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ABSTRACT 

Quad Data Rate SRAMS (QDR SRAM) with a maximum speed of 550MHz are the latest 

technology QDRs in the market. These devices use the traditional wire-bonding 

interconnects ball grid array package technology with about 165 signal pins. There are 

next generation QDR SRAMS that are being designed which operate at speeds much 

higher than 550MHz and signal pins twice as much as that of the present QDRs. These 

new products would require a new packaging interconnect technology called Flip Chip in 

order to accommodate higher speed and increased number of signal pins. The reason for 

this is that Flip Chip shows improved electrical properties over wire-bonding 

technologies. In this thesis, we deal with the qualification of Flip Chip interconnects 

technology for a higher pin count device.  
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CHAPTER 1 

INTRODUCTION 
 

1.1 IC Assembly [1] 
 

Integrated circuit assembly is an important process step of semiconductor manufacturing. 

The step involves singulation of the semiconductor dice from the wafer and assembling 

them into a package so that they can be used in the system level application. The ceramic 

and plastic packages are the common materials the packages are made up of.  The 

representation of the package cost from the total IC cost ranges from 3% to 30% 

depending on the package type, die type and the testing cost [2]. The typical cycle time 

for an IC assembly process to finish is 1 week to 2 weeks before the IC goes into market 

for sale.  

 

1.2 History – Package Types [3] 
 

Ceramic flat packs were used for IC packaging in the early years. Now, this is mostly 

being used by the military as the ceramic packages are reliable and also come in a small 

size. The flat packs were replaced by dual in-line package (DIP) by the commercial 

industries. Initially, they came in ceramic packages, later it came in plastic. As the pin 

counts of the semiconductor devices exceeded the limit that can be handled by DIP, pin 

grid arrays (PGA) and leadless chip carrier (LCC) type packages began to be used in 

1980s.  

In the late 1980s, surface mount technology became popular. The surface mount package 

occupied about 30 – 50% less area and a 70% less thickness than a comparable DIP. For 

devices with high pin counts, plastic quad flat pack (PQFP) and thin small-outline 

packages (TSOP) became popular in late 1990s. Though the ball grid array packages 

(BGA) have existed since 1970s, the Flip Chip BGAs (FCBGA) came into existence only 

in the 1990s.  

 

http://en.wikipedia.org/wiki/Dual_in-line_package
http://en.wikipedia.org/wiki/PQFP
http://en.wikipedia.org/wiki/Thin_small-outline_package
http://en.wikipedia.org/wiki/Thin_small-outline_package
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1.3 Requirements of an IC Package [1] 

 To provide electrical interface from the die to the outside world  

 To provide protection from environment  

 To provide good thermal management (placement of heat sinks) 

 

1.4 Steps during IC Assembly [3] 
 

IC Assembly consists of three main steps: 

 

 Die attachment – where the die is attached to the substrate using adhesives or 

underfill.  

 Bonding or interconnection – where the electrical connections are made between 

the bond pads on the active surface of the die to the pads on the substrate.   

 Encapsulation – where the active surface of the die is covered using materials like 

epoxy resin.  

 

Out of the three, IC Assembly bonding is the most important step since it also defines 

other IC assembly process steps. For example, if it was wire bonding, the encapsulation 

covers the active surface of the die unlike in Flip chip where the encapsulation goes in 

between the die and the substrate as the die is flipped.  

 

1.5 IC Assembly Bonding [1] 
 

The die to substrate interconnection is brought about by three primary technologies 

namely Wire bonding, Tape automated bonding (TAB) and Flip Chip bonding 

technologies. Figure 1.1 shows the different types of assembly interconnect technologies.  
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Figure 1.1: Different Types of Assembly Interconnect Technologies [1] 

 

 

1.5.1 Wire Bonding [1] 

 

Bond wires made of fine metal such as Aluminium, Copper or Gold are attached between 

each of the I/O pads on the chip, one at a time to the package substrate.  The two major 

types of wire bonds are Gold ball bonding and Aluminium Wedge bonding, although ball 

bonding dominates the technology. Gold wire (12.5um and above in diameter) is bonded 

using ultrasonic bonding between the bond pads on the die and the corresponding pads on 

the package.   

 

Wire bonding has the lowest electrical performance amongst all IC assembly 

technologies. This is because the wires that are used for interconnecting the chip and 

package substrate are long and therefore adds on to the line impedance and signal delays. 

For this reason, the wire bonding interconnections cannot be used for high speed 

applications. Nevertheless, it is a very reliable and flexible assembly technology.  
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1.5.2 Tape Automated Bonding [4] 

 

It is also called as TAB, is the process of attaching a die on a flexible tape. This tape is 

usually made of a polymer material, like polyimide.  The bonding sites of the die are 

connected to the fine conductors on the tape through gold or solder bumps. These bumps 

are called Inner lead bonds (ILB). The tape connects to the package substrate through 

copper leads called the Outer lead bonds (OLB). TAB interconnections have better 

electrical performance than wire bonding because of short lead lengths between the die 

and the substrate. Though TAB has better electrical properties than wire-bonding, it still 

is not used widely because of the following reasons: 

1. Package size gets larger as the I/O pin count increases 

2. The infrastructure for the making TAB packages is less  

3. Capital cost for the packaging equipment is high 

 

1.5.3 Flip Chip Bonding [1] 

 

In Flip chip technology, the IC is connected to the package substrate by having the active 

side of the die facing towards the substrate (the die is flipped). The basic parts of a FC 

package consist of an integrated circuit, an interconnection system, and a package 

substrate. The flip chip interconnection system consists of four main functional 

components which are under bump metallization (UBM), solder bumps, under fill 

encapsulation and substrate metallization. 

 

Flip Chip bonding provides minimal impedance and signal delays as they have the 

shortest die to substrate bonding. The reliability of the Flip Chip technology varies from 

highly reliable to adequate depending on the materials with which the package is 

constructed. Figure 1.2 shows the components of a typical Flip Chip package. 
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Figure 1.2: Components of a Typical Flip Chip Bonded package 

 

1.5.3.1 Advantages of Flip Chip  

 

1. Superior high frequency performance   

2. Short interconnect length leading to less parasitic inductance  

3. Low DC resistance power delivery  

4. Low thermal resistance (high thermal conductivity)  

5. High I/O density and count  

6. Low cost compared to other technologies using gold for bonding  

7. Small form factor (package size)  

 

1.5.3.2 Disadvantages of Flip Chip [5] 

 

 Requires additional processes like wafer bumping and underfill encapsulation 

 Requires additional equipments for the above mentioned process steps 

 Rework that would be required after encapsulation is difficult 

 As the short connections are very stiff, the CTE of the die must be matched to the 

substrate joints, otherwise the die could crack.  

 

.   
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CHAPTER 2 

PURPOSE OF THIS QUALIFICATION 

 

2.1 What is Qualification? [7] 
 

Whenever a product, process or package type is changed, it is required to validate that 

these changes did not affect the functionality and reliability of the final product. The 

devices are subjected to a baseline of acceptance tests which are capable of stimulating 

device and packaging failures. These failures are stimulated in an accelerated manner as 

compared their normal use conditions.  The motive behind any qualification project is to 

look for any new and unique failure modes, and also to look for any situations where the 

stress tests will induce invalid failures. 

 

2.2 Quad Data Rate SRAM 

Memory devices are semiconductor units that are capable of retaining digital data. 

Depending on whether the memory loses its contents upon power removal, it is divided 

into volatile and non-volatile memory. Volatile being the type which loses and non-

volatile being the one which does not lose its contents. The volatile memory is divided 

into static and dynamic.  

 

Unlike dynamic memory, static memory does not have to be refreshed periodically. It 

also runs faster than the former type of memories.  There are two types of SRAMs – 

Synchronous and Asynchronous. The asynchronous SRAMs do not have a clock signal 

which can control when the data input and output signals are transferred. The data output 

comes out after a delay with the data input signal. But in synchronous SRAM, there are 

clock signals which can control the timing of the data input and output signals because of 

which the frequency with which the signals are transferred can be increased. Hence Sync 

SRAMs are faster than Async SRAMs.  
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Sync SRAMs are available in two types – Double Data Rate (DDR) and Quad Data Rate 

(QDR). In both DDRs and QDRs, the read and write signals are transferred on both the 

rising and falling edges of the clock. This increases the frequency with which the device 

can be used. But in DDR, there is only one data bus which transfers the read and writes 

data (common I/O), unlike in QDRs where there are two separate I/O buses for data 

transfers. Hence in QDRs it is possible to transfer four words of data in one clock cycle, 

unlike two in double data rate.  

