 

surface-to-volume ratio is. As a result, surface diffusion will play a more important role 

in smaller pillars. 

Liu proposed a simple kinetic model, shown in Figure 1.6, to describe the surface 

diffusion of Cu atoms in Cu/Sn pillar, based on 2 assumptions (i) Lattice diffusion and 

grain boundary diffusion can be neglected. (ii) Cu atoms can diffuse interstitially into 

Sn. As a result, the total number of Cu atoms goes to the Sn side is given below, 

                   #Cuatom = 𝐽s × 2𝜋𝑟 × 𝑑 × 𝑡                    (1) 

where 𝐽s is the surface flux of Cu atoms, 𝑑 is the diameter of a Cu atom, and r is the 

radius of the pillar. Meanwhile, the volume of increased IMC is 𝜋𝑟2ℎ, and the unit cell 

volume of one Cu6Sn5 molecule, Ω,  

                     #Cuatom = 𝜋𝑟2ℎ
6

𝛺
                          (2) 

By equating Eq. (1) and (2), we have 

𝐽s = 3
𝑟

𝑑

ℎ

𝑡

1

𝛺
              (3) 

We note that ∆h/∆t is the growth rate, 
ℎ

𝑡
=

𝛺

3

𝑑

𝑟
𝐽s.  As 𝛺, 𝑑, are constant, and 𝐽s 

is only affected by temperature. We also found out that the growth rate of IMC, when 
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it is only under the consideration of surface diffusion, is proportional to 
1

𝑟
, and this 

explains why smaller pillar has a faster IMC growth rate. 

According to Fick’s first law, 𝐽s = −𝐷s
∆𝐶

∆𝑥
, the surface diffusivity of Cu can be 

obtained by measuring the IMC growth rate. 

 

1.3 Motivation 

 

 From Liu’s work, the surface diffusivity of Cu was measured and calculated at 

185˚C, which is shown in Table 1.1. To figure out how much contribution bulk diffusion 

and surface diffusion could contribute to the transportation of atoms, the following 

calculations have been conducted. Based on Liu’s model, if we assume the Cu/Sn 

couple is in a pillar shape, then the total bulk flux is 

𝐽B𝐴𝐵 = −𝐷B
∆𝐶

∆𝑥
𝜋𝑟2             (4) 

, and the total surface flux is  

𝐽s𝐴𝑠 = −𝐷s
∆𝐶

∆𝑥
2𝜋𝑟𝑑             (5) 

, where 𝐷B ≈ 1.72 × 10−13 𝑐𝑚2/𝑠, is measured experimentally at 180 ˚C [37], 𝐷s ≈

3.2 × 10−7 𝑐𝑚2/𝑠 is the surface diffusivity of Cu at 185 ˚C, which was measured by 

Dr. Yingxia Liu, and d is the diameter of a Cu atom, which equals to 2.8 × 10−4 µ𝑚. 

The diagram of total atoms number/s VS, with pillar diameter shows in Figure 1.7. 

From the diagram we can see that, the total amount of atoms transferred by bulk 

diffusion will catch up to the amount transferred by surface diffusion only when the 

diameter of the pillar reaches almost 900 µm! And for the diameter below 20 µm, the 



 

6 

number of atoms transferred by surface diffusion is more than 100 times larger than 

bulk diffusion.  

 As a result, I conclude that surface diffusion plays a significant role in small pillar-

type Cu/Sn couple and it deserves a systematic study.  
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1.4 Figures 

 

 

Figure 1.1 Evolution of transistor count of CPUs as well as of GPU and FPGA hardware 

accelerators. 
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Figure 1.2 Schematic of 3D IC packaging(Image from online resource) 
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Figure 1.3 Qualcomm sample indicating faster IMC growth rate in the smaller 

size µ-bump. 

©Liu Y, Chu Y C, Tu K N. Scaling effect of interfacial reaction on intermetallic 

compound formation in Sn/Cu pillar down to 1μm diameter[J]. Acta Materialia, 

2016, 117:146-152. 
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Figure 1.4 Cu/Sn pillars fabricated by FIB 

©Liu Y, Chu Y C, Tu K N. Scaling effect of interfacial reaction on intermetallic 

compound formation in Sn/Cu pillar down to 1μm diameter[J]. Acta Materialia, 

2016, 117:146-152. 
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Figure 1.5 shows the Cu6Sn5 thickness changing with different diameter when 

annealing at 185 o C respectively. 

©Liu Y, Chu Y C, Tu K N. Scaling effect of interfacial reaction on intermetallic 

compound formation in Sn/Cu pillar down to 1μm diameter[J]. Acta Materialia, 2016, 

117:146-152. 
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Figure 1.6 A simplified model to show Cu6Sn5 IMC growth with only surface 

diffusion and interstitial diffusion. 

©Liu Y, Chu Y C, Tu K N. Scaling effect of interfacial reaction on intermetallic 

compound formation in Sn/Cu pillar down to 1μm diameter[J]. Acta Materialia, 2016, 

117:146-152. 
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Figure 1.7 A comparison of the total number of atoms transferred by bulk diffusion 

and surface diffusion changing with pillar’s radius. 
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Table 1.1 Calculated Ds in different periods of time. 

