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ABSTRACT 

The demand of electronic product explodes in recent years, and the trend of 

electronic product is portable, multifunctional and budget currently. The fan-out 

wafer level packaging technology is a kind of wafer level packaging technology, and 

it becomes more and more attractive and popular because of its flexibility to integrate 

diverse devices in a very small form factor. The fan-out wafer level packaging 

technology has the advantages of high density of input/output, minimal package size 

and low cost. The fan-out wafer level package (FOWLP) is usually used to volume 

sensitive devices such as mobile phones and wearables. However, the strength of 

ultrathin FOWLP is low, and the low package strength often leads to crack issues. 

Therefore, the study of strength behavior of FOWLP is essential. FOWLP is made up 

of various materials and thus the proper structure design and material selection are 

important to meet the reliability requirement. The FOWLP strength is evaluated by 

the experimental method and numerical method. We confirm three significant 

characteristics of FOWLP strength from the experimental work. The wafer grinding 

process, FOWLP dimension and thermal factor affect the FOWLP strength 

significantly. The numerical work proves that the flexure strength of over-molded 

structure FOWLP is higher than the flexure strength of other structure FOWLPs with 

the same package thickness. Two theoretical models of FOWLP strength are 

proposed. These two models are based on the location of FOWLP initial fracture 

point. The comparison of FOWLP strength model with experiment results and 

simulation results shows that they are identical. A new theoretical model of FOWLP 

fatigue crack growth is proposed. This model additionally considers the effect of 

thermal factor on the FOWLP fatigue crack growth. 
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CHAPTER 1 INTRODUCTION 

1.1 RESEARCH BACKGROUND 

Nowadays, there are various electronic products among people life especially 

the smart electronic products. The smart electronic products become more and more 

popular with the development of high-speed internet. For example, people watch 

news through their smartphone anywhere; teachers use tablets to teach in an 

interactive way; beyond the traditional fixed channel, people can watch internet 

channel or video website through smart televisions. The trend of electronic products 

is smaller, more functional and cheaper. The requirements of growing and 

diversifying system drive the development of new packaging technologies [1-4]. The 

wafer level packaging technology is proposed at the beginning of this century, and it 

becomes ripe and important after 15 years development. 

The wafer level packaging technology is used to package integrated circuit on 

wafers. The initial wafer level packaging technology is known as the wafer level chip 

scale packaging technology [5, 6]. It is because the size of wafer level chip scale 

package (WLCSP) is as the same as the size of functional die. The advantages of 

WLCSP are the small package size, superior electrical performance and low 

packaging cost. The WLCSP is one of the smallest packages in the semiconductor 

market. However, the limitations of WLCSP are the low number of input/output (I/O) 

and unrealizable 3-dimensional (3D) routing. The WLCSP also shows poor 

performance of thermal-mechanical [7, 8] when it works on the printed circuit board 

(PCB). 
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Figure 1-1 Illustration of wafer level chip scale package (left) and fan-out wafer 

level package (right) [9].  

 

The fan-out wafer level packaging technology [10, 11] is developed to 

compensate the issues of wafer level chip scale packaging technology. The fan-out 

wafer level packaging technology is a further development of the wafer level chip 

scale packaging technology, and its most significant aspect is the fan-out area [9, 12-

14]. Figure 1-1 shows the illustration of wafer level chip scale package and fan-out 

wafer level package. The number of I/O of fan-out wafer level package (FOWLP) is 

much higher than the number of I/O of WLCSP. The FOWLP can be further 

developed for the 2.5D/3D [15] FOWLP [16-20] or FO-PoP (package on package) 

[21-23] through laser ablation (LSA) or through silicon via (TSV) technology. For 

the aspect of thermal-mechanical reliability, the FOWLP also shows better 

performance than other packages (as shown in Figure 1-2) such as plastic ball grid 

array (PBGA) [24]. Therefore, the advantages of fan-out wafer level packaging 

technology can be summarized into six aspects: 

- Dimension: small package size and thin package thickness. 

- I/O density: fine pitch and large number of I/O. 

- Integration: 2.5D/3D and system in package (SiP). 
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- Electrical performance: short interconnections and even minimal 

interconnections. 

- Thermal performance: low power consumption. 

- Cost: low packaging cost and test cost. 

 

Figure 1-2 Thermal performance of plastic ball grid array (top) and fan-out 

wafer level package (bottom) [24]. 

 

In the early year 2009, Infineon becomes the first company to commercialize 

the wafer level package (WLP). The chip from Infineon is a wireless baseband with 

multiple functions such as GPS, FM radio and Bluetooth in the LG mobile phones. 

The WLPs are used to the volume sensitive electronic products. Therefore, the major 

application of FOWLP is consumer electronic products such as mobile phones, 

laptops, digital cameras and portable media players. The FOWLP is used to the 

mobile phone (as shown in Figure 1-3) as the baseband modem, power management 

units, drives, transceivers and processors. For example, there are 16 out of 48 and 12 
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out of 44 WLPs in iPhone 6S plus and Huawei Mate 7 respectively. There are 

average five to seven WLPs in a mobile phone now, and this number is still 

increasing. In recent years, the application of FOWLP extends to the field of 

automotive (sensors, GPS and drivers) and medical (drivers, processors and power 

units).  

 

Figure 1-3 The applications of wafer level package in a smartphone [25]. 

 

According to the Yole Developpement report [25], there are two dominated 

players in the FOWLP market. STATS ChipPAC and NANIUM take up 59% and 25% 

share of the total $174 million market revenue respectively in the year 2014. Other 

companies such as Infineon, Freescale, ASE and STMicroelectronics share the 

remaining 16% share of market revenue. Researchers forecast the market revenue of 

FOWLP could achieve a 30% CAGR (compound annual growth rate) until the year 

2020 and reach $676 million (as shown in Figure 1-4). 
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Figure 1-4 The revenue forecast of FOWLP activity [25]. 

 

There are three major assembly processes in the fan-out wafer level 

packaging technology: reconstitution process, redistribution process and backend of 

line process (as shown in Figure 1-5). The reconstituted process is used to rearrange 

the processed functional dies to an artificial wafer and encapsulated this artificial 

wafer by the epoxy molding compound (EMC). The reconstituted process consists of 

four minor processes. The wafer grinding process and wafer sawing process aim to 

process the functional wafer into certain thickness and dimension. The pick and place 

process builds the artificial wafer by picking the processed dies and placing them 

onto a metal carrier. The molding process uses EMC to encapsulate the artificial 

wafer. The redistribution process is used to lithograph passivation (PSV) layers and 

redistribution layers (RDLs) alternately.  There are two RDLs and three PSV layers 

typically. The FOWLP also may have one RDL and two PSV layers as a version of 

low-cost FOWLP. The last backend of line process operates the wafer grinding 

process again to finalize the package thickness. The backside protection (BSP) tape 

lamination process applies the backside protection tape to the package to protect the 
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package. The laser marking process and solder ball drop process is essential before 

singulating the package wafer. 

 

Figure 1-5 FOWLP assembly process flow. 

 

 

1.2 RESEARCH MOTIVATION 

There are three critical criterions to judge the packaging technology – 

performance, form factor and cost. The wafer level packaging technology shows a 

good trade-off among these three criterions. Although the fan-out wafer level 

packaging technology has its superiority, it also faces some challenges such as 

packaging cost, die shift, wafer warpage and reliability. 
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The packaging cost is a hot topic in the semiconductor packaging industry. 

There are three aspects proposed to reduce the packaging cost. The first aspect is to 

simplify the process. There are two RDLs and three PSV layers lithographed during 

the redistribution process typically. There is a low-cost solution, and the FOWLP 

only has one RDL and two PSV layers. This change reduces the process time and 

workforce without yield loss. The second aspect is the expansion of carrier scale. The 

first generation WLP is implemented on the 8-inch carrier. The mainstream WLP can 

be implemented stably on the 12-inch carrier. The next generation WLP turns to the 

panel carrier [26-28] (as shown in Figure 1-6) and thus the yield will increase 

exponentially and the cost will reduce significantly. The third aspect is new materials. 

The new and era material could simplify the process, reduce cost and provide better 

reliability. For example, SiO2 is a new dielectric material, and it has the feature of 

low temperature curable [29]. SiO2 can be fully cured at 200℃ instead of 350℃. The 

low curable temperature could reduce the energy consumption and risk of failure. 

 

Figure 1-6 Trend prediction of WLP carrier size [25]. 
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The most important process in the whole wafer level packaging process is the 

reconstituted process. The quality of reconstituted wafer is very critical. The most 

frequent issues are the die shift and high warpage. The die shift issue is caused by the 

pick and place (PnP) process and molding process. The PnP process is used to build 

artificial wafers by picking the dies from wafer rings and placing them onto a metal 

carrier. Nowadays, the PnP machine can achieve very high accuracy (the die shift 

range is less than 10 μm). Therefore, the PnP process has a minor effect on the die 

shift. However, the molding process [30, 31] usually causes the die shift issue. The 

molding process uses the epoxy molding compound [32-35] to encapsulate the 

artificial wafer after the PnP process. The coefficient of thermal expansion (CTE) of 

mold plate and chemical shrinkage is the main contributor to die shift [36]. The drag 

force of die shift can be reduced by optimizing the diameter of molding wafer, 

increasing the thickness of molding wafer and reducing the filling speed [37]. The 

epoxy molding compound with low CTE and low cure shrinkage are preferred [38-

40]. 

The high warpage issue is very serious [41-47]. The 12-inch wafer level 

packaging technology shows a good trade-off between the yield and reliability 

currently. The high warpage wafer often causes machine handling issues. The 

machine sometimes cannot handle the wafer or fail to handle the wafer. The former 

only causes the process delay or abort. However, the latter causes the wafer damage 

(as shown in Figure 1-7) and machine breakdown. 
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Figure 1-7 A high warpage wafer is broken during the assembly process. 

 

The different kinds of packaging technology have common mutual reliability 

issues, and they also have their own reliability issues. The package structure and 

manufacturing process decide the type of reliability. For example, the reliability of 

solder joint [48-62] is critical to flip chip packages [63-70]. The reliability of solder 

joint is not critical to FOWLPs because the FOWLP does not have solder joints. 

However, the size of FOWLP is thin and small and thus the FOWLP is usually used 

to volume sensitive devices. The strength of ultrathin FOWLP is low, and the low 

package strength often leads to crack issues. There is much research about the silicon 

strength and silicon die strength [71-74]. However, the research about the package 

level strength is little [75-83], and there is not any research about the FOWLP 

strength. The FOWLP is made up of silicon dies, passivation layers, redistribution 

layers, backside protection tapes and solder balls. The effect of individual component 

and external environment on the FOWLP strength is uncertain. Therefore, the study 

of strength behavior of FOWLP is significant. 
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1.3 RESEARCH OBJECTIVES 

The main objectives of this research consist of: 

- Studying the strength behavior of various FOWLP structure. 

- Understanding the effect of material and assembly process on the FOWLP 

strength. 

- Investigating the effect of thermal on the FOWLP strength. 

- Developing theoretical models of FOWLP strength and FOWLP fatigue crack 

growth. 

1.4 RESEARCH SCOPE 

The scope of this research is limited to: 

- Evaluating the effect of structure and PSV layer on the FOWLP strength. 

- Investigating the effect of temperature cycling test and high temperature 

storage test on the FOWLP strength. 

- Studying the effect of thermal related assembly process and thermal related 

reliability test on the EMC strength and hardness. The thermal related 

assembly process contains the post-mold curing process, PSV layer curing 

process and reflow process. The thermal related reliability test contains the 

temperature cycling test and high temperature storage test. 

- Investigating the effects of various factors (FOWLP dimension, PCB bar and 

grinding method) on the FOWLP strength. 

- Studying the FOWLP strength by the numerical method. 

- Establishing simulation models of FOWLP strength test. 
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- Developing theoretical models of FOWLP strength and FOWLP fatigue crack 

growth. 

 

1.5 ORGANIZATION OF THE THESIS 

This thesis is organized into the following chapters: 

Chapter 2 shows a comprehensive literature review of the existing studies of 

silicon strength and functions of various reliability tests. 

Chapter 3 explains the methodology of this research and the proposed 

research plan. 

Chapter 4 introduces the experimental study of FOWLP strength by the 3PB 

test method. 

Chapter 5 introduces the numerical study of FOWLP strength by the finite 

element method. 

Chapter 6 proposes the theoretical model of FOWLP strength and FOWLP 

fatigue crack growth. 

Chapter 7 concludes the whole research work and proposes the suggestions of 

future work. 

 

Equation Chapter (Next) Section 1Equation Chapter (Next) Section 1 
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CHAPTER 2 LITERATURE REVIEW 

2.1 METHODOLOGY OF STRENGTH EVALUATION 

There are several methods used to evaluate the silicon strength such as the 

three-point bending test, four-point bending test, ball-on-ring test, ball breaker test 

and plate-on-elastic-foundation test. The ball-on-ring test, ball breaker test and plate-

on-elastic-foundation test are usually used to evaluate the effect of silicon surface on 

the silicon strength. It is because these methods can isolate the effect of silicon edge 

defects. However, the three-point bending test and four-point bending test method are 

the most popular evaluation method of silicon strength. It is because the three-point 

bending test and four-point bending test cover the silicon surface and silicon edge at 

the same time. 

 

Figure 2-1 Ball-on-ring test apparatus [84]. 
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The ball-on-ring (BOR) test (as shown in Figure 2-1) is considered as the best 

biaxial strength test method. The BOR test is used to evaluate the strength of brittle 

specimen, and it is a popular strength test method for ceramics [84, 85]. However, 

the specimen shape of BOR test is disk. The shape of IC chip is rectangular or square. 

Therefore, some errors are added to the specimen strength when we assume the shape 

of IC chip is disk. 

 

Figure 2-2 Ball breaker test apparatus [86]. 

 

The ball breaker test (BBT) and plate-on-elastic-foundation test (PEFT) are 

similar. They are only sensitive to the specimen surface defects. Therefore, they have 

the advantage of isolating specimen edge defects. The apparatus of ball breaker test 

(BBT) includes a loading rod, a Teflon ball and a soft flat pad platform (as shown in 

Figure 2-2). The plate-on-elastic-foundation test (PEFT) was introduced by Tsai et al., 

and it was specially designed for chip scale specimens [87]. Figure 2-3 shows two 

kinds of PEFT – point load test (PLT) and line load test (LLT). The PLT uses a 
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pointer with the radius of 0.25 mm while LLT uses a plate carbon steel tool with the 

thickness of 0.3 mm. 

 

Figure 2-3 The apparatus of point load test and line load test [88, 89]. 

 

The three-point bending (3PB) test and four-point bending (4PB) test are the 

most common and widely used method of strength test. Both tests can evaluate the 

specimen flexure strength, flexure strain and modulus. The ISO (International 

Organization for Standardization) standard ‘Plastics – Determination of flexural 

properties (ISO 178)’ [90] and the ASTM (American Society for Testing and 

Materials) standard ‘Test Methods for Flexural Properties of Unreinforced and 

Reinforced Plastics and Electrical Insulating Materials (D790)’ [91] are formulated 

for the 3PB test. The ASTM standard ‘Standard Test Method for Flexural Properties 

of Unreinforced and Reinforced Plastics and Electrical Insulating Materials by Four-

Point Bending (D6272)’ [92] is formulated for the 4PB test.  

The 3PB test and 4PB test can be implemented easily by any universal testing 

machine. However, the key point is the fixture (as shown in Figure 2-4). The 3PB 

fixture has two rollers on the lower side to provide the support for the specimen. The 
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span of two rollers should be adjustable to fit the specimen size. The last point of 

3PB fixture is the upper loading head. The loading head forces on the specimen 

centerline. The force scale is controlled by the digital load cell. The 4PB fixture is 

similar to the 3PB fixture especially the lower sides of fixture. The 4PB fixture upper 

loading head has two rollers instead of one. These two rollers separate at the same 

distance from the fixture centerline. 

 

Figure 2-4 The fixture of bending test [93]. 

 

Figure 2-5 shows the loading mechanism of 3PB test. The highest bending 

moment of 3PB test always appear along the specimen centerline, and the centerline 

area suffers the highest stress during the 3PB test. Therefore, the 3PB test result is 

highly sensitive to the specimen surface and edge defects especially the portion along 

the centerline. The flexure strength of 3PB test can be obtained by [93] 

 𝜎3𝑃𝐵 =
3𝐿𝐹

2𝐵𝑊2
 (2.1) 
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where the fracture load F is obtained from the 3PB test, B is the width of specimen, 

W is the thickness of specimen and L is the fixture span [93]. 

 

Figure 2-5 The loading mechanism of three-point bending test [93]. 

 

Figure 2-6 shows the loading mechanism of 4PB test. The highest bending 

moment appears in between the upper rollers. The 4PB test flexure strength can be 

obtained by [93] 

 𝜎4𝑃𝐵 =
3𝐿ℎ𝐹

𝐵𝑊2
 (2.2) 

where the new parameter a is the shortest distance between an upper loading roller 

and a lower supporting roller [93]. 

 

Figure 2-6 The loading mechanism of four-point bending test [93]. 
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2.2 EVALUATION OF SILICON DIE STRENGTH BY 

3PB TEST METHOD 

2.2.1 EFFECT FACTORS ON SILICON DIE STRENGTH 

The effect factors on the silicon strength can be classified into two groups. 

The first group of effect factor is related to the silicon own profile such as the silicon 

shape, size and thickness. Some research has shown that the silicon own profile 

factors do not affect the silicon strength obviously and directly [94, 95]. The second 

group of effect factor is related to the assembly process such as the wafer grinding 

process and wafer sawing process.  The wafer grinding process and wafer sawing 

process create defects on the silicon surface and silicon edge respectively. However, 

there are three widely accepted effect factors on the silicon strength – silicon surface 

defects, silicon edge defects and weak planes of silicon crystal lattice [87].  

The wafer grinding process is the very first process in the whole fan-out 

wafer level packaging assembly process. The aim of wafer grinding process is to 

grind the incoming wafer to the required thickness for further processes [96-104]. 

The wafer grinding process has three grinding steps. The first grinding step is the 

normal grinding by fine grit wheels. The second grinding step is the fine grinding by 

super-fine grit wheels. The third grinding step is the polishing by ultrafine grit 

wheels. The roughness of grinding side is fine enough after the second grinding step 

and thus the third grinding step is less used. Beyond the mechanical grinding method, 

the chemical wet etching and plasma etching methods also can replace the polishing 

step to gain an ultrafine wafer surface (as shown in Figure 2-7). In comparison, the 
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plasma etched wafer surface is smoother than the chemical etched wafer surface 

[105]. 

 

Figure 2-7 Surface AFM images of grinding only, grinding followed by polishing 

and grinding followed by chemical wet etching (from left to right) [106]. 

 

The silicon surface condition after the wafer grinding process is one of the 

most critical factors, which affects the silicon die strength [107]. The silicon dies 

with smooth surface always show higher strength than those silicon dies with rough 

surfaces [104, 108]. Yeung et al. ground her wafers by three methods [109]. Method 

1 was the normal grinding process. Method 2 was the conventional chemical wet 

etching process. Method 3 was the wet etching process by the HF-based acid solution. 

She used the ball breaker test instead of the 3PB test. The ball breaker test only 

works on the silicon die surface, while the 3PB test works on the silicon die surface 

and edge. Therefore, the ball breaker test is much better than the 3PB test when we 

want to evaluate the effect of surface condition on the silicon die strength. The 

obtained flexure strength in the 3PB test should be lower than the obtained flexure 

strength in the ball breaker test [106]. The reason is the effect of silicon die edge 

defects. 
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Figure 2-8 shows the flexure strength of Yeung BBT. We can find that the 

chemical wet etching process improves the silicon die strength significantly. The HF-

based acid solution is more efficient than normal chemical wet etching solutions. The 

RMS (root mean square) value of wafer surface roughness shows that the RMS value 

of Method 3 wafer is far lower than the RMS value of Method 2 wafer. Therefore, 

Method 3 has the highest average strength and the tightest strength distribution. 

 

Figure 2-8 Flexure strength of Yeung BBT and the RMS value of specimen 

surface roughness [109]. 

 

The wafer sawing process is conducted after the wafer grinding process. The 

aim of wafer sawing process is to saw the incoming wafer to the required size for 

further processes [110]. There are two wafer sawing methods – mechanical sawing 

method [111, 112] and laser sawing method [113-115]. The mechanical sawing 

method uses diamond blades to saw the wafers. Most wafer sawing tasks could be 

achieved perfectly by the proper blade selection. The diamond blade collection is 

broad, and there are different thickness and grit size diamond blades. The laser 
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sawing method is also known as the stealth dicing method [116-118]. It is because 

the saw straight of laser sawing is extremely tiny. The saw straight of laser sawing 

cannot be observed by naked eyes, and it only becomes visible under the high 

magnification microscope. Therefore, the laser sawing method can offer an extreme 

low kerf loss. 

 

Figure 2-9 Chippings appear on the die kerf after the wafer sawing process 

[119]. 

 

The silicon edge condition after the wafer sawing process is one of the most 

critical factors, which affects the silicon die strength. The silicon dies with neat edge 

always show high strength. The silicon die edge defects are known as chippings. 

Figure 2-9 shows the chippings appear on the die kerf after the wafer sawing process. 

The quality measurement criteria of wafer sawing process are the chipping wide and 

the number of occurrences.  
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Figure 2-10 Illustration of step cut method [120]. 

 

Figure 2-10 shows one of mechanical sawing methods – step cut, and this 

method can reduce and avoid chippings effectively. The step cut method uses two 

different thickness diamond blades. The thickness of blade-1 should be thicker than 

the thickness of blade-2. The cutting depth of blade-1 is only 10-20% of the total 

wafer thickness. However, blade-2 is used to cut through the wafer. 

The saw straight of functional wafer is coated. The laser grooving process (as 

shown in Figure 2-11) is used to minimize the coating effect on chippings. The laser 

grooving process is used to remove the coating layer before performing the 

mechanical sawing [121, 122]. The laser grooving process is similar to the step cut 

method, and it also can help to reduce chippings. 
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Figure 2-11 Illustration of laser grooving process [121]. 

 

The mechanical sawing method has the limitation of sawing thin wafers [123]. 

The machine vibration and cooling water may damage the thin wafers. By contrast, 

the laser sawing method is quite suitable for the thin wafer sawing. However, the 

parameters of laser beam such as repetition rate and pulse width should be carefully 

reviewed [124]. The Dicing-by-Thinning (DbT) method [125] can avoid the sidewall 

defects and edge defects of thin die effectively. Figure 2-12 shows the process flow 

of DbT method. The DbT method saws the wafer before the wafer grinding process. 

However, the DbT method does not cut through the wafer. The pre-cut wafer is 

bonded to a substrate before the grinding process. Finally, the pre-cut wafer is ground 

till the dies raise and separate. There are two pre-cut methods. One is the mechanical 

sawing method, while the other one is the dry etching method. Although both pre-cut 

methods improve the thin die strength, the dry etching method is superior to the 

mechanical sawing method.  
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Figure 2-12 Illustration of DbT method [125]. 

 

2.2.2 FRACTURE ANALYSIS OF SILICON DIE 

The fracture analysis of silicon die includes the fracture pattern analysis and 

the initial fracture point analysis. The fracture pattern and initial fracture point have 

the close relationship with the assembly process and the strength evaluation method. 

The wafer grinding process and wafer sawing process create surface defects and edge 

defects on the silicon die. The surface defect and edge defect decide the initial 

fracture point, and the surface defect affects the fracture pattern. However, not all the 

strength evaluation methods cover both kinds of defect. For example, the BBT only 

works on the specimen surface and thus the fracture of silicon die is only due to the 

silicon die surface defects. The 3PB test works on the specimen centerline and thus it 
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covers both silicon die surface defects and edge defects. Therefore, we only discuss 

the fracture pattern and initial fracture point caused by the 3PB test in this section. 

 

Figure 2-13 Illustration of grinding patterns [94]. 

 

The wafer grinding surface is not perfectly flat. It is because of the limitation 

of grinding machine or grinding process. We can find the grinding patterns easily on 

the ground surface after the wafer grinding process. Figure 2-13 shows the grinding 

patterns, and they look like ship propellers. Figure 2-14 shows two possible 

directions of loading force and grinding pattern. The actual grinding patterns look 

like grooves by the surface analysis machine, and it is similar to the specimen bottom 

surface in Figure 2-14, although the illustration is drawn exaggeratedly. 