 

2.2.1 Existing QDR 

QDR, QDR-II and QDR-II+ are the QDRs that are present in the market today for 

networking and communication applications. These are available in speeds of 167MHz, 

333MHz and 550MHz respectively. All of these QDRs used a 165 BGA package with the 

traditional wire-bonding technology. Wire-bonded devices were examined for wire 

fracture and package fracture failures under X-ray inspection.  

 

2.2.2 Upcoming QDR  

The upcoming next generation QDR has a more complex design than the current products 

with high density memory cells. Owing to which, there are a large number of signals 

coming from the die which needs special routing in order to bring out all the signals to 

the package pins. The number of package signal pins in the new product is twice as much 

as that of the earlier products. This product operates at a frequency much higher than the 

previous products and the number of clocks present in this product is also more.  

 

The die size of this product follows a much larger geometry than the previous QDRs 

corresponding directly to the increased performance of this device and routing capability 

during the design of the die. At the wafer fabrication level, an extra metal layer stack and 

thicker Aluminium redistribution layer have been implemented in the upcoming QDR for 

lower impedance in order to the meet the new product‟s requirements (high frequency).  
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There is a need to incorporate the additional step in the wafer fabrication technology 

called NSM which goes around the perimeter of a die with totally different geometry, 

extra metal stacks and a thicker Aluminium layer.  

 

There is a requirement of changing this packaging technology to Flip chip due to the 

following reasons.  

 

Flip Chip allows the I/O signals to be distributed over the whole die area rather than 

being concentrated only to the periphery of the die. This feature provides the advantage 

of designing the die with power and ground distributions. As a result of which there is 

improved signal integrity. This is particularly helpful when the device requires 

performing at high speed [8].  

 

As there is more routable area owing to the I/O signals being distributed over the entire 

die, the package can be used for devices with higher pin counts as compared to the other 

types of package which has limitations on the number of pin counts.  

 

Since the assembly interconnect technology has transitioned from the traditional wire-

bonding technique to Flip-chip, there is quite a need to qualify the new package type. The 

goal of this project is to qualify the new package type for an existing product (pre-

engineering qualification). Engineering qualification is when the new package type will 

be qualified for the new product.  

 

The various failure mechanisms that could result as a consequence of changing the 

package type: 

 Die crack  

 Substrate pop corn crack 

 Electrical Continuity failures due to underfill delaminations or an open bump 

 

In this project, we use acoustic microscopy and cross-sectioning for examining these 

failures in the Flip Chip devices. This project is a team effort which consists of product 
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engineers, packaging engineers, a reliability engineers and a test engineer. My role as a 

product engineer in this project is to understand the Flip Chip assembly process, to 

involve in the manufacturing qualification of the process parameters before running the 

stress driven package qualification, understand the techniques used for qualification, 

analyzing the failures after stress and to interact with the packaging and reliability 

engineers to make important decisions. The role of the packaging engineer is to interact 

with the sub contractor facility to build the devices and characterizing bumping process 

and assembly process of Flip Chip. The reliability engineer‟s role is to decide the overall 

qualification plan and to decide the cross section requirements for the new package. The 

test engineer‟s role was to code the Advantest T5593 for testing the device electrically.  
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CHAPTER 3 

DESIGN OF EXPERIMENTS AND THE PASS/FAIL CRITERIA 

 

3.1 Pre-engineering Qualification  

The goal of this project is to do pre-engineering qualification of the new assembly 

process. Pre-engineering qualification is divided into two phases – Phase I and Phase II. 

Phase I of the qualification uses dummy or non-functional devices whilst Phase II uses 

functional devices. 

 

Pre-engineering Qualification is qualifying the BGA package with high pin counts 

(meant for the upcoming QDR device), and the die that is used for this stage of 

qualification is an existing QDR whose functional characteristics are already known to 

us.  

 

Engineering Qualification is the next stage which involves qualification of the same BGA 

package with high pin counts and the die that is used in this stage is the upcoming QDR 

with speed much higher than the existing QDR.  

 

By this way, we are introducing one variable at each stage of qualification. From the 

results of each stage of qualification, we can decide what caused the failure (if any) based 

on the variable introduced at that stage.  

 

3.1.1 Phase I 

The dummy units do not have any CMOS circuits, but includes only di-electric layers and 

a metal layer. The purpose of this dummy wafer is primarily to qualify materials in the 

package, as the functional wafers will add an extra variable namely „electrical 

characteristics‟. Avoiding the variable in the first step of qualification will help identify 

the correct root cause of failures (mechanical or electrical, if any). Figure 3.1 shows the 

image of the non-functional device used in Phase I Qualification.  
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Figure 3.1: Image of the Non-functional Device 

 

The materials used in the package/process that needs to be qualified are:  

 Solder Flux Material  

 Underfill Material  

 

3.1.1.1 Solder Flux Material  

It is used to attach the die (Solder Bumps) to the C4 (Flip chip is otherwise known as 

Controlled Collapse Chip Connection) pads of the substrate in the Flip Chip bond stage 

of the assembly process. There are two types of fluxes that need to be considered for 

qualification: Type A and Type B. Figure 3.2 shows the Flip Chip Assembly process and 

the step where Solder Flux Material is used.  
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Figure 3.2: FC Assembly Process shows where Solder Flux is used [5] 

 

Flux- A (dipping version) 

 Dipping flux will cover the whole C4 area  

 The dipping flux together with die attach is the common process for flip chip 

bonding. The material/process cost is lower and the productivity is higher.  

 The dipping only process usually has a little bit higher open/shorts problem for 

larger die size or high lead bump devices.  

Figure 3.3 shows the effects of Dipping Flux on C4 pads on the substrate.  
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Figure 3.3: Dipping Flux - Covers Whole C4 Area 

 

 Flux - B (Jetting version + dipping version) 

 Jetting flux will only cover C4 pads. 

 The Jetting flux and dipping flux together with the die attach is widely used for 

large die package and high lead bump package. The process cost is higher. 

 Additional Jetting flux with much wider flux coverage is considered as a solution 

to decrease non-wetting (where the solder in the bump does not adhere well to the 

C4 pads on the substrate) and cold joint (where the temperature during fluxing is 

not brought above the melting point of the solder).  

Figure 3.4 shows the effects of Jetting Flux on C4 pads on the substrate.  

 

 

Figure 3.4: Jetting flux - Covers Only C4 Pads on Package Substrate 
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3.1.1.2 Underfill material [9] 

The space between the die and substrate is filled with a non-conductive adhesive, joining 

the entire surface of the die to the substrate. Underfill materials are composed of organic 

polymers and inorganic fillers. The organic polymer used for most underfills are 

thermosets. A thermoset is a polymer material that irreversibly cures (Curing is a process 

in which polymer material are hardened by cross-linking of the polymer chains. Curing is 

done by adding chemicals, exposing to UV, electron beam or heat). Epoxy is the most 

commonly used thermoset for underfills. The hardener used for the underfill is 

anhydrides. The epoxy and anhydrides together make the thermoset polymer.  

 

Relationship between Filler Content and CTE 

Polymers usually have a high Coefficient of Thermal Expansion (fractional change in 

size per degree change in temperature at a constant pressure). Underfill which contains 

only the polymer will have a CTE that is three times greater than that of the solder joints 

in a package.  

 

This means that the solder joint will experience tension when the package is heated and 

compression when it is cooled. This way destructive force is placed on the solder joints. 

Hence it is important for the underfill to have CTE closer to that of the solder joints. 

 

Hence fused silica is added to the polymer material. This is because fused silica has low 

CTE. It is also compatible with the silicon die, has excellent dielectric properties and high 

chemical and thermal stability.  

 

As the filler content (by weight) is increased in the polymer material, the CTE of the 

underfill reduces linearly as shown in Figure 3.5.  