 

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

0-30 0.46 0.23 3.4 

30-60 0.18 0.55 3.2 

60-90 0.12 0.70 2.7 
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Chapter 2 Surface Interdiffusion Phenomena in Cu/Sn Couple 

 

2.1 Sample Preparation 

 

The fabrication process of Cu/Sn pillar-type samples was as follows: (a) a 100 nm 

SiO2 layer was deposited on Si to prevent Cu-Si interdiffusion, (b) a <100> oriented Cu 

thin layer was deposited on the silicon wafer to serve as a seed layer as well as the 

electrode for electroplating, (c) the photoresist was spin coated and patterned by 

lithography for the deposition of nano-twinned Cu (nt-Cu) of 100 µm in diameter, (d) 

the <111> oriented nt-Cu was electroplated, (e) Sn solder was deposited, (f) the photo-

resist was removed and the exposed seed layer of Cu was etched, and (g) reflowed the 

Sn/ Cu bumps at 260 ˚C for 2 min to form IMC. The obtained Sn/Cu bumps are shown 

in Figure 2.1. 

After obtaining the 100 µm bumps, we use focused ion beam (FIB) to cut a 30 µm 

wide cross-sectional free surface on the bump, as shown in Figure 2.2. The FIB cutting 

was performed on a Zeiss Auriga crossbeam (FIB-SEM) workstation equipped with a 

Cobra gallium column and a Gemini electron column. 

Once the Cu/Sn cross-sectional free surfaces are fabricated, the samples were put 

into a vacuum oven and annealed at 170 ˚C for 30, 60, 90, 150, 210 and 780 min. To 

investigate the effect of annealing temperature, another set of samples with free surfaces 

was also annealed at 150 ˚C for 30, 90, 180, 360 and 1140 min. The manifest pressure 

is 10-5 Pa. All images were obtained by scanning electron microscopy (SEM).  SEM 
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images were taken to record and observe the phenomena of surface IMC growth, shown 

in Figure 2.3 and Figure 2.4.  

The cross-sectional (y-z) plane, as cut by FIB, is for measuring how much surface 

IMC was formed. The IMC is very soft, and can be etched away during the ion beam 

observation. As a result, we used magnetron sputtering technique to sputter a thin layer 

of tantalum (Ta) to protect the IMC from etching away. The yz-plane image is shown 

in Figure 2.5, and the red line represents the original position of the Cu-Sn surface. 

It is worth pointing out the difference between Dr. Liu’s pillar-type sample as 

shown in Fig. 1.4 and the sample prepared here as shown in Fig. 2.2 and Fig. 2.3. In Dr. 

Liu’s samples, there was almost no IMC formation in the initial state, because the 

purpose was to understand the difference in IMC formation within the Qualcomm 

samples after annealing as shown in Fig. 1.3. However, in the samples to be studied 

here, there have already formed a thick bi-layer of Cu6Sn5 and Cu3Sn after reflow, so 

that the IMCs serve as diffusion barrier for bulk interdiffusion of Cu and Sn.  

Consequently, we can study surface interdiffusion of Cu and Sn at lower temperatures.  

 

2.2 Characterization  

 

 To verify the composition and structure of the surface IMC product, SEM EDS and 

TEM selected area electron diffraction (SAED) were adopted (see results in Fig 2.6).  

The IMC product can be seen next to the nt-Cu, which means Sn atoms had diffused 

to the surface of nt-Cu. The SAED pattern in Fig 2.6 identifies the orthogonal structure 
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of Cu3Sn. This confirms the phase of the surface formed IMC to be Cu3Sn. 

 

2.3 Novel IMC Formation Phenomenon 

 

 Shown in Figure 2.3a and 2.4a, we can clearly see the Cu/Sn couple has four layers 

which are occupied by 4 phases, Sn, Cu6Sn5, Cu3Sn and nt-Cu, before annealing. We 

have observed a novel phenomenon in this surface IMC formation, which involves 2 

steps. In the first step, for the initial period of 270 min of annealing, shown in Figure 

2.3 (a)~(g), the surface IMC only forms on top of the Cu3Sn layer. Meanwhile, as the 

annealing time increases, the surface IMC will keep growing laterally along the z-axis. 

Only when the annealing time is long enough, we regard this as the second step, the 

IMC will grow on the Cu side. From Figure 2.5, it shows the surface IMC not only 

forms on top of Cu layer but also reacts with Cu substrate to form Cu3Sn.  

The annealing experiment was repeated at 150 ˚C. With 20 ˚C lower of the heat-

treatment condition, the IMC growth rate is much slower than that at 170 ˚C. Up to 

1140 min of annealing, we only observed the first step of the IMC formation 

phenomenon. 
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2.4 Figures 

 

 

Figure 2.1 The Cu/Sn bumps with diameter of 100 µm on a Si wafer 
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Figure 2.2 Cu/Sn free surface cut by FIB 
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Figure 2.3 Annealing results at 170 ˚C 
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Figure 2.4 Annealing results at 150 ˚C 
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Figure 2.5 Cross-sectional image of Cu/Sn couple on yz-plane. 
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Figure 2.6 TEM result of the surface IMC 
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Chapter 3 Surface Interdiffusion Analysis  

 

 Marker analysis was applied to determine the diffusion mechanism behind the 

surface IMC formation. Abnormal marker movement was observed. Meanwhile, we 

used EDS to study the surface concentration profile of Cu and Sn atoms. Excessive 

amount of Cu atoms was found on the Sn side which does not obey the binary phase 

diagram of Cu-Sn. Through the m arker motion and EDS analysis result, we found a 

novel surface IMC formation mechanism which is driven by surface interdiffusion of 

Cu and Sn atoms.  