 

Figure 2-14 Two possible directions of loading force and grinding patterns [126]. 
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The grinding patterns must have some angles with the silicon die edge. The 

angle is varied by the location of silicon die on the wafer. Therefore, there is an angle 

between the bending force and grinding patterns. Figure 2-15 shows four kinds of 

grinding patterns of silicon die on a wafer. The grinding patterns have the significant 

effect on the fracture load. The fracture load may drop significantly when the 

bending force is parallel to the grinding patterns. It is because the appearance of 

grinding patterns can accelerate the fracture. Vice versa, the fracture load may 

increase significantly when the bending force is perpendicular to the grinding 

patterns. The silicon die strength depends on the location of silicon die on a wafer 

[127]. In order to minimize the grinding patterns effect, the polishing process or 

etching process should be added to the wafer grinding process. 

 

Figure 2-15 Four kinds of grinding patterns of silicon die on a wafer [128, 129]. 

 

Figure 2-16 shows the classification of fracture patterns, and it was 

summarized by Chen et al. [130]. There are four kinds of fracture pattern for silicon 

dies after the 3PB test.  For type A, the fracture plane of silicon die is sharp and flat, 

and the silicon die only breaks into two pieces. The bending force must be parallel 
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with the grinding patterns in type A case, and the flexure strength of type A specimen 

must be the lowest. For type D, the silicon die breaks into many small pieces. The 

bending force must be perpendicular to the grinding patterns in type D case, and the 

flexure strength of type D specimen must be the highest. The silicon die breaks into 

countable pieces with irregular fracture planes in type B and type C cases. The 

bending force must be neither parallel nor perpendicular to the grinding patterns, and 

the flexure strength of type B and type C specimens must be in between the flexure 

strength of type A and type D specimens. This phenomenon is named as the 

directional behavior of silicon die strength 

 

Figure 2-16 Classification of fracture patterns [130]. 

 

The initial fracture point may appear on the silicon die surface and edge. The 

emergent frequency of initial fracture point on the silicon die surface is higher than 

that on the silicon die edge after the 3PB test. Figure 2-17 shows an example of 

initial fracture point appears on the silicon die surface. The 3PB test applies a line 

load along the specimen centerline. Therefore, the surface area under the bending 

force is larger than the edge area under the bending force and thus the probability of 
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fracture appears on the silicon die surface is greater than that appears on the silicon 

die edge.  

 

Figure 2-17 Initial fracture point appears on the silicon die surface [116]. 

 

The initial fracture point sometimes appears on the silicon die sidewall. The 

reason is the wafer sawing method. The laser sawing method must be applied. Figure 

2-18 shows the comparison of sidewall conditions of silicon die after the mechanical 

sawing process and laser sawing process. The silicon die sidewall is smooth and 

clean after the mechanical sawing process. By contrast, the silicon die sidewall is 

rough after the laser sawing process. 

A neutral surface must exist in a bending object. The neutral surface should 

parallel to the upper and lower surfaces of specimen. The bending stress varies 

linearly with the distance from the neutral surface. Therefore, the maximum stress 

must appear on the upper and lower surfaces of specimen. The upper surface (loading 

surface) of specimen suffers the compression stress, while the lower surface of 

specimen suffers the tension stress in the bending test. Silicon is sensitive and brittle 

material, and its fracture is due to the tension stress rather the compression stress. 
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Therefore, the initial fracture point always appears on the opposite side of loading 

force. 

 

Figure 2-18 Comparison of sidewall conditions of silicon die after the 

mechanical sawing process (top) and laser sawing process (bottom) [116]. 

 

2.2.3 STRENGTH DATA ANALYSIS OF 3PB TEST 

The average value method can judge the quality of a set of data. However, it 

is not suited to judge the quality of silicon die strength data.  The statistical methods 

are considered as the best method to describe the silicon die strength data [131].  The 

normal distribution is the most basic statistical method, and it provides the 

distribution of failure probability for a set of data. The normal distribution is often 

used in the natural and social sciences. However, Weibull distribution is the most 

popular method to analyze the silicon die strength data. 
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Weibull distribution [132, 133] was described and named by Swedish 

mathematician Waloddi Weibull in 1951 [134]. He used this method to describe the 

material strength. Nowadays, Weibull distribution is widely used to describe the 

strength of brittle material [135-137] such as ceramics and silicon [138, 139]. There 

are two kinds of Weibull distribution – two-parameter Weibull distribution and three-

parameter Weibull distribution, and they can be expressed as [134] 

 𝑃 = 1 − 𝑒𝑥𝑝[−𝜑(𝜎)] (2.3) 

𝜑(𝜎) =

{
 

 (
𝜎

𝜎0
)
𝑚

          𝜎𝑢 = 0, 𝑡𝑤𝑜 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑊𝑒𝑖𝑏𝑢𝑙𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

(
𝜎 − 𝜎𝑢
𝜎0

)
𝑚

     𝜎𝑢 ≠ 0, 𝑡ℎ𝑟𝑒𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑊𝑒𝑖𝑏𝑢𝑙𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

 

where 𝜎 is the flexure strength, 𝜎0 is the scale parameter, m is the shape parameter or 

Weibull modulus and  𝜎𝑢 is the threshold strength. 

 

Figure 2-19 Comparison of two-parameter Weibull distribution and three-

parameter Weibull distribution in the lower region of failure probability [140]. 
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The three-parameter Weibull distribution can provide a better data fitting (as 

shown in Figure 2-19) than the two-parameter Weibull distribution especially in the 

lower region of failure probability [141, 142]. However, the two-parameter Weibull 

distribution is good enough to describe the data, and it is simple to use. 

We should establish the failure probability (𝑃𝑖) list before solving the scale 

parameter and shape parameter of two-parameter Weibull distribution. The failure 

probability list can be estimated by the probability estimation equations. The first 

step is to rearrange the silicon die strength data in the ascending order and substitute 

the silicon die strength data to the probability estimation equations one by one. There 

are four kinds of probability estimation equations [143] 

 𝑃𝑖 =
𝑖 − 0.5

𝑛
 (2.4) 

 𝑃𝑖 =
𝑖

𝑛 + 1
 (2.5) 

 𝑃𝑖 =
𝑖 − 0.3

𝑛 + 0.4
 (2.6) 

 𝑃𝑖 =
𝑖 − 0.375

𝑛 + 0.25
 (2.7) 

where i is the ith silicon die strength data and n is the total number of specimen. 

Equation (2.6) is considered as the best estimator regardless the sample size. 

To take the logarithm on the two-parameter Weibull distribution equation 

twice [144], and we have 
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 ln ln (
1

1 − 𝑃
) = 𝑚 ln 𝜎 −𝑚 ln𝜎0 (2.8) 

according to the equation 

 𝑌 = 𝑎 + 𝑏𝑋 (2.9) 

we can define the 

 𝑌 = ln ln (
1

1 − 𝑃
) (2.10) 

 𝑋 = ln 𝜎0  (2.11) 

The scale parameter and shape parameter can be solved by two different 

estimation methods – least square estimation (LSE) method and maximum likelihood 

estimation (MLE) method. The solvers of least square estimation method are [144-

147]  
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where 𝑥𝑖 and 𝑦𝑖 is the ith value of  ln 𝜎0 and ln ln (
1

1−𝑃
) respectively. 

The least square estimation method is simple, and it can be solved manually 

without computer assisting. However, the maximum likelihood estimation method is 

quite complex. Its solvers are [144-146]  
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where m needs the assistance of computer to be solved. However, 𝜎0 is quite easily 

to be solved once we have the value of m. 

The MLE method is proved as the best estimation method in statistics [148-

150]. The MLE method has a superior performance regardless the sample size. 

However, Wu et al. found that the maximum likelihood estimation method often led 

to overestimation and thus the maximum likelihood estimation method had a lower 

safety factor than the least square estimation method in the engineering point of view 

[143]. 

Paul et al. found that the log-normal distribution was better than Weibull 

distribution, and the sample size had the significant effect on the accuracy of log-

normal distribution [151]. We can get the log-normal distribution [152] when we take 

logarithm on the normal distribution equation [151] 

 𝑃𝑓(𝜎) =
1

√2𝜋𝑐𝜎
𝑒𝑥𝑝 {−

[log(𝜎 𝑏⁄ )]2

2𝑐2
} (2.16) 

where b is the log-normal scale parameter and c is the shape parameter. 

Paul et al. used four batches of specimen in his experiment. The sample sizes 

are 45, 18, 18 and 18. Paul et al. used the probability estimation equation (2.4) and 
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the maximum likelihood estimation method to calculate the scale parameter and 

shape parameter. 

The accuracy of Weibull distribution can be improved by increasing the 

sample size. The recommended threshold of sample size is 53 for Weibull 

distribution. The least square estimation method has a superior performance when the 

sample size is below 53, and the maximum likelihood estimation method is superior 

when the sample size is above 53. Therefore, the statement from Paul et al. is not 

persuasive enough, and the comparison between log-normal distribution and Weibull 

distribution is uncertain.  

 

 

2.3 METHODOLOGY OF RELIABILITY TEST 

2.3.1 TEMPERATURE CYCLING TEST  

The temperature cycling (TC) test is used to determine the effect of varied 

temperature on electronic devices. The testing specimens are stored in a chamber. 

The chamber temperature always rises and drops between the high temperature and 

the temperature below the ice point. The TC test is similar to using an electronic 

device in an extreme environment. For example, you are using a phone in an 

extremely cold area, and then you bring the phone to the warm area and return for a 

few times. Therefore, the main purpose of TC test is to evaluate the electronic 

devices lifespan under the extreme environment. 
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Table 2-1 Temperature cycling test conditions [153]. 

Condition 
Min 

Temperature (℃) 

Max 

Temperature (℃) 
Cycles/hour Soak mode 

A -55 (-10, +0) +85 (-0, +10) 2-3 1, 2 & 3 

B -55 (-10, +0) +125 (-0, +15) 2-3 1 & 2 

C -65 (-10, +0) +150 (-0, +15) 2 1 & 2 

G -40 (-10, +0) +125 (-0, +15) <1-2 1, 2, 3 & 4 

H -55 (-10, +0) +150 (-0, +15) 2 1 & 2 

I -40 (-10, +0) +115 (-0, +15) 1-2 1, 2, 3 & 4 

J -0 (-10, +0) +100 (-0, +15) 1-3 1, 2, 3 & 4 

K -0 (-10, +0) +125 (-0, +15) 1-3 1, 2, 3 & 4 

L -55 (-10, +0) +110 (-0, +15) 1-3 1, 2, 3 & 4 

M -40 (-10, +0) +150 (-0, +15) 1-3 1, 2, 3 & 4 

N -40 (-10, +0) +85 (-0, +10) 1-3 1, 2 & 3 

 

The JEDEC standard JESD22-A104 – ‘Temperature Cycling’ regulates the 

apparatus and procedures of TC test. There are 11 kinds of TC test condition [153], 

and they are listed in Table 2-1. The temperature range is from -55℃ to 150℃. One 

temperature cycle (as shown in Figure 2-20) means that the temperature rises from 

the extreme low point to the extreme high point and returns. The typical TC test rate 

is one to three cycles per hour. The other regulation of TC test is the soak time. There 

are four soak modes, and their minimum soak time is 1, 5, 10 and 15 minutes 

respectively. 
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Figure 2-20 Example of temperature profile of temperature cycling test [153]. 

 

The main failure modes of IC chip are package crack and disconnection 

failure after the TC test [154]. The reason is the mismatched coefficient of thermal 

expansion (CTE). The packages are made up of various materials. Each material has 

its own physical and chemical properties. The CTE defines the size changes of 

material with respect to the temperature. The mismatched CTE causes complex 

internal force within a package. The internal force could provide the tension force or 

compression force to accelerate the package structure deformation [155-159]. The 

TC test temperature changes rapidly and the temperature range is large. Therefore, 

the package suffers strong deformations periodically during the TC test, and the TC 

test has the significant effect on the package structure and solder joint. 
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2.3.2 HIGH TEMPERATURE STORAGE TEST 

The high temperature storage (HTS) test is used to determine the effect of 

time and temperature on electronic devices. The testing specimens are stored in a 

high temperature chamber. The high temperature vaporizes the moisture and isolates 

the humidity effect on electronic devices. The HTS test is similar to operating 

electronic devices for a long time. The difference is the HTS test heats the electronic 

devices by the external heat source while the operating electronic device is heated by 

itself. Therefore, the main purpose of HTS test is to evaluate the lifespan of 

electronic devices under the longtime operating condition. 

Table 2-2 High temperature storage test conditions [160]. 

Condition Temperature (℃) 

A 125 (-0, +10) 

B 150 (-0, +10) 

C 175 (-0, +10) 

D 200 (-0, +10) 

E 250 (-0, +10) 

F 300 (-0, +10) 

G 85 (-0, +10) 

 

The JEDEC standard JESD22-A103 – ‘High Temperature Storage Life’ 

regulates the apparatus and procedures of HTS test. There are seven kinds of HTS 

test condition [160], and they are listed in Table 2-2. The most frequently used 

conditions are condition B and condition C. Condition B HTS test is known as the 

normal HTS test, while condition C HTS test is known as the accelerated HTS test. 

The accelerated HTS test provides a challenging environment to the specimens, and 

it accelerates the specimen failure and shortens the testing time. 



 

LITERATURE REVIEW 57 

 

The main failure mode of IC chip is functional failure such as electrical 

failure or interconnection failure after the HTS test. The reason is the changes in 

material properties during the HTS test [161]. The electronic devices such as IC 

chips or packages are made up of various materials. The HTS test provides the high 

temperature and high energy environment to drive various materials to interact with 

each other. Therefore, some new materials are formed after the HTS test, and they 

may affect the package reliability. 

 

Figure 2-21 Bump cracks appear on the flip chip package after the HTS test 

[162]. 

 

The intermetallic compound (IMC) is formed after the HTS test. The IMC has 

the feature of brittle and easily crack under any thermal or mechanical loading. Once 

the crack appears on the IMC, the electrical interconnection of package is affected 

and the package function may fail. For the wire bonding packages [163-168], the 

IMC platelets can be found on the bond pad. The IMC platelets reduce the strength of 

wire pull or bond pull. For the flip chip packages [162, 169-171], the IMC platelets 

can be found in solder joints (as shown in Figure 2-21). The solder joints may easily 

crack once it is filled up with IMC platelets. However, the IMC effect on packages 
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with less material composition is minor such as pure silicon wafers [172], stacked 

chips [173] and wafer level packages [174, 175]. 

 

2.3.3 UNBIASED HIGHLY ACCELERATED STRESS TEST 

The unbiased highly accelerated stress test (UHAST) is used to simulate 

extreme electronic device operating conditions. The testing specimens are baked in a 

chamber at the extreme temperature and humidity condition. The moisture is 

pressurized into the electronic devices at the extreme temperature condition. The 

function of electronic device is affected once the moisture reaches the device internal 

circuits. The UHAST is similar to using electronic devices in a moisture environment. 

Therefore, the main purpose of UHAST is to evaluate the insulation and integrity of 

electronic device. 

Table 2-3 Unbiased highly accelerated stress test conditions [176]. 

Condition 
Temperature 

(℃) 

Relative 

humidity (%) 
Duration (hour) 

A 130 (-2, +2) 85 (-5, +5) 96 (-0, +2) 

B 110 (-2, +2) 85 (-5, +5) 264 (-0, +2) 

 

The JEDEC standard JESD22-A118 – ‘Accelerated Moisture Resistance’ 

regulates the apparatus and procedures of UHAST. There are only two kinds of 

UHAST condition [176], and they are listed in Table 2-3. Condition A temperature is 

130℃ and humidity is 85%, while condition B temperature is 110℃ and humidity is 

85%. The testing time is 96 hours and 264 hours respectively. 
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Figure 2-22 Crack development and propagation during the UHAST at 110℃, 

120℃ and 130℃ / 100% RH [177]. 

 

The main failure modes of IC chip are the electrical failure and 

interconnection failure after the UHAST (as shown in Figure 2-22). The reason is the 

package leakage. The underfill and epoxy molding compound are isolation materials, 

and they are used to protect the IC chip interconnections and internal circuits. The 

UHAST uses high temperature to pressurize the moisture to enter the package. The 

moisture can cause short circuit issues. Therefore, the UHAST can evaluate the 

ability of IC chip to prevent leakage and the finishing quality of underfill or epoxy 

molding compound [177, 178]. 
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CHAPTER 3 RESEARCH 

METHODOLOGY 

3.1 EVALUATION OF IC CHIP STRENGTH 

Silicon is a key component in the semiconductor packaging industry, and the 

core of IC chip is the silicon die. The silicon die takes up the major place in an IC 

chip especially the chip scale package. Therefore, there is much research related to 

the silicon die strength.  

There are several methods used to evaluate the silicon die strength such as the 

three-point and four-point bending test, ball-on-ring test, ball breaker test and plate-

on-elastic-foundation test. The 3PB test method is considered as the most popular 

evaluation method of silicon die strength. There are three widely recognized effect 

factors on the silicon strength, and they are silicon surface defects, silicon edge 

defects and weak planes of silicon crystal lattice. The silicon surface defects and 

silicon edge defects are created by the wafer grinding process and wafer sawing 

process respectively. All the strength test methods are affected by the wafer grinding 

process and wafer sawing process more or less. The effects of wafer sawing process 

and wafer grinding process on the strength test method using point loading force are 

small and moderate, while the effects of wafer sawing process and wafer grinding 

process on the strength test method using line loading force are moderate and big. 

Table 3-1 lists the effect level of wafer sawing process and wafer grinding process on 

various strength test methods. 
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Table 3-1 The effect level of wafer sawing process and wafer grinding process 

on various strength test methods. 

Strength Test Method 
Effect Level 

Sawing Grinding 

Three-point bending test Moderate Big 

Four-point bending test Big Big 

Ball-on-ring test Small Moderate 

Ball breaker test Small Moderate 

Single point loading 

plate-on-elastic-foundation test 
Small Moderate 

Line point loading 

plate-on-elastic-foundation test 
Moderate Big 

 

The wafer grinding process is the very first process in the whole fan-out 

wafer level packaging assembly process. The aim of wafer grinding process is to 

grind the incoming wafer to the required thickness for further processes. The 

roughness of grinding side is fine enough after the second grinding step and thus the 

third grinding step is less used. Beyond the mechanical grinding method, the 

chemical wet etching and plasma etching methods also can replace the polishing step 

to gain an ultrafine wafer surface. In comparison, the plasma etched wafer surface is 

smoother than the chemical etched wafer surface. 

The wafer sawing process is conducted after the wafer grinding process. The 

aim of wafer sawing process is to saw the incoming wafer to the required size for 

further processes. There are two wafer sawing methods – mechanical sawing method 

and laser sawing method. The mechanical sawing method uses diamond blades to 

saw the wafers. Most wafer sawing tasks could be achieved perfectly by the proper 
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blade selection. The laser sawing method is also known as the stealth dicing method. 

It is because the saw straight of laser sawing is extremely tiny. Therefore, the laser 

sawing method can offer an extreme low kerf loss. The step cut and laser grooving 

process can reduce and avoid chippings effectively. 

The fracture analysis of silicon die includes the fracture pattern analysis and 

the initial fracture point analysis. The fracture pattern and initial fracture point have 

the close relationship with the assembly process and strength evaluation method. The 

wafer grinding process and wafer sawing process create surface defects and edge 

defects on the silicon die. The surface defect and edge defect decide the initial 

fracture point, and the surface defect affects the fracture pattern. The wafer grinding 

surface is not perfectly flat. It is because of the limitation of grinding machine or 

grinding process. We can find the grinding patterns easily on the ground surface after 

the wafer grinding process. The grinding pattern leads to the directional behavior of 

silicon die strength. The initial fracture point may appear on the silicon die surface 

and edge. The emergent frequency of initial fracture point on the silicon die surface 

is higher than that on the silicon die edge after the 3PB test. The initial fracture point 

sometimes appears on the silicon die sidewall. The reason is the wafer sawing 

method. However, silicon is a brittle and sensitive material, and its fracture is due to 

the tension stress rather than the compression stress. Therefore, the initial fracture 

point always appears on the opposite side of the loading force. 

The distribution of silicon strength is wide because the defects appear on the 

silicon surface and edge randomly. The average value method can judge the quality 

of a set of data. However, it is not suited to judge the quality of silicon die strength 

data. Weibull distribution is considered as one of the best methods to describe the 

silicon die strength. Weibull distribution is widely used to describe the strength of 
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brittle material such as ceramics and silicon. There are two kinds of Weibull 

distribution – two-parameter Weibull distribution and three-parameter Weibull 

distribution. The three-parameter Weibull distribution can provide a better data 

fitting than the two-parameter Weibull distribution, especially in the lower region of 

failure probability. However, the two-parameter Weibull distribution is good enough 

to describe the data, and it is simple to use. 

There is a board level reliability (BLR) test done by the 4PB test. This BLR 

test is recognized by JEDEC (Joint Electron Device Engineering Council) and 

regulated by the standard JESD22B113 – Board Level Cyclic Bend Test Method for 

Interconnect Reliability Characterization of Components for Handheld Electronic 

Products. The specimens are attached to a customized PCB in this test. The loading 

force works on the PCB periodically. However, the loading force is less than the 

fracture force of PCB because this BLR test is used to evaluate the solder joint 

reliability rather than the IC chip strength. 

The advantages and limitations of current IC chip strength study can be 

summarized as follows: 

Advantages of current IC chip strength study are: 

1) Implementing the detailed research on the pure silicon die strength. 

2) Evaluating major strength test methods and potential effect factors on the 

silicon die strength. 

3) Proving the wafer grinding process and wafer sawing process are the most 

critical processes to the silicon die strength. 

4) Conducting the detailed fracture pattern study of silicon die. 

5) Applying advanced statistical methods to analyze the strength data.  
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6) Establishing a standard of BLR test. 

Limitations of current IC chip strength study include the following: 

1) The research about the package level strength is little, and there is not any 

research about the FOWLP strength. 

2) The potential effect factors on the FOWLP strength are uncertain. 

3) The assembly process and reliability test effects on the FOWLP strength are 

uncertain. 

4) The finite element method is never used to evaluate the FOWLP strength. 

5) The theoretical model of FOWLP strength and fatigue crack growth is not 

comprehensive. 

6) The BLR test focuses on the solder joint reliability rather than the package 

reliability. 

 

 

3.2 PROPOSED RESEARCH 

Figure 3-1 shows the proposed research flow chart. The proposed research 

consists of evaluating the FOWLP strength, creating simulation models of FOWLP 

strength and developing mathematical models of FOWLP strength and FOWLP 

fatigue crack growth. The whole research is planned to be implemented in three 

stages. 



 

RESEARCH METHODOLOGY 65 

 

 

Figure 3-1 Proposed research flow chart. 

 

Stage one aims to gain an overall impression of FOWLP strength. The 

FOWLP strength will be evaluated by the experimental method. The three-point 

bending test method will be used to evaluate the FOWLP strength. There are several 

factors hypothesized to affect the FOWLP strength. The proposed effect factors 

include the package structure, passivation layer, backside protection tape, die to 

package ratio, package geometry, PCB bar, grinding process and thermal. The 

thermal effect can be divided into two aspects according to the thermal duration. One 

aspect is the FOWLP assembly process especially the thermal related assembly 

process such as the post-mold curing process, passivation curing process and reflow 

process. The other aspect is the package reliability test especially the thermal related 

reliability test such as the temperature cycling test and high temperature storage test. 

Vickers hardness test and 3PB test will be used to evaluate the thermal effect on the 
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FOWLP strength. The evaluation work of FOWLP strength is important. We can 

collect valuable FOWLP strength data from the experiment. The strength data will be 

used in the following stages. 

Stage two focuses on the numerical study of FOWLP strength. The ANSYS 

software will be used to assist with the research. The experiment of 3PB test will be 

simulated by the ANSYS software. The aims of simulation work include three 

aspects: create the simulation model of FOWLP strength test, assist fracture analysis 

and ready for further and deeper development. There is also a proposed FOWLP 

specimen built by the different assembly processes. The strength of this new FOWLP 

specimen is hypothesized to be better than that of other specimens with the same 

thickness level. The author will use simulation method to prove this hypothesis. 