 

http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Curing_(chemistry)
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Figure 3.5: Graph -Filler Content vs. CTE [9] 

 

Relationship between Glass Transition Temperature and CTE  

Glass Transition Temperature (Tg) is a temperature above which there is enough heat to 

the extent that the polymer chains in the underfill material move slightly apart due to 

increased molecular motion and gain additional degrees of freedom. This increased 

molecular motion causes the CTE to increase. The CTE of the underfill material above 

Tg called CTE 2 higher than the CTE below Tg, CTE 1 . The higher CTE will cause 

failures in the package which is undesirable. Figure 3.6 shows the Flip Chip assembly 

process and the step where underfill material is used.  
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Figure 3.6: FC Assembly Process - shows where Underfill is Used [5] 

 

There are two underfill materials that need to be considered for qualification. These are 

Underfill- A and Underfill-B. Table 3.1 shows the difference between the two underfill 

materials.  

 

Table 3.1: Difference between the Underfill Materials 
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There are two types of Solder Flux materials and two types of underfill material that 

could be used for building a flip chip BGA package. Four experimental cells were 

designed to determine which Solder flux material and underfill material has to be used for 

the final product as shown in Table 3.2. 

 

Table 3.2: Design of the Experiments Conducted 

 

 

3.1.2 Phase II 

Table 3.3 shows the overall Pre-engineering Qualification plan for Phase II. The sample 

size for this qualification is based on the pass/fail criteria section which comes later in 

this chapter. Although LTPD=10 column was used, 30 dice were chosen for each TV for 

each stress as the number of dice that were built was more than required and it was 

planned to use all of them. 

 

Table 3.3: Overall Pre-engineering Phase II Qualification plan  

 

 

The main difference between Phase I and Phase II Qualification is that the latter uses 

electrically functional units. Functional units are built from wafers with CMOS circuits. 
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This gives us an edge over Phase I, as we can also test the parts electrically to make sure 

the new package has no impact on the electrical behavior of the die inside.  

 

Phase II also introduces another variable, a change in the wafer fabrication technology 

called Nitride Seal Mask (NSM). 

 

3.1.2.1 Nitride Seal Mask concept [6] 

 When devices are stored in high humidity environments for an extended period of time, 

there could be moisture absorption which could lead to die edge delamination. This 

defect “die edge delamination” means there is a separation that has occurred in the edge 

of the die (doped oxide layer) due to the moisture absorption. The oxides swells, 

delaminates and this delamination propagates to internal active circuits and creates 

separation in the metal contacts, causing the device to be inoperable.  

 

 In this NSM concept, an impermeable moisture barrier is formed around the perimeter of 

the die by making use of the existing passivation layers. The existing passivation layers 

are a thin layer of undoped oxide, above which there is a thicker layer of nitride. There is 

also an opening in the passivation layer, to allow wire bonds to be connected to the metal 

layer inside. Figure 3.7 explains the concept diagrammatically.  

 

 

Figure 3.7: NSM Concept [6] 
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3.2 Pass/Fail Criteria [7]  

The sample size of the units from each TV for each stress was decided based on the 

JEDEC standard for stress-test-driven qualification of integrated circuits.  

 

There is a concept called acceptance sampling which is used to determine the pass/fail 

criteria. This sampling method is used to avoid doing 100% inspection and also to avoid 

not doing any inspection at all [10]. Some representative samples are selected from a lot 

and they are tested. Based on the results of the test, decision will be made to accept or 

reject the lot. This method is known as an acceptance plan or sampling plan.  

         

Sampling plans can be single, double or multiple [11].   

 

 Single sampling plan 

A sample of size n is selected from the lot. If the number of rejects after the test is    

lesser than the acceptance number, c then the lot is accepted. Otherwise, it is rejected.  

 

Double sampling plan 

This is implemented when there is no decision made after testing of the first sample. In 

this case, a second sample is taken and a final decision is made after combining the 

results of the both samples.  

 

Multiple sampling plan 

This plan is implemented when more than two samples are required to make a final 

decision.  

 

Figure 3.4 shows the sampling size for a maximum % defective at a 90% confidence 

level. Lot Tolerance Percent Defective (LTPD) of a sampling plan is the quality level that 

is generally rejected by the sampling plan. It can also be said that the number of 

defectives per hundred devices (expressed in percentage) that will be rejected by the 
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sampling plan 90% of the time. The number of defectives per hundred devices denotes 

the quality level. The quality level increases horizontally across the LTPDs.  

 

LTPD = 1 column is the most qualitative in the table and the LTPD = 10 column is the 

least qualitative. For example, a chosen sample size of 153 can fall under LTPD = 7 

column (c=6) as well as LTPD = 1.5 column (c =0). If the quality engineer chooses to go 

with an LTPD = 7 column, we are compromising on the quality of lots, as this one allows 

6 rejects, whereas LTPD = 1.5 is more qualitative and allows 0 rejects from the sampling 

plan.  

 

Another example could be given to understand this table better. If we consider the sample 

size 181 under LTPD = 10 column and sample size 1782 under LTPD = 1 column, we 

notice that the sample size is higher for the former than the latter, this makes sense as for 

the LTPD = 10 column, 12 rejects are allowed for a less sample size of 181, whereas 

only12 rejects are allowed for a sample size much larger for the LTPD = 1 column, 

making this column more qualitative than the former.  

 

At the beginning of a qualification, the quality engineer decides which LTPD to go with 

based on the customer quality requirements. Based on the sample size available, the 

number of rejects is then decided. For example, the quality engineer decides to choose 

LTPD = 2 column and we have built 200 devices. Hence we will go with sample size of 

194 devices with the number of rejects allowed is 1 per lot. The number of rejects 

allowed for a particular sample size is acceptance number (c).  

 

We can make a confidence statement that is related to the LTPD. If a lot passes the 

sampling plan, then the lot quality level is said to be better than the LTPD with 90% 

confidence. Similarly, if the lot fails the sampling plan, then the lot quality level is said to 

be worse than the LTPD with 90% confidence.  
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The package qualification of the new product follows a maximum 10% defective (LTPD 

=10) analysis. The quantity of devices selected for the reliability tests are 22/TV. This 

means that 0 rejects is allowed for each TV according the LTPD=10 column in the Table 

3.4. If the number of defectives is greater than 1, then the lot can be rejected with 90% 

confidence level.  

 

   Table 3.4: Sample Size for a Maximum % Defective at a 90% Confidence Level [7] 
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CHAPTER 4 
 

TECHNIQUES USED IN QUALIFICATION 
 

This chapter deals with the techniques that are used in qualification of the FC package for 

the new product. Firstly, the technique which is used to measure the Warpage of the 

package is discussed. This measurement is done in Phase I of the pre-engineering 

qualification. Secondly, the stress tests such as MSL3 pre-conditioning, Temperature 

cycling and Pressure cooker test are discussed. These tests are done in both Phase I and 

Phase II. Thirdly, the technique used for verifying the devices‟ electrical functionality is 

discussed. Lastly, the techniques used to locate the physical failures in a package, such as 

CSAM and cross section analysis are discussed. 

 

4.1 Warpage Measurement Technique (Phase I) [12]  
 

Warpage is the out-of-plane displacement of a semiconductor package. The stress present 

in the package interfaces due to reasons like different CTE of the materials causes the 

package to bend from the original planar surface. This could lead to electrical failures in 

the package as the bonding between the die and the substrate could have been misplaced 

due to the displacements. This makes it important to measure the warpage of a 

semiconductor package.  

 

A technique called Shadow moiré is used to measure the warpage. The method mainly 

uses the following apparatus to perform the measurement:  

1. Quartz glass etched with equally spaced parallel lines 

2. White light source  

3.  Camera  

 The quartz glass is placed parallel to the IC package whose warpage needs to be 

measured. A beam of white light is directed onto the grated glass plate. The white light is 

used only for illumination. Shadows of the etched lines are formed on the top surface of 

the package. The geometric interference between the actual etched lines and their 

shadows on the package surface forms moiré patterns which is viewed from a different 
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angle. The moiré patterns are formed only when the package is curved or bent. If the 

package is not curved, then moiré fringes will not be produced.  