  

3.1 Introduction of Kirkendall Effect 

 

Kirkendall effect was first discovered by Ernest Kirkendall and Alice Smigelskas 

in 1947 [1]. The experimental set is shown in Figure 3.1, which includes Cu, brass (Cu-

Zn alloy), and Mo wires in between. Because Mo does not solve in Cu or Sn, Mo wires 

will be shifted only by the lattice motion due to unequal atomic fluxes of Cu and Zn.  

After annealing, the two sets of Mo markers were closer than they were. By observing 

the marker motion, the experimental result confirms the fact that in a binary alloy 

system, two different kind of atoms have different diffusivities. Furthermore, Darken 

proposed vacancy mediated diffusion mechanism to explain the interdiffusion effect 

observed by Kirkendall. Suppose 2 kinds of atoms of A and B, where 𝐷𝐴 > 𝐷𝐵, as a 

result, 𝐽𝐴 > 𝐽𝐵 . Also suppose, there is a net flux of vacancies equals to the flux 
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difference of A and B atoms, 𝐽𝑣 = 𝐽𝐴 − 𝐽𝐵, to balance the difference. Assuming edge 

dislocations can serve as the sinks and source for vacancies, for the side which gains 

vacancies the edge dislocation will disappear, on the other hand, for the other side where 

it loses vacancies, the edge dislocation will become a lattice plane. This will cause the 

lattice shift to A side by the distance of one lattice thickness. Macroscopically, the 

marker movement can be observed as the result of the lattice shift.  

  

3.2 Marker Experiment for Surface Interdiffusion 

 

 To figure out the diffusion mechanism for IMC formation, we first tried to observe 

the dominant diffusion species through marker analysis. Shown in Figure 2.3, at 0 min 

before annealing, there are two markers on the surface, Marker I is a surface intrusion 

on the Sn side, and Marker II is a hole on the Cu6Sn5 layer. Two markers are 

approximately 1μm. The intrusion on Sn solder is made during FIB cutting and the 

hole is from the bubble unable to be released in reflow process. It is convenient to 

directly use flaws of the sample rather than implant inert markers of metal or inert gas 

[3] or sputter a hole by FIB [4]. Because inert metal marker as Mo wires have a large 

dimension close to a microbump which might cause dragging effect [5], and implanting 

inert gas or sputter a hole increase the cost. As the annealing time increases, we 

observed that Marker II first moved to Cu side, and then it moved back to Sn side. It is 

very abnormal that a marker can move back and forth.  
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3.3 EDS Studies  

 

EDS analysis is energy dispersive X-ray analysis. We used EDS to study the 

surface concertation profile along the y-axis. Shown in Figure 3.4, the Cu-Sn 

concentration change vertically, starting from point A. We found that the concentration 

of Cu is reducing along y-axis, while Sn is increasing. And on the Cu side, no Sn is 

found where there is no Cu3Sn, which means that Sn atoms does not exist in bulk Cu.  

However, excessive amount of Cu was found on the Sn side. According to the Cu-Sn 

binary phase diagram [6] shown in Figure 3.5, Cu will immediately react with Sn to 

form Cu6Sn5 when the temperature is below 232 ˚C, which is the melting point of Sn. 

 

3.3.1 The Surface Diffusion of Cu 

 

 EDS analysis was also applied to the y-z plane, to study the concertation change of 

Cu along -z direction within the Sn layer. Shown in Figure 3.6 (a), we carefully 

fabricated the y-z plane through FIB. In Figure 3.6 (b), we used EDS to study the Cu 

concentration along -z axis. The result shows that, only at the near surface area, the Cu 

to Sn ration is close to Cu6Sn5. As the distance goes deeper from the surface, the 

concentration of the Cu drops rapidly. As a result, in our research we found that Cu will 

form a thin layer of Cu6Sn5 with Sn diffuses rapidly on the surface of Sn, however, Cu 

atoms’ interstitial diffusion into the bulk of Sn is relatively not that fast as assumed in 

previous work of Dr. Liu because here we compare it to surface diffusion. The 
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formation of the Cu6Sn5 thin layer on the Sn layer proves the surface diffusion 

phenomenon of Cu.  

 

3.4 The Surface Diffusion of Sn 

 

From Figure 2.5, it shows the surface IMC not only forms on top of Cu layer but 

also grows into Cu substrate. We thus need to determine the source of Cu and Sn atoms 

first before discussing about the surface diffusion of Sn. In the sample with a 30μm 

wide free surface, Cu adatoms are apparently provided by Cu substrate. However, Sn 

adatoms are likely to be transferred from the Sn solder by surface diffusion or from 

within the Cu3Sn layer or Cu substrate by bulk diffusion. Therefore, there are two 

potential diffusion paths, see Figure 3.7; (i) Sn atoms diffusion from the surface area of 

the solder to the surface of Cu6Sn5 layer, and finally stay on Cu3Sn or Cu substrate 

surface to form Cu3Sn laterally; (ii) Sn atoms from the inside of Sn solder diffusion 

across Cu6Sn5 layer entering the Cu3Sn layer or Cu substrate and subsequently diffusing 

out from Cu3Sn layer or Cu substrate to the surfaces to form Cu3Sn laterally. We know 

surface serves as a fast path for atoms diffusion because surface diffusion has a much 

lower activation energy than bulk diffusion [6-8]. It is thus energetically possible for 

most Sn atoms to choose the first path by surface diffusion. In a previous investigation 

of Cu/Sn microbump down to 1 μm [9], Cu atoms are observed to the dominant 

species in the surface inter-diffusion by maker analysis and only very little surface 

diffusion of Sn atoms occurs. This raises two questions: if most Sn atoms are provided 
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by surface diffusion during the annealing time and how much does the bulk diffusion 

contribute to the formation of the lateral IMC. To figure out the total contribution of 

bulk diffusion, we set up a simplified model to calculate the total amount of Sn atoms 

transferred by bulk diffusion in given time t. 