Stage three focuses on the theoretical work. The first proposed the theoretical 

model is the FOWLP strength model. This model is used to describe the failure 

probability of FOWLP strength, and it is based on the classical two-parameter 

Weibull distribution. This strength model will be validated with the previous strength 

data from the experiment work and simulation work. The second proposed 

theoretical model is the FOWLP fatigue crack growth model. This model is used to 

describe the crack growth status in a package under the thermal fatigue condition, 

and it is based on Paris law. Because the FOWLP is made up of various materials, 

the mismatched CTE of different materials leads to the differences in expansion and 

shrinkage between different materials. Therefore, the FOWLP fatigue crack growth 

model should contain two parts. One part is the monomial normal fatigue model. The 

other part is used to describe the effect of thermal factor on the crack growth. 

Therefore, a binomial fatigue crack growth model should be more accurate. 
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3.3 PROPOSED RESEARCH METHODOLOGY 

The study of FOWLP strength is unclear and uncertain at the present stage. In 

order to achieve the research objectives, the author proposes the following methods. 

He also believes these methods would show novel contributions to the research of 

FOWLP reliability especially the aspect of FOWLP strength. 

1. To evaluate the FOWLP strength 

The thinner and thinner FOWLPs are developed to fulfill the requirement of 

volume sensitive electronic device. The thin FOWLPs may face crack issues. 

Therefore, the evaluation work of FOWLP strength is necessary. The three-point 

bending test method is chosen as the evaluation method of FOWLP strength. The 

3PB test method has been proved that it is an effective method to evaluate the silicon 

strength. The 3PB test is similar to the real loading situation because it applies line 

loading force to the samples. There are three critical devices in the 3PB test, and they 

are universal tester machine, static load cell and 3PB fixture. In this work, the 

universal tester machine is Instron universal tester 5566. The load cell is Instron 

2530-427 static load cell with the maximum capacity of ±100 N. The universal tester 

machine is used to do static testing such as the tensile test, compression test, flexure 

test and bending test. However, the fixture decides the testing type. The fixture in this 

work is a customized fixture, and it could achieve a very narrow span to support IC 

chips. 

2. To investigate the thermal effect on the FOWLP strength 

The FOWLP is made up of various material and thus the proper design of 

FOWLP structure and material selection are important. The wafer or package 
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warpage is a serious issue to their reliability. The reason of warpage is the 

mismatched CTE of different material. Therefore, the investigation of thermal effect 

on the FOWLP strength is essential. We hypothesize the EMC is the main effect 

factors on the FOWLP strength during the thermal processes. Therefore, we use pure 

EMC specimens in this work. The thermal effect comes from two aspects. One aspect 

is the thermal related assembly process (post-mold curing process, PSV curing 

process and reflow process), and the other aspect is the thermal related reliability 

tests (temperature cycling test and high temperature storage test). Both aspect effects 

will be evaluated in this work. Beyond the 3PB test method, Vickers hardness test 

method is also used to this work. The FUTURE-TECH microhardness tester FM-

300e is used to conduct the microindentation work. 

3. To simulate the experiment of FOWLP strength 

The finite element method (FEM) is an efficient way to simulate complex 

problems by the numerical mathematics technique. The FEM can save workforce and 

time when we deal with huge, complex and long duration problems compared with 

the experimental methods. In this work, ANSYS software is used to create simulation 

models and explore the solutions. The simulation models are created based on the 

FOWLP specimens in the experimental work. The specimen materials include silicon 

die, EMC, PSV layer and BSP tape. The simulation work is used to simulate the 

experiment of 3PB test and thus the 3PB fixture material should be included, and it is 

defined as structural steel. 

4. To develop the FOWLP strength model and fatigue crack growth model 

The proposed FOWLP strength model is developed based on the two-

parameter Weibull distribution. However, the novelty of the proposed FOWLP 
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strength model is the proposed FOWLP strength model is based on the location of 

initial fracture point. The initial fracture point is possible to appear in two regions – 

the package surface and the package interior. The proposed FOWLP fatigue crack 

growth model is developed based on Paris law. However, the proposed FOWLP 

fatigue crack growth model includes the thermal effect on the fatigue crack growth. 

Therefore, the proposed FOWLP fatigue crack growth model is a binomial. 

 

 

Equation Chapter (Next) Section 1Equation Chapter (Next) Section 1 
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CHAPTER 4 EVALUATION OF 

FOWLP STRENGTH BY 3PB TEST 

METHOD 

4.1 EXPERIMENT OF 3PB TEST 

The three-point bending (3PB) test requires three key apparatuses – the 

universal tester, static load cell and 3PB fixture. In this work, the universal tester is 

Instron universal tester 5566 (as shown in Figure 4-1). This machine is used to do 

static tests such as the tensile test, compression test, flexure test and bending test. The 

machine load cell is digitalized, and it is controlled by the computer software such as 

Instron Bluehill3. In this work, the Instron 2530-427 static load cell with the 

maximum capacity of ±100 N is applied.  

 

Figure 4-1 Instron universal tester 5566. 
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The last key apparatus is the 3PB fixture. The universal tester and load cell 

can implement various testing. However, the fixture decides the testing type and 

method. Vector Scientific Pte Ltd helps to fabricate the fixture (as shown in Figure 4-

2) with a fabrication tolerance ±0.05 mm. The 3PB fixture is able to achieve a 

minimum 4 mm span, and the maximum specimen width should be less than 40 mm. 

The maximum load capacity of fixture is not required too high because the IC chips 

are tiny and brittle. However, the fixture must achieve a very narrow span to support 

the IC chips. 

 

Figure 4-2 Customized 3PB fixture. 

 

The whole experiment is conducted in the biological lab, School of 

Mechanical and Aerospace Engineering, Nanyang Technological University. The 

environment temperature is 25℃. There is not any pre-conditioning or heating device 
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attached to the machine to process the specimens before or during the experiment. 

The default speed of loading force is 0.6 mm/min (0.01 mm/s). 

 

Figure 4-3 Example of load versus extension curves of 3PB test. 

 

Figure 4-3 shows an example of load-extension curves of 3PB test, and it 

contains five specimens. The arrows point the fracture point of each specimen. We 

can find the value of specimen fracture load and fracture extension from the testing 

curves. The specimen fracture load is a key variable to calculate the specimen flexure 

strength. The FOWLP strength is measured and evaluated by the value of flexure 

strength. The flexure strength can be calculated by the following equation 

 𝜎3𝑃𝐵 =
3𝐿𝐹

2𝐵𝑊2
 (4.1) 

where F is the fracture load, L is the fixture span, B is the specimen width and W is 

the specimen thickness. 
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The specimen flexure strength is represented by the box plot graph. The t-test 

and F-test are used to judge whether the differences of specimen flexure strength 

mean and variance are significant. The t-test and F-test equations are 

 
𝑡 =

𝑋1̅̅ ̅ − 𝑋2̅̅ ̅

√
𝑠1
2

𝑛1
+
𝑠2
2

𝑛2

 
(4.2) 

 𝐹0 =
𝑆1
2

𝑆2
2 (4.3) 

where X is the mean of specimen flexure strength, S is the standard deviation of 

specimen flexure strength and n is the sample size. 

The specimens are built by the conventional fan-out wafer level packaging 

assembly process, and they are considered and designed carefully to fulfill the 

research objective. The specimens are only built by the dummy silicon die, epoxy 

molding compound (EMC), backside protection (BSP) tape and passivation (PSV) 

layers. The functional dies, redistribution layers and solder balls are not used. 

Therefore, these specimens are not functional, and they are also called bare FOWLPs. 

 

Figure 4-4 FOWLP specimen layout. 
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The specimen package size is 8.09 mm × 8.09 mm, and the dummy silicon 

die size is 5.11 mm × 5.11 mm (as shown in Figure 4-4). The dummy silicon wafers 

are ground to 370 μm and the silicon dies are placed at the geometrical center of 

package. There is only lithographed one PSV layer, and the PSV layer thickness is 10 

μm. The molded artificial wafer is ground to the thickness of 200 μm and thus all the 

die backsides are exposed. The backside protection tape is laminated on the wafer 

backside. The backside protection tape has the similar function with the EMC, and it 

is used to protect the wafer grinding surface. The molded artificial wafer is sawed 

into the size of 8.09 mm × 8.09 mm. Figure 4-5 shows the detailed process flow 

illustration of specimen. 

 

Figure 4-5 FOWLP specimen assembly process flow: debonding, lithographing 

PSV, backside grinding and laminating BSP tape. 

 

The specimens are equally collected from five different regions in a wafer. 

Figure 4-6 shows the definition of wafer five regions – top, left, center, right and 

bottom. 

 

Figure 4-6 Wafer region code. 
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4.2 EVALUATION OF FOWLP STRENGTH 

4.2.1 STRUCTURE EFFECT ON FOWLP STRENGTH 

The aim of this work is to find out the structure effect on the FOWLP strength. 

In order to minimize the effect of other factors on this evaluation, the FOWLP 

specimens are without PSV layers. The specimens are named as specimen A-1, 

specimen A-2 and specimen A-3 (or group A specimens), and they represent three 

kinds of representative FOWLP structure. Figure 4-7 shows the detailed assembly 

process flow illustration of group A specimen. 

 

Figure 4-7 Assembly process flow of group A specimens: debonding, backside 

grinding and laminating BSP tape. 

 

The wafer of specimen A-1 is sawed directly after the wafer debonding 

process. There is a 120 μm thick EMC layer above the silicon die. The structure of 

specimen A-1 is named as the over-molded structure. The wafer of specimen A-2 is 

ground after the wafer debonding process. The silicon die backside of specimen A-2 

is exposed after the wafer grinding process. The structure of specimen A-2 is named 

as the die-exposed structure. The silicon die backside of specimen A-3 is laminated a 

BSP tape after the wafer grinding process, and the BSP tape thickness is 25 μm. The 

structure of specimen A-3 is named as the BSP tape protected structure. The 

specimen specifications and the testing machine setup parameters are listed in Table 

4-1. 
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Table 4-1 FOWLP specimens and 3PB test specifications (structure effect). 

Specimen 

ID 

Die dimension 

(mm) 

Package dimension 

(mm) 
Sample 

size 

Fixture 

span (mm) 
X Y Z X Y Z 

A-1 5.11 5.11 0.37 8.09 8.09 0.49 25 6 

A-2 5.11 5.11 0.2 8.09 8.09 0.2 25 6 

A-3 5.11 5.11 0.2 8.09 8.09 0.225 25 6 

 

 

Figure 4-8 Comparison of flexure strength among specimen A-1, specimen A-2 

and specimen A-3. 

  

Figure 4-8 shows the comparison of flexure strength among specimen A-1, 

specimen A-2 and specimen A-3. The average flexure strength of specimen A-1 is 

much higher than that of specimen A-2 and specimen A-3. The average flexure 

strength of specimen A-2 drops significantly after the wafer grinding process. 

Meanwhile, the flexure strength distribution of specimen A-2 is discrete. The t-test 

verifies that the strength mean of specimen A-1 is larger than the strength mean of 

specimen A-2 significantly at the 99.5% significance level. The F-test verifies that 
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the strength variances of specimen A-1 and specimen A-2 have a significant 

difference. Both validations match the above observation. 

The average flexure strength of specimen A-3 is almost as the same as the 

average flexure strength of specimen A-2. The flexure strength distribution of 

specimen A-3 becomes concentrated significantly after laminating the BSP tape. The 

t-test verifies that the strength means of specimen A-2 and specimen A-3 do not have 

a significant difference. The F-test verifies that the strength variances of specimen A-

2 and specimen A-3 have the significant difference at the 99.9% significance level. 

Both validations match the above observation. 

Specimen A-1 is an over-molded structure FOWLP. The liquid state EMC 

covers the silicon die surface defects and forms a smooth and steady surface on top 

of the silicon die backside. This kind of structure could minimize the wafer grinding 

effect on the FOWLP strength. Therefore, the flexure strength of specimen A-1 is 

concentrated and high. The structure effect on the FOWLP strength also can be 

considered as the wafer grinding process effect on the FOWLP strength. The strength 

of over-molded structure FOWLP should always be better than that of die-exposed 

structure FOWLP. 

The previous research of silicon die strength [104, 108] finds out the silicon 

wafer surface condition is critical to the silicon die strength. This phenomenon is 

obvious when the grinding side faces down during the 3PB test. The processed 

silicon strength is far lower than the ideal single crystalline silicon strength. The 

reason is the wafer grinding process. The grinding machine and grinding wheel grit 

size have limitations. The grinding pattern always appears on the wafer surface after 

the grinding process. The grinding pattern looks like grooves by the surface analysis 
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machine. The grinding pattern can assist the loading force once the loading force is 

parallel to the grinding pattern. Hence the average flexure strength of specimen A-2 

drops significantly after the wafer grinding process. Meanwhile, the grinding pattern 

can afford the loading force once the loading force is perpendicular to the grinding 

pattern. It is the reason for the wide flexure strength distribution of specimen A-2. 

The BSP tape is a kind of adhesive tape, which is used to protect and 

reinforce the package backside. The BSP tape has the feature of stability and 

reliability in the environment of high temperature and high humidity. The structure of 

BSP tape protected FOWLP is similar to the over-molded structure FOWLP. Both 

surfaces of BSP tape and EMC could afford the laser marking. The BSP tape has the 

outstanding performance on its uniformity in thickness compared with the EMC. 

Therefore, the BSP tape also can cover the grinding pattern and form a smooth 

surface on top of the wafer backside. Although the BSP tape has a minor contribution 

to the flexure strength of FOWLP, it reduces the grinding pattern effect on the 

flexure strength distribution significantly. Therefore, the flexure strength distribution 

of specimen A-3 becomes concentrated after laminating the BSP tape. 

For the fracture analysis aspect, all the specimens break into two parts after 

the 3PB test. The initial fracture point only appears on the silicon die surface or 

silicon die edge regardless the specimen structure. Figure 4-9 to Figure 4-12 show 

the fractured view of specimen A-1, specimen A-2 and specimen A-3, and the images 

are taken by the scanning electron microscope (SEM). 
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Figure 4-9 The initial fracture point appears on the silicon die edge of specimen 

A-1. 

 

Figure 4-10 The initial fracture point appears on the silicon die surface of 

specimen A-1. 

 

Figure 4-11 The initial fracture point appears on the silicon die surface of 

specimen A-2. 
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Figure 4-12 The initial fracture point appears on the silicon die edge of 

specimen A-3. 

 

4.2.2 PSV EFFECT ON FOWLP STRENGTH 

The aim of this work is to find out the PSV effect on the FOWLP strength. 

Group B specimens (specimen B-1, specimen B-2 and specimen B-3) are used for 

this evaluation work. Their structures are corresponding to specimen A-1, specimen 

A-2 and specimen A-3 respectively. The only difference is group B specimens are 

lithographed a 10 μm thick PSV layer on their front side. Therefore, the thickness of 

group B specimen is 500 μm, 210 μm and 235 μm respectively. The specimen 

specifications and the testing machine setup parameters are listed in Table 4-2. 

Table 4-2 FOWLP specimens and 3PB test specifications (PSV effect). 

Specimen 

ID 

Die dimension 

(mm) 

Package dimension 

(mm) 
Sample 

size 

Fixture 

span (mm) 
X Y Z X Y Z 

B-1 5.11 5.11 0.37 8.09 8.09 0.5 25 6 

B-2 5.11 5.11 0.2 8.09 8.09 0.21 25 6 

B-3 5.11 5.11 0.2 8.09 8.09 0.235 25 6 
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Figure 4-13 Comparison of flexure strength between specimen A-1 and 

specimen B-1. 

 

Figure 4-13 shows the comparison of flexure strength between specimen A-1 

and specimen B-1. The only difference between specimen B-1 and specimen A-1 is 

the PSV layer. However, the flexure strength of specimen B-1 is higher than the 

flexure strength of specimen A-1. This phenomenon is interesting because the 10 μm 

thick PSV layer leads to the average flexure strength grows 40%. The flexure 

strength distributions of specimen A-1 and specimen B-1 are almost the same. The t-

test verifies that the strength mean of specimen B-1 is larger than the strength mean 

of specimen A-1 significantly. However, the F-test verifies that the strength variances 

of specimen A-1 and specimen B-1 do not have a significant difference. Both 

validations matched the above observation. 

The PSV layer is lithographed on the specimen front side and thus the 

specimen backside surface condition never changes. Therefore, we cannot explain 

this phenomenon through the surface condition factor. The reason should be the PSV 
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layer lithographing process. The PSV layer lithographing process requires the wafer 

to store in a high temperature oven to cure. The oven temperature is 225℃, and the 

curing duration is two hours. The duration excludes the time of temperature rising 

and falling. The curing process should affect the FOWLP strength. The EMC takes 

the principal place in the package. The EMC of specimen A-1 and specimen B-1 

occupies about 70% of the total package volume. Therefore, the changes in FOWLP 

strength should be due to the changes in the EMC strength after the curing process. 

The detailed thermal effect on the EMC strength will be discussed in Chapter 4.3. 

 

Figure 4-14 Comparison of flexure strength between specimen A-2 and 

specimen B-2. 

 

Figure 4-14 shows the comparison of flexure strength between specimen A-2 

and specimen B-2. Their average flexure strength is almost the same, and the flexure 

strength distribution of specimen B-2 centralizes a little bit. However, the t-test and 

F-test verify that the strength mean and variance of specimen A-2 and specimen B-2 

do not have a significant difference. 
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The silicon die backsides of this pair specimen are exposed. The PSV layers 

are lithographed on their front side and thus the specimen backside condition is not 

changed. Therefore, the flexure strength distributions of both specimens are almost 

the same. The EMC volume in both specimens is much less than the EMC volume in 

specimen A-1 and specimen B-1. The EMC is helpless to enhance the FOWLP 

strength. Therefore, the PSV effect on the die-exposed structure FOWLP strength is 

minor. 

 

Figure 4-15 Comparison of flexure strength between specimen A-3 and 

specimen B-3. 

 

Figure 4-15 shows the comparison of flexure strength between specimen A-3 

and specimen B-3. The average flexure strength of specimen B-3 drops and the 

flexure strength distribution of specimen B-3 diffuses after lithographing PSV layers. 

The t-test verifies that the strength mean of specimen A-3 is larger than that of 

specimen B-3 significantly. The F-test verifies that the strength variances of 

specimen A-2 and specimen A-3 do not have a significant difference. 
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The average flexure strength of BSP tape protected specimen drops after 

lithographing PSV layers. However, the flexure strength distributions of both 

specimens almost remain the same. The reason could be the curing process after 

lithographing PSV layers. The BSP tape has the feature of stability and reliability in 

the environment of high temperature. However, the curing process may affect the 

BSP tape function in this work. Further research is required to verify it. In summary, 

the PSV layer only has the significant effect on the flexure strength of over-molded 

structure FOWLP specimen (specimen A-1 and specimen B-1). 

For the fracture analysis aspect, all the specimens break into two parts after 

the 3PB test. The initial fracture point only appears on the silicon die surface or 

silicon die edge regardless the specimen structure. Figure 4-16 to Figure 4-18 show 

the fractured view of specimen B-1, specimen B-2 and specimen B-3, and the images 

are taken by the SEM. 

 

Figure 4-16 The initial fracture point appears on the silicon die edge of 

specimen B-1. 
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Figure 4-17 The initial fracture point appears on the silicon die surface of 

specimen B-2. 

 

Figure 4-18 The initial fracture point appears on the silicon die surface of 

specimen B-3. 

 

4.2.3 TEMPERATURE CYCLING TEST EFFECT ON 

FOWLP STRENGTH 

The temperature cycling (TC) test is used to evaluate the specimen reliability 

through periodically changing in between two extreme temperatures. The common 

failure modes of specimen are the electrical failure, delamination, solder joint 

cracking and structural deformation. The TC test in this work follows the JEDEC 

standard JESD22-A104D. The TC test condition is condition B. The temperature 
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changes between -55℃ and +125℃. The temperature cycling rate is two cycles per 

hour. The duration of TC test is 500 cycles and 1000 cycles. In other words, the TC 

test spends 250 hours and 500 hours. We use group B specimens in this evaluation 

work. There are 50 specimens collected from each specimen wafer, and they are 

equally divided into two batches. The first batch specimen is used for the 500 cycles 

TC test while the second batch specimen is used for the 1000 cycles TC test. 
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Figure 4-19 Flexure strength of group B specimen after the TC test. 

 

Figure 4-19 shows the flexure strength of group B specimen after the TC test. 

The 3PB test results show two different trends. The flexure strength of specimen B-1 

almost remains the same throughout the test. The flexure strength of specimen B-2 

and specimen B-3 increases after the 500 cycles TC test and drops back after the 

1000 cycles TC test. 

 

Figure 4-20 Average flexure strength of group B specimen after the TC test. 
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The average flexure strength of group B specimen is summarized in Figure 4-

20. The flexure strength of specimen B-1 is always higher than the flexure strength of 

other group B specimen. The flexure strength distribution of specimen B-1 is also 

much narrower than the flexure strength distribution of other group B specimen 

throughout the test. The TC test does not affect the flexure strength distribution of 

specimen B-1 obviously. Therefore, the structure of specimen B-1 is quite stable and 

reliable. The key point of this structure is the EMC. There is a 120 μm thick EMC 

layer above the silicon die in specimen B-1. This EMC layer can protect the silicon 

die backside defects and enhance the package strength.  

The structure of specimen B-2 and specimen B-3 is closer to the finished 

FOWLP. The difference between specimen B-2 and specimen B-3 is the BSP tape. 

The trends of average flexure strength of specimen B-2 and specimen B-3 are almost 

the same. The flexure strength of specimen B-2 and specimen B-3 drops significantly 

after the 1000 cycles TC test, and their flexure strength is even lower than their initial 

flexure strength. Therefore, the TC test affects the FOWLP strength significantly 

especially the die-exposed structure FOWLP and the BSP tape protected FOWLP. 

The BSP tape is treated as a substitution of EMC. However, we find the BSP tape 

does not show an obvious effect on the flexure strength and flexure strength 

distribution of FOWLP in this work. 
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4.2.4 HIGH TEMPERATURE STORAGE TEST EFFECT ON 

FOWLP STRENGTH 

The high temperature storage (HTS) test is used to evaluate the specimen 

reliability in an extreme temperature environment. The common failure modes of 

specimen are the electrical failure, delamination, solder joint cracking and structural 

deformation. The HTS test in this work follows the JEDEC standard JESD22-A103. 

The high temperature storage test condition is condition B, and the temperature is 

150℃. The duration of HTS test is 500 hours and 1000 hours. We use group B 

specimens in this evaluation work. There are 50 specimens collected from each 

specimen wafer, and they are equally divided into two batches. The first batch 

specimen is used for the 500 hours HTS test while the second batch specimen is used 

for the 1000 hours HTS test.  
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Figure 4-21 Flexure strength of group B specimen after the HTS test. 

 

Figure 4-21 shows the flexure strength of group B specimen after the HTS 

test. The flexure strength of specimen B-1 after the 500 hours and the 1000 hours 

HTS test does not appear on the graph. It is because our load cell maximum capacity 

is only 100N, and the flexure load of specimen B-1 is much larger than this limit. 
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The flexure strength of specimen B-2 and specimen B-3 increases after the 500 hours 

HTS test and drops back after the 1000 hours HTS test. 

The HTS test does not affect the flexure strength of specimen B-1 obviously. 

The performance of flexure strength and flexure strength distribution of specimen B-

1 is always the best throughout the test. The flexure distribution of specimen B-1 is 

much narrower than other specimens throughout the test, and the HTS test does not 

affect the flexure strength distribution of specimen B-1. Therefore, the structure of 

specimen B-1 is quite stable and reliable again. 

 

Figure 4-22 Average flexure strength of group B specimen after the HTS test. 

 

The average flexure strength of group B specimen is summarized in Figure 4-

22. The flexure strength of specimen B-2 and specimen B-3 drops after the 1000 

hours HTS test. However, their flexure strength after the 1000 hours HTS test is still 

higher than their flexure strength at time zero. This phenomenon is different from the 

TC test result. This work does not consider the package functional failure and 
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structural failure such as electrical failure and PSV delamination. The HTS test 

affects the FOWLP strength significantly especially the die-exposed structure 

FOWLP and the BSP tape protected structure FOWLP. 