 

The moiré pattern is formed as a result of superimposing two images that have similar 

spatial frequencies. It contains bright and dark fringes. The bright fringes are produced 

when the etched lines on the glass plate fall directly on their shadows, similar to 

constructive interference. The dark fringes are produced when the etched lines on the 

glass are out of phase with their own shadows, similar to destructive interference. Figure 

4.1 is an image of how a typical moiré fringe of a BGA package will look like. Figure 4.2 

explains the setup for the warpage measurement.  

 

                              

                                                    

Figure 4.1: Moiré Pattern of a BGA Package [12] 
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Figure 4.2: Warpage Measurement Setup [13] 

 

In this diagram, z is the distance between the package and the grated glass plate,  p is the 

spacing between the grating lines, N is the fringe order which is the number of grating 

lines between points A and B,   is the illumination angle and   is the observation 

angle. We are interested in measuring the z (warpage), the distance between the grated 

plate and the package at the four corners and also at the center. Then, the average of the 

distance from the four corners are taken and subtracted from the distance from the 

package center.  

 

The sign of the convex warpage is defined as plus (+) while the sign of the concave 

warpage is defined as negative (-) as shown in Figure 4.3. This sign convention holds 

good for the top surface of the package (die side). There is no distinctive difference 

between the moiré patterns produced by the packages with convex warpage and that 

produced by the packages with concave warpage. 
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Figure 4.3: Sign Convention for Convex and Concave Warpage [14] 

 

This distance measurement follows an equation, which is 

 

 tantan 


Np
z        [13]             (4.1) 

 

N is the fringe order that can be found from phase. It is given by: 

 

       2/N               [12]             (4.2) 

 

Where N = fringe order  

              = Phase value in the fringe patterns  

 

The warpage measurement is computer controlled which retrieves information from 

camera, analyzes and stores it. The software called Akrometrix Studio 4.0 was used in 

this project to perform the analysis. 

 

The software employs a technique called phase-stepping which is used to convert the 

moiré fringes into 3-D surface plots. In this technique, the reference grating is moved 

from the package under measurement. By doing so, the moiré patterns that are produced 

become phase shifted. Three or more such phase shifted fringe patterns are produced. 

These fringe patterns are wrapped into a single phase image. The direction of package 

warpage is determined from the shifting in the fringes in the phase-stepping technique. 

Then, the software converts the phase image into the 3-D surface plot. Figure 4.4 shows 
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the setup which is used for warpage measurement in real life. Figure 4.5 shows an 

example of 3-D surface plot generated in the computer.  

 

 

 

 

 

Figure 4.4: Setup for 3-D Contour plots Generation [15] 

 

 

 

 

Figure 4.5: An Example of a Typical 3-D Contour Plot [16] 
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In Figure 4.5, the average of the displacement from the four corners is taken and 

subtracted from the centre displacement which gives us 78um coplanarity. The upper 

spec limit for the package coplanarity for BGA is 203.2 um (8 mils) according to JEDEC 

standards [15].  

 

The sample and the grating are enclosed in a thermal enclosure and the sample is heated 

by a heating element to various temperatures. The temperature is measured using 

thermocouples. Figure 4.6 shows an example of the warpage vs. temperature graph for a 

device which is dry and for the same device post MSL3. The x-axis in the graph 

originally denotes the time during which the package was exposed to a particular 

temperature. It is seen from the graph that the package has curved across the temperature 

changes post MSL3 soak. Figure 4.7 shows the temperature profile below shows the 

duration of exposure of the package to a particular temperature. Process 1 in the figure is 

the actual process which measures the displacement at the corresponding measurement 

points in the desired profile. 

 

 

 

Figure 4.6: Warpage vs. Temperature Graph [14] 
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Figure 4.7: Package Body Temperature vs. Time [14] 

 

 

4.2 Techniques used for Stress Tests (Phase I and Phase II) 
 

The devices have to undergo stress tests for qualification of the packaging materials.  

 

4.2.1 MSL3 Pre-conditioning Technique [17, 18] 

 

The following describes the ovens, chambers and other equipments used in this 

technique: 

 

 Bake Oven capable of operating at 125 +5/- deg C. 

 Temperature Cycle Chamber capable of operating – 65 deg C to 150 deg C   

 Moisture chambers capable of operating at 85C/85% RH, 85C/60% RH, and 

30C/60% RH (Cincinnati Subzero Z-8) 

 Solder reflow equipment - Vitronics Isotherm hot air convection oven or 

equivalent 

 Ultrasonic Cleaner with frequency of 20-40 KHz 
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 Optical Microscope. 40X magnification for external  

 

Moisture sensitivity level (MSL) is the time period for which an IC package can be 

exposed to ambient conditions.  It follows an electronic standard, specified by JEDEC.  

 

The IC packages could be damaged when the moisture trapped inside the package 

expands during surface mount reflow (where the packages are directly mounted on to the 

printed circuit boards). This will lead to die cracks, internal cracks and internal 

delamination. In extreme cases, the package will bulge and pop. This is known as 

“popcorn” effect. Table 4.1 shows the different Moisture Sensitivity Levels. 

 

Table 4.1: MSL Levels [18] 

 

 

There are eight different MSL Levels which are classified based on the varying degrees 

of popcorn cracking tendency. As the MSL level number increases, the tendency towards 

moisture-prone failures are more. MSL1 is immune to pop-corn cracking, while MSL5 

and MSL6 are more susceptible to those failures.  
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Floor life is the time during which the semiconductor device can be exposed to moisture 

at the end user‟s facility.  

 

The MSL pre-conditioning technique is used to simulate the ambient conditions for a 

device for a specified time period. The time period usually is the floor life for the device 

added to 24 hours. The 24 hours is the time during which the device is exposed to 

environment before sealing in an anti-static plastic bag at the assembly process site.  

 

MSL3 is the most commonly used moisture sensitivity level for most packages. Hence it 

was chosen for this project which has a moisture soak time of 192 hours with conditions 

30°C/60%RH.  

 

Following the moisture soak conditions, the device is exposed to solder reflow. This 

technique simulates the process of mounting the device on the PCB at the end user‟s 

facility.  The peak reflow temperature and the reflow temperature profiles for the device 

in this project was decided and implemented based on JEDEC standards (Refer 

appendix).  

 

A device is considered to be a failure if one or more of the following incidents happen: 

1. Failures after electrical testing 

2. Failures seen under acoustic microscope such as die cracks and internal 

delaminations. 

 

4.2.2 Temperature Cycling Technique [19] 

The chamber used for this technique is called as Temperature Cycle Chamber Espec 

TSE-11-A. Following MSL technique, the device is subjected to stress tests. The purpose 

of these stress tests is to evaluate the resistance of the device to the different type of stress 

conditions namely temperature cycling (extreme temperatures), thermal shock (sudden 

changes to extreme temperatures) and pressure cooker test (severe temperature and 

humidity conditions) etc. This project deals with the temperature cycle test after MSL.  
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Temperature cycle test (TCT) is a stress test which is done to determine the resistance of 

a device to extreme high and low temperatures and also to determine their ability to resist 

the cyclical exposures to temperature extremes. According to JEDEC standards, there are 

eleven test conditions of different high and low temperatures which can be used in this 

technique for a particular device type as shown in Table 4.2. 

 

Table 4.2: Temperature Cycle Test Conditions [19] 

 

 

Test condition C (having the most extreme temperatures) was used for this project, as it 

commonly used for BGA packages. The temperature profile and the terms used in this 

stress test by JEDEC are listed in the appendix.  

 

A device is considered to be a failure if one or more of the following incidents happen: 

1. Electrical test failure 

2. Failures seen under acoustic microscope such as die cracks.  

 

An internal delamination is not a failure after the stress test if the devices pass 

electrically.  
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4.2.3 Pressure Cooker Technique [20]  

The chamber used for this technique was Tabai Espec Pressure Cooker TPC- 410. 

Pressure Cooker test (PCT) is performed to determine the ability of an IC package to 

withstand severe conditions of temperature, humidity and pressure. According to JEDEC 

specification, the package is subjected to 121+/- 2 ˚C, 100% RH and 15PSIG for 

specified number of hours. A device is said to be defective if one or more of the 

following events happen: 

1. Electrical test failures 

2. Failures seen under acoustic microscopy such as die cracks.  

 

4.3 Techniques used for verifying Device Functionality 
 

4.3.1 Electrical Tests [21] 

 

Advantest T5593 is the ATE which was used to verify the device functionality prior and 

post stresses. Figure 4.8 shows the functional block diagram of the tester.  