From the previous research, we know that the bulk diffusion coefficient for Sn 

atoms in Cu6Sn5 and Cu3Sn is about 10-13 cm2/s, at 170 ˚C. According to Fick’s first 

law, the bulk flux of Sn can be acquired by 𝐽 = −𝐷
𝜕𝐶

𝜕𝑥
= 2.24 × 1012 /𝑐𝑚2 ∙ 𝑠, where 

𝜕𝐶

𝜕𝑥
  is experimentally measured by EDS as 4%/µm. As a result, the maximum total 

amount of Sn atoms able to contribute to the surface IMC formation is 𝑁 = 𝐽𝐴𝑡, where 

𝐴 = √𝐷𝑡 × 𝛿, as the Sn atoms could not diffuse to surface if its deeper than √𝐷𝑡, and 

𝛿 is the width of the surface. As a result we obtained the total amount of Sn atoms 

which could reach the Cu3Sn surface in 12 hours is about 1.06 × 10−15𝛿 𝑚𝑜𝑙, which 

can only form, 3.79 × 10−2𝛿 𝜇𝑚3 of Cu3Sn. However, through the measurement of 

the SEM cross-sectional image, we obtained the mean cross-sectional area of surface 

Cu3Sn to be 3.80 𝜇𝑚2, which is a result of 7 measurements with STD error ~ 0.86. As 

a result, for a certain width of 𝛿 𝜇𝑚, the volume of the surface Cu3Sn formed after 13 

hours annealing is 3.8 𝜇𝑚3 , which is much larger than 3.71 × 10−2𝛿 𝜇𝑚3 .  

Therefore, we concluded that through bulk diffusion, it can only contribute 1% of the 

needed Sn atoms. As a result, bulk diffusion can be ignored. Also, the surface IMC 

formation is a result of surface interdiffusion of Cu and Sn atoms. 
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3.4.1 Surface Diffusivity of Sn 

 

According to the surface diffusion path discussed in the Section 3.4, Sn adatom 

diffuses on all four surfaces of Sn solder, Cu6Sn5 layer, Cu3Sn layer, and Cu substrate. 

Here we only pay attention to calculating Sn surface diffusivity on IMC surfaces, 

because we can conveniently refer to previous reports to obtain Sn surface diffusivities 

on Sn and Cu surfaces [10-13]. Sellers employed molecular simulation [10] and 

reported the surface tracer diffusivities of Sn on beta-Sn (100) are 1.893 × 10−6cm2/s 

along c-axis and  3.994 × 10−6cm2/s along a-axis, with diffusion activation energies 

of 0.1493 eV along c-axis and 0.1138 eV along a-axis respectively. Chang et al reported 

the Sn surface diffusivity at 155℃ to be 1.27 × 10−11cm2/s in the electromigration 

test of a 18μm microbump [13]. We can roughly estimate that the activation energy of 

Sn self-diffusion is one third to one ninth of those in the bulk diffusion [14], and surface 

diffusivity is larger than bulk diffusivity by 2 to 7 orders, which is identical to Cu 

surface self-diffusion [15,16]. With the fast surface diffusivities as summarized, we 

know Sn solder, to be the Sn adatoms “provider”, is unlikely to be the rate-limiting 

factor for subsequent IMC growth, which gives us another reason to focus on the 

diffusion on IMC surface. However, there is no experimentally measured or calculated 

surface diffusivity and activation energy of Sn on Cu6Sn5, and Cu3Sn surfaces. The 

reason is possibly the difficulty to design an effective maker for the surface inter-

diffusion process. In bulk diffusion, maker always moves with the lattice shift as the 

IMC forms and the movements of interfaces are measurable through the entire diffusion 
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process [17-20]. However, in surface diffusion, markers can’t grow into the lateral 

surface IMC and motions of interfaces are not measurable. As a result, the conventional 

methods such as Darken’s marker motion analysis cannot be applied to calculate the 

surface diffusivities.  

Obviously, a solution needs to be carried out to effectively calculate the surface 

diffusivity and meanwhile avoid the use of marker. According to Fick’s first law, 𝐽 =

−𝐷
𝜕𝐶

𝜕𝑥
, we can acquire the diffusivity knowing the flux and concentration gradient. Or 

we can utilize another form of Fick’s first law when diffusion is primarily driven by 

external force, = −𝐶 < 𝑣 >= 𝐶
𝐷

𝑘𝑇
𝐹 , in which 𝑣 is the diffusion drift velocity and 

F represents various diffusion driven force [21]. For instance, in Wagner’s analysis, the 

diffusion driven force is heat of formation of IMC [22], while flux is driven by applied 

electric current or temperature gradient in electromigration[23] and thermomigraion 

[24,25], respectively. Liu [9] took the Fick’s first law and equaled the flux of Sn 

participating in surface diffusion to the amount of Sn in the formed lateral surface IMC. 

Then a value of 1% for the Cu concentration gradient across Cu6Sn5 surface, which is 

composition range in Cu6Sn5, was simply assumed to calculate the Cu surface 

diffusivity on Cu6Sn5 surface. This range is experimentally immeasurable due to the 

very small composition range in Cu6Sn5 [26] and thus the calculated diffusivity is in 

fact inaccurate. Theoretically, concentration gradient can be replaced if Wagner’s 

analysis is used where the diffusion driven force is the formation energy of IMC. 

