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Abstract 

A chip-to-substrate interconnect technology is introduced which uses flexible structures to accommodate the CTE 

mismatch between the chip and PCB substrate and consequently should be reliable without underfill. Increased 

flexibility, i e. purely elastic response, of the bumps can lead to an increase in the reliability of large Flip Chips. To 

achieve a high flexibility, the lead-free bump is located on a flexible lead. The flexible lead consists of a copper line 

embedded in a polymer-bridge which is located over an air gap. For a small bump height, which is necessary to 

achieve a small package height, the stress due to CTE mismatch is then accommodated within the flexible lead. 

FEM simulations were performed and prototype chips have been designed and fabricated using wafer level packa-

ging processing methods, such as photolithography, electroplating and wet-etching. The process flow and assembly 

of the flexible interconnects without underfill are presented and discussed. Key words: Wafer Level Package, WLP, 

flexible 

Introduction 

Chip Size or Chip Scale Packages (CSPs) 

are widely used in portable electronic equipment like 

cellular phones, because of their smaller size and 

better applicability to high-frequency devices than 

traditional lead-type packages like the thin small 

outline package (TSOP).  

Wafer Level Packaging (WLP), which sim-

ply extents the back-end of line (BEOL) in chip pro-

duction, is a packaging process where the package is 

fabricated directly on the wafer. The wafer is then 

singulated by dicing and the resulting CSPs are 

mounted onto printed circuit boards (PCBs). 

A frequently observed failure mode in these 

packages is solder fatigue [1, 2]. A mismatch of the 

coefficient of thermal expansion (CTE) between the 

silicon chip and the PCB causes thermal stress in the 

package due to the mounting of the CSPs onto the 

PCB. The chip and board are too stiff to contribute 

much to the accommodation of the thermal mis-

match, therefore in WL-CSP the solder joints have to 

carry the entire load. Particularly for large-size chips 

(about 100 mm²) like DRAMs or ASICs this becomes 

a serious problem. 

A common approach used to overcome this 

problem is to use an underfill between chip and sub-

strate. Here, the underfill ties chip and substrate 

strongly together. To accommodate the thermal stress 

the whole system will bend. This in turn reduces the 

load on the solder balls and thus the accumulated 

inelastic strain within them, which increases the reli-

ability of the system [3-5]. Recently low-k interlayer 

dielectric (ILD) materials are the focus of research to 

improve electrical performance of microprocessors. 

Bending of the chip will ultimately induce cracking 

and delamination of the mechanically weak low-k 

ILD materials [6]. Furthermore, underfilling is an 

additional process step during the assembly which 

increases the assembly time and cost.  

Therefore, in recent years several compliant inter-

connect technologies [7-13] have been studied to 

eliminate the need for underfill. One way to increase 

the reliability of the solder joints is to increase their 

height by using larger solder balls [7] and by provi-

ding an additional copper- [8], solder- [9] or poly-

mer- [10, 11] post. Using this approach means, as the 

chip size increases, the standoff distance of the inter-

connects must also increase. To achieve good reli-

ability also for large-size chips without increasing the 

overall package height, an additional compliancy in 

x-y-direction is necessary. To accommodate uneven-

ness in the PCB a compliancy in z-direction is also 

important. Georgia Tech therefore invented the so 

called “Sea-of-Leads (SoL)” [12, 13]. One type of 

SoL, the “slippery type” SoL [12] has a good compli-

ancy in all directions, but is not easy to handle during 

board assembly. Another type, the SoL with embed-
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ded air gaps [13], is specially designed for out-of-

plane (z-direction) compliancy. 

In this paper a bump-on-flexible-lead 

(BoFL) wafer level package is introduced (Fig. 1). To 

achieve a high flexibility in x-, y- and z-direction, the 

lead-free bump is located on a flexible lead. The 

flexible lead consists of a copper line embedded in a 

polymer-bridge which is located over an air gap. 

 

Fig. 1: Bump-on-flexible-lead (BoFL) 

Simulation 

3D Finite element models were built to 

compare the conventional WLP with the bump-on-

flexible-lead WLP. The objective is to compare dif-

ferent designs prior to fabrication by numerical 

means in order to obtain the influence of the some 

geometric key parameters with respect to optimised, 

i.e. lowest stress. This can be done by Finite-Element 

simulations.The simulation was done by using the 

commercial software ANSYS. A simplified model is 

used for this study, to reduce calculation time. In 

addition, as this study is only meant to be a qualita-

tive comparison between the different package types, 

a gain in absolute accuracy is not important for the 

time being. It is made use of the fact that the highest 

stress during thermal cycling appears on the outer-

most bump, which is a good approximation for a flip-

chip without underfill [5]. Figure 2 shows the 3D FE 

model of a banana-shaped BoFL.  