 

 

Figure 4.8: Block Diagram of Advantest T5593 [21] 
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Where,  

 TP: Tester processor 

 TG: Timing generator 

 ALPG: Pattern generator 

 PDS: Data selector 

 FM: Failure analysis memory 

 SC: Logical comparison 

 FC/CLK Gen: Format control or Clock generation 

 VI/VO: VI or VO voltage generation 

 DC: DC measurement unit 

 PPS: Device power supply 

 

This ATE is generally used for testing high speed memory products. The tester has been 

designed to evaluate the characteristics of the next generation semiconductor memories. 

Some of these characteristics include power supply shorts, continuity, leakage, gross 

functionality and their functionality at speed.  

 

The new generation VLSI memories require: 

1. to be tested at speeds higher than 500MHz.  

2. High fault detection capabilities owing to their high density memory cells. The 

memory cells in general could show faulty behavior. Some of the fault models 

like stuck-at faults, transition faults etc disrupt the normal functioning of the 

SRAM device. These are tested using test patterns (algorithms written to catch the 

memory faults). As the density of the memory cells increases, it is more prone to 

these faults, hence they require more fault detection capabilities.  

3. Higher number of tester channels to test the signal I/O pins and the multi-ports. 

T5593 has 3072 channels to accommodate the need for testing the devices with 

high signal I/O pins.  
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4. Accurate and precise control of clock skews when the memory device has 

multiple clocks. T5593 has an overall timing accuracy of  150ps and a precision 

of 100ps pk-pk skew.  

5. The traces between the tester channels and the DUT pins to be able to 

accommodate the higher current that results out of lower voltages of smaller sized  

transistors in the memory cells. T5593 can accommodate up to 500mA per device.  

 

The tester supports a parallelism of 64 devices reducing the cost of testing at speed. 

Parallelism here means that up to 64 devices can be tested at the same time. The HIFIX 

(High Fidelity Tester Access Fixture) exchange is by a socket board unit. The ATE is 

used to test the devices in this project for their continuity, leakage currents and gross 

functionality. The power supply shorts test is also done to detect high power supply 

currents upon initial power up. 

 

4.3.1.1 Power Supply Shorts Test 

The test is targeted to catch the grossest fabrication/assembly defects. A low power 

supply voltage (eg: 0.5V) is applied to the power supply pin on the DUT (device under 

test) and the current through the pin is measured to ensure that it is within the maximum 

current spec limit. The maximum and the minimum spec limits are the highest and the 

lowest value of a characteristic from a process that is acceptable. This test is done for 

three power supplies: VDD, VDDQ and VREF. VDD and VDDQ are the power supply 

inputs to the memory core and I/O of the device respectively. VREF is the static 

reference voltage input used to set the reference level for the input high and low voltages.  

 

4.3.1.2 Continuity Test 

The purpose of the continuity test is to verify the setup is proper and the electrical 

connections between the DUT and the test head are intact. The test is based on the 

voltage measured across the protection diodes. In order to protect a chip against ESD, the 

input and output pins on the DUT are connected to power supply and ground via 

protection diodes. These diodes ensure that the input and output pins cannot assume a 
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voltage level of one diode voltage drop above VDD (power) and one diode voltage drop 

below VSS (ground). Multiple input and output pins are tested at the same time.  

 

Upper Diode Test 

All DUT pins are grounded (including power supply pins). Current is sinked into the 

signal pins; the voltage across the upper diode is measured. Figure 4.9 shows the PMU 

forcing the current and measuring the voltage drop across the upper diode.  

 

 

      Figure 4.9: Upper Diode Test [22] 

Lower Diode Test 

The current is sourced from the signal pins; the voltage across the lower diode is 

measured. The measured voltages should be within the spec limits. Figure 4.10 shows the 

PMU sinking the current and measuring the voltage drop across the lower diode.  

 

 

Figure 4.10: Lower Diode Test [22] 



                                                                            Texas Tech University, Nivetha Shivan, May 2012  

36 

 

4.3.1.3 Leakage Test 

Ideally, the input pin in a DUT would have infinite impedance and no current would flow 

into or out of the pin; but in reality the input pin will have very large (finite) impedance 

which results in a very small value of current flowing into or out of the pin. This small 

current is called leakage current.  The purpose of this test is to measure this leakage 

current that flows into or out of the functional pins. This test targets to detect the physical 

defects in the DUT which is a result of the process variations.  

 

Input leakage low test (IIL) is done by applying VDDmax to all the pins and using PMU 

(parametric measurement unit) to force 0V to the individual input pins and measuring the 

resultant current. The magnitude of the measured current should be below the spec limit.  

 

Input leakage high test (IIH) is done by applying 0V to all the pins and using PMU 

(parametric measurement unit) to force VDDmax to the individual input pins and 

measuring the resultant current. The measured current should be below the spec limit.  

 

The purpose of the output leakage test is to measure the leakage current that flows into or 

out of the output pins when it is in the off state. 

 

The output leakage low test is done by making the output and I/O pins to go to tristate 

(high impedance state; making the output to go to this state allows no output signals to be 

generated) and applying 0V to the individual output pins using PMU and measuring the 

resultant current. The magnitude of the measured current should be below the spec limit.  

 

The output leakage high test is done by making the output and I/O pins to go to tristate 

and by applying VDDmax to the individual output pins using PMU and measuring the 

resultant current. The measured current should be below the spec limit.  
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4.3.1.4 Gross Functional Test 

The purpose of the gross functional test is to verify the silicon is functional. This test is 

executed with relaxed speed conditions and it checks if every pin on the DUT is 

functional and also checks the memory array for gross faults.  

 

Row bar + Column bar pattern, Write Recovery pattern and March pattern are the test 

patterns that are executed. These patterns are algorithms that are written to catch the 

faults in a memory device. A finite sequence of March elements makes a March test. The 

March element itself consists of operations that are executed in order to test each cell for 

the various memory faults [23].  

 

The tests are repeated at low power supply voltage and high power supply voltage in 

order to catch the voltage sensitive failures. The high and low VDD values have a wider 

margin as compared to the speed tests, as the intention here is to find the device that fails 

under such stressed voltage conditions.  

 

4.4 Techniques used for examining Physical Failure Locations in 

Package 

 

4.4.1 C-mode Scanning Acoustic Microscopy Technique [24, 25] 

 

Sonoscan Gen5 is the equipment used for performing acoustic microscopy analysis. This 

technique is a non-destructive analysis which penetrates the IC packages to make visible 

images of the interfacial features. In order to do this, it uses high frequency ultrasound. 

The most common failures seen during CSAM analysis are cracks, delaminations and 

voids.  

 

There are 3 different acoustic microscopy techniques.  
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 Scanning Laser Acoustic Microscope (SLAM) – transmission system in which 

ultrasonic waves are sent by a transducer and received by a laser detector. It is 

used for identifying voids, dissimilar interfaces and other failures.  

 Scanning Acoustic Microscope (SAM) – surface measurement system which is 

also used for looking for elastic properties of the IC package.  

 C-Mode Scanning Acoustic Microscope (C-SAM) – transmission system in which 

ultrasonic waves are sent and received by transducers. It is widely used for 

looking at voids, internal delaminations and cracks.  

Figure 4.11 shows a typical C-mode scanning of an IC package 

 

 

 

Figure 4.11: C-SAM Analysis [24] 

 

C-mode is an imaging mode used by the Sonoscan industry in order to look for a 

particular plane/interface in an IC package. There are also other imaging modes such as 

Q-BAM (cross-sectional view), bulk scan (volumetric view) etc [26]. 

 

During analysis, the top surface of the package is scanned by the transducer wherein 

several pulses enter into the package. These get reflected at the interfaces and are 

received by the same transducer. The amplitude of the echo signals and the arrival time 

are recorded. 