However, while the formation energy of Cu-Sn IMC in bulk diffusion is well known 

[27], the data of formation energy in the lateral surface IMC are rare and need further 
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validation [28]. Chang et al took another form of Fick’s Law as mentioned above and 

assumed the surface diffusion flux was all caused by electric current [13]. In their 

calculation based on a microbump undertaking electromigration, the diffusion drift 

velocity was estimated from experimental measurements and the diffusion driven force 

was a term including effective charge number and electric current. Chang reported, 

however, by their method the diffusion time for surface diffusion couldn’t be accurately 

obtained which might have underestimated the surface diffusivity of Sn. To obtain 

accurate results, we thus choose to experimentally measure the near-surface 

concentration gradient of Sn on IMC by EDS and apply it to Fick’s first law. 

 If we ignore the bulk flux of Sn and assume the surface IMC is formed only by the 

surface Sn flux, we can acquire the surface flux of Sn by 𝐽𝐴𝑡 × Ω = 3.80 ×

10−2𝛿 𝜇𝑚3 , where Ω ≈ 35 𝑐𝑚3/𝑚𝑜𝑙  is the molar volume of Cu3Sn. And 𝐴 =

𝑑 × 𝛿=0.5 𝛿 × 10−3𝜇𝑚2, where 𝑑 = 0.5 × 10−3𝜇𝑚 is the diameter of a Sn’s atom. 

As a result, the calculated surface flux 𝐽 = 9.15 × 10−7𝑚𝑜𝑙/𝑐𝑚2 ∙  𝑠 . Atom 

concentration in Cu6Sn5 can be calculated by 
11 mol

118 𝑐𝑚3
=  0.093 𝑚𝑜𝑙/𝑐𝑚3. As the near-

surface concentration gradient of Sn in Cu6Sn5 is measured as 4%/µ𝑚, we can acquire 

the value of 
𝜕𝐶

𝜕𝑥
= 0.093 𝑚𝑜𝑙/𝑐𝑚3 ×  4%/𝑐𝑚 × 10−4 =  37.3 𝑚𝑜𝑙/𝑐𝑚4 . According 

to Fick’s first law, 𝐽 = −𝐷
𝜕𝐶

𝜕𝑥
 , we can obtain an experimental measured surface 

diffusivity of Sn at 170 ˚C, 𝐷𝑆𝑛 = 2.46 × 10−8 𝑐𝑚2/𝑠.  

 

3.5 Interdiffusion Analysis for 2-Step Surface IMC Formation 
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According to Darken’s theory, marker motion is only affected by lattice shift which 

is a result of vacancy flux. If we regard the marker as a void within the near surface 

layer of Cu6Sn5, its movement will be affected by the vacancy flux in the near surface 

lattice. Thus, in the first step of IMC formation, the surface flux of Sn only participated 

in surface IMC formation which means it does not affect the lattice vacancy flux. As a 

result, in the first step, 𝐽𝑣 = 𝐽𝐶𝑢𝐵
+ 𝐽𝐶𝑢𝑠

− 𝐽𝑆𝑛𝐵
. And the direction of the vacancy flux 

is toward the Cu side, as shown in Figure 3.8 (a). The lattice in between Cu and Sn will 

shift toward Cu.  

In the second step, we should consider the surface flux of Sn as two parts, 𝐽𝑆𝑛𝑠1
 is 

the flux of Sn only forms Cu3Sn on the surface of Cu3Sn couple, 𝐽𝑆𝑛𝑠2
 is the flux of 

Sn atoms react within the Cu layer. So the lattice vacancies flux under the effect of 

surface Sn atoms diffuse into Cu would be 𝐽𝑣′ = (𝐽𝐶𝑢𝐵
+ 𝐽𝐶𝑢𝑠

) − (𝐽𝑆𝑛𝐵
+ 𝐽𝑆𝑛𝑠2

). As a 

result, the near-surface lattice vacancy flux will be changed. The marker movement 

direction is changed as a result of vacancy flux change. 

 

3.6 Summary 

 

In summary, we found a novel 2-step surface IMC formation mechanism, resulting 

from the Cu-Sn surface interdiffusion. And we have successfully proved our hypothesis 

through marker analysis and EDS analysis. We proposed a 2-step interdiffusion model 

to explain the IMC formation mechanism and the abnormal marker movement. 
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3.7 Figures 

 

 

Figure 3.1 Schematic Diagram of Kirkendall’s Experiment and Result 
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Figure 3.2 Vacancy mediated interdiffusion model 
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Figure 3.3 Marker analysis to study the surface diffusion. The doted red line represents 

the movement trace of Marker II. 
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Figure 3.4 EDX analysis of surface concentration profile of Cu/Sn. 
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Figure 3.5 Cu-Sn binary phase diagram (Image from online resource) 
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Figure 3.6 (a)FIB-SEM image shows the y-z plane of the sample, to study the Cu 

concertation change within the Sn layer. (b)Concentration profile along y axis started 

from point B. 
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Figure 3.7 A simplified model to calculate the total amount of Sn atoms transferred by 

bulk flux. 
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Figure 3.8 A simplified model to explain the surface IMC formation mechanism and 

the abnormal marker movement. (a) The 1st step of surface Cu3Sn formation, in which 