The difference between specimen B-2 and specimen B-3 is the BSP tape. The 

BSP tape function is similar to the EMC function. They are both used to protect the 

silicon die backside and enhance the package strength. The BSP tape is good at its 

uniformity thickness compared with the EMC. The BSP tape is considered as it has 

the ability to enhance the package strength. However, we only find the BSP tape may 

reduce the flexure strength distribution. There is not any evidence show that the BSP 

tape could enhance the FOWLP flexure strength. Therefore, the BSP tape cannot 

enhance the FOWLP strength beyond tightening the strength distribution. 

 

 

4.3 EVALUATION OF EMC STRENGTH 

In the previous evaluation work of FOWLP strength, we find that the FOWLP 

strength significantly increases once specimens are lithographed passivation layers. 

The passivation layer thickness is only 10 μm and thus it should not affect the 

FOWLP strength seriously. The FOWLP wafers are stored in a high temperature 

oven after the passivation layer lithographing process to cure for a few hours. We 

hypothesize the curing process affects the certain material strength. The major 

components of FOWLP are the silicon die and EMC. Silicon is a quite stable material. 

Therefore, the EMC should be affected by the thermal process. In this section, we are 



 

EVALUATION OF FOWLP STRENGTH BY 3PB TEST METHOD 93 

 

going to find out the effect of short-term thermal process (thermal related assembly 

process) and long-term thermal process (thermal related reliability test) on the EMC 

strength. 

 

4.3.1 EXPERIMENT CONFIGURATION 

The three-point bending test is used for this evaluation work. The testing 

apparatuses are Instron universal tester 5569 and a maximum capacity of ±1kN load 

cell. The support span increases to 8 mm to fit the new specimens. The loading speed 

increases to 6 mm/min. The test is conducted under the room temperature 25℃. 

We add Vickers hardness test to evaluate the EMC hardness in this work. The 

Vickers hardness test method is developed by Robert L. at al. in 1921 to replace the 

Brinell method. The indenter of Vickers hardness test can be used to all kinds of 

materials regardless their hardness. Therefore, Vickers hardness test is popular and 

easy to use. The unit of Vickers hardness test is Vickers pyramid number (HV).  The 

hardness is obtained by the load over the indentation area [179, 180] 

 𝐴 =
𝑑2

2 sin(136°/2)
≈

𝑑2

1.8544
 (4.4) 

 𝐻𝑉 =
𝐹

𝐴
=
1.8544𝐹

𝑑2
 (4.5) 

Where A is the area of resulting indentation, F is the load and d is the average 

diagonal lengths of resulting indentation. The FUTURE-TECH microhardness tester 

FM-300e (as shown in Figure 4-23) is used to conduct the hardness test in this 

evaluation work. 
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Figure 4-23 FUTURE-TECH microhardness tester FM-300e. 

 

Figure 4-24 shows the indentation location of Vickers hardness test in a 

specimen. Each specimen is performed ten times indentation, and the indentation 

load is 100 g. 

 

Figure 4-24 Proposed indentation locations of Vickers hardness test in a 

specimen and the definition of resulting indentation diagonal D1 and D2. 
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The specimen is made up of pure EMC in this evaluation work. The pure 

EMC specimen can minimize the effect of other materials. There are four kinds of 

EMC used to build the specimen. The specimens are named as EMC-1, EMC-2, 

EMC-3 and EMC-4. The material properties of specimens are listed in Table 4-3. 

Table 4-3 The material properties of pure EMC specimens. 

Specimen 

ID 

Dimension (mm) 
Viscosity 

(Pa*s) 

CTE by 

TMA 

(ppm) 

α1/α2 

Tg by 

DMA 

(℃) 

Flexure 

Modulus 

by DMA 

(GPa) 
X Y Z 

EMC-1 10 10 0.65 650 7.0/25 160 18 

EMC-2 10 10 0.65 650 7.3/32 165 23 

EMC-3 10 10 0.65 600 9.0/42 165 18 

EMC-4 10 10 0.45 300 12/45 165 14 

 

Figure 4-25 shows an EMC specimen before debonding. The specimen size is 

10 mm × 10 mm. The thickness of EMC-1, EMC-2 and EMC-3 is 650 μm, and the 

thickness of EMC-4 is 450 μm. There are five observation points designed to trace 

the specimen hardness and strength. Table 4-4 lists the five observation point details. 

 

 

Figure 4-25 An EMC specimen wafer before debonding. 
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Table 4-4 Observation points in the thermal related assembly processes. 

Observation 

point 

Completed process 

Post-

mold 

curing 

1 × PSV 

curing 

3 × PSV 

curing 

1 × 

Reflow 

2 × 

Reflow 

1 Yes     

2 Yes Yes    

3 Yes Yes Yes   

4 Yes Yes Yes Yes  

5 Yes Yes Yes Yes Yes 

 

There are two rounds of curing process after the molding process. The first 

round curing process occurs immediately after the molding process, and it is 

completed within the molding machine. The curing time is 10 minutes, and the 

curing temperature is 125℃. The second round curing process is conducted in a 

separate oven. The curing time is one hour, and the curing temperature is 150℃. The 

second round curing process is named as the post-mold curing (PMC) process. 

The passivation lithographing process is conducted after the molding process. 

The typical FOWLP has three passivation layers and two redistribution layers. The 

low-cost FOWLP only has two passivation layers and one redistribution layers. The 

wafer is required to cure after each passivation lithographing process. The curing 

temperature of passivation layer is 225℃, and the duration is two hours. However, 

we do not lithograph real passivation layer on the EMC specimens. 

There is a reflow process after the PSV curing process. The peak temperature 

of reflow oven is between 255℃ and 260℃, and the reflow time is 72 seconds. 
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4.3.2 THERMAL RELATED ASSEMBLY PROCESS EFFECT 

ON EMC STRENGTH 

The aim of this work is to find out the effect of short-term thermal related 

assembly process on the EMC hardness and strength. The Vickers hardness test is 

used to evaluate the EMC hardness, while the three-point bending test is used to 

evaluate the EMC strength.  

Table 4-5 lists the specimen specifications and the testing machine setup 

parameters of Vickers hardness test. There are two specimens collected from each 

specimen group. There are ten indentation points for each specimen at different 

locations. The indentation side is the specimen backside. It is because the specimen 

backside is the initial fracture side during the three-point bending test. 

Table 4-5 EMC specimens and Vickers hardness test specifications. 

Specimen 

ID 

Sample 

size 

Indentation 

point (per 

sample) 

Indentation 

Load (g) 
Remark 

EMC-1 2 10 100 

Force on sample 

backside 

EMC-2 2 10 100 

EMC-3 2 10 100 

EMC-4 2 10 100 

 

Figure 4-26 shows the comparison of average Vickers pyramid number 

among EMC specimens. All the specimen curves show the same trend. The hardness 

of EMC specimen increases about 20% after the one time PSV curing process, and it 

becomes stable after the three times PSV curing process. The hardness of EMC 

specimen almost remains the same in the following observation points. EMC-2 
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always has the highest hardness throughout the test, and EMC-4 has the lowest 

hardness. 

 

Figure 4-26 Comparison of average Vickers pyramid number among EMC 

specimens. 

 

Table 4-6 lists the specimen specifications and the testing machine setup 

parameters of three-point bending test. There are ten specimens collected from each 

specimen group. The specimens come from five regions – top, left, center, right and 

bottom as per wafer. Therefore, two specimens are collected from each region and 

combined into ten specimens. The loading side is the specimen front side. 

Table 4-6 EMC specimens and 3PB test specifications. 

Specimen 

ID 

Sample 

size 

Width 

(mm) 

Thickness 

(mm) 

Span 

(mm) 

Loading 

Speed 

(mm/min) 

Remark 

EMC-1 10 10 0.65 8 6 

Sample backside 

face down 

EMC-2 10 10 0.65 8 6 

EMC-3 10 10 0.65 8 6 

EMC-4 10 10 0.45 8 6 
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Figure 4-27 Comparison of average flexure strength among EMC specimens. 

 

Figure 4-27 shows the comparison of average flexure strength among EMC 

specimens. All the specimen curves still show the same trend. The flexure strength of 

EMC specimen increases about 20% after the one time PSV curing process. However, 

the flexure strength of EMC specimen still increases slightly in the following 

observation points. The flexure strength of EMC specimen may still have the chance 

to increase after the three times PSV curing process if we change the reflow process 

to a long-term thermal process such as the PSV curing process. EMC-1 always has 

the highest flexure strength throughout the test. EMC-4 still has the lowest flexure 

strength. EMC-2 has the second lowest flexure strength, although it has the highest 

hardness. 

The hardness and strength of EMC specimen increase rapidly after the one 

time PSV curing process. It seems the hardness and strength are enhanced by the 

PSV curing process. This phenomenon matches the previous research [161, 181-183]. 

The increased glass transition could lead to the increasing in the flexural modulus of 
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EMC. The hardness of EMC specimens becomes stable after the one time PSV 

curing process and it does not increase obviously after the three times PSV curing 

process. However, the flexure strength of EMC specimens still shows the growth 

trend after the three times PSV curing process. We cannot judge whether the flexure 

strength of EMC specimens becomes stable based on the current experiment because 

the duration of reflow process is too short.  

For the relationship between the hardness and strength, the hardness and 

strength are two independent material properties, and it has been proved that there is 

not any relationship between the hardness and strength. For example, the steel 

hardness is high, and its strength is low. In this work, EMC-2 has the highest 

hardness and the second lowest strength. Therefore, we cannot use one test to predict 

the other test result. 

The other finding from this work is the flexure strength distribution of pure 

EMC specimen is much tighter than the flexure strength distribution of FOWLP 

specimen. Figure 4-28 shows the three-point bending test curves of EMC and 

FOWLP specimen. Each graph contains five specimen curves. The curves of pure 

EMC specimen almost overlap from the beginning to fracture points. The curves of 

FOWLP specimen show different fracture points although the curves overlap each 

other at the beginning. The different fracture load points lead to the flexure strength 

distribution wide. 
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Figure 4-28 3PB test curves (load versus extension) of EMC (top) and FOWLP 

(bottom) specimens. 

 

Figure 4-29 shows the comparison of flexure strength between pure EMC 

specimens and FOWLP specimens. The flexure strength distributions are clear in 

Figure 4-29. The flexure strength distribution of pure EMC specimen is extremely 

tight compared with the flexure strength distribution of FOWLP specimen. The 

flexure strength distribution of specimen A-1 is the best among FOWLP specimens. 

However, it still has a big difference with the flexure strength distribution of EMC 

specimens.  
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Figure 4-29 Comparison of flexure strength between EMC specimens and 

FOWLP specimens. 

 

4.3.3 THERMAL RELATED RELIABILITY TEST EFFECT 

ON EMC STRENGTH 

The aim of this work is to find out the effect of long-term thermal related 

reliability test on the EMC strength. We choose the high temperature storage test to 

process the EMC specimens. The three-point bending test is used to evaluate the 

EMC strength. 

Table 4-7 lists the specimen specifications and the testing machine setup 

parameters of three-point bending test. The loading side is the specimen front side. 

The loading speed is 6 mm/min. There are two observation points in the HTS test. 

The specimens are collected and tested after the 500 hours and 1000 hours HTS test 

respectively. 
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Table 4-7 EMC specimens and 3PB test specifications (HTS test effect). 

Specimen 

ID 

Width 

(mm) 

Thickness 

(mm) 

Span 

(mm) 

500 hrs 

HTS test 

sample size 

1000 hrs 

HTS test 

sample size 

EMC-1 10 0.65 8 4 3 

EMC-2 10 0.65 8 6 5 

EMC-3 10 0.65 8 4 3 

EMC-4 10 0.45 8 2 2 

 

 

Figure 4-30 Comparison of average flexure strength among EMC specimens 

after the HTS test. 

 

Figure 4-30 shows the comparison of average flexure strength among EMC 

specimens after the HTS test. The curves of average flexure strength show three 

trends. The average flexure strength of EMC-1 and EMC-3 specimen increases first 

and then decreases. The average flexure strength of EMC-2 almost remains the same 

after the HTS test. The average flexure strength of EMC-4 always increases 
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throughout the HTS test. The average flexure strength of EMC-4 has caught up with 

the average flexure strength of EMC-2 and EMC-3 after the 1000 hours HTS test. 

The flexure strength of EMC specimen increases significantly after the 500 

hours HTS test. This phenomenon proves that the flexure strength of EMC does not 

become stable after the three times PSV curing process (observation point 3). The 

flexure strength of EMC increases with extending the thermal process time. However, 

the flexure strength of some EMC specimens (EMC-1 and EMC-3) shows the 

downward trend after the 1000 hours HTS test. The flexure strength of EMC-1 and 

EMC-3 drops significantly. The change of flexure strength of EMC-2 is not obvious. 

A longer HTS test may be required to evaluate whether the flexure strength of EMC-

2 becomes stable. However, based on the current evaluation work, the performance 

of EMC-2 is superior, and EMC-2 may be a good choice for the FOWLPs. 

 

Figure 4-31 Side view of EMC-4 specimen after the 1000 hours HTS test. 

 

The flexure strength of EMC-4 shows a rapid growth trend throughout the 

HTS test. The growth rate of EMC-4 flexure strength is incredible. The flexure 

strength of EMC-4 is almost as the same as the flexure strength of EMC-2 and EMC-

3. However, EMC-4 is not a good choice. The warpage of EMC-4 is too high after 

the HTS test. Figure 4-31 shows the side view of EMC-4 specimen after the 1000 

hours HTS test. The warpage performance of EMC-4 specimen is terrible. The 

FOWLP function fails definitely after the HTS test if EMC-4 materials are used. 
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Therefore, the finding of high flexure strength growth rate of EMC-4 is not very 

exciting. 

 

 

4.4 OPTIMIZED DESIGN OF FOWLP STRUCTURE 

In the previous evaluation work of FOWLP strength, we find that the over-

molded structure FOWLP always shows the highest flexure strength. The over-

molded EMC layer shows an obvious enhancement of the FOWLP strength. 

However, the thickness of over-molded structure FOWLP is an issue. The BSP tape 

protected structure FOWLP is introduced to meet the requirement of minimal volume 

and thickness. The BSP tape cannot enhance the FOWLP strength beyond reducing 

the flexure strength distribution. In this section, we are going to find out some 

additional factors, which could affect the FOWLP strength. 

All the specimens are functional FOWLPs in this evaluation work, and they 

are sponsored by STATS ChipPAC Pte. Ltd. Although the specimens are functional 

chips, their solder balls are removed by the chemical liquid. However, this batch 

specimen contains more components than the bare FOWLP specimens. 

4.4.1 FOWLP DIMENSION 

There are two factors needed to consider in the aspect of FOWLP dimension. 

The first factor is the silicon die to package ratio. The second factor is the package 

size. The former concerns the effect of die size on the FOWLP strength with the 
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same package size. The latter concerns the effect of package size on the FOWLP 

strength with the same die to package ratio. 

Group C specimens are used to evaluate the effect of die to package ratio on 

the FOWLP strength. Table 4-8 lists group C specimen specifications. There are 

three kinds of specimen in group C. Their package sizes are 9.9 mm × 9.9 mm. 

However, their die sizes are different. There are three different die sizes: 8.05 mm × 

8.05 mm, 8.4 mm × 8.4 mm and 8.75 mm × 8.75 mm. Therefore, there are three 

different die to package ratios. The die thickness is 340 μm, while the package 

thickness is 420 μm. The dies are always placed at the geometrical center of package. 

All the specimens are laid on the 3PB fixture with their smooth and flat active side 

facing down. The reason is to isolate and minimize the effect of wafer grinding 

process on the FOWLP strength. The sample size is 25. The fixture span is 6 mm, 

and the loading speed is 6 mm/min. 

Table 4-8 Group C specimen specifications. 

Specimen 

ID 

Die dimension 

(mm) 

Package dimension 

(mm) 

Die to 

package 

ratio X Y Z X Y Z 

C-1 8.05 8.05 0.34 9.9 9.9 0.42 0.535 

C-2 8.40 8.40 0.34 9.9 9.9 0.42 0.583 

C-3 8.75 8.75 0.34 9.9 9.9 0.42 0.632 

 

Figure 4-32 shows the comparison of flexure strength among group C 

specimens. The average flexure strength shows the decreasing trend from specimen 

C-1 to specimen C-3. Specimen C-1 has the highest average flexure strength, while 

specimen C-3 has the lowest. The low die to package ratio FOWLP should have the 

highest flexure strength 
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Figure 4-32 Comparison of flexure strength among group C specimens. 

 

Specimen C-1 has the smallest die to package ratio. In other words, the 

silicon die of specimen C-1 is the smallest. The flexure strength decreases with the 

silicon die size increases. Group C specimens are the over-molded structure FOWLP. 

Their silicon dies are encapsulated by the EMC. The EMC volume increases after 

decreasing the silicon die size. The high volume EMC specimen shows the high 

flexure strength. Therefore, the EMC volume has the significant effect on the 

FOWLP strength in the over-molded structure FOWLP. The reason is the shifting of 

bending neutral surface.  

A neutral surface must exist in a bending object. The neutral surface should 

parallel to the upper and lower surfaces of specimen. The bending stress varies 

linearly with the distance from the neutral surface. Therefore, the maximum stress 

must appear on the upper and lower surfaces of specimen. The upper surface (loading 

surface) of specimen suffers the compression stress, while the lower surface of 

specimen suffers the tension stress in the bending test. Silicon is the sensitive and 
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brittle material, and its fracture is due to the tension stress rather the compression 

stress. Therefore, the fracture always appears on the opposite side of loading force. 

The neutral surface shifts to the lower surface of silicon die when the EMC thickness 

increases. Therefore, the tension stress at the lower surface of silicon die reduces, and 

the package strength increases. 

Group D specimens are used to evaluate the effect of package size on the 

FOWLP strength. Table 4-9 lists group D specimen specifications. There are two 

kinds of specimen in group D. Specimen D-1 package size is 6.43 mm × 6.43 mm, 

and its die size is 5.66 mm × 5.66 mm. Specimen D-2 package size is 6.14 mm × 

6.14 mm, and its die size is 5.395 mm × 5.395 mm. The die thickness is 340 μm, 

while the package thickness is 420 μm. The dies are always placed at the geometrical 

center of package. 

The dimension difference is small. However, both package and die are 

enlarged or narrowed in the same proportion. The reason is to maintain the same die 

to package ratio. All the specimens are laid on the 3PB fixture with their smooth and 

flat active side facing down. The reason is to isolate and minimize the effect of wafer 

grinding process on the FOWLP strength. The sample size is 25. The fixture span is 4 

mm, and the loading speed is 6 mm/min. 

Table 4-9 Group D specimen specifications. 

Specimen 

ID 

Die dimension 

(mm) 

Package dimension 

(mm) 

Die to 

package 

ratio X Y Z X Y Z 

D-1 5.395 5.395 0.34 6.14 6.14 0.42 0.625 

D-2 5.66 5.66 0.34 6.43 6.43 0.42 0.627 
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Figure 4-33 Comparison of flexure strength among group D specimens. 

 

Figure 4-33 shows the comparison of flexure strength among group D 

specimens. The average flexure strength of specimen D-1 is higher than the average 

flexure strength of specimen D-2. The flexure strength distribution of specimen D-2 

is a little bit tighter than the flexure strength distribution of specimen D-1. 

Group D specimens are selected carefully. We cannot just select any two 

different dimension specimens because the FOWLP is not a homogeneous object. In 

order to gain an accuracy experiment result, the specimens must maintain the same 

die to package ratio. However, there is still a 0.32% die to package ratio difference 

between specimen D-1 and specimen D-2. The flexure strength of specimen D-1 is 

10% higher than that of specimen D-2. The t-test verifies that the flexure strength 

mean of specimen D-1 is greater than the flexure strength mean of specimen D-2 

significantly at the 99.5% confidence level. Therefore, the smaller over-molded 

structure FOWLP has higher flexure strength. The reason for this phenomenon is also 

due to the shifting of bending neutral surface. 
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4.4.2 PCB BAR PLACEMENT 

The PCB bar is a tiny PCB with prefabricated electrical circuits, and it is used 

to improve the package interconnection ability. The PCB bars are added to the 

artificial wafer during the pick and place process, and they are encapsulated by the 

EMC during the molding process.  

Group E specimens are used to evaluate the effect of PCB bar on the FOWLP 

strength. Table 4-10 lists group E specimen specifications. There are two kinds of 

specimen in group E. The package size of specimen E-1 is 7 mm × 7 mm, and the 

package thickness is 191 μm. The package size of specimen E-2 is 14 mm × 14 mm, 

and the package thickness is 300 μm. The dies are always placed at the geometrical 

center of the packages.  

Table 4-10 Group E specimen specifications. 

Specimen 

ID 

Die dimension 

(mm) 

Package dimension 

(mm) Remark 

X Y Z X Y Z 

E-1 5.079 5.079 0.191 7 7 0.191 Contain 2 PCB bar 

E-2 11 11 0.3 14 14 0.3 Contain 4 PCB bar 

 

Figure 4-34 shows the layout of specimen E-1 and specimen E-2. For 

specimen E-1, there are only two PCB bars on the package peripheral, and the PCB 

bars face to each other. For specimen E-2, there are four PCB bars on the package 

peripheral, and one pair of them is a little bit longer than the other pair. The thickness 

of PCB bar is 150 μm. 
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Figure 4-34 Group E specimen layout (Green columns are PCB bar). 

 

There are two rounds of 3PB test. For example: for specimen E-1, the loading 

force of the first round 3PB test is parallel to the PCB bar and the loading force of the 

second round 3PB test is perpendicular to the PCB bar. Specimen E-1 is used to 

evaluate the effect of PCB bar on the FOWLP strength. Specimen E-2 is used to 

evaluate the effect of PCB bar size on the FOWLP strength. All the specimens are 

laid on the 3PB fixture with their smooth and flat active side facing down. The 

reason is to isolate and minimize the backside grinding effect on the FOWLP 

strength. The sample size is 50. The fixture span is 4 mm for specimen E-1, and 10 

mm for specimen E-2. The loading speed is 6 mm/min.  

Figure 4-35 shows the comparison of specimen E-1 flexure strength. The 

average flexure strength of EMC direction is higher than the average flexure strength 

of PCB bar direction. The latter flexure strength distribution is a little bit wider than 

the former flexure strength distribution. 
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Figure 4-35 Comparison of specimen E-1 flexure strength. 

 

The flexure strength of EMC direction (loading force on the EMC) is higher 

than the flexure strength of PCB bar direction (loading force on the PCB bar). The 

reason for this phenomenon is the low Young’s modulus of PCB bar. The Young’s 

modulus of PCB bar is less than that of EMC too much. 

The EMC volume reduces once the PCB bar is added to the package. The 

EMC volume on the EMC sides is high, while the EMC volume on PCB bar sides is 

low. The PCB bar is made up of the glass fiber reinforced epoxy resin, and its 

strength is lower than the EMC strength. Therefore, the decreasing of strength on the 

PCB bar side is reasonable. 

Figure 4-36 shows the comparison of specimen E-2 flexure strength. The 

average flexure strength of short PCB bar direction is higher than the average flexure 

strength of long PCB bar direction. The former flexure strength distribution is tighter 

than the latter flexure strength distribution.  
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Figure 4-36 Comparison of specimen E-2 flexure strength. 

 

The flexure strength trend of specimen E-2 aligns with the flexure strength 

trend of specimen E-1. The EMC volume on the short PCB bar sides is high, while 

the EMC volume on the long PCB bar sides is low. Therefore, the effect of PCB bar 

on the FOWLP package is significant and directional. The short and thin PCB bar are 

preferred by the FOWLP. 

 

4.4.3 GRINDER WHEEL SELECTION 

The silicon die is required to grind to a thin level to build a thin over-molded 

structure FOWLP. However, we cannot align the molding thickness of artificial 

wafer with the silicon die thickness. It is because the EMC filler size is larger than 

the thickness of over-molded layer. Therefore, the grinding process of molded 

artificial wafer cannot be neglected. The effect of wafer grinding process on the 
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silicon wafer strength is investigated and proved before. In this section, we are going 

to find out whether the grinding process still affects the mold wafer strength. 

Group F specimens are used to evaluate the effect of wafer grinding process 

on the FOWP strength. Table 4-11 lists group F specimen specification. The package 

size of Group F specimen is 8 mm × 8 mm, and the die size is 4.264 mm × 4.614 mm. 

The package thickness is 348 μm. The dies are always placed at the geometrical 

center of package.  

Table 4-11 Group F specimen specifications. 