 

When the ultrasonic waves hit the interfaces in a package, it either gets reflected or 

transmitted depending on the acoustic impedances of the two materials that are involved 
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in the interface. Acoustic microscopy works according to an important equation which 

decides the degree of ultrasonic reflection. 
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               [25]              (4.3) 

Where R is the fraction of reflection, and 1z  and 2z  are the acoustic impedances of the 

two materials at the interface. The acoustic impedance of a material ( z ) is given by the 

product of the density of the material and the speed of ultrasound in the material. When 

both the materials are solids, there is moderate reflection and most of the waves are 

transmitted deeper into the package. But when there is air as in the case of delaminations 

and voids, there is almost 100% reflection of the ultrasonic waves due to the differences 

in the acoustic impedances. Thus, the reflected waves are helpful in finding the 

delaminations in the package as the air cavity in the delamination will cause more 

ultrasonic reflection than it is supposed to be. This is illustrated in Figure 4.12.  

 

 

Figure 4.12:  Ultrasonic signal reflected at a delam and transmitted in a normal 

interface [24] 

 

Figure 4.13 illustrates the relationship between the return time of the echo and the 

distance between the package surface and transducer. It is seen that the first signal 

received at 0.5 microseconds is from the front surface of the die; the second signal 

received is from an interface inside the package at 1.5 microseconds.  
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Figure 4.13: Acoustic return signals from a bonded interface and at a delaminated 

interface (dashed) [24] 

 

In Figure 4.13, the first signal (not dashed) at the front surface is more as the two 

materials that makes the interface are air and solid (package material). After 1 

microsecond, the waves from the die interface (inside the package) are reflected. The 

reflected waves are moderate. Now, if we consider the second signal (dashed), at the 

front surface the signal is high due to the same reason as for the first signal (not dashed). 

But the waves reflected from the die interface are higher than the first case indicating 

presence of air inside the package. The dashed signal is an example for delaminated 

interface inside the package.   

 

In order to examine an interested interface, an electronic gate can be set so that the 

images that are produced are based on the particular interface. This is done by setting the 

gate to a specific period of time in the return signals plot in the PC attached to the 

Sonoscan Gen5 equipment. The electronic gating for a flip chip unit is set for the chip to 

bump interface and underfill to substrate interfaces.  
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Usually, water is used as a medium for the IC during analysis as air is a poor transmitter 

of ultrasonic signals. The frequencies of the ultrasonic pulses from the transducer vary 

between 10MHz to 400MHz. Low frequency ultrasound penetrates deeper into the 

package but gives poor resolution images. On the contrary, high frequency ultrasound 

penetrates less, but produces images with more resolution. The decision about the 

ultrasonic frequency is usually made based on the geometry of the part and the materials 

in the package. For flip chip units in this project, 230MHz was the frequency that was 

used to analyze the package acoustically.  

 

4.4.1.1 Failure Modes 

 White area in the underfill region in the die to bump CSAM image could mean 

there is delamination in the underfill material.  

 Dark bumps in the die to bump CSAM image could mean bump cracks or open 

bumps (delamination of the bump from the die). The interference of the 

ultrasound waves between the interface and the cracked bumps could appear as 

dark bumps in the image.  

 White spot in place of bumps in the image could mean bump delamination.  

A device is suspected to have a failure if any abnormality is seen while comparing the 

CSAM image of the device post stress test to the CSAM image of the same device prior 

stress test. This is illustrated in Figure 4.14. 
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Image of a device prior stress                                 Image of the same device post stress 

showing white                                                             spot in place of bumps           

 

                                             

 

    

Image of a device prior stress                                Image of the same device post stress 

showing dark bumps 

                                                                           

                                     

 

Figure 4.14: Examples of 1:1 comparison of CSAM images before and after stress 

test 

Although CSAM provides us images of the interface of interest and helps us to identify 

anomalies in the image post stress, it is a technique which is used for learning purpose 

and there is no specific criterion to decide that a device will fail because it has one, two 

or fifty dark/white bumps. The unit could still pass an electrical test as the connections 

could still be intact. The white/dark bumps in those cases needs to be analyzed further by 

doing the cross-section which is the only way to find out if there was a real physical 

failure mode associated with the anomaly.  
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4.4.1.2 The Ideal Case 

Let‟s say a device is failing electrically after stress. Then it is subjected to CSAM. It 

shows dark bumps in the CSAM image. Then, the device should be subjected to cross-

section only on those regions on the die. Then, the cross-section results show that the 

bumps in those regions are delaminated from the die, which explains why there was an 

electrical failure. This does not happen in real world.  

 

CSAM is essentially needed only at time zero (for baseline comparison), and at post 

MSL3 (to determine the interfaces are not showing any anomaly even before undergoing 

stress). As mentioned earlier, CSAM after stress is only for learning purpose. In any case, 

cross-section is the only way to find out if an anomaly seen during CSAM is a real defect 

or just an artifact. This is the reason why the anomalies seen in CSAM images are said to 

be “Suspected failure locations” and NOT “failure locations” throughout this thesis.  

 

4.4.2 Cross-sectional Analysis Technique 

Figure 4.15 shows the instrument which is used to perform cross-section of devices by 

polishing the specific row of bumps that are seen as a suspected failure in the CSAM 

images.  

 

Figure 4.15: Buehler ECOMET Variable Speed Grinder/Polisher 
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The cross-section analysis can be used to examine the suspected failures at a magnified 

level. Figure 4.16 shows typical failure modes in a flip chip package.  

 

 

 

Figure 4.16: Typical Failure Modes in FCBGA Package 

 

As mentioned earlier, the cross-section is done on the specific bump locations that are 

seen as anomalies in the CSAM image. Figure 4.17 illustrates the defect locations seen in 

a typical CSAM image.  

 

 

 

Figure 4.17: Cross Section on precise CSAM Suspected Failure Location 

 

Following are some examples of measurements that can be done after performing cross-

section.  
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4.4.2.1 Bump Dimensions Measurements 

Figure 4.18 shows the Solder Bump located on the metal pad on the die.  

 

 

 

 

 

 

Figure 4.18: Bump Dimensions 

 

 Bump pitch – Measurement of the distance between two bumps  

 Die passivation opening – Measurement of the opening of the Oxide/Nitride 

passivation layer (the layers which protect the final device metal from stress 

conditions) 

 Final metal pad – Measurement of  length of the Aluminium metal pad  

 Under Bump Metallization size – Measurement of size of UBM (the compatible 

layer between the bump metallization and the final device metallization) 

 Bump Height  

 Bump Diameter 

 

4.4.2.2 Underfill Fillet Height Measurement 

 The underfill fillet height is the height of the underfill around the die in the vertical 

direction. This measurement should be done from all four sides of the package. Filler 

height is an important measurement criterion. It is not supposed to be more than 100% of 

the die thickness and creeping of the underfill material over the die should not happen 

due to consequences like die edge cracks. Figure 4.19 shows the underfill location in a 

flip chip package. Figure 4.20 shows the SEM image of the dimensions of the underfill.  
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Figure 4.19: Underfill location in an FCBGA 

 

 

 

Figure 4.20: SEM Image Showing Underfill Dimensions 

 

 

4.4.2.3 Solder Bump Quality Inspection 

Figure 4.21 shows SEM image of a crack that occurred at a solder joint between the 

bump and the die. Figure 4.22 shows SEM image of voids in the solder bump.  
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Figure 4.21: SEM Image of Crack at Solder Joint between Solder Bump and Die 

 

 

                                                      

Figure 4.22: SEM Image of Voids in Solder Bump 

 

 4.4.2.4 Underfill quality inspection 

Figure 4.23 shows the SEM image of the underfill delaminating from the die. Figure 4.24 

shows a cross section image of crack in the die edge.  
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Figure 4.23: SEM Image showing Underfill Delamination 

 

The criteria for underfill delamination is <1% of the die area.  

                                                                     

 

                  

Figure 4.24: Die Edge Crack Inspection 
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CHAPTER 5 

PROCEDURE 
 

 

5.1 Pre-engineering Qualification Phase I 

The purpose of the non-functional units to qualify the materials – underfill material and 

solder flux. The units were subjected to the following procedure.  

 

5.1.1.1 Time zero CSAM  

All devices are subjected to visual inspection and CSAM analysis. This is done to 

establish a baseline for the die crack/internal delamination criteria.  

 

5.1.1.2 MSL3 Pre-conditioning 

Temperature cycling 

The units go through 5 temperature cycles (JEDEC condition B or condition C). This step 

simulates shipping conditions. 

 

Bake 

The units are subjected to 24 hours dry baking at 125 deg C. This ensures that the 

moisture from the package is removed and the package is “dry”. 