IMC only forms on Cu3Sn layer. (b) The 2nd step of the surface Cu3Sn formation, in 

which Sn atoms will react with Cu substrate. 
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Chapter 4 Lateral Growth of Cu3Sn 

  

4.1 Industrial Background 

 

 To package more transistors in one chip and to increase the density of microbumps 

in one layer, not only the size of microbumps shrinks, but also the distance between 

them is narrowed. In this case, the risk of short circuit arises because the shape of 

microbump may change or grains may grow laterally during reflow or thermal cycling, 

thus leading to the direct contact of adjacent microbumps. It is not something new since 

tin whisker growth from the solder was discovered more than 60 years [1-3]. Field 

failure of an electronic system that is used in the "electric power utility" industry due 

to short circuit in IC caused by tin whisker is also reported [4]. The bump spacing of 

standard dual in-line package (DIP) IC in this case is about 0.75 - 1.0 mm, and it takes 

over 20 years to cause short circuit with slow tin whisker growth. Therefore, in 

traditional package technology, such failure does not commonly occur. 

However, short circuit failure may become an important issue for microbumps in 

3D-package technology. Owing to significant surface diffusion in microbumps, IMCs 

are much easier to grow from the lateral surface. Moreover, solders have a good ability 

of wetting. The liquid solder not only flow downward around the copper pillar but may 

also flow along the seed layer below the copper pillar. The lateral growth of surface 

IMCs can be severe after a long period of thermal cycling, which may eventually lead 

to short circuit failure. Ren et al. also noticed such sidewall IMCs in Sn-Ni-Cu sandwich 
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microbumps [5]. They discovered that sidewall IMCs have a preferred orientation and 

considered the growth of sidewall IMCs related to surface diffusion, but the detailed 

kinetic mechanism is still unclear. 

In this chapter, lateral growth behavior of surface IMCs in Cu-Sn microbumps is 

systematically investigated. A kinetic model based on surface diffusion mechanism is 

given, and the numerical calculation data fit well with experiment results. 

 

4.2 Experimental Procedure 

 

Two kinds of samples with different sizes are fabricated by FIB, one is Cu/Sn free 

surface, and another is Cu/Sn pillar with a diameter of 2 µm. The samples were annealed 

under 170 ˚C from 0 hour to 20 hours. We use SEM to take a top view image along y-

axis to record the surface IMC growth, and Figure 4.1 shows how the images are taken.   

 

4.3 Experimental Results 

 

Figure 4.2 shows the top view of the free surface sample after 2h, 4h, 8h, 12h, 16h, 

and 20h annealing at 170 ˚C. Figure 4.3 shows the annealing result of the Cu/Sn pillar 

after 16 hours of annealing at 170 ˚C. We plot a thickness against time diagram to study 

the lateral growth rate of the surface IMC.  

In Figure 4.3, we confirmed that for the 2 µm Cu-Sn pillar, the lateral thickness of 

the surface IMC is more than 1.3 µm, which would cause a short circuit with the surface 
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IMC of its neighboring bumps. This will bring a disaster to any 3D IC. Consequently, 

a kinetic model to analyze and to predict the lateral growth of surface IMC is necessary. 

 

4.4 Lateral Growth Model 

 

In order to figure out the lateral growth of surface IMC, we built a simplified 

model to describe the IMC formation, which involves 2 steps. The first step is IMC 

forms on the Cu3Sn layer, and the second step is the growth of IMC on both Cu3Sn and 

Cu layer, as shown in Figure 4.5. 

 

4.4.1 Basic Assumptions 

 

As we observed the 2-step formation phenomenon of surface IMC, we try to 

explain why there are 2 steps and how we can distinguish each step. This model is firstly 

built on an assumption that the surface diffusivities of Sn on Cu6Sn5 and Cu3Sn are the 

same. Because only the highest part of the surface IMC will result the short-circuit, we 

assume the fastest growth IMC is a roof shape with height h, width W and length H, 

where H is the thickness of the bulk Cu3Sn layer, which is about 2×10-4 cm. Moreover, 

we assume H is fixed because the thickness of the bulk Cu3Sn layer almost does not 

change with time. 

Because the Cu3Sn layer is next to the Cu layer, we assume there are sufficient 

amount of Cu atoms which will immediately react with those Sn atoms that diffuse 
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from Sn side to form Cu3Sn. As a result, the Cu3Sn formation rate is controlled by the 

surface flux of Sn.  

 

4.4.2 Growth Model 

 

Figure 4.4 shows the h-t relationship of 170 ℃, measured from 8 samples. From 

the diagram, it can be seen that the growth rate of the thickest point 𝑑ℎ/𝑑𝑡 of Cu3Sn 

decreases with increasing of h. From the experimental result, we observed the thickness 

of IMC which increased linearly with time almost from 0~4 h, therefore we determined 

at this stage, Δℎ = 𝑘Δ𝑡. If we assume the IMC is roof shape, as a result the volume 

gained in 4 hours is Δ𝑉 = 𝐽�̅�𝛺𝑑𝑡 =
1

2
(𝑊 + 𝑑𝑊)𝐻(ℎ + 𝑑ℎ) −

1

2
𝑊𝐻ℎ. To simplify 

the model, we assume that the surface IMC remains the same roof shape and 𝑊 

increases proportionally with ℎ, 𝑑𝑊 = 𝑎 𝑑ℎ, where 𝑎 is proportional constant, and 