Specimen 

ID 

Die dimension 

(mm) 

Package dimension 

(mm) 
Grinding 

wheel 
X Y Z X Y Z 

F-1 4.264 4.264 0.32 8 8 0.348 W1 

F-2 4.264 4.264 0.32 8 8 0.348 W2 

F-3 4.264 4.264 0.32 8 8 0.348 W3 

F-4 4.264 4.264 0.32 8 8 0.348 W2+Si etch 

 

There are four kinds of specimen, and they are ground by different grinding 

wheels or grinding methods. There are three kinds of grinding wheel: W1, W2 and 

W3. W3 has the finest grits and W1 has the roughest grits. The silicon etching 

process is added to polish the wafer surface further. The silicon etching process 

smooths the wafer surface by the chemical method, and it could make up the grinding 

wheel limitation and gain a smooth wafer surface. The final thicknesses of specimens 

are the same even the four specimens are ground by different wheels and processes. 

All the specimens are placed on the 3PB fixture with their backside facing down. The 

sample size is 63. The fixture span is 6 mm, and the loading speed is 6 mm/min. 
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Figure 4-37 Comparison of flexure strength among group F specimens. 

 

Figure 4-37 shows the comparison of flexure strength among group F 

specimens. The average flexure strength increases from specimen F-1 to specimen F-

4. Specimen F-4 has the highest flexure strength, and specimen F-1 has the lowest 

flexure strength. The flexure strength distributions of specimens are almost the same. 

Group F specimens are ground by the different grinding wheels or the 

grinding methods. The expected grinding outcome is specimen F-4 has the finest 

grinding surface, and specimen F-1 has the roughest grinding surface. The grinding 

surface roughness is measured and listed in Table 4-12. The flexure strength has the 

opposite trend with the wafer surface roughness. The wafer with the finest surface 

has the highest flexure strength, and the wafer with the roughest surface has the 

lowest flexure strength. Therefore, the wafer grinding process still has the significant 

effect on the FOWLP strength. 
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Table 4-12 Wafer surface roughness of Group F specimen. 

Specimen 

ID 

Surface roughness 

Ra (μm) 

F-1 0.0127 

F-2 0.0098 

F-3 0.0056 

F-4 0.0033 

 

 

4.5 SUMMARY 

The 3PB test is conducted by Instron universal tester 5566. The static load 

cell of Instron 2530-427 is used, and its maximum capacity is ±100 N. The 3PB 

fixture is customized with a fabrication tolerance ±0.05 mm. The whole experiment 

is conducted in the biological lab, School of Mechanical and Aerospace Engineering, 

Nanyang Technological University. The environment temperature is 25℃. There is 

not any pre-conditioning or heating device attached to the machine to process the 

specimens before or during the experiment. The default speed of loading force is 0.6 

mm/min (0.01 mm/s). The specimens are built by the conventional fan-out wafer 

level packaging assembly process, and they are considered and designed carefully to 

fulfill the research objective. The dummy silicon die size of specimen is 5.11 mm × 

5.11 mm, and the package size is 8.09 mm × 8.09 mm. 

The FOWLPs have three kinds of typical structure, and they are the over-

molded structure, die-exposed structure and BSP tape protected structure. The 3PB 

test results show that the flexure strength of over-molded structure FOWLP is much 
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higher than the flexure strength of other two kinds of structure FOWLP. However, 

the flexure strength distribution of these three kinds of structure FOWLP shows the 

different trend. The flexure strength distribution of over-molded structure FOWLP is 

much tight. The flexure strength distribution of die-exposed structure FOWLP is the 

widest. The flexure strength distribution of BSP tape protected structure FOWLP is 

tighter than the flexure strength distribution of die-exposed structure FOWLP even 

they have the same average flexure strength. The reason is the condition of FOWLP 

backside. The BSP tape covers the backside defects and forms a smooth surface on 

top of the wafer backside. Although the BSP tape has a minor contribution to the 

FOWLP strength, it reduces the effect of wafer grinding process on the flexure 

strength distribution significantly. Therefore, the over-molded structure and BSP tape 

protected structure FOWLP is recommended. For the aspect of FOWLP fracture 

analysis, all the specimens break into two parts after the 3PB test. The initial fracture 

point only appears on the silicon die surface or silicon die edge regardless the 

specimen structure. 

The PSV layers are lithographed on the three kinds of typical structure 

FOWLP. The 3PB test results show two trends. The flexure strength of over-molded 

structure FOWLP increases significantly after lithographing the PSV layers. The 

thickness of PSV layer is 10 μm. Hence the PSV layer should not affect the FOWLP 

strength seriously. The reason should be the PSV lithographing process. The PSV 

lithographing process requires the wafer to store in a high temperature oven for 

curing. The oven temperature is 225℃, and the storage duration is two hours. The 

EMC takes the principal place in the FOWLP and thus the increase in the FOWLP 

strength should be due to the increase in the EMC strength after the PSV curing 

process. The flexure strength of die-exposed and BSP tape protected structure 
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FOWLP almost remains the same. The reason is the PSV layer is lithographed on the 

specimen front side, and the surface condition of specimen backside never changes. 

Therefore, the over-molded structure FOWLP is recommended. 

The PSV curing process is only a short-term thermal process. The 

temperature cycling test and high temperature storage test are used to evaluate the 

long-term thermal test effect on the FOWLP strength. The cycling rate in this work is 

two cycles per hour. The durations of TC test are 500 cycles and 1000 cycles. The 

temperature of high temperature storage test is 150℃. The durations of HTS test are 

500 hours and 1000 hours. The 3PB test results show two trends. The flexure 

strength of over-molded structure FOWLP increases slightly after both TC test and 

HTS test. The EMC physical property especially the strength should be affected by 

the thermal test. The flexure strength of die-exposed and BSP tape protected structure 

FOWLP increases at the middle point of test and drops at the end of test. 

The flexure strength of over-molded structure FOWLP always increases 

significantly after the thermal process. We hypothesize that the increase in the 

FOWLP strength comes from the increase in the EMC strength and the EMC strength 

must be affected by the thermal process seriously. We collect four kinds of EMC 

specimen. The 3PB test and Vickers hardness test is used to evaluate the strength and 

hardness of EMC specimen. The Instron universal tester 5569 and a maximum 

capacity of ±1kN load cell are used to conduct the 3PB test. The FUTURE-TECH 

microhardness tester FM-300e is used to conduct the Vickers hardness test. The 

experiment results show that the flexure strength and hardness of EMC specimens 

increase rapidly after the one time PSV curing process. However, the growth trends 

of flexure strength and hardness of EMC specimens become stable after the three 

times PSV curing process. The reason is the thermal process temperature is higher 



 

EVALUATION OF FOWLP STRENGTH BY 3PB TEST METHOD 119 

 

than the EMC glass transition. The increasing of EMC glass transition and EMC 

flexural modulus is due to the thermal process. However, the EMC flexure strength 

still increases significantly after the 500 hours HTS test, and this phenomenon proves 

that the EMC flexure strength does not become stable after the three times PSV 

curing process. The strengths of EMC specimens drop after the 1000 hours HTS test 

except for EMC-2. All the FOWLP specimens use EMC-2 in this research and thus 

the previous phenomenon of flexure strength up and down is not related to the EMC 

material. For the relationship between the strength and hardness, it has been proved 

that there is not any relationship between the strength and hardness. The strength and 

hardness are two independent material properties. 

In order to get a reliable FOWLP, the over-molded structure FOWLP is 

recommended. The thin over-molded structure FOWLP can fulfill the requirement of 

volume sensitive device. There are some matters needed attention when we build the 

over-molded structure FOWLP. The FOWLP with small silicon die and thin PCB bar 

gains high strength. The reason is the shifting of bending neutral surface. The 

changing of material volume and material Young’s modulus leads to the shifting of 

neutral surface. The wafer grinding process still affects the FOWLP strength. The 

FOWLP with the finest molding surface has the highest flexure strength. 

 

 

  Equation Chapter (Next) Section 1 
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CHAPTER 5 NUMERICAL STUDY 

OF FOWLP STRENGTH 

5.1 SIMULATION OF 3PB TEST 

The finite element method (FEM) is a numerical method, which solves 

complex engineering problems [184]. There is much commercial computer software 

used to solve the finite element problems such as ANSYS (as shown in Figure 5-1), 

Abaqus and COMSOL. In this work, ANSYS is used to implement the numerical 

study of FOWLP strength. 

 

Figure 5-1 ANSYS simulation software. 

 

The 3PB test on FOWLP specimens is planned to be simulated by ANSYS. 

Figure 5-2 shows the 3PB test for a FOWLP specimen. The effective parts are the 
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3PB fixture and the specimen. Therefore, the simulation models only include the 3PB 

fixture and the FOWLP specimen. The three rollers of 3PB fixture are made up of 

stainless steel with 1 mm diameter. These rollers are defined as the structural steel in 

ANSYS. 

 

Figure 5-2 The experiment of 3PB test for a FOWLP specimen. 

 

The FOWLP specimen has four kinds of materials, and they are silicon die, 

EMC, PSV and BSP tape. Table 5-1 lists the material properties of simulation 

models. Moreover, they are assumed as isotropic elasticity materials in ANSYS.  

Table 5-1 The material properties of simulation models. 

Part Material 
Young’s Modulus 

(GPa) 
Poisson’s ratio 

FOWLP 

specimen 

Silicon die 131 0.28 

EMC 23 0.3 

PSV layer 2 0.4 

BSP tape 6.2 0.3 

3PB fixture Structure steel 200000 0.3 
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The ANSYS static structural toolbox is used in this simulation work. ANSYS 

Geometry is used to create the simulation models. There are four components in the 

simulation model (as shown in Figure 5-3). Three rollers represent the 3PB fixture 

and a FOWLP specimen located in between the top and bottom rollers. Therefore, 

there are three contact points in the simulation model, and all the contact points are 

defined as the frictionless contact. The surfaces of lower two rollers are defined as 

the fixed support. 

 

Figure 5-3 The simulation model of 3PB test for a FOWLP specimen. 

 

Two different mesh methods are applied. For the 3PB fixture rollers, the 

round edges of roller are divided into ten divisions by the edge sizing method (as 

shown in Figure 5-4). For the FOWLP specimen, the body surface of FOWLP 

specimen is meshed by the body sizing method with the 0.5 mm element size. All the 

vertical direction edges of FOWLP specimen are divided into four layers by the edge 

sizing method (as shown in Figure 5-5). 
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Figure 5-4 Meshed 3PB fixture rollers. 

 

 

Figure 5-5 Meshed FOWLP specimen. 

 

There are two methods can be used to solve the simulation model. The first 

method is named as the velocity method. The velocity method controls the movement 

of 3PB roller by the velocity. This method is much complicated, and the impulse 

factors must be considered. This method should be solved by the ANSYS explicit 
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dynamics toolbox. However, this toolbox imports too many variables and leads to the 

simulation work complicate. Therefore, we do not recommend this method. 

The second method is named as the displacement method. The displacement 

method defines the movement of 3PB fixture roller by the displacement. This 

approach focuses on the specimen deflection rather than the loading force speed. The 

actual loading speed of 3PB test is required as slow as possible to reduce the effect of 

roller movement on the FOWLP specimen. The displacement method only concerns 

the specimen deformation at a certain deflection position. The stress and strain of 

FOWLP specimen are calculated based on the deflection value. In this work, we 

choose the displacement method. The upper roller of 3PB fixture is instructed a 

downward displacement (as shown in Figure 5-6).  

 

Figure 5-6 The upper roller is instructed a downward displacement. 

 

The displacement range should refer to the experiment data to avoid 

unpractical results and save the computational time. Figure 5-7 shows one of the 

displacement step control graphs. In this graph, only step 2 is the effective step, and 

its displacement range is from 0.15 mm to 0.25 mm. 
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Figure 5-7 The displacement step control graph with an effective range from 

0.15 mm to 0.25 mm. 

 

The maximum principal stress (within the effective deflection range) of 

FOWLP specimen is recorded as the simulation result. The comparison of 

experiment result and simulation result is represented by the two-parameter Weibull 

distribution 

 𝑃 = 1 − 𝑒𝑥𝑝 [−(
𝜎

𝜎0
)
𝑚

] (5.1) 

where P is the failure probability, 𝜎 is the flexure strength (or maximum principal 

stress in ANSYS), 𝜎0 is the scale parameter and m is the shape parameter or Weibull 

modulus.  

 

5.2 EVALUATION OF FOWLP STRENGTH BY 

NUMERICAL METHOD 

We face some issues in the previous evaluation work of FOWLP strength by 

the experimental method. Firstly, the specimen preparation takes too much time. The 

changes of specimen parameters or materials require serval days to rebuild the new 

specimen. Secondly, the experiment can be affected by human factors easily since 
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the specimens are very thin and small. In this section, we are going to use the finite 

element method to simulate the experiment of 3PB test. The aim of this work is to 

build the simulation model of 3PB test for the FOWLP. 

 

5.2.1 SIMULATION CONDITIONS 

The simulation model comes from group A and group B specimens in 

Chapter 4. Specimen A-2 and specimen A-3 are not used to this simulation work 

because they are not built by the conventional FOWLP assembly process. The 

package size of specimen is 8.09 mm × 8.09 mm, and the silicon die size is 5.11 mm 

× 5.11 mm. There are four kinds of specimen created in the simulation work. Each 

one of them represents one specimen status after a process. Figure 5-8 shows the 

specimen status after each assembly process. 

 

Figure 5-8 The FOWLP specimen status after each assembly process. 

 

Figure 5-9 shows the illustration of specimen A-1 simulation model, and 

there are only two kinds of material – silicon die and EMC. The thickness of 
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specimen A-1 is 490 μm, and the thickness of silicon die is 370 μm. The node 

number and element number of specimen A-1 are 16365 and 8289. 

 

Figure 5-9 Specimen A-1 simulation model. 

 

 

Figure 5-10 Specimen B-1 simulation model. 

 

Figure 5-10 shows the illustration of specimen B-1 simulation model, and 

there are three kinds of materials – silicon die, EMC and PSV layer. Specimen B-1 is 



 

NUMERICAL STUDY OF FOWLP STRENGTH 128 

 

lithographed a 10 μm thick PSV layer, and its total thickness is 500 μm. The node 

number and element number of specimen B-1 are 18638 and 9853. 

 

Figure 5-11 Specimen B-2 simulation model. 

 

Figure 5-11 shows the illustration of specimen B-2 simulation model, and 

there are three kinds of materials – silicon die, EMC and PSV layer. Specimen B-2 is 

ground to the thickness of 210 μm, and its backside is exposed. The node number and 

element number of specimen B-2 are 17735 and 7267. 

Figure 5-12 shows the illustration of specimen B-3 simulation model, and 

there are four kinds of materials – silicon die, EMC, PSV layer and BSP tape. 

Specimen B-3 is laminated a 25 μm thick BSP tape on its backside, and its total 

thickness is 235 μm. The node number and element number of specimen B-3 are 

20251 and 8923. 
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Figure 5-12 Specimen B-3 simulation model. 

 

The displacement method is used for the simulation work. The displacement 

range of roller should refer to the experiment data to avoid unpractical results and 

save the computational time. Table 5-2 and Table 5-3 list the flexure strength and 

extension of specimen A-1, specimen B-1, specimen B-2 and specimen B-3 after the 

experiment of 3PB test. We take about 30 sampling points in the effective 

displacement range, and the corresponding maximum principal stress (flexure 

strength) value is recorded. 
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Table 5-2 The flexure strength and extension of specimen A-1 and specimen B-1 

after the experiment of 3PB test. 

S/N 

Specimen A-1 Specimen B-1 

Flexure 

strength 

(MPa) 

Extension 

(mm) 

Flexure 

strength 

(MPa) 

Extension 

(mm) 

1 207.94 0.202 379.24 0.239 

2 198.27 0.194 427.30 0.256 

3 255.16 0.205 368.37 0.230 

4 255.39 0.201 423.67 0.255 

5 231.63 0.190 355.49 0.231 

6 307.44 0.210 436.38 0.255 

7 307.45 0.213 488.18 0.268 

8 323.81 0.213 427.44 0.252 

9 307.16 0.208 371.58 0.237 

10 323.84 0.212 422.36 0.254 

11 349.52 0.227 277.15 0.209 

12 325.35 0.220 354.33 0.233 

13 315.56 0.214 414.00 0.248 

14 275.01 0.207 436.68 0.261 

15 317.72 0.220 412.08 0.252 

16 290.13 0.201 449.79 0.260 

17 321.43 0.220 355.01 0.231 

18 330.36 0.212 424.26 0.247 

19 311.23 0.209 410.24 0.247 

20 317.84 0.220 422.87 0.248 

21 306.59 0.211 373.20 0.239 

22 294.83 0.205 438.68 0.256 

23 307.82 0.212 456.69 0.269 

24 287.65 0.202 410.68 0.248 

25 281.99 0.205 468.39 0.274 

Max 349.52 0.227 488.18 0.274 

Min 198.27 0.190 277.15 0.209 

Ave 294.04 0.209 408.16 0.248 

 

The extension range of specimen A-1 is between 0.190 mm and 0.227 mm, 

while the extension range of specimen B-1 is between 0.209 mm and 0.274 mm. 
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Table 5-3 The flexure strength and extension of specimen B-2 and specimen B-3 

after the experiment of 3PB test. 

S/N 

Specimen B-2 Specimen B-3 

Flexure 

strength 

(MPa) 

Extension 

(mm) 

Flexure 

strength 

(MPa) 

Extension 

(mm) 

1 109.18 0.190 66.94 0.176 

2 267.57 0.277 75.47 0.180 

3 229.96 0.271 112.92 0.227 

4 204.71 0.262 94.13 0.213 

5 157.85 0.245 105.77 0.222 

6 244.57 0.275 137.27 0.245 

7 231.90 0.277 98.11 0.211 

8 266.38 0.294 199.22 0.266 

9 283.72 0.292 306.53 0.313 

10 322.90 0.304 249.09 0.281 

11 326.03 0.313 120.27 0.233 

12 230.53 0.290 64.98 0.182 

13 91.30 0.249 122.92 0.233 

14 88.15 0.258 144.10 0.267 

15 205.82 0.289 166.87 0.260 

16 340.61 0.308 266.68 0.295 

17 241.37 0.274 288.80 0.304 

18 355.67 0.308 268.24 0.286 

19 373.67 0.323 283.48 0.294 

20 382.32 0.322 241.92 0.285 

21 92.25 0.196 110.54 0.222 

22 158.20 0.244 189.85 0.269 

23 126.11 0.223 148.56 0.252 

24 118.42 0.219 146.67 0.250 

25 226.37 0.272 93.74 0.211 

Max 382.32 0.323 306.53 0.313 

Min 88.15 0.190 64.98 0.176 

Ave 227.02 0.271 164.12 0.247 

 

The extension range of specimen B-2 is between 0.190 mm and 0.323 mm, 

while the extension range of specimen B-3 is between 0.176 mm and 0.313 mm. 
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5.2.2 SIMULATION RESULT AND DISCUSSION 

The flexure strength and maximum principal stress of FOWLP specimen are 

represented by the two-parameter Weibull distribution. We use Minitab software to 

plot the two-parameter Weibull distribution graph. The scale parameter and shape 

parameter of two-parameter Weibull distribution are solved by the maximum 

likelihood estimation method automatically in Minitab. Table 5-4 lists the summary 

of specimen scale parameters and shape parameters. 

Table 5-4 Summary of scale parameters and shape parameters of specimens. 

S/N 

Scale  

parameter (𝜎0) 

Shape  

parameter (m) 

Experiment Simulation Experiment Simulation 

Specimen A-1 308.924 316.350 11.053 27.725 

Specimen B-1 426.825 427.246 11.394 19.394 

Specimen B-2 255.740 217.260 2.795 3.373 

Specimens B-3 186.164 193.731 2.361 3.475 

 

Figure 5-13 shows the comparison of two-parameter Weibull distributions 

between experiment results and simulation results. The x-axis represents the flexure 

strength of FOWLP specimen and the y-axis represents the failure probability of 

FOWLP specimen. 
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Figure 5-13 Comparison of two-parameter Weibull distribution between 

experiment results and simulation results. 

 

Figure 5-13 shows that the experiment curve and simulation curve match each 

other in the upper region of failure probability closely. However, the simulation 

curves sometimes overestimate the FOWLP flexure strength in the lower region of 

failure probability compared with the experiment curve. Specimen B-2 simulation 

curve underestimates the FOWLP flexure strength in the upper region of failure 

probability compared with the experiment curve. 

The comparisons between experiment results and simulation results are quite 

close for all the specimens. The simulation result of specimen B-3 is the most 

important and valuable result since the structure of specimen B-3 is the closest to 

finished FOWLPs. The missing components in specimen B-3 are redistribution layers 
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and solder balls. However, the outcome of applying ANSYS simulation software to 

evaluate the FOWLP strength is ideal and satisfactory. The current simulation 

models have the potential to replace the experimental method to implement the 

evaluation work of FOWLP strength. 

One of the advantages of simulation method is stability. The simulated 3PB 

test is not affected by human factors such as the placement of specimen. The small 

and tiny specimen is required to be placed in the center of 3PB fixture manually. The 

specimen position is observed and judged by human eyes. Hence the specimen 

placement position is not 100% accurate at every time, and the perfect placement is 

impractical. The fracture point should appear along the specimen centerline in order 

to gain the accurate specimen flexure strength. However, the deviating of specimen 

placement position leads to the fracture point shifting. The fracture point may appear 

on the border between the EMC and silicon die. In that case, the flexure strength 

represents the border strength of EMC and silicon die. This border strength has the 

significant difference in the actual package strength. 

The other advantage of simulation method is completely eradicating the 

environment effect on specimens. The specimens can be affected by the humidity and 

oxidized if it is not stored properly. Therefore, the specimens are packed and sealed 

in a damp proof bag or kept in a nitrogen-filled cabinet to minimize the 

environmental effect. However, the simulation method can isolate this kind of 

environment effect totally. 

The simulation model can be further developed to implement more 

complicated evaluation work of FOWLP strength. There is one proposed future plan. 

We can apply reliability tests to the simulation model before the 3PB test. The aim of 
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this plan is to evaluate the FOWLP strength after long-term reliability tests. The 

potential reliability tests are the temperature cycling test, high temperature storage 

test and unbiased highly accelerated stress test. All of these reliability tests require a 

long time to complete. For example, the normal HTS test time is 1000 hours, which 

equals to 42 days approximately. However, the long-term reliability test can be 

implemented through the simulation method in a few hours. 

 

5.2.3 STUDY THE EFFECT OF MESH ELEMENT SIZE 

In this section, we are going to study the effect of mesh element size on the 

simulation results. The mesh method is critical. There are two mesh methods applied. 

For the 3PB fixture rollers, the round edges of roller are divided into ten divisions by 

the edge sizing method. For the FOWLP specimen, all the vertical direction edges of 

FOWLP specimen are divided into four layers by the edge sizing method again. The 

body surface of FOWLP specimen is meshed by the body sizing method with the 0.5 

mm element size. We only modify the element size of specimen body surface in this 

study. 

We use the simulation model of specimen A-1 in this work. The default 

element size of specimen A-1 simulation model is 0.5 mm, and the simulation result 

matches with the experiment result very well at this element size. We add and test six 

more element size – 0.15 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.7 mm and 1 mm. Table 5-

5 lists the summary of node number, element number and elapsed time of simulation 

model. The elapsed time of simulation model is proportional to its node number and 
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element number. The larger the node number and the element number, the longer the 

elapsed time. 

Table 5-5 Summary of node number, element number and elapsed time of 

simulation models. 

Model 

ID 

Element size 

(mm) 

Node 

number 

Element 

number 

Elapsed time 

(Second) 

1 0.15 153337 95079 18962 

2 0.20 80571 48465 15134 

3 0.30 30197 15847 4310 

4 0.40 22229 11991 3400 

5 0.50 16365 8289 3204 

6 0.70 12592 6338 2234 

7 1.00 10702 5368 1759 

 

 

Figure 5-14 Comparison of two-parameter Weibull distribution among 

simulation models with different element sizes. 
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Figure 5-14 shows the comparison of two-parameter Weibull distribution 

among simulation models with different element sizes. The curve of model 5 (0.5 

mm element size) is the benchmark curve. The models with smaller element size than 

0.5 mm deviate too much to the benchmark curve. However, the curve of model 1 

(0.15 mm element size) has a trend of regression to the benchmark curve. The curve 

of simulation model with less than 0.15 mm element size may match with the 

benchmark curve again. The elapsed time of model 1 is 18962 seconds, which equals 

to five and a half hours approximately. The elapsed time should increase 

exponentially if we further reduce the simulation model element size. Therefore, the 

simulation model (specimen A-1) with 0.5 mm element size shows a good balance 

between the result and the elapsed time. 