 

Moisture soak 

Within two hours of dry bake, the units are soaked in moisture for 196 hours. This step 

saturates the package with moisture and defines the level-3 pre-conditioning.  

 

Reflow 

Three passes of Solder reflow is done on the units. This step simulates the procedure of 

mounting the device on the board by the customers.  
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Cleaning 

De-ionized water ultrasonic cleaner is used for ultrasonic (38 kHz) cleaning for minimum 

15 minutes. This ensures devices are cleaned and are free of flux residues.  

 

Drying 

The units are subjected to drying for 5 minutes at 125 deg C or at room temperature until 

dry. This ensures devices are dry prior to electrical tests.  

Visual inspection: The units are visually inspected which helps check for damage during 

reflow process.  

 

5.1.1.3 CSAM after MSL pre-conditioning 

CSAM analysis is performed on the devices to check for any delaminations/voids in the 

package.  

 

5.1.1.4 Temperature Cycling and Pressure Cooker Test 

Following MSL, the units are subjected to stress tests like temperature cycling and 

pressure cooker test. The read points for temperature cycling were after 500 cycles and 

1000 cycles. Similarly, the read points for pressure cooker tests were after 168 hours and 

288 hours.  

                                                                  

5.1.1.5 Final Measurements 

Visual examination and CSAM analysis are performed on the devices. 

 

5.1.1.6 Shadow Moiré Test 

The warpage of the package was measured on the substrate surface. These measurements 

are conducted at following temperatures: 25°C, 100°C, 150°C, 183°C, 200°C, 220°C, 

240°C, 260°C, 240°C, 220°C, 200°C, 183°C, 150°C, 100°C, and 25°C.  
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5.2 Pre-engineering Qualification Phase II 
 

The difference between Phase I and Phase II being the electrical characteristics, the 

devices are also checked for their electrical functionality at time-zero, after MSL3 pre-

conditioning, after 300 cycles of temperature, 500 cycles of temperature and 1000 cycles 

of temperature. These read points after temperature cycling called as conditional 

qualification, full qualification and robustness check (FYI) respectively, are important in 

that they help us determine when the failures occurred. The conditional qual, full qual 

and FYI read points for Pressure Cooker test are 96 hours, 168 hours and 288 hours 

respectively.  
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CHAPTER 6 

 

                                         DATA AND ANALYSIS 
 

6.1 Results 

6.1.1 Pre-engineering Qualification Phase I 

6.1.1.1 Stress Test Results 

44 units were subjected to MSL3 pre-conditioning. These units were then divided into 2 

lots and each of these lots were subjected to temperature cycling and pressure cooker test 

respectively. The full qual and FYI read points were taken. Since the quality level chosen 

for this project is LTPD=10, 22 devices were considered from each DOE for the stress 

tests with an acceptance number of 0. Table 6.1 shows the stress test results from Phase I.  

 

Table 6.1: Stress Test Results from Phase I 

        

 

CSAM analysis post MSL3 soak and TCT showed no abnormality. All four DOEs 

showed suspected failure locations in the CSAM image after PCT 288 Hours which is the 

robustness readpoint. This tells us the part may not be robust after 288 hours of applying 

the pressure cooker conditions. Further analysis during electrical verification in Phase II 

was required. The three major anomalies seen in these CSAM images were: 

 A white area in the underfill region  

This was suspected to be a delamination in the underfill region. Cross-section was 

performed to validate the suspected failure. Figure 6.1 shows CSAM image of the 

suspected failure location. Figure 6.2 shows the SEM image of the bump after cross 

section. 
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Figure 6.1: CSAM Image Showing White Area in Underfill Region 

 

 

 

Figure 6.2: SEM Image Showing Bump and Underfill Delamination 

 

It is evident from the SEM image that the bump has been delaminated from the die and 

the underfill has separated from the die as well. This is a serious concern as it could cause 

electrical continuity failures in the functional device.  

 

 A white halo around the bumps  

When there is a vertical separation between the underfill material and the solder bumps, a 

white area around the bump is seen in the CSAM image. This is a very common feature 

seen in the CSAM images of the Flip Chip BGAs, hence is most cases these are not 

considered as defects. These voids around the bumps are created due to filler particles 

migrating around the bump. The Si particles in the UF material are of varied sizes. The 

larger ones stick around the bump while the smaller particles creep into the tight space 
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between the die and the bump due to diffusion. The ultrasound signals capture this 

density difference as white halos around the bumps in the images. Figure 6.3 shows the 

CSAM image of the white halos around the bumps. 

 

 

Figure 6.3: CSAM Image Showing White Halos around Solder Bumps 

 

 Darkened bumps 

These are suspected as cracks in the bumps. The dark bumps could have been formed as a 

result of interference of the ultrasonic waves between the interface and the cracked bumps.  

Cross section of the bumps was done. Figure 6.4 shows CSAM image of the dark bumps. 

Figure 6.5 shows the SEM image of one of the dark bumps. 

 

 

Figure 6.4: CSAM Image Showing Dark Bumps 
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Figure 6.5: SEM Image Showing Bump Delamination from Die 

 

It was seen from the SEM image that there was separation between the bump and the 

passivation layer on the die. This is different from the hypothesis. Though there is no 

crack inside the bump, there is separation of the bump from the die which is not good for 

electrical continuity.  

 

Thus, the suspected failures from the CSAM images were validated using the cross-

section technique. Out of the three anomalies, the dark bumps and white area in the 

underfills are important as they could be real failures and it is necessary to validate them. 

The major failure modes in the flip chip BGA was learnt from the phase I stress tests – 

underfill and bump delamination.  

 

6.1.1.2 Shadow Moiré Results 

A total of eight units were used for this evaluation (two samples from each DOE). Table 

6.2 shows the maximum warpage of the devices and the temperature at which the 

maximum warpage occurred. Table 6.3 shows the measured warpage across 

temperatures. 
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Table 6.2: Maximum Warpage 

 

               .    

Table 6.3: Measured Warpage across Temperature 

 

 

Figure 6.6 shows the warpage across the times at which the package was exposed to 

different temperatures. As it is evident from Figure 6.6, DOE-2 and DOE-3 units show a 

lot of variation in the measurements. Hence, the materials from DOE 1 and 4 (lots 

37YR16 and 37YR19) were launched into assembly for pre-engineering qualification 

Phase II test vehicles. Though DOE-4 showed anomalies in the PCT-288 Hours stress test 

CSAM results, it was still considered for Phase II Qualification as it failed only the FYI 

read point and more learning was required in this regard. Figure 6.7 shows the 3-D 

surface plot of a device from DOE-1. 
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Figure 6.6:  Warpage vs. Temperature Graph 

 

 

  

Figure 6.7: 3-D Surface Plot Showing Maximum Warpage for 37YR16 -1 (DOE – 1) 
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6.1.2 Pre-engineering Qualification Phase II 

Table 6.4 shows the test vehicles that were built for the second phase of Pre-engineering 

Qualification.  

                                                Table 6.4: Phase II Test Vehicles  

 

                          

TV1 and TV3 had DOE-1 materials in the package, whilst TV2 and TV4 had DOE-4 

materials in the package. Although TV1 and TV3 had the same materials in the package, 

the wafers used different technologies in the fabrication level. TV1 has an extra NSM 

layer while TV3 does not have. The same applies to TV-2 and TV-4 as well. Since Phase 

II of the qualification is more important than Phase I, the results of this phase has been 

dealt in detail.  

 

6.1.2.1 Stress Test Results 

Initial Electrical Test 

The four TVs were tested electrically at time zero. The results are shown in Table 6.5.  

                                    

Table 6.5: Electrical Test Results at Time Zero 
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Initial Inspection and Electrical Verification  

The devices from TV1~4 underwent C-SAM analysis and there was no delaminations or 

voids that were found. These images could be used as reference images for comparing the 

results after pre-conditioning and temperature cycling stress tests to understand what 

caused the failure, if any. All devices PASSED electrical test that was done after C-SAM 

analysis.  

 

MSL3 Pre-conditioning Results 

120 devices per TV were subjected to MSL3 pre-conditioning process according to the 

qualification plan. These devices were tested electrically and analyzed using acoustic 

microscopy and found to PASS without any electrical failures or anomalies in the CSAM 

images. 