 

Fig. 2: Finite element model of a banana-shaped 

bump-on-flexible-lead. 

The bump is 65 µm in height and the contact 

area on the pad is 100 µm in diameter. On top of the 

bump 17 µm copper is added, which represents the 

PCB pad. On chip side, the bump is located on a 

polyimide bridge, with the embedded copper lead. 

The geometry data as i.e. thickness of the copper 

layer, are the same as reported in the fabrication 

section of this paper. For the simulation, all materials 

are assumed to have elastic behavior. The material 

data used for the simulation is given in the Table I. 

Table I: Material data 

 

Two other 3D-FE models were built, a 

bump-on-flexible-lead with a straight lead and a 

conventional WLP. For the conventional WLP, the 

same geometry was used, but here, the air gap was 

filled with polyimide. 

In the calculations, the materials were – for 

a first try - assumed to be joined and stress free at 

room temperature. The planar displacement applied 

in x- and y-direction is calculated by the following 

equation 

( ) TCTECTEDNPu SiPCB ∆⋅−⋅=   (1) 

where u is the displacement, DNP is the distance to 

neutral point, i.e. the distance from the chip centre to 

the outermost bump, CTE is the coefficient of ther-

mal expansion of the material noted in subscript 

(PCB or Si) and ∆T is the change of temperature. By 

using this equation, one assumes that the silicon and 

the PCB will be at the same temperature and will not 

bend. For a 1 x 1 cm² die with a CTE = 2.8 ppm/K 

joined to a PCB with a CTE = 13 ppm/K, the dis-

placement in x- and y-direction is ux = uy = 4.5 µm 

under a temperature change from 25°C to 125°C. 

It is observed, that for the conventional 

WLP the highest stress appears in the bump and in 

the bump pad, while for the BoFL WLP the highest 

stress is in the copper lead. The von Mises stress in 

the copper of a BoFL is reduced by half of the magni-

tude compared to the conventional WLP (not de-

picted). 
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Fig. 3: Von Mises stress distribution of a BoFL WLP with a straight and a banana-shaped copper lead for 

different directions of x-y displacement 

To further reduce the stress in the copper 

lead of the BoFL WLP, the shape of the copper lead 

was modified. Figure 3 shows the von Mises stress 

distribution in a straight copper line and in a banana-

shaped copper lead for displacement in x-y-direction. 

Since the banana-shaped copper lead is not symme-

tric, the influence on the direction of the applied 

displacement was also studied. To compare the simu-

lations, the von Mises stress of two areas in the lead 

(labeled with A and B in Fig. 3) are compared. The 

van Mises stress serves as an estimate for the 3D 

stress to potentially induce plastic strain which in 

return could serve as failure criterion in a reliability 

analysis. The simulations show, that the stress in the 

copper trace of the flexible WLP can be reduced by 

modifying the shape of the copper lead. Furthermore, 

a dependence on the direction of the applied dis-

placement on the overall stress can be seen. Due to 

the relative gentle bow of the banana-shaped copper 

lead, the effect of the shape on the overall stress is 

not so high. The influence of the lead geometry for 

further stress reduction will be investigated.  

So far the simulations represent only a very 

rough approach to a qualitative study in order to get 

first indications as to what direction to advance fur-

ther investigations. In a further study the process 

conditions have to be included in the simulations as 

well as plastic material properties for copper and 

rate-dependent material data for solder and polymer 

[4, 14]. 

Fabrication 

150 mm wafers with copper daisy-chain test 

patterns were used for electrical and mechanical 

evaluation of the bump-on-flexible-lead WLP. Two 

different chip types, a DRAM-type (10 mm x 5 mm) 

and a Flash RAM-type chip (5 mm x 2.5 mm), with 

different bump pitches (700, 500 and 150) number of 

I/Os (54 and 43) and different lead designs were 

fabricated (Fig. 3 and Fig. 4). 

 

Fig. 3: SEM picture of a DRAM-type chip with 

bump-on-flexible-lead WLP 

 

Fig. 4: SEM picture of a Flash RAM-type chip 

with bump-on-flexible-lead WLP 
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A schematic sectional drawing of the pro-

cess flow is shown in Fig. 5. First, a 15 µm copper 

sacrificial layer was electroplated. In the same pro-

cess step, copper studs were electroplated on the chip 

pads (Fig. 5a). A thin Ti:W (100 nm) and 300 nm Cu 

layer was sputtered uniformly over the entire wafer. 

Ti:W serves as a diffusion barrier and the sputtered 

Cu as the plating base. A positive working photore-

sist (AZ 9260) was used to create the plating mask. 

After plating the copper sacrificial layer, the plating 

mask and the sputter layers were removed. 