 

 

5.3 EVALUATION OF PROPOSED FOWLP 

STRENGTH BY NUMERICAL METHOD 

In the previous evaluation work of FOWLP strength by the experimental 

method, we find the strength of over-molded structure FOWLP is superior. Therefore, 

we propose a new FOWLP. However, the strength of this proposed FOWLP is not 

evaluated by the experimental method. In this section, we are going to use the finite 

element method to evaluate the FOWLP strength. The aim of this work is to prove 

the strength of our proposed FOWLP is superior. 
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5.3.1 DESIGN OF PROPOSED FOWLP 

Chapter 4 introduces the evaluation of FOWLP strength by the experimental 

method. The main findings are: 

1. The backside condition of FOWLP affects the FOWLP flexure strength 

distribution. 

The performance of flexure strength distribution of over-molded structure 

FOWLP is superior. The flexure strength distribution of FOWLP drops significantly 

once the backside of silicon die is exposed. The BSP tape may reduce the flexure 

strength distribution. Therefore, the silicon die is sensitive to the wafer grinding 

process, and the wafer grinding process generates defects on the silicon surface easily. 

2. The wafer grinding process affects the FOWLP flexure strength. 

The performance of flexure strength of over-molded structure FOWLP with 

the fine grinding process is superior. The wafer grinding process still has the effect 

on the mold wafer. However, the EMC is not as sensitive as the silicon to the wafer 

grinding process. The flexure strength and flexure strength distribution of over-

molded structure FOWLP do not change significantly after the wafer grinding 

process. 

3. The thermal process affects the FOWLP flexure strength. 

The performance of over-molded structure FOWLP stability is superior. The 

flexure strength of over-molded structure FOWLP never drops after the thermal 

process or the thermal test. However, the flexure strength of die-exposed structure 

FOWLP and BSP tape protected structure FOWLP drops after the long-term thermal 

test. The phenomenon of decreasing of flexure strength is not only due to the 
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FOWLP structure, and the EMC also has the effect on it. EMC-2 is the best molding 

material in this work. The reason is the high glass transition and high flexure 

modulus of EMC-2. 

4. The package geometry affects the FOWLP flexure strength. 

The performance of flexure strength of FOWLP with the small silicon die is 

superior. The reason is the shifting of bending neutral surface. The neutral surface 

should exist in a bending object, and it always parallels to the upper and lower 

surfaces of specimen. The bending stress varies linearly with the distance from the 

neutral surface. Therefore, the maximum stress must appear on the upper and lower 

surfaces of specimen. The EMC volume increases if the silicon die volume decreases 

with the same package size. The neutral surface shifts down once the silicon die 

volume decreases. Therefore, the tension stress on the lower surface of silicon die 

reduces and the FOWLP strength increases. 

In summary, the over-molded structure FOWLP shows the best performance 

of flexure strength and flexure strength distribution. Therefore, we propose a new 

over-molded structure FOWLP to prove our findings. 

The new FOWLP specimen has the over-molded structure, and it contains 

silicon die, EMC and PSV layer. The package size and silicon die size of proposed 

FOWLP are similar to group A and group B specimens in Chapter 4. The package 

size is 8.09 mm × 8.09 mm, and the silicon die size is 5.11 mm × 5.11 mm. The 

assembly process of this new specimen is different. Figure 5-15 shows the new 

specimen assembly process flow. 
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Figure 5-15 The assembly process flow of proposed new FOWLP specimen. 

 

The new specimen is molded to the thickness of 260 μm at status 1. However, 

the silicon die thickness of new specimen is thinner than the previous specimens. The 

silicon die thickness of new specimen is only 150 μm, which is far thinner than the 

thickness of normal specimen 370 μm. The new specimen is lithographed a 10 μm 

thick PSV layer at status 2. The new specimen is ground to the thickness of 210 μm 

at status 3. Therefore, the thickness of over-molded EMC layer is 50 μm 

The new specimen can be transformed to a homogeneous specimen by the 

technique of transformed section. The new length of transformed section 

 𝐿𝑛𝑒𝑤 = 𝐿𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 × 𝑛 (5.2) 

 𝑛 =
𝐸′

𝐸𝑏𝑎𝑠𝑒
 (5.3) 

where E is Young’s modulus of material. 

We used the material properties in Table 5-1. The base material is EMC, and 

the rest materials are transformed to the EMC. The new length of transformed 

material is 

 𝐿𝑠𝑖𝑙𝑖𝑐𝑜𝑛 𝑑𝑖𝑒 = 5.11 ×
131

23
= 29.105 𝑚𝑚 (5.4) 
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 𝐿𝑃𝑆𝑉 𝑙𝑎𝑦𝑒𝑟 = 8.09 ×
2

23
= 0.703 𝑚𝑚 (5.5) 

 𝐿𝐵𝑆𝑃 𝑡𝑎𝑝𝑒 = 8.09 ×
6.2

23
= 2.181 𝑚𝑚 (5.6) 

 

Figure 5-16 Transformed section of proposed new specimen, specimen B-2 and 

specimen B-3. 

. 

Table 5-6 Calculation process of neutral surface of proposed new specimen. 

Section 
Area 

(mm
2
) 

y (mm) yA (mm
3
) 

PSV layer 0.00703 0.205 0.001441 

Si+EMC 4.81275 0.125 0.601594 

EMC 0.4045 0.025 0.010113 

Total 5.22428  0.613147 
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Figure 5-16 shows the transformed section of new specimen, specimen B-2 

and specimen B-3. Table 5-6 lists the calculation process of neutral surface of 

proposed new specimen. Therefore, the neutral surface location of new specimen is 

 𝑌𝑛𝑒𝑤 = 0.613147 ÷ 5.22428 = 0.117365 ≈ 0.117 𝑚𝑚 (5.7) 

and the neutral surface location of specimen B-2 and specimen B-3 can be calculated 

by the same method, and they are 

 𝑌𝐵−2 ≈ 0.1 𝑚𝑚 (5.8) 

 𝑌𝐵−3 ≈ 0.124 𝑚𝑚 (5.9) 

The upper surface (loading surface) of specimen suffers the compression 

stress, while the lower surface of specimen suffers the tension stress in the bending 

test. Silicon is the sensitive and brittle material, and its fracture is due to the tension 

stress rather the compression stress. Therefore, the fracture always appears on the 

opposite side of loading force. The bending stress varies linearly with the distance 

from the neutral surface. Therefore, the maximum stress must appear on the upper 

and lower surfaces of specimen.  

Table 5-7 Distances between the FOWLP specimen neutral surface and the 

lower surface of silicon die. 

 
Neutral surface, Y 

(mm) 

Lower surface of 

silicon die, d 

(mm) 

Y-d (mm) 

New specimen 0.117 0.05 0.067 

Specimen B-2 0.1 0 0.1 

Specimen B-3 0.124 0.025 0.099 
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Table 5-7 lists the distance between the specimen neutral surface and the 

lower surface of silicon die. The new specimen shows the minimum distance 

between the specimen neutral surface and the lower surface of silicon die. Therefore, 

the lower surface of silicon die of new specimen should suffer the minimum tension 

stress among the three specimens, and the flexure strength of new specimen should 

be the highest. Figure 5-17 shows the stress distribution of proposed new specimen, 

specimen B-2 and specimen B-3. 

 

Figure 5-17 Stress distribution of proposed new specimen, specimen B-2 and 

specimen B-3. 
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The neutral surface can be further close to the lower surface of silicon die if 

we reduce the silicon die thickness or increase the EMC thickness. According to the 

theory of neutral surface, the neutral surface and lower surface of silicon die can 

coincide once the thickness of silicon die is 60 μm. However, the stability of assembly 

process may be affected if we grind the silicon die to a thin level. 

 

5.3.2 SIMULATION CONDITIONS 

There are three kinds of material – silicon die, EMC and PSV layer in the 

simulation model of proposed new FOWLP (as shown in Figure 5-18). The node 

number and element number of new specimen are 17200 and 8847. 

 

Figure 5-18 The simulation model of proposed new FOWLP. 

 

The simulation model is still solved by the displacement method. Specimen 

B-2 and specimen B-3 are used to make the strength comparison. However, there is 

not any experiment data (extension) to refer to this new specimen. We choose the 
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experiment data of specimen B-2. The reason is the final thicknesses of both 

specimens are the same, and specimen B-2 shows the widest extension range among 

all the specimens. The extension range of specimen B-2 is between 0.190 mm and 

0.323 mm. The strength of new specimen is really superior if the flexure strength of 

new specimen is higher than the flexure strength of specimen B-2 and specimen B-3 

at the extension range of specimen B-2. We take about 30 sampling points in this 

effective extension range, and the maximum principal stress (flexure strength) is 

recorded. 

 

5.3.3 SIMULATION RESULT AND DISCUSSION 

The maximum principal stress of new specimen, specimen B-2 and specimen 

B-3 is processed and represented by the two-parameter Weibull distribution. We use 

Minitab software to plot the two-parameter Weibull distribution graph. The scale 

parameter and shape parameter of two-parameter Weibull distribution are solved by 

the maximum likelihood estimation method automatically in Minitab. The scale 

parameter and shape parameter of new specimen are 348.251 and 5.043. 

Figure 5-19 shows the comparison of two-parameter Weibull distribution 

among specimen B-2, specimen B-3 and the proposed new specimen. The curve of 

new specimen is far ahead of specimen B-2 and specimen B-3. The flexure strength 

of new specimen is always higher than that of specimen B-2 and specimen B-3 with 

the same failure probability. Although the thicknesses of these three specimens are 

almost the same, the flexure strength of new specimen is 40% higher than the flexure 

strength of specimen B-2 and specimen B-3. 
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Figure 5-19 Comparison of two-parameter Weibull distribution among 

specimen B-2, specimen B-3 and the proposed new specimen. 

 

The new FOWLP specimen has shown its superior to other structure 

FOWLPs with the same thickness. The assembly process of new specimen only has a 

minor modification to the current process, and there is not any special or new process 

added. For example, we build a FOWLP specimen with the final thickness of 210 μm 

(200 μm thick body and 10 μm thick PSV layer plus RDL), and the thickness of 

over-molded layer is fixed at 50 μm. The incoming silicon wafer should be ground to 

the thickness of 150 μm. The silicon wafer thickness is much thinner than the usual 

silicon wafer thickness. The new assembly process only grinds the silicon wafer one 

time in order to reduce the effect of wafer grinding process on the silicon strength. 

However, the mold wafer still needs to be ground, and the molding process cannot 

implement the molding thickness of 200 μm directly. The reason is the size of EMC 

filler is about 75 μm. If we intend to mold the wafer to the thickness of 200 μm, the 
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surface of mold wafer becomes bumpy and rough. The safe molding thickness is at 

least 110 μm thicker than the thickness of artificial wafer. Therefore, the target 

molding thickness should be around 360 μm for this new specimen. The wafer 

grinding process needs to remove the redundant EMC after lithographing PSV layers 

and RDLs. However, the silicon die is never exposed. The new specimen is also not 

required the BSP tape and thus the cost is saved. 

The assembly process of new specimen needs attention to the silicon wafer 

grinding process. The wafer grinding process quality is critical because the silicon 

die of new specimen is very thin. The improper selections of grinding parameters and 

grinding wheels lead to the silicon wafer crack. The pick and place process also may 

break the silicon die during the die ejection process. Therefore, the poly grind 

process may be needed to ensure the quality of silicon wafer surface. 

In this work, we use the finite element method to evaluate the strength of 

proposed FOWLP. The simulation method can save much cost and time to evaluate 

the FOWLP strength compared with the experimental method. A small modification 

of specimen dimension or thickness could lead to several days or weeks to rebuild 

the new specimens. However, the specimen modification is a trivial matter by the 

simulation software. Hence we can save much cost of material and workforce.  

There is an issue when we apply the displacement method to solve new 

simulation models. The effective displacement range is uncertain. In this work, the 

displacement range can refer to the experiment results. We borrow the extension 

range of specimen B-2 to evaluate the strength of new specimen. The reason is both 

specimens have the same thickness, and they are competitors with each other. 
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However, we do not have any reference when we evaluate a new set of specimen. 

This problem should be considered in the future. 

 

 

5.4 SUMMARY 

ANSYS software is used to implement the numerical study of FOWLP 

strength. The ANSYS static structural toolbox is used to create the simulation models 

and explore solutions. There are two different mesh methods applied. The 3PB 

fixture rollers are meshed with the edge sizing method. The specimen body surface is 

meshed with the body sizing method. The movement of 3PB roller is controlled by 

the displacement method. The maximum principal stress of simulation model is 

processed by the two-parameter Weibull distribution and plotted by Minitab. 

The comparison between experiment results and simulation results shows that 

the experiment curves and simulation curves match each other in the upper region of 

failure probability closely. However, the simulation curves sometimes overestimate 

the FOWLP failure probability in the lower region of failure probability compared 

with the experiment curves. However, the outcome of applying ANSYS simulation 

software to evaluate the FOWLP strength is ideal and satisfactory. The current 

simulation models have the potential to replace the experimental method to 

implement the evaluation work of FOWLP strength. The simulation method has the 

advantages of stability, minimal environment effect and saving workforce and time. 
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The simulation model also can be further developed to implement the more 

complicated evaluation work of FOWLP strength. 

We propose a new FOWLP and this FOWLP has the over-molded structure. 

We only use the simulation method to evaluate the strength of this new FOWLP 

specimen. The proposed FOWLP size is 8.09 mm × 8.09 mm and its die size is 5.11 

mm × 5.11 mm. The thicknesses of silicon die and package are 150 μm and 210 μm 

respectively. Hence the thickness of over-molded layer is 50 μm. 

The simulation result shows that the flexure strength of proposed FOWLP is 

higher than the flexure strength of other FOWLP specimens with the same thickness. 

The reason is the shifting of bending neutral surface. The proposed FOWLP has the 

minimum distance between the neutral surface and the lower surface of silicon die 

compared with other specimens. Therefore, the lower surface of silicon die of 

proposed FOWLP suffers the minimum tension stress in the 3PB test and thus the 

flexure strength of proposed specimen is high. The assembly process of proposed 

specimen only has a minor modification to the current process, and there are not any 

special or new processes added. However, the assembly process of proposed 

specimen needs attention to the silicon wafer grinding process. The grinding process 

quality is critical because the silicon die of new specimen is very tiny. There is an 

issue when we apply displacement method to evaluate new simulation models. The 

effective displacement range is uncertain. This problem should be considered in the 

future work. 

 

Equation Chapter (Next) Section 1
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CHAPTER 6 DEVELOPMENT OF 

THEORETICAL MODEL OF FOWLP 

STRENGTH 

6.1 THEORETICAL MODEL OF FOWLP 

STRENGTH 

6.1.1 WEIBULL DISTRIBUTION 

Weibull distribution is widely used to describe the strength of brittle material 

such as ceramics and silicon. There are two kinds of Weibull distribution – two-

parameter Weibull distribution and three-parameter Weibull distribution. The two-

parameter Weibull distribution can be expressed as [132, 133] 

 𝑃 = 1 − 𝑒𝑥𝑝 [−(
𝜎

𝜎0
)
𝑚

] (6.1) 

where 𝜎 is the flexure strength of specimen, 𝜎0 is the scale parameter and m is the 

shape parameter or Weibull modulus. The two-parameter Weibull distribution has 

been proved that it is an effective method to describe the strength. 

The failure probability list should be established to solve the scale parameter 

and shape parameter of equation (6.1). The most widely used failure probability 

estimation equation is [143] 
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 𝑃𝑖 =
𝑖 − 0.3

𝑛 + 0.4
 (6.2) 

where i is the ith sample flexure strength (in the ascending order) and n is the sample 

size.  

The scale parameter and shape parameter can be solved by two different 

estimation methods – least square estimation (LSE) method and maximum likelihood 

estimation (MLE) method. The least square estimation method takes the logarithm on 

the two-parameter Weibull distribution equation (6.1) twice and thus we have 

1 − 𝑃 = 𝑒𝑥𝑝 [−(
𝜎

𝜎0
)
𝑚

] 

ln(1 − 𝑃) =−(
𝜎

𝜎0
)
𝑚

 

ln ln (
1

1 − 𝑃
) = ln (

𝜎

𝜎0
)
𝑚

 

ln ln (
1

1 − 𝑃
) = 𝑚 ln 𝜎 −𝑚 ln 𝜎0 

 ln ln (
1

1 − 𝑃
) = ln (

1

𝜎0
)
𝑚

+𝑚 ln 𝜎 (6.3) 

According to the equation 

 𝑌 = 𝑎 + 𝑏𝑋 (6.4) 

we can define  

 𝑌 = ln ln (
1

1 − 𝑃
) (6.5) 
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 𝑋 = ln𝜎 (6.6) 

 𝑎 = ln (
1

𝜎0
)
𝑚

= −𝑚 ln 𝜎0 (6.7) 

 𝑏 = 𝑚 (6.8) 

Therefore, the scale parameter and shape parameter are [144] 

 𝑚 =
𝑁∑ 𝑥𝑖𝑦𝑖

𝑁
𝑖=1 − ∑ 𝑥𝑖

𝑁
𝑖=1 ∑ 𝑦𝑖

𝑁
𝑖=1

𝑁∑ 𝑥𝑖
2𝑁

𝑖=1 − ∑ 𝑥𝑖
𝑁
𝑖=1 ∑ 𝑥𝑖

𝑁
𝑖=1

 (6.9) 

 ln 𝜎0 = −
1

𝑚

∑ 𝑦𝑖
𝑁
𝑖=1 ∑ 𝑥𝑖

2𝑁
𝑖=1 − ∑ 𝑥𝑖

𝑁
𝑖=1 ∑ 𝑥𝑖𝑦𝑖

𝑁
𝑖=1

𝑁∑ 𝑥𝑖
2𝑁

𝑖=1 − ∑ 𝑥𝑖
𝑁
𝑖=1 ∑ 𝑥𝑖

𝑁
𝑖=1

 (6.10) 

where 𝑥𝑖 and 𝑦𝑖  are the value of ith ln 𝜎 and the value of ith ln ln (
1

1−𝑃
) respectively. 

The least square estimation method is quite straightforward, and it can be 

solved manually without computer assistance compared with the maximum 

likelihood estimation method. The maximum likelihood estimation method takes the 

derivative and logarithm on the two-parameter Weibull distribution equation (6.1) 

and thus we have 

 𝑃′ =
𝑚

𝜎0
(
𝜎

𝜎0
)
𝑚−1

𝑒𝑥𝑝 [− (
𝜎

𝜎0
)
𝑚

] (6.11) 

 ln 𝑃′ = 𝑁 ln(𝑚) − 𝑁𝑚 ln(𝜎0) + (𝑚 − 1)∑ln𝜎 −∑(
𝜎

𝜎0
)
𝑚

 (6.12) 

To derive equation (6.12) with respect to 𝜎0 and m respectively, and let the 

derivative equation equals to zero. Therefore, the scale parameter and shape 

parameter are 
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 𝜎0 = (
1

𝑁
∑𝜎𝑖

𝑚

𝑁

𝑖=1

)

1
𝑚

 (6.13) 

 
𝑁

𝑚
+∑ln𝜎𝑖 − 𝑁

∑ 𝜎𝑖
𝑚 ln 𝜎𝑖

𝑁
𝑖=1

∑ 𝜎𝑖
𝑚𝑁

𝑖=1

𝑁

𝑖=1

= 0 (6.14) 

The shape parameter (m) needs the assistance of computer to be solved, and it 

cannot be solved manually. However, 𝜎0 is quite easy to be solved once we have the 

value of m. 

The graph of Weibull distribution plot highly depends on the specimen 

geometry and evaluation method. The specimen geometry includes the specimen 

shape, volume and dimension. The evaluation method includes 3PB test, 4PB test, 

BOR test and ball breaker test. The flexure strength of specimen is different by 

different evaluation methods. For example, the silicon flexure strength of 4PB test 

must be lower than the silicon flexure strength of 3PB test. In practical, the loading 

area of 4PB test is much larger than the loading area of 3PB test. In theory, the 

tensile stress region of 4PB test is much wider than that of 3PB test. 

Weibull proposed three fundamental properties [185] about using Weibull 

distribution to describe the strength of brittle material. These rules provide the 

guideline when we propose our FOWLP strength model. 

1. A brittle material is statistically homogeneous and isotropic. 

2. Subvolume and subsurface of a specimen are statistically independent. 

3. Subvolume and subsurface of a specimen follow the weakest line concept. 
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6.1.2 ANALYTICAL MODEL FORMULATION 

A classical approach was proposed by Behnken et al. [186] to describe the 

silicon wafer strength. This approach relates the silicon wafer strength to its volume. 

The failure probability for a wafer is given by [186] 

 𝑃𝑣(𝜎) = 𝑒𝑥𝑝 [−∫ (
𝜎 − 𝛾𝑉

𝛼𝑉
)
𝜔𝑉

𝑑𝑉

𝑉

] (6.15) 

where 𝛾𝑉 is the location parameter, 𝛼𝑉 is the scale parameter and 𝜔𝑉 is the shape 

parameter. This approach describes that the defects of specimen are distributed 

randomly in a wafer. That means the number of defects is proportional to the wafer 

volume. Therefore, this approach only considers the effect of defects especially the 

defects inside the specimen body on the specimen strength. 

Except for the weak planes of silicon crystal lattice, the silicon die surface 

defects and silicon die edge defects are considered as the main effect factors on the 

silicon die strength. Therefore, the silicon strength model should consider the surface 

defects and edges defects except for the body defects. However, the number of 

surface defects should be proportional to the area of wafer surface (A), and the 

number of edge defects should be proportional to the edge length (L). Therefore, the 

final failure probability for a wafer should be 

 𝑃(𝜎) = 𝑃𝑉(𝜎) ∙ 𝑃𝐴(𝜎) ∙ 𝑃𝐿(𝜎) (6.16) 

The critical effect factors of FOWLP strength are quite different from the 

silicon die. There are three representative FOWLP structures, and they are over-

molded structure, BSP tape protected structure and die-exposed structure. The silicon 
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die backside of over-molded structure FOWLP is encapsulated by the EMC. The 

silicon die backside of BSP tape protected structure FOWLP is laminated with the 

BSP tape. The silicon die backside of die-exposed structure FOWLP is exposed. 

However, the fracture analysis results of FOWLP show that the initial fracture point 

only expands from the silicon die surface or silicon die edge. Therefore, the initial 

fracture point locates inside the FOWLP (over-molded structure FOWLP and BSP 

tape protected structure FOWLP), while the initial fracture point locates on the 

surface of die-exposed structure FOWLP. 

Therefore, two theoretical models of FOWLP strength are proposed 

 𝑃𝑉 = 1 − 𝑒𝑥𝑝 [−∭(
𝜎

𝜎0
)
𝑚

𝑉

𝑑𝑉] (6.17) 

 𝑃𝑆 = 1 − 𝑒𝑥𝑝 [−∬(
𝜎

𝜎0
)
𝑚

𝐴

𝑑𝐴] (6.18) 

where 𝜎 is the flexure strength, 𝜎0 is the scale parameter, m is the shape parameter or 

Weibull modulus, V is the specimen volume and A is the area of specimen surface. 

 Equation (6.17) and equation (6.18) is based on the two-parameter Weibull 

distribution, and they are used to describe the strength of FOWLP with different 

initial fracture points. Equation (6.17) is used to describe the strength of over-molded 

structure FOWLP and BSP tape protected structure FOWLP. It is because the initial 

fracture point locates inside the FOWLP. Equation (6.18) is used to describe the 

strength of die-exposed structure FOWLP. It is because the initial fracture point 

locates on the surface of FOWLP. 
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6.1.3 DERIVATION OF GOVERNING EQUATION 

The FOWLP surface is square, and the cross section of FOWLP is rectangular. 