H equals to the thickness of the bulk Cu3Sn layer, which is a constant, because the bulk 

layer thickness does not change with time. Furthermore, by omitting higher order 

infinitesimals, we can have: 

𝐽�̅�𝛺 𝑑𝑡 =
1

2
(𝑊𝐻 + 𝑎𝐻ℎ) 𝑑ℎ 

𝐽 =
(𝑊𝐻 + 𝑎𝐻ℎ)

2�̅�Ω
·

𝑑ℎ

𝑑𝑡
 

In Figure 4.2, when t = 4 hours and h ≈ 5.39×10-5cm. Because the thickness of 

IMC increased almost linearly in the initial 4 hours, 
𝑑ℎ

𝑑𝑡
=

∆ℎ

∆𝑡
=3.47×10-9cm/s 

�̅� =
𝐴

2
=

𝑊𝑑

2
 

where d is the thickness of single atomic layer, d = 5×10-8cm. 𝛺 is the molar volume 
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of Cu3Sn, 𝛺 = 35cm3 / mol.  

At 𝑡 = 0, 𝐻 = 1.5×10-4cm, ℎ = 0. Thus 

𝐽 =
𝐻

𝛺𝑑
·

𝑑ℎ

𝑑𝑡
= 3.21 × 10−7𝑚𝑜𝑙/𝑠 · 𝑐𝑚2 

 

4.4.3 Calculation of the Critical Thickness 

 

Besides 𝐽 , the growth of the IMC roof is also controlled by the concentration 

gradient along the height of the roof. If we assume the Sn flux goes up to the top of the 

roof from the surface boundary of Cu6Sn5 and Cu3Sn as 

𝐽𝑟𝑜𝑜𝑓 = −𝐷𝑆𝑛

𝜕𝐶

𝜕𝑥
= −𝐷𝑆𝑛

∆𝐶

ℎ
 

According to EDX results (Figure 3.4), the concertation difference between the 

Cu6Sn5/Cu3Sn interface and the top of the roof 

∆𝐶 =
1

35
− 0.35 ×

11

118
= −0.004056𝑚𝑜𝑙/𝑐𝑚3 

If we assume the concentration difference between the top and the bottom of the 

roof stays the same, the concertation gradient decreases as the IMC roof grows higher.  

When 𝐽 < 𝐽𝑟𝑜𝑜𝑓, all Sn atoms in flux are used for Cu3Sn roof growth. When 𝐽 >

𝐽𝑟𝑜𝑜𝑓, the extra Sn atoms will grow Cu3Sn on Cu. Therefore, when the second step starts  

𝐽 = 𝐽𝑟𝑜𝑜𝑓 

3.97 × 10−7𝑚𝑜𝑙/𝑠 · 𝑐𝑚2 =
2.59 × 10−11

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
 

Thus, at the critical thickness of 

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 6.53 × 10−5𝑐𝑚 = 653 𝑛𝑚 

This quantified result also gives an explanation of the existence of the 2-step IMC 
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formation on the Cu-Sn couple surface. 

 

4.4.4 Calculation of the Mean Flux 

 

In Section 4.3.1 and 4.3.2, we calculated the Sn flux of the linear growth in the 

initial 4 hours and also pointed out that when IMC thickness reaches ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, the top 

of the roof will grow slower than the bottom part. Hence, to describe the following non-

linear growth, we need to calculate the flux of both the top part and the bottom part of 

surface IMC and use the mean flux 𝐽𝑚𝑒𝑎𝑛 instead of initial flux 𝐽 to study the change 

of ℎ. 

As shown in Figure 4.5, the flux of bottom part under ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 is the initial 𝐽, 

which is a constant, while the flux of top part above ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 is 𝐽𝑟𝑜𝑜𝑓, which changes 

with ℎ. 

In the bottom part, where 𝑊  ranges from 0 to 
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
𝑊0  and from  (1 −

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
) 𝑊0 to 𝑊0, amount of Sn atoms in unit time is  

�̇�bot = 𝐽 ∙
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

ℎ
𝑊 

In the top part, when 𝑊 ranges from 
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
𝑊0 to 

𝑊0

2
, amount of Sn atoms in 

unit time is 

∫ 𝐽𝑟𝑜𝑜𝑓(𝑊)

𝑊0
2

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
2ℎ0

𝑊0

𝑑𝑊 

𝐽𝑟𝑜𝑜𝑓 = −
𝐷𝑆𝑛𝑠∆𝐶

ℎ
= −

𝐷𝑆𝑛𝑠∆𝐶

2𝑊
𝑊0

ℎ0
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∴ ∫ 𝐽𝑟𝑜𝑜𝑓(𝑊)

𝑊0
2

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
2ℎ0

𝑊0

𝑑𝑊 = −
𝐷𝑆𝑛𝑠∆𝐶𝑊0

2ℎ0
𝑙𝑛 𝑊 ||

𝑊0

2
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
𝑊0

= −
𝐷𝑆𝑛𝑠∆𝐶𝑊0

2ℎ0
𝑙𝑛

ℎ0

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
 

When 𝑊 ranges from 
𝑊0

2
 to (1 −

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
) 𝑊0,  

𝐽𝑟𝑜𝑜𝑓 = −
𝐷𝑆𝑛𝑠∆𝐶

ℎ
= −

𝐷𝑆𝑛𝑠∆𝐶

2(𝑊0 − 𝑊)
𝑊0

ℎ0

 

amount of Sn atoms in unit time is 

∫ 𝐽𝑟𝑜𝑜𝑓(𝑊)
(1−

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
2ℎ0

)𝑊0

𝑊0
2

𝑑𝑊 = ∫ −
𝐷𝑆𝑛𝑠∆𝐶𝑊0

ℎ0

(1−
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
)𝑊0

𝑊0
2

∙
1

2(𝑊0 − 𝑊)
𝑑𝑊   

= ∫
𝐷𝑆𝑛𝑠∆𝐶𝑊0

ℎ0

(1−
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
)𝑊0

𝑊0
2

∙
1

2(𝑊 − 𝑊0)
𝑑(𝑊 − 𝑊0)