 

Temperature Cycling Results  

30 devices per TV out of the 120 from the MSL3 lots were subjected to temperature 

cycling (JEDEC condition C) for 300 cycles which is the conditional qualification read 

point. Following which, they were electrically tested. The devices were then subjected to 

200 additional cycles which defines the full qualification read point and another 500 

additional cycles which makes the FYI read point. Similarly, 30 devices went through 

Pressure cooker tests and were electrically tested at the three read points – 96 hours, 168 

hours and 288 hours. Tables 6.6, 6.7 and 6.8 show electrical test results post MSL3, TCT 

and PCT.  

Table 6.6: Electrical Test Results Post MSL3 

 

 

 

 



                                                                            Texas Tech University, Nivetha Shivan, May 2012  

60 

Table 6.7: Electrical Test Results Post TCT 

 

 

Table 6.8: Electrical Test Results Post PCT 

 

 

As seen from Tables 6.6, 6.7 and 6.8, all four TVs are passing the MSL3 and temperature 

cycling tests. But there are devices in TV2, TV3 and TV4 that are failing opens/shorts 

test in the FYI read point for PCT. This result correlates with the results from Phase I 

where the devices showed suspected failure locations for all 4 DOEs.  

 

 Since the quality level chosen for this project is LTPD=10, the minimum sample size in 

Table 3.3 that correspond to the LTPD=10 is 22 devices. Hence the number of rejects 

allowed per lot is 0. Test vehicles 2, 3 and 4 have failed the sampling plan for the PCT 

robustness (288 hours).  

 

6.2 Data Analysis 
 

Phase I Stress test helped us to learn the failure modes of the new package type. From 

Phase I results we decided that DOE-1 and DOE-4 will be used for Phase II 

Qualification. The results were based on the Shadow Moiré technique which evaluates 

the warpage of the package under elevated temperatures. It is the combined effect of the 

UF and Flux that causes the warpage of the package to vary from one DOE to another 

and the warpage of the package is a function of the CTE of the UF. This means that the 



                                                                            Texas Tech University, Nivetha Shivan, May 2012  

61 

combined effect of the UF and Flux for DOE-1 and DOE-4 causes lesser bending 

compared to DOE-2 and DOE-3. This implies that the changes that would have occurred 

(warpage) by the effect of the CTE on DOE-1 and DOE-4 are already taken care of. 

Although CTE 2 is an important criterion for the decision of UF, it is good enough if a 

decision was made on which Flux to be used. Choosing UF-A or UF-B should not make a 

difference in the final product.  

 

When coming to choose between Flux- A and Flux – B, it is seen from the result that 

both of these fluxes pass the electrical tests post stress (except PCT-288 Hrs). In Flux-B, 

there is an additional flux called jetting flux which was meant to improve the bonding for 

higher pin devices. Since the dipping flux by itself did not show any failures, a need for 

an additional flux is questionable. It is important to note that the process cost for flux- B 

is also higher compared to Flux-A which uses only dipping flux. Considering the process 

cost and productivity, it is advisable to go with flux-A for FC bond step. Though the 

devices from TV2, 3 and 4 failed PCT-288 Hours, it PASSED the full qualification read 

point which is the important read point for qualification purposes. As mentioned earlier, 

288 hours of PCT is only to check the robustness of the device and hence the decision of 

the Flux can very well be made based on the full qual read points.  

 

The wafer technology is another matter that needs decision. The devices with no NSM 

pass the moisture test just as good as the ones with NSM. Here the implication would be 

to build wafers with no Nitride Seal masks for the new product.  

 

The important item to note here is that the Phase I Stress test tells us that the failures seen 

in all four DOEs are mechanical and are not because of the electrical characteristics of 

the die. The purpose of having two phases to find the correct root cause was utilized here.  
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 
                            

To summarize the results, we see that DOE-1 and DOE-4 qualified from Phase I 

qualification of this project. TV3 which uses DOE-1 should be qualified from Phase II 

qualification.   

 

Having a deeper insight into this analysis, we conclude that TV- 3 should be qualified 

because it uses the Flux- A and UF-A with no NSM which could possibly be used for the 

final product. The reasoning behind this conclusion comes from the analysis which was 

discussed previously in which we decided Flux- A could be used for FC bond step in the 

assembly process. Since the TV3 uses Flux-A, we could use that test vehicle to go into 

engineering qualification as the decision for choosing the underfill material is not critical. 

There will also be one less process step during wafer fabrication which is the NSM step. 

It is good that the package is not affected by moisture due to the absence of the Nitride 

Seal Mask.  

 

The goal of this thesis can be claimed to be achieved as we were able to decide the 

package materials that could be used for the next generation QDR SRAM product which 

has higher pin counts.  

 

We had a significant learning of the failure modes in the Flip Chip BGA packages from 

the failures seen in Phase I PCT-288 Hours read point. It is necessary that these devices 

which failed open/shorts in Phase II should be subjected to CSAM analysis and also 

should undergo cross-section to validate the failures. Since we know the failures were 

mechanical, measures should be taken to work on the betterment of the robustness of the 

package after 288 hours of PCT.  

 

Although, the decision made from Full Qualification seems like a logical conclusion, we 

still have not dealt with the other stress tests which form a part of overall qualification 
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plan listed in Table 3.3. It is necessary to subject these 4 TVs to the remaining stresses 

and correlate the decisions made from each step. It is only conclusive when a final 

decision is made based on the analysis of the results of the all of the stress tests.  

 

Lastly, TV3 also needs to pass the Engineering Qualification which uses the actual 

product die with higher speed. Engineering Qualification has a similar stress test plan as 

the Pre-engineering Qualification and also has essential read points. This way one 

variable is introduced at each Qualification step which will lead to a number of cycles of 

learning before we qualify the new interconnect technology for the new product.  
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APPENDIX A 

 

IPC/JEDEC J-STD-020 MOISTURE/REFLOW SENSITIVITY 

CLASSIFICATION FOR NON-HERMETIC SOLID STATE 

SURFACE MOUNT DEVICES 

 

Table A.1: SnPb Eutectic Process - Package Peak Reflow Temperatures 

 

 

Table A.2: Pb free Process - Package Peak Reflow Temperature 

 

 

Table A.3:  Classification Reflow Profiles 
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Figure A.1: Classification Reflow Profile 
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APPENDIX B 

JESD22-A104C TEMPERATURE CYCLING 

 

 

Figure B.1: Representative temperature profile for thermal cycle test conditions 

 

Terms and Definitions used in Temperature Cycling  

Sample temperature (Ts) 

The temperature of the samples during temperature cycling as measured by 

thermocouples.  

 

Nominal Ts (max) 

Nominal Ts (max) is the temperature of the sample required to meet the maximum 

nominal temperature for a specific test condition.  

 

Nominal Ts (min)  

Nominal Ts (min) is the temperature of the sample required to meet the minimum 

nominal temperature for a specific test condition.  
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Maximum sample temperature: Ts (max) 

The maximum temperature experienced by the sample(s) as measured by thermocouples 

   

Minimum sample temperature: Ts (min)  

The minimum temperature experienced by the sample(s) as measured by thermocouples 

 

Nominal ΔT 

The difference between nominal Ts (max) and nominal Ts (min) for the Temperature 

Cycling  Test Condition 

 

Soak time 

The total time the sample temperature is within a specified range of each nominal Ts 

(max) and nominal Ts (min). This range is defined as the time Ts is at –5 °C to +10/+15 

°C (dependent on the Test Condition tolerance) of Ts (max)nominal for the upper end of 

the cycle and the time Ts is +5 °C to –10 °C of Ts (min) nominal for the lower end of the 

cycle.  

 

Soak temperature 

The temperature range that is –5 °C to +10/+15 °C (dependent on the Test Condition 

tolerance) of Ts (max) nominal and +5 °C to –10 °C of Ts (min) nominal.  

 

Cycle time 

Time between one high temperature extreme to the next, or from one low temperature 

extreme to the next, for a given sample.  

 

Ramp rate 

The rate of temperature increase or decrease per unit of time for the sample(s).  Ramp 

rate  should be measured for the linear portion of the  profile curve, which is generally the 

range between 10% and 90% of the Test Condition temperature range; see points a and b 

in the figure. 