Here, copper was used as the sacrificial 

layer due to both the ease of deposition of this mate-

rial through electroplating as well as the ability of the 

polyimide to withstand the standard copper etchants. 

An aluminium sacrificial layer could also be used 

[15]. Since aluminum is deposited via evaporation, 

the thickness of the sacrificial layer would be limited 

to a few micrometers.  

Then, a thick polyimide (Du 7320) passiva-

tion layer was deposited onto the wafer by spin coat-

ing. To provide an access to the copper layer, the 

polyimide was planarized by chemical mechanical 

polishing (Fig. 5b).  

Subsequently, a second polyimide layer was 

deposited to form the bridge over the sacrificial layer. 

Using a photolithographic mask, the polyimide was 

patterned and then developed. After the cure, the 

polyimide layer had a thickness of 5 µm or 10 µm 

(Fig.5c). Polyimide (Du 7320) is used as the me-

chanical material for several reasons. First, polyimide 

is a standard material used for WLP acting as pas-

sivation layer. Also, it can elongate significantly 

under thermo-mechanical stress, which is crucial for 

the flexibility of the structure. Finally, polyimide is 

under residual tensile stress [16], which holds the 

structure above the wafer surface after release. 

In the following step electroplating of the 

copper redistribution layer was done in the same way 

as the electroplating of the copper sacrificial layer. 

(Fig. 5d) Here, the thickness of the copper was 5 µm. 

Different types of copper lines were fabricated; a 

straight line, a banana-shaped (Fig. 6) an s-shaped 

and a curl-shaped copper line (Fig. 7). 

 

Fig. 6: SEM picture of a banana-shaped bump-on-

flexible-lead 

 

Fig. 7: Microscopic picture of an s-shaped (150 

µm pitch) and a curl-shaped bump-on-flexible-

lead. 

Then a polyimide soldermask layer was de-

posited (Fig. 5e). The patterning was done in the 

same manner as before. The resulting thickness of the 

polyimide layer above the copper was 5 µm. 

 

   Fig. 5: Process-flow of the bump-on-flexible-lead (BoFL) 
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The next process step was the electroplating 

of the under bump metallization (UBM) and the 

SnAg solder bump (Fig. 5f). The UBM consists of a 

sputtered Ti (20 nm) adhesion layer, and a sputtered 

Ni (300 nm) plating base. To obtain a reliable solder 

interconnect, an additional 5 µm of nickel was elec-

troplated [17, 18]. The diameter and the height of the 

bumps were 100 µm and 70 µm respectively. Figure 

8 shows a cross section of a bump-on-flexible-lead 

after the electroplating of the SnAg bump. The cop-

per sacrificial layer beneath the bump is clearly vi-

sible. Before the preparation of the cross-section, the 

sample was sputtered with thin gold. This was done 

to obtain a good visible boundary between the sample 

polyimide and the embedding material. 

In the following step, the solder bumps were 

reflowed. To release the flexible leads, the copper 

sacrificial layer was wet etched for approximately 30 

minutes in a copper chloride solution (Fig. 5g). Fi-

nally, the wafers were diced. During dicing the chips 

were protected with a photoresist. Figure 9 shows a 

cross-section of a completed bump-on-flexible-lead. 

 

Fig. 8: Cross-section before reflow and before 

etching of the copper sacrificial layer beneath the 

bump. 

 

Fig. 9: Cross-section of a completed bump-on-

flexible-lead WLP with air gap 

Assembly 

For reliability tests, the chips will be assem-

bled on low cost single sided FR-4 boards. The me-

tallization of the PCB consists of 17 µm laminated 

copper, 5 µm nickel and a thin flash gold layer. The 

soldermask has a thickness of 13 µm and openings of 

150 µm diameter. 

Chips were already assembled using a fine-

placer with a split optic. The chips were dipped in 

flux (30 µm) prior the placing onto the FR-4 board. 

Reflow was done in a convection oven with a peak-

temperature of 262 °C. In Figure 10 a cross-section 

of an assembled chip is shown. The height of the 

SnAg bumps after assembly was 65 µm. 

 

Fig. 10: Microscopic picture of a bump-on-

flexible-lead WLP mounted on a PCB 

Summary 

The fabrication and assembly of a flexible 

Wafer Level Package has been demonstrated.  The 

bump-on-flexible-lead (BoFL) WLP can be fabri-

cated using the same process techniques, such as 

photolithography and electroplating, used in conven-

tional WLPs. First FE simulations illustrated the 

ability of the BoFL WLP to reduce the stress in the 

solder interconnects which is introduced by the CTE 

mismatch of the silicon and the PCB. This in turn 

will lead to a higher reliability of the assembly. Fu-

ture work will include further design optimization, 

more detailed modelling, and reliability tests of the 

assembly. 
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