=
𝐷𝑆𝑛𝑠∆𝐶𝑊0

2ℎ0
𝑙𝑛(𝑊 − 𝑊0) ||

(1 −
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

2ℎ0
) 𝑊0

𝑊0

2

=
𝐷𝑆𝑛𝑠∆𝐶𝑊0

2ℎ0
𝑙𝑛

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

ℎ0
= −

𝐷𝑆𝑛𝑠∆𝐶𝑊0

2ℎ0
𝑙𝑛

ℎ0

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
 

Hence, the total amount of Sn atoms in unit time  

�̇�top = −
𝐷𝑆𝑛𝑠∆𝐶𝑊

ℎ
ln

ℎ

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
。 

The mean flux of the entire roof is 

𝐽𝑚𝑒𝑎𝑛 = (𝐽 ∙
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

ℎ
𝑊 −

𝐷𝑆𝑛𝑠∆𝐶𝑊

ℎ
ln

ℎ

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
) 𝑊⁄  

=  𝐽 ∙
ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

ℎ
−

𝐷𝑆𝑛𝑠∆𝐶

ℎ
𝑙𝑛

ℎ

ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
 

Recall the relationship in Section 4.3.1, 

𝐽𝑚𝑒𝑎𝑛�̅�Ω𝑑𝑡 =
1

2
(𝑊𝐻 + 𝑎𝐻ℎ + 𝑏𝑊ℎ)𝑑ℎ 

𝑑ℎ

𝑑𝑡
=

𝐽𝑚𝑒𝑎𝑛𝑊Ω𝑑

𝑊𝐻 + 𝑎𝐻ℎ
 

According to the formula of 
𝑑ℎ

𝑑𝑡
, we can choose a small increment of ∆ℎ, herein 
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5 × 10−6𝑐𝑚 , and calculate 𝑊 , 𝐻 , ℎ , 𝐽𝑚𝑒𝑎𝑛  and 
𝑑ℎ

𝑑𝑡
 at each step of ∆ℎ  with 

iteration from initial value 𝐻 = 1.5×10-4 cm and 𝑊 = 5×10-5 cm. Based on ℎ-
𝑑ℎ

𝑑𝑡
 

relationship, we can finally obtain numerically simulated 𝑡-ℎ curve.  

 

4.4.5 The function of Lateral Growth 

 

In summary, we deducted the growth rate equation as follows. 

𝑑ℎ

𝑑𝑡
= {

𝐽𝑆𝑛𝑠Ω𝑑

𝐻
, ℎ < ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 

𝐽𝑚𝑒𝑎𝑛WΩ𝑑

𝐻𝑊+𝑎𝐻ℎ
, ℎ > ℎ𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 

, when 𝑎 ranges from 0.05 to 0.15, the calculated 

curve fits the best with the experimental results. And Figure 4.7 shows the comparison 

between this modeling equation and experimental results.  

 

4.4.6 Physical Meaning of ‘𝒂’ 

 

Because the width, which is the length in x-axis, of a Cu/Sn couple is limited, the 

surface IMC could not grow more than the width of the Cu/Sn couple. Once the whole 

Cu3Sn layer is covered by the surface IMC, there will be no more space for the growth 

of W. However, for ℎ, there is no physical barrier for its growth. As a result, 𝑎 is a 

relatively small number. 
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4.5 Figures 

 

Figure 4.1 SEM cross-sectional image and an x-ray tomography image of our test 

sample. 
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Figure 4.2 SEM cross-sectional image and an x-ray tomography image of our test 

sample. 
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Figure 4.3 (a) Top view of the Cu-Sn pillar after 7 hours of annealing at 170 ˚C. (b) 

Pillar before annealing. (c) Sideview of the pillar after 16 hours of annealing at 170 

˚C.  
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Figure 4.4 Experimentally measured IMC lateral thickness for different annealing 

time at 170 ˚C. 
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Figure 4.5 Simplified model of the IMC lateral growth 
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Figure 4.6 Integration for x-y plan 
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Figure 4.7 The curve calculated by the model compared with the experimental data 

which represented by the red points 
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Chapter 5 Summary 

 

 In this dissertation, a novel surface protrusion of IMC formation phenomenon on 

Cu-Sn pillar-type couple was observed. Through marker analysis and EDS study, we 

have confirmed a 2-step surface IMC formation which is a result of surface 

interdiffusion of Cu and Sn atoms. By measuring the amount of IMC formed after 13 

hours of annealing at 170 ˚C, we have acquired an estimation value for the Sn surface 

diffusivity of 170 ˚C.  

 Moreover, we have proposed a new reliability threat to 3D IC structure that may 

cause a short circuit by a direct contact of the neighboring microbumps’ surface IMCs. 

This will cause an earlier stage failure comparing to electromigration or thermo-

migration. A simplified kinetic model was built to explain and predict the lateral growth 

of surface IMC, which would benefit the industry in design for reliability to control the 

lifetime of a new 3D IC structure.  
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