The FOWLP strength is evaluated by the 3PB test method. We need to introduce the 

stress-density function to assist in solving the FOWLP strength models. The stress-

density function is first introduced by Nadler et al. [185]. This function is used to 

simplify the integral process. The FOWLP strength models can be expressed as 

  

 

𝑃𝑉 = 1 − 𝑒𝑥𝑝 [−
𝑉

𝑉0
(
𝜎

𝜎0
)
𝑚

∫ 𝑠𝑚𝑓(𝑠)𝑑𝑠

1

𝑠𝑚𝑖𝑛

] (6.19) 

 𝑃𝑆 = 1 − 𝑒𝑥𝑝 [−
𝐴

𝐴0
(
𝜎

𝜎0
)
𝑚

∫ 𝑠𝑚𝑔(𝑠)𝑑𝑠

1

𝑠𝑚𝑖𝑛

] (6.20) 

 𝑠𝑚𝑖𝑛 =
𝜎𝑚𝑖𝑛
𝜎

 (6.21) 

where 𝜎𝑚𝑖𝑛 is the smallest stress in the specimen and it may or may not be equal to 

zero. 𝜎 is the flexure strength of specimen. 𝑉0 is the specimen volume and V is the 

specimen volume under the loading force. 𝐴0 is the specimen surface area and A is 

the specimen surface area under the loading force. The stress-density functions f(s) 

and g(s) can be obtained from the following equations [185] 

 ∫ 𝑓(𝑠)𝑑𝑠

1

𝑠𝑚𝑖𝑛

=
𝑉(𝑠)

𝑉
 =>  𝑓(𝑠) = −

𝑑

𝑑𝑠

𝑉(𝑠)

𝑉
 (6.22) 

 ∫ 𝑔(𝑠)𝑑𝑠

1

𝑠𝑚𝑖𝑛

=
𝐴(𝑠)

𝐴
 =>  𝑔(𝑠) = −

𝑑

𝑑𝑠

𝐴(𝑠)

𝐴
 (6.23) 
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The specimen geometry and evaluation method should be clear before solving 

the FOWLP strength models. The governed stress-density functions for the three-

point bending test with the rectangular cross section specimen are [185]  

 𝑓(𝑠) = −
1

2
ln 𝑠 (6.24) 

 𝑔(𝑠) =
1

4
(1 − ln 𝑠) (6.25) 

The superiority of stress-density function is obvious. It can reduce the 

complex two and three times integral function to the one time integral function. 

Therefore, equation (6.19) and equation (6.20) can be expressed as 

 𝑃𝑉 = 1 − 𝑒𝑥𝑝 [−
𝑉

𝑉0
(
𝜎

𝜎0
)
𝑚

∫ 𝑠𝑚 (−
1

2
ln 𝑠) 𝑑𝑠

1

𝑠𝑚𝑖𝑛

] (6.26) 

 𝑃𝑆 = 1 − 𝑒𝑥𝑝 [−
𝐴

𝐴0
(
𝜎

𝜎0
)
𝑚

∫ 𝑠𝑚
1

4
(1 − ln 𝑠)𝑑𝑠

1

𝑠𝑚𝑖𝑛

] (6.27) 

The integral function can be solved by the technique of integration by parts. 

For example, we have the following integral function in equation (6.26) 

 ∫ 𝑠𝑚 ln 𝑠 𝑑𝑠

1

𝑠𝑚𝑖𝑛

 (6.28) 

and thus we can define u, du, dv and v as 

 𝑢 = ln 𝑠 , 𝑑𝑢 =
1

𝑠
𝑑𝑥, 𝑑𝑣 = 𝑠𝑚, 𝑣 =

1

𝑚 + 1
𝑠𝑚+1 (6.29) 
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According to the integration by parts formula, we have 

 

𝑢𝑣 − ∫𝑣𝑑𝑢 =
ln(𝑠) 𝑠𝑚+1

𝑚+ 1
−∫

𝑠𝑚

𝑚 + 1
𝑑𝑠

= [
ln(𝑠) 𝑠𝑚+1

𝑚 + 1
− 𝑠𝑚+1]

𝑠𝑚𝑖𝑛

1

 

(6.30) 

Equation (6.27) can be solved in the same way 

 

∫ 𝑠𝑚(1 − ln 𝑠)𝑑𝑠

1

𝑠𝑚𝑖𝑛

= ∫ 𝑠𝑚𝑑𝑠

1

𝑠𝑚𝑖𝑛

− ∫ 𝑠𝑚 ln 𝑠 𝑑𝑠

1

𝑠𝑚𝑖𝑛

= [
𝑠𝑚+1(𝑚 − ln 𝑠 + 2)

𝑚 + 1
]
𝑠𝑚𝑖𝑛

1

 

(6.31) 

Therefore, equation (6.26) and equation (6.27) can be expressed as 

 𝑃𝑉 = 1 − 𝑒𝑥𝑝 {[
𝜎

𝜎0
]
𝑚

∙  
𝑉

2𝑉0
[
ln(𝑠) 𝑠𝑚+1

𝑚 + 1
− 𝑠𝑚+1]

𝑠𝑚𝑖𝑛

1

} (6.32) 

 𝑃𝑆 = 1 − 𝑒𝑥𝑝 {[
𝜎

𝜎0
]
𝑚

∙  
−𝐴

4𝐴0
[
𝑠𝑚+1(𝑚 − ln 𝑠 + 2)

𝑚 + 1
]
𝑠𝑚𝑖𝑛

1

} (6.33) 

For the integral part of equation (6.32) 

 

[
ln(𝑠) 𝑠𝑚+1

𝑚+ 1
− 𝑠𝑚+1]

𝑠𝑚𝑖𝑛

1

= [
ln(1) 1𝑚+1

𝑚 + 1
− 1𝑚+1]

− [
ln(𝑠𝑚𝑖𝑛) 𝑠𝑚𝑖𝑛

𝑚+1

𝑚 + 1
− 𝑠𝑚𝑖𝑛

𝑚+1] 

(6.34) 
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 𝑠𝑚𝑖𝑛 =
𝜎𝑚𝑖𝑛
𝜎

 (6.35) 

where  𝜎𝑚𝑖𝑛 is the smallest stress in the specimen and it may or may not be equal to 

zero. We assume it closes to zero 

 𝜎𝑚𝑖𝑛 → 0, 𝑠𝑚𝑖𝑛 → 0 (6.36) 

 lim
𝑥→0

𝑥 ln 𝑥 = 0 (6.37) 

and thus equation (6.32) becomes 

𝑃𝑉 = 1 − 𝑒𝑥𝑝 {[
𝜎

𝜎0
]
𝑚

∙  
𝑉

2𝑉0
[(0 − 1) − (

0

𝑚 + 1
− 0)]} 

 𝑃𝑉 = 1 − 𝑒𝑥𝑝 [−
𝑉

2𝑉0
 ∙  (

𝜎

𝜎0
)
𝑚

] (6.38) 

For equation (6.33) 

𝑃𝑆 = 1 − 𝑒𝑥𝑝 {[
𝜎

𝜎0
]
𝑚

∙  
−𝐴

4𝐴0
[(
1𝑚+1(𝑚 − ln 1 + 2)

𝑚 + 1
)

− (
𝑠𝑚𝑖𝑛

𝑚+1(𝑚 − ln 𝑠𝑚𝑖𝑛 + 2)

𝑚 + 1
)]} 

𝑃𝑆 = 1 − 𝑒𝑥𝑝 {[
𝜎

𝜎0
]
𝑚

∙  
−𝐴

4𝐴0
[(
𝑚 + 2

𝑚 + 1
) − (

0

𝑚 + 1
)]} 

 𝑃𝑆 = 1 − 𝑒𝑥𝑝 [−
𝐴

4𝐴0
(
𝑚 + 2

𝑚 + 1
) ∙  (

𝜎

𝜎0
)
𝑚

] (6.39) 
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We introduce a new symbol 𝛥 to simplify equation (6.38) and equation (6.39), 

and let 𝑃𝑈 represent both of them 

 𝑃𝑈 = 1 − 𝑒𝑥𝑝 [−𝛥 ∙  (
𝜎

𝜎0
)
𝑚

] (6.40) 

 𝛥𝑉 =
𝑉

2𝑉0
 (6.41) 

 𝛥𝑆 =
𝐴

4𝐴0
(
𝑚 + 2

𝑚 + 1
) (6.42) 

where 𝑉0 is the specimen volume and V is the specimen volume under the loading 

force. 𝐴0 is the specimen surface area and A is the specimen surface area under the 

loading force. Figure 6-1 shows the illustration of contact area in the 3PB test. 

 

Figure 6-1 Illustration of contact area (dark area) in the 3PB test. 

 

The contact width should equal to the specimen width since the 3PB loading 

roller is wider than the specimen width. Therefore, we have 
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𝑉

𝑉0

=
𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑑𝑡ℎ × 𝑠𝑝𝑒𝑖𝑐𝑚𝑒𝑛 ℎ𝑒𝑖𝑔ℎ𝑡

𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑠𝑝𝑒𝑖𝑐𝑚𝑒𝑛 𝑤𝑖𝑑𝑡ℎ × 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 ℎ𝑒𝑖𝑔ℎ𝑡

=
𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑙𝑒𝑛𝑔𝑡ℎ

𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
 

(6.43) 

 

𝐴

𝐴0
=

𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑑𝑡ℎ

𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑠𝑝𝑒𝑖𝑐𝑚𝑒𝑛 𝑤𝑖𝑑𝑡ℎ

=
𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑙𝑒𝑛𝑔𝑡ℎ

𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
 

(6.44) 

 
𝑉

𝑉0
=
𝐴

𝐴0
=

𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑙𝑒𝑛𝑔𝑡ℎ

𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
 (6.45) 

The specimen length is a known constant in equation (6.45). The only 

variable is the contact length. There is a contact length expression proposed by 

Turner et al. [187, 188] 

 𝑙 = 2 [
3𝑟𝐹(1 − 𝑣2)

4𝐸
]

1
3

 (6.46) 

where r is the loading force radius, F is the loading force, v is Poisson’s ratio and E is 

Young’s modulus. 

We use the least square estimation method to solve equation (6.40) and thus 

we take logarithm two times to 𝑃𝑈 
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ln ln (
1

1 − 𝑃𝑈
) = ln 𝛥 +𝑚 ln𝜎 −𝑚 ln𝜎0

= ln𝛥 + ln (
1

𝜎0
)
𝑚

+𝑚 ln 𝜎 

(6.47) 

According to the equation 

 𝑌 = 𝑎 + 𝑏𝑋 (6.48) 

we can define 

 𝑌 = ln ln (
1

1 − 𝑃𝑈
) (6.49) 

 𝑋 = ln𝜎 (6.50) 

 𝑎 = ln𝛥 + ln (
1

𝜎0
)
𝑚

= ln𝛥 −𝑚 ln 𝜎0 (6.51) 

 𝑏 = 𝑚 (6.52) 

Therefore, the scale parameter and shape parameter can be solved by the 

following equations 

 𝑚 =
𝑁∑ 𝑥𝑖𝑦𝑖

𝑁
𝑖=1 − ∑ 𝑥𝑖

𝑁
𝑖=1 ∑ 𝑦𝑖

𝑁
𝑖=1

𝑁∑ 𝑥𝑖
2𝑁

𝑖=1 − ∑ 𝑥𝑖
𝑁
𝑖=1 ∑ 𝑥𝑖

𝑁
𝑖=1

 (6.53) 

 ln 𝛥 − 𝑚 ln 𝜎0 =
∑ 𝑦𝑖
𝑁
𝑖=1 ∑ 𝑥𝑖

2𝑁
𝑖=1 − ∑ 𝑥𝑖

𝑁
𝑖=1 ∑ 𝑥𝑖𝑦𝑖

𝑁
𝑖=1

𝑁∑ 𝑥𝑖
2𝑁

𝑖=1 − ∑ 𝑥𝑖
𝑁
𝑖=1 ∑ 𝑥𝑖

𝑁
𝑖=1

 (6.54) 

 

.  
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6.1.4 EXPERIMENTAL AND NUMERICAL RESULT AND 

DISCUSSION 

The FOWLP strength is evaluated by the 3PB test method, and the detailed 

experimental procedure is introduced in Chapter 4. The experiment results of 

specimen B-1, specimen B-2 and specimen B-3 are selected to conduct the validation 

of FOWLP strength model. These three specimens represent the most significant 

FOWLP structures. The fracture analysis results show that their initial fracture points 

initiate from the silicon backside. There are the EMC layer and BSP tape on the 

backside of specimen B-1 and specimen B-3. Hence the fractures initiate from the 

package interior. The backside of specimen B-2 is exposed. Hence the fracture 

initiates from the package surface. Therefore, equation (6.38) is applied to specimen 

B-1 and specimen B-3, while equation (6.39) is applied to specimen B-2. Table 6-1 

lists the 3PB test flexure strength and corresponding failure probability of specimen 

B-1, specimen B-2 and specimen B-3. The failure probability (P) is calculated by 

equation (6.2) with the sample size 25. X and Y are calculated by equation (6.50) and 

equation (6.49) respectively. 

The diameter of 3PB fixture rollers is 1 mm and thus the radius is 0.5 mm. 

The Poisson’s ratio of FOWLP is assigned as 0.3. The values of fracture load (F) and 

Young’s modulus (E) are obtained from the 3PB test, and we use the average values 

of fracture load and Young’s modulus. Table 6-2 lists the 3PB test average values of 

fracture load, extension and Young’s modulus of specimens. 
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Table 6-1 3PB test flexure strength and corresponding failure probability of 

specimen B-1, specimen B-2 and specimen B-3. 

S/N 

𝜎𝑖 – Flexure strength (MPa) 
𝑃𝑖 – Failure 

probability 
Specimen 

B-1 

Specimen 

B-2 

Specimen 

B-3 

1 277.1514 88.1507 64.9827 0.0276 

2 354.3285 91.3047 66.9427 0.0669 

3 355.0125 92.2489 75.4705 0.1063 

4 355.4866 109.1754 93.7374 0.1457 

5 368.3728 118.4202 94.1275 0.1850 

6 371.5768 126.1142 98.1124 0.2244 

7 373.2047 157.8479 105.7749 0.2638 

8 379.2433 158.2036 110.5415 0.3031 

9 410.2429 204.7127 112.9215 0.3425 

10 410.6753 205.8154 120.2677 0.3819 

11 412.0786 226.3713 122.9233 0.4213 

12 413.9974 229.9639 137.2656 0.4606 

13 422.3647 230.5283 144.0967 0.5000 

14 422.8719 231.8978 146.6746 0.5394 

15 423.6746 241.3738 148.5645 0.5787 

16 424.2572 244.5692 166.8696 0.6181 

17 427.2951 266.3839 189.8499 0.6575 

18 427.4371 267.5748 199.2213 0.6969 

19 436.3789 283.7223 241.9175 0.7362 

20 436.6841 322.9014 249.0926 0.7756 

21 438.6754 326.0324 266.6766 0.8150 

22 449.7861 340.6148 268.2423 0.8543 

23 456.6889 355.6711 283.4756 0.8937 

24 468.3925 373.6718 288.8022 0.9331 

25 488.1806 382.3246 306.5253 0.9724 

∑𝑿𝒊 or ∑𝒀 150.131 133.2899 124.8297 -13.7376 

∑𝑿𝒊
𝟐
  901.9098 715.807 628.7724  

∑𝑿𝒊𝒀  -79.2254 -60.3937 -55.5142  
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Table 6-2 3PB test average fracture load, extension and Young’s modulus of 

specimen B-1, specimens B-2 and specimens B-3. 

3PB results Specimen B-1 Specimen B-2 Specimen B-3 

Fracture load (N) 91.7231 8.9995 8.1473 

Extension (mm) 0.2479 0.2712 0.2469 

Young’s modulus 

(MPa) 
42999.093 60887.761 39664.902 

 

The contact length and volume or surface area ratio of specimen are listed in 

Table 6-3. The shape parameters and scale parameters of FOWLP strength model are 

calculated and listed in Table 6-4. Table 6-5 lists the simulation model flexure 

strength and corresponding failure probability of specimens. 

Table 6-3 The contact length and volume ratio or area ratio of specimen. 

3PB results Specimen B-1 Specimen B-2 Specimen B-3 

Contact length 

(mm) 
1.7991 0.7390 0.8246 

𝑽

𝑽𝟎
=

𝑨

𝑨𝟎
  0.2224 0.0913 0.1019 

𝛥𝑉 or 𝛥𝑆 0.1112 0.0294 0.0510 

 

Table 6-4 The shape parameters and scale parameters of FOWLP strength 

models. 

Strength model 

parameters 
Specimen B-1 Specimen B-2 Specimen B-3 

Shape parameter 

(m) 
9.7015 2.4908 2.3892 

Scale parameter 

(𝝈𝟎) 
342.2269 62.5508 53.3749 
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Table 6-5 Simulation model flexure strength and corresponding failure 

probability of specimen B-1, specimen B-2 and specimen B-3. 

S/N 

Specimen B-1 Specimen B-2 Specimen B-3 

Flexure 

strength 

(MPa) 

Failure 

probability 

Flexure 

strength 

(MPa) 

Failure 

probability 

Flexure 

strength 

(MPa) 

Failure 

probability 

1 374.32 0.0203 108.56 0.0198 93.67 0.0216 

2 376.97 0.0494 112.04 0.0480 97.52 0.0525 

3 379.61 0.0785 115.62 0.0763 101.48 0.0833 

4 382.24 0.1076 119.31 0.1045 105.57 0.1142 

5 384.81 0.1366 123.10 0.1328 109.77 0.1451 

6 387.36 0.1657 127.00 0.1610 114.11 0.1759 

7 389.91 0.1948 131.02 0.1893 118.59 0.2068 

8 392.44 0.2238 135.14 0.2175 123.20 0.2377 

9 394.97 0.2529 139.38 0.2458 127.95 0.2685 

10 397.48 0.2820 143.72 0.2740 132.83 0.2994 

11 400.00 0.3110 148.19 0.3023 137.86 0.3302 

12 402.50 0.3401 152.77 0.3305 143.03 0.3611 

13 404.99 0.3692 157.46 0.3588 148.35 0.3920 

14 407.48 0.3983 162.28 0.3870 153.80 0.4228 

15 409.96 0.4273 167.21 0.4153 159.40 0.4537 

16 412.43 0.4564 172.26 0.4435 165.15 0.4846 

17 414.90 0.4855 177.43 0.4718 171.05 0.5154 

18 417.36 0.5145 182.72 0.5000 177.10 0.5463 

19 419.82 0.5436 188.13 0.5282 183.30 0.5772 

20 422.26 0.5727 193.67 0.5565 189.65 0.6080 

21 424.71 0.6017 199.33 0.5847 196.15 0.6389 

22 427.15 0.6308 205.59 0.6130 202.81 0.6698 

23 429.58 0.6599 213.12 0.6412 209.63 0.7006 

24 432.01 0.6890 221.00 0.6695 216.61 0.7315 

25 434.43 0.7180 229.30 0.6977 223.85 0.7623 

26 436.85 0.7471 237.79 0.7260 231.37 0.7932 

27 439.27 0.7762 246.44 0.7542 239.06 0.8241 

28 441.68 0.8052 255.30 0.7825 246.93 0.8549 

29 444.09 0.8343 264.38 0.8107 255.00 0.8858 

30 446.50 0.8634 273.60 0.8390 263.29 0.9167 

31 448.90 0.8924 282.98 0.8672 271.75 0.9475 

32 451.30 0.9215 292.47 0.8955 280.39 0.9784 

33 453.70 0.9506 302.12 0.9237   

34 456.09 0.9797 311.98 0.9520   

35   321.98 0.9802   
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Therefore, the three FOWLP specimen strength models are 

 𝑃𝑉,𝐵−1 = 1 − 𝑒𝑥𝑝 [−0.1112 (
𝜎

342.2269
)
9.7015

] (6.55) 

 𝑃𝑆,𝐵−2 = 1 − 𝑒𝑥𝑝 [−0.0294 (
𝜎

62.5508
)
2.4908

] (6.56) 

 𝑃𝑉,𝐵−3 = 1 − 𝑒𝑥𝑝 [−0.051 (
𝜎

53.3749
)
2.3892

] (6.57) 

 

 

Figure 6-2 Comparison of specimen B-1 strength model with experiment results 

and simulation results. 
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Figure 6-3 Comparison of specimen B-2 strength model with experiment results 

and simulation results. 

 

Figure 6-4 Comparison of specimen B-3 strength model with experiment results 

and simulation results. 
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Figure 6-2, Figure 6-3 and Figure 6-4 show the comparison of specimen B-1, 

specimen B-2 and specimen B-3 strength model with experiment results and 

simulation results. The x-axis represents the specimen flexure strength and the y-axis 

represents the specimen failure probability. The circle dots represent the experiment 

result (3PB test flexure strength), while the diamond dots represent the simulation 

result (simulated 3PB test flexure strength). The curves represent the corresponding 

specimen strength model. 

The differences between specimen experiment results and simulation results 

are small, and they almost match each other closely. However, all the specimen 

strength models underestimate their corresponding specimen flexure strength in the 

lower region of failure probability. The underestimated phenomenon often occurs in 

the two-parameter Weibull distribution [141, 142]. This is the shortcoming of two-

parameter Weibull distribution. The proposed FOWLP strength models are derived 

from the two-parameter Weibull distribution and thus they also show the 

underestimated phenomenon more or less. The three-parameter Weibull distribution 

could minimize the underestimated issue. However, the solving process of three-

parameter Weibull distribution is much more complicated than that of two-parameter 

Weibull distribution. Specimen B-1 strength model underestimates both experiment 

and simulation results too much in the lower region of failure probability. The reason 

may be the experiment errors. There is a data point far away from the major stream 

of data point. This data point should be an experiment error.  

The simulation results somewhat overestimate the experiment results in the 

lower region of failure probability. The reason may be the effect of assembly process 

is not taken into account in the simulation model. For example, Specimen B-3 has the 

BSP tape. The lamination process of BSP tape requires the wafer to lie on a hot 



 

DEVELOPMENT OF THEORETICAL MODEL OF FOWLP STRENGTH 170 

 

chuck table. The lamination roller also has a high temperature. The temperature of 

chuck table and lamination roller is 90℃. The laminated wafer is required to store in 

a high temperature oven for two hours, and the oven temperature is 150℃. The high 

temperature storage process could affect the material properties. However, the above 

factors are not taken into account in the simulation model of specimen B-3.  

 

 

6.2 THEORETICAL MODEL OF FOWLP FATIGUE 

CRACK GROWTH 

6.2.1 FOWLP FRACTURE MECHANICS 

Fracture mechanics can address the questions about the maximum allowable 

load for a given material crack length and vice versa. The materials can be classified 

into two categories – brittle and ductile. The brittle materials do not show plastic 

deformation, and their crack grows rapidly. The ductile materials show plastic 

deformation and their crack grows tardiness. The fracture analysis results show that 

the fracture pattern of FOWLP is brittle and thus we only discuss the fracture 

mechanics of brittle material in this section. 

The very first theory about the fracture mechanics of brittle material is 

Griffith’s criterion. For an infinite plate of unit thickness with a crack length 2a, its 

surface energy and elastic strain energy are [189] 
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 𝑈𝑠 = 2𝑎𝐺, 𝑈𝑒 = −
𝜋𝜎2𝑎2

𝐸
𝑘,𝑤ℎ𝑒𝑟𝑒 𝑘 = 1 − 𝑣2 (6.58) 

where k is for the plane strain, and k is for the plane stress when k=1. v is Poisson’s 

ratio. At the critical fracture point, we can obtain the critical strain energy release rate 

[189] 

 𝑈𝑠 = 𝑈𝑒 (6.59) 

 𝐺𝑐 =
𝜋𝜎2𝑎

𝐸
𝑘 (6.60) 

Griffith’s theory only can be applied to brittle materials. Irwin’ theory [189] 

can be applied to both brittle and ductile materials. Irwin’s theory takes note of the 

crack stress, and it introduces the stress intensity factor [189] 

 𝐾𝑐 = 𝜎√𝜋𝑎 (6.61) 

The critical stress intensity factor has the relationship with the critical strain 

energy release rate 

 𝐾𝑐
2 = 𝜎2𝜋𝑎 =

𝐸𝐺𝑐
𝑘

 (6.62) 

 𝐾𝑐 = √
𝐸𝐺𝑐
𝑘

 (6.63) 

The specimen is defined as an infinite plate so far. We perform the three-

point bending test for a cuboid with a finite plate and certain geometries and thus the 

stress intensity factor should be [189] 
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𝐾 =
3𝐹𝐿

2𝐵𝑊
3
2

[1.93 (
𝑎

𝑊
)

1
2
− 3.07 (

𝑎

𝑊
)

3
2
+ 14.53 (

𝑎

𝑊
)

5
2

− 25.11 (
𝑎

𝑊
)

7
2
+ 25.8 (

𝑎

𝑊
)

9
2
] =

𝐹

𝐵𝑊
1
2

 𝑓1 (
𝑎

𝑤
) 

(6.64) 

where the fracture load force (F) is obtained from the 3PB test, B is the width of 

specimen, W is the thickness of specimen and L is the fixture span. 

The J-integral method is used to characterize the fracture mechanics of 

material, and it is defined as 

 𝐽 = ∫ [𝑤𝑑𝑦 − 𝑇 (
𝜕𝑢

𝜕𝑥
)]

𝐶

𝑑𝑠 (6.65) 

where 

 𝑤 = ∫𝜎𝑑𝜀

𝜀

0

 (6.66) 

For the linear elastic material, the critical value of J is equal to the critical 

strain energy release rate 

 𝐽𝑐 = 𝐺𝑐 (6.67) 

The value of J can be determined by the experiment with a standard specimen 

 𝐽 =
2𝑈

𝐵(𝑊 − 𝑎)
 (6.68) 

where U is the strain energy. B is the width of specimen, W is the thickness of 

specimen and a is the crack length. 
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The aim of fracture mechanics is to find the material fracture toughness. 

However, the FOWLP is not a homogeneous object. Silicon die and EMC are the 

main components of FOWLP. The geometry and dimension of FOWLP decide that 

the FOWLP cannot fulfill the requirement of standard fracture toughness test. 

Therefore, the task of evaluating FOWLP fracture toughness is impossible. 

 

6.2.2 PROPOSED THEORETICAL MODEL OF FOWLP 

FATIGUE CRACK GROWTH  

The fatigue test is used to evaluate the material reliability under a periodic 

loading condition. The periodic loading force could be the bending force, 

compression force and tension force. The range of periodic loading force can be from 

zero to the predetermined value. The machine repeats the work of loading and 

unloading till the pre-determined number of cycles or the specimen failure. 

The fatigue test is useful and meaningful to the FOWLP reliability. It is 

because the FOWLP at work often withstands the external force. The FOWLP is 

always used to volume sensitive electronics devices because of its thin and small 

features. The thin FOWLP has the low body strength and the low body strength may 

lead to the crack issue. For example, one of the FOWLP applications is the 

fingerprint sensor. The fingerprint sensor needs to be pressed, and it may get the 

chance to crack after multiple times usage. This situation is similar to the fatigue test 

under the periodic loading force.  

The material fatigue crack growth model is also known as Paris law [189] 
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𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾)𝑚 (6.69) 

where C and m are material constants. ∆𝐾 is the range of stress intensity factor. In 

other words, ∆𝐾 is the loading force range of material and it is defined as 

 ∆𝐾 = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛 (6.70) 

The crack may grow up in two conditions in a FOWLP. The first condition is 

the external force. This phenomenon has been described by Paris law. The second 

condition is the internal force. The FOWLP is made up of various materials, and 

various materials have the different CTEs. The mismatched CTE leads to differences 

in the expansion and shrinkage of different materials. The outcome is the wafer 

warpage or package warpage. The difference of FOWLP standby temperature and 

working temperature leads to the package deformation. The microdeformation 

generates the internal force to accelerate the crack propagation.  

There are two famous reliability tests – temperature cycling test and high 

temperature storage test. Both tests provide a challenging environment of 

temperature to test the specimen reliability. The specimen functional failure after 

both tests should have the relationship with their physical failure more or less. The 

reason is the changing temperature leads to the specimen deformation. 

Therefore, the external force does not affect the fatigue growth lonely for the 

FOWLP especially a working FOWLP. We should add the thermal effect factor to 

Paris law for the FOWLP fatigue crack growth model. A binomial fatigue crack 

growth model should be more accurate and more suitable to the FOWLP. The 

proposed FOWLP fatigue crack growth model is 
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𝑑𝑎

𝑑𝑁
= (

𝑑𝑎

𝑑𝑁
)
𝑓𝑎𝑡𝑖𝑔𝑢𝑒

+ (
𝑑𝑎

𝑑𝑁
)
𝑡ℎ𝑒𝑟𝑚𝑎𝑙

= 𝐶(∆𝐾)𝑚 + 𝐷(∆𝐾)𝑛𝛤 (6.71) 

The first component is the normal fatigue crack growth model, which is 

caused by the external loading force. C and m are material constants. ∆𝐾 is the range 

of stress intensity factor. The second component is the fatigue crack growth rate, 

which is caused by the thermal effect. D and n are material constants. 𝛤  is the 

thermal factor, and it represents the degree of thermal effect. 

The second component in the proposed fatigue crack growth model represents 

the thermal effect on the crack growth. There are two uncertain variables. D is a 

constant, and it can be assumed as [190, 191] 

 𝐷 = 10𝑎1+𝑏1𝑇 (6.72) 

where 𝑎1  and 𝑏1  are constants from the linear fit function. T is the absolute 

temperature.  

𝛤 is the thermal factor, and it also can be treated as a probability function 

with the range from 0 to 1. 𝛤 can be expressed as [192-194] 

 𝛤 = 𝑒𝑥𝑝 (−
𝑄

𝑘𝑇
) (6.73) 

where Q is the activation energy [195, 196], k is the Boltzmann constant and T is the 

absolute temperature. Therefore, the thermal effect component of FOWLP fatigue 

crack growth model is 

 (
𝑑𝑎

𝑑𝑁
)
𝑡ℎ𝑒𝑟𝑚𝑎𝑙

= 10𝑎1+𝑏1𝑇(∆𝐾)𝑛𝑒𝑥𝑝 (−
𝑄

𝑘𝑇
) (6.74) 
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Moreover, the final proposed FOWLP fatigue crack growth model is 

 

𝑑𝑎

𝑑𝑁
= (

𝑑𝑎

𝑑𝑁
)
𝑓𝑎𝑡𝑖𝑔𝑢𝑒

+ (
𝑑𝑎

𝑑𝑁
)
𝑡ℎ𝑒𝑟𝑚𝑎𝑙

= 𝐶(∆𝐾)𝑚 + 10𝑎1+𝑏1𝑇(∆𝐾)𝑛𝑒𝑥𝑝 (−
𝑄

𝑘𝑇
) 

(6.75) 

 

 

6.3 SUMMARY 

Two new theoretical models of FOWLP strength are proposed. These models 

are based on the location of initial fracture point. According to the fracture analysis 

results, the initial fracture point of FOWLP always appears on the silicon die surface 

or silicon die edge. There are three typical FOWLP structures, and their differences 

are the silicon die backside. The silicon die backside could be protected by the EMC 

and BSP tape, and it also could be exposed. However, the silicon die periphery is 

always encapsulated by the EMC and thus the initial fracture points of FOWLP only 

can appear on the package interior or package surface. Therefore, two theoretical 

models of FOWLP strength are proposed. 

The comparison of FOWLP strength models with experiment results and 

simulation results shows that the differences between specimen experiment results 

and simulation results are small. However, all the FOWLP strength models 

underestimate their corresponding specimen flexure strength in the lower region of 

failure probability. The underestimated phenomenon often occurs in the two-
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parameter Weibull distribution model, and this is the shortcoming of the two-

parameter Weibull distribution. The proposed FOWLP strength models are derived 

from the two-parameter Weibull distribution and thus they also show the 

underestimated phenomenon more or less. One of the specimen strength models 

underestimates both experiment and simulation results in the lower region of failure 

probability too much. The reason may be the experiment errors. There is a data point 

far away from the major stream of data point too much. This data point should be an 

experiment error. The simulation results somewhat overestimate the experiment 

results in the lower region of failure probability. The reason may be the assembly 

process effect is not taken into account in the simulation model. 

A new theoretical model of FOWLP fatigue crack growth is proposed. The 

new model adds the effect of thermal factor on the fatigue crack growth compared 

with the normal fatigue model, and it is based on Paris law. The crack may grow up 

in two conditions in a FOWLP. The first condition is the external force. This 

phenomenon has been described by Paris law. The second condition is the internal 

force. The mismatched CTE leads to the package deformation in the thermal 

condition, and the package deformation generates the internal force to accelerate the 

crack propagation. Therefore, we should add the thermal effect factor to Paris law for 

the FOWLP fatigue crack growth model. A binomial fatigue crack growth model 

should be more accurate and more suitable to the FOWLP. However, there is not any 

experiment to verify this model.  
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CHAPTER 7 CONCLUSIONS AND 

FUTURE WORK 

7.1 CONCLUSIONS 

The fan-out wafer level packaging technology has the superiority of ultrathin 

size. However, the low body strength of thin FOWLP may lead to crack issues. 

Therefore, it is significant to study the behavior of FOWLP strength. The behavior of 

FOWLP strength is evaluated by the experimental method and numerical method. 

We confirm three significant characteristics of FOWLP strength from the 

experimental work. Firstly, the wafer grinding process still affects the FOWLP 

strength. The FOWLP backside condition is critical to the FOWLP strength. The 

FOWLP with smooth backside surface gains the high flexure strength. Secondly, the 

FOWLP with small silicon die gains the high flexure strength. The reason is the 

shifting of neutral surface.  The tension stress on the lower surface of silicon reduces 

and the FOWLP strength increases. Thirdly, the thermal factor affects the FOWLP 

strength significantly. The reason is the change in the material property of EMC. The 

glass transition and flexure modulus of EMC increases after the thermal processes. In 

summary, we find the over-molded structure FOWLP is better than the other two 

structure FOWLPs at the aspect of stability, reliability and cost. The numerical work 

creates the simulation models of 3PB test. The simulation results prove that the 

flexure strength of over-molded structure FOWLP is always higher than the flexure 

strength of other structure FOWLPs with the same thickness. According to the 
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fracture analysis of FOWLP, the initial fracture point of FOWLP may appear on the 

silicon die surface or the silicon die edge. Therefore, we propose two theoretical 

models of FOWLP strength. The usage of these two models is based on the location 

of initial fracture point. The comparison of FOWLP strength model with 

experimental results and simulation results shows that they are identical. A new 

theoretical model of FOWLP fatigue crack growth is proposed. The new model 

additionally considers the effect of thermal factor on the fatigue crack growth 

compared with the normal fatigue model, and it is based on Paris law. 

 

7.1.1 CONCLUSIONS OF EVALUATION OF FOWLP 

STRENGTH BY 3PB TEST METHOD 

The 3PB test is conducted by Instron universal tester 5566. The static load 

cell of Instron 2530-427 is used, and its maximum capacity is ±100 N. The 3PB 

fixture is customized with a fabrication tolerance ±0.05 mm. The whole experiment 

is conducted in the biological lab, School of Mechanical and Aerospace Engineering, 

Nanyang Technological University. The environment temperature is 25℃. There is 

not any pre-conditioning or heating device attached to the machine to process the 

specimens before or during the experiment. The default speed of loading force is 0.6 

mm/min (0.01 mm/s). The specimens are built by the conventional fan-out wafer 

level packaging assembly process, and they are considered and designed carefully to 

fulfill the research objective. The dummy silicon die size of specimen is 5.11 mm × 

5.11 mm, and the package size is 8.09 mm × 8.09 mm. 
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The FOWLPs have three kinds of typical structure, and they are the over-

molded structure, die-exposed structure and BSP tape protected structure. The 3PB 

test results show that the flexure strength of over-molded structure FOWLP is much 

higher than the flexure strength of other two kinds of structure FOWLP. However, 

the flexure strength distribution of these three kinds of structure FOWLP shows the 

different trend. The flexure strength distribution of over-molded structure FOWLP is 

much tight. The flexure strength distribution of die-exposed structure FOWLP is the 

widest. The flexure strength distribution of BSP tape protected structure FOWLP is 

tighter than the flexure strength distribution of die-exposed structure FOWLP even 

they have the same average flexure strength. The reason is the condition of FOWLP 

backside. The BSP tape covers the backside defects and forms a smooth surface on 

top of the wafer backside. Although the BSP tape has a minor contribution to the 

FOWLP strength, it reduces the effect of wafer grinding process on the flexure 

strength distribution significantly. Therefore, the over-molded structure and BSP tape 

protected structure FOWLP is recommended. For the aspect of FOWLP fracture 

analysis, all the specimens break into two parts after the 3PB test. The initial fracture 

point only appears on the silicon die surface or silicon die edge regardless the 

specimen structure. 

The PSV layers are lithographed on the three kinds of typical structure 

FOWLP. The 3PB test results show two trends. The flexure strength of over-molded 

structure FOWLP increases significantly after lithographing the PSV layers. The 

thickness of PSV layer is 10 μm. Hence the PSV layer should not affect the FOWLP 

strength seriously. The reason should be the PSV lithographing process. The PSV 

lithographing process requires the wafer to store in a high temperature oven for 

curing. The oven temperature is 225℃, and the storage duration is two hours. The 
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EMC takes the principal place in the FOWLP and thus the increase in the FOWLP 

strength should be due to the increase in the EMC strength after the PSV curing 

process. The flexure strength of die-exposed and BSP tape protected structure 

FOWLP almost remains the same. The reason is the PSV layer is lithographed on the 

specimen front side, and the surface condition of specimen backside never changes. 

Therefore, the over-molded structure FOWLP is recommended. 

The PSV curing process is only a short-term thermal process. The 

temperature cycling test and high temperature storage test are used to evaluate the 

long-term thermal test effect on the FOWLP strength. The cycling rate in this work is 

two cycles per hour. The durations of TC test are 500 cycles and 1000 cycles. The 

temperature of high temperature storage test is 150℃. The durations of HTS test are 

500 hours and 1000 hours. The 3PB test results show two trends. The flexure 

strength of over-molded structure FOWLP increases slightly after both TC test and 

HTS test. The EMC physical property especially the strength should be affected by 

the thermal test. The flexure strength of die-exposed and BSP tape protected structure 

FOWLP increases at the middle point of test and drops at the end of test. 

The flexure strength of over-molded structure FOWLP always increases 

significantly after the thermal process. We hypothesize that the increase in the 

FOWLP strength comes from the increase in the EMC strength and the EMC strength 

must be affected by the thermal process seriously. We collect four kinds of EMC 

specimen. The 3PB test and Vickers hardness test is used to evaluate the strength and 

hardness of EMC specimen. The Instron universal tester 5569 and a maximum 

capacity of ±1kN load cell are used to conduct the 3PB test. The FUTURE-TECH 

microhardness tester FM-300e is used to conduct the Vickers hardness test. The 

experiment results show that the flexure strength and hardness of EMC specimens 
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increase rapidly after the one time PSV curing process. However, the growth trends 

of flexure strength and hardness of EMC specimens become stable after the three 

times PSV curing process. The reason is the thermal process temperature is higher 

than the EMC glass transition. The increasing of EMC glass transition and EMC 

flexural modulus is due to the thermal process. However, the EMC flexure strength 

still increases significantly after the 500 hours HTS test, and this phenomenon proves 

that the EMC flexure strength does not become stable after the three times PSV 

curing process. The strengths of EMC specimens drop after the 1000 hours HTS test 

except for EMC-2. All the FOWLP specimens use EMC-2 in this research and thus 

the previous phenomenon of flexure strength up and down is not related to the EMC 

material. For the relationship between the strength and hardness, it has been proved 

that there is not any relationship between the strength and hardness. The strength and 

hardness are two independent material properties. 

In order to get a reliable FOWLP, the over-molded structure FOWLP is 

recommended. The thin over-molded structure FOWLP can fulfill the requirement of 

volume sensitive device. There are some matters needed attention when we build the 

over-molded structure FOWLP. The FOWLP with small silicon die and thin PCB bar 

gains high strength. The reason is the shifting of bending neutral surface. The 

changing of material volume and material Young’s modulus leads to the shifting of 

neutral surface. The wafer grinding process still affects the FOWLP strength. The 

FOWLP with the finest molding surface has the highest flexure strength. 
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7.1.2 CONCLUSIONS OF NUMERICAL STUDY OF 

FOWLP STRENGTH 

ANSYS software is used to implement the numerical study of FOWLP 

strength. The ANSYS static structural toolbox is used to create the simulation models 

and explore solutions. There are two different mesh methods applied. The 3PB 

fixture rollers are meshed with the edge sizing method. The specimen body surface is 

meshed with the body sizing method. The movement of 3PB roller is controlled by 

the displacement method. The maximum principal stress of simulation model is 

processed by the two-parameter Weibull distribution and plotted by Minitab. 

The comparison between experiment results and simulation results shows that 

the experiment curves and simulation curves match each other in the upper region of 

failure probability closely. However, the simulation curves sometimes overestimate 

the FOWLP failure probability in the lower region of failure probability compared 

with the experiment curves. However, the outcome of applying ANSYS simulation 

software to evaluate the FOWLP strength is ideal and satisfactory. The current 

simulation models have the potential to replace the experimental method to 

implement the evaluation work of FOWLP strength. The simulation method has the 

advantages of stability, minimal environment effect and saving workforce and time. 

The simulation model also can be further developed to implement the more 

complicated evaluation work of FOWLP strength. 

We propose a new FOWLP and this FOWLP has the over-molded structure. 

We only use the simulation method to evaluate the strength of this new FOWLP 

specimen. The proposed FOWLP size is 8.09 mm × 8.09 mm and its die size is 5.11 
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mm × 5.11 mm. The thicknesses of silicon die and package are 150 μm and 210 μm 

respectively. Hence the thickness of over-molded layer is 50 μm. 

The simulation result shows that the flexure strength of proposed FOWLP is 

higher than the flexure strength of other FOWLP specimens with the same thickness. 

The reason is the shifting of bending neutral surface. The proposed FOWLP has the 

minimum distance between the neutral surface and the lower surface of silicon die 

compared with other specimens. Therefore, the lower surface of silicon die of 

proposed FOWLP suffers the minimum tension stress in the 3PB test and thus the 

flexure strength of proposed specimen is high. The assembly process of proposed 

specimen only has a minor modification to the current process, and there are not any 

special or new processes added. However, the assembly process of proposed 

specimen needs attention to the silicon wafer grinding process. The grinding process 

quality is critical because the silicon die of new specimen is very tiny. There is an 

issue when we apply displacement method to evaluate new simulation models. The 

effective displacement range is uncertain. This problem should be considered in the 

future work. 

 

7.1.3 CONCLUSIONS OF DEVELOPMENT OF 

THEORETICAL MODEL OF FOWLP STRENGTH  

Two new theoretical models of FOWLP strength are proposed. These models 

are based on the location of initial fracture point. According to the fracture analysis 

results, the initial fracture point of FOWLP always appears on the silicon die surface 

or silicon die edge. There are three typical FOWLP structures, and their differences 
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are the silicon die backside. The silicon die backside could be protected by the EMC 

and BSP tape, and it also could be exposed. However, the silicon die periphery is 

always encapsulated by the EMC and thus the initial fracture points of FOWLP only 

can appear on the package interior or package surface. Therefore, two theoretical 

models of FOWLP strength are proposed. 

The comparison of FOWLP strength models with experiment results and 

simulation results shows that the differences between specimen experiment results 

and simulation results are small. However, all the FOWLP strength models 

underestimate their corresponding specimen flexure strength in the lower region of 

failure probability. The underestimated phenomenon often occurs in the two-

parameter Weibull distribution model, and this is the shortcoming of the two-

parameter Weibull distribution. The proposed FOWLP strength models are derived 

from the two-parameter Weibull distribution and thus they also show the 

underestimated phenomenon more or less. One of the specimen strength models 

underestimates both experiment and simulation results in the lower region of failure 

probability too much. The reason may be the experiment errors. There is a data point 

far away from the major stream of data point too much. This data point should be an 

experiment error. The simulation results somewhat overestimate the experiment 

results in the lower region of failure probability. The reason may be the assembly 

process effect is not taken into account in the simulation model. 

A new theoretical model of FOWLP fatigue crack growth is proposed. The 

new model adds the effect of thermal factor on the fatigue crack growth compared 

with the normal fatigue model, and it is based on Paris law. The crack may grow up 

in two conditions in a FOWLP. The first condition is the external force. This 

phenomenon has been described by Paris law. The second condition is the internal 
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force. The FOWLP is made up of various materials, and various materials have the 

different CTEs. The mismatched CTE leads to differences in the expansion and 

shrinkage of different materials. The outcome is the wafer warpage or package 

warpage. The difference of FOWLP standby temperature and working temperature 

leads to the package deformation. The microdeformation generates the internal force 

to accelerate the crack propagation. Therefore, the external force does not affect the 

fatigue growth lonely for the FOWLP. We should add the thermal effect factor to 

Paris law for the FOWLP fatigue crack growth model. A binomial fatigue crack 

growth model should be more accurate and more suitable to the FOWLP. However, 

there is not any experiment to verify this model. 

 

 

7.2 MAJOR CONTRIBUTIONS 

The major contributions of these studies include: 

 Implementing the detailed evaluation of FOWLP strength by the three-point 

bending test method. 

 Explaining the effect of FOWLP structure and passivation on the FOWLP 

strength. 

 Performing fracture analysis of FOWLP after the three-point bending test. 

 Investigating the effect of thermal process and thermal reliability test on the 

FOWLP strength. 
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 Evaluating the effect of epoxy molding compound on the FOWLP strength by 

the three-point bending test method and Vickers hardness test method. 

 Investigating the effect of package dimension, geometry and PCB bar on the 

FOWLP strength. 

 Confirming the effect of wafer grinding process on the FOWLP strength. 

 Applying finite element method to simulate the evaluation work of FOWLP 

strength. 

 Exploring the effect of mesh element size on simulation results. 

 Proposing over-molded structure FOWLP to enhance the package strength 

and minimize the number of wafer grinding process. 

 Proposing and validating FOWLP strength models. These models are based 

on the location of initial fracture points. 

 Proposing the FOWLP fatigue crack growth model. This model additionally 

considers the effect of thermal factor on the FOWLP fatigue crack growth. 

 

 

7.3 FUTURE WORK 

There is much detailed research about the silicon strength over the years. 

However, the research about the package level strength especially the FOWLP 

strength is little and limited. The FOWLP becomes more and more popular, and it is 

widely used to the volume sensitive electronic devices. Therefore, the FOWLP 
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strength is meaningful and valuable to be studied. The recommended future studies 

of FOWLP strength include: 

1. Evaluating the effect of redistribution layers on the FOWLP strength. 

The redistribution layer is a critical component of FOWLP. The redistribution 

layer is used to expand the circuits of core silicon die. The redistribution layers are 

lithographed with passivation layers alternately, and there are two redistribution 

layers and three passivation layers typically. The layout of redistribution layer 

depends on the package design, and there is not any universal design of redistribution 

layer. The material of redistribution layer is copper. Copper is a ductile material, 

while the silicon die and epoxy molding compound are brittle materials. Therefore, 

the effect of redistribution layer on the FOWLP strength is interesting and worth to 

be studied. 

2. Optimizing and expanding the current simulation work. 

The application of finite element method could save much time and 

workforce compared with experiment method. However, the simulation work still 

has the space to be improved. The effect of package assembly process should be 

considered in the future simulation work. The assembly processes such as the 

backside protection tape lamination process and passivation layer lithographing 

process need to cure the wafer by the high temperature. The curing process should 

affect the FOWLP strength. The thermal factor should be counted while optimizing 

the simulation model. The simulation model also can be further developed. One 

proposed plan is to add the long-term reliability test (temperature cycling test or high 

temperature storage test) to the specimen before starting the three-point bending test.  
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3. Validating the proposed FOWLP fatigue crack growth model. 

The crack may grow up in two conditions in a FOWLP. The first condition is 

the external force. This phenomenon has been described by Paris law. The second 

condition is the internal force. The FOWLP is made up of various materials, and 

various materials have the different CTEs. The mismatched CTE leads to differences 

in the expansion and shrinkage of different materials. The outcome is the wafer 

warpage or package warpage. The difference of FOWLP standby temperature and 

working temperature leads to the package deformation. The microdeformation 

generates the internal force to accelerate the crack propagation. Therefore, the 

external force does not affect the fatigue growth lonely for the FOWLP especially a 

working FOWLP. A binomial fatigue crack growth model should be more accurate 

and more suitable to the FOWLP.  
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