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Integrated Circuit
Packaging Trends

1.1 Introduction

The electronics industry is one of the most dynamic. fascinati
;ﬁfort]?nt areas of manufacturing. In a relati\}r’ely slll((:)’rftaf)g'lil:élgfg Ei?zilg
iln tﬁ: dgi:,(;llz(n); :(]:11; loai-li?fSt and most pervasive manufacturing industry
The invention of the bipolar transistor by Joh
Brattf:lin, _and William Shockley at Bell Labora};:oriesn(n]zz:vr(llfle;}lr'?elzﬁl-‘
nologies) in 1947 foreshadowed the development of generations of com-
puters yet. to come. The invention of the silicon integrated circuit (IC)
by Jack Kilby of Texas Instruments in 1958 and by Robert Noyce and
Gordon Moore of Fairchild Semiconductor in 1959 stimulated the
;levelop.ment of generations of small, medium, large, very large, ultra-
Si%el,, gégi, ::llg,},’?tétlc;jcome scale integrations (SSI, MSI, LSI, VLSI,
Fifty years ago, the average family probably owned i
tromq devices. Today, the average famﬁy ownsy hundre(fsvc?f?l?l‘l,i?)sle;
transistors, and it is probable that by the year 2000, the figure will be
more than 1 billion. This has produced a global revolution of major TOo-
portions that affects the lives of people everywhere. e
The IC chip is not an isolated island. It must communicate with
9ther IC chips in a circuit through an input/output (I/O) system of
1ntferconnects: Furthermore, the IC chip and its embedded circuitry are
delicate, requiring the package to both carry and protect the chip. Con-
sgquently, the major functions of the electronics package are: (1) t;) TOo-
v1c_1e a path for the electric current that powers the circuits' on thelz) IC
chip; (2) to distribute the signals onto and off of the IC chip; (3) to
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Figure 2.10 Diagram of a wafer.

For a given chip size, the physically pessible _number of pads (N_p)
depends on the pad pitch (p) and pad configuration. The N, on a chip
surface is given as follows.

For area-array pads:
.= (i _ 1)(1 ¥ 1) 2.4)
p p

For peripheral-array pads:

N,= 2(_’“- « 1) i 2(1 o 1) 2.5)
p p
For peripheral-staggered-array pads:
N,= 4(3 = 1) + 4(1 = 1) -4 (2.6)
p p

For example, for a chip with x = 10 mm, y = 8 mm, and p = 0.25 mm,
N, = 1209 area-array pads, N, = 140 peript{eral-array pads, and Nphs
976 peripheral-staggered-array pads. Obviously, area array is the
choice for high-density IC and packaging.

T — p——— e —
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Cost per wafer for wafer bumping. Wafer bumping is the heart of solder-
bumped flip chip technology. The cost of wafer bumping is affected by
the true yield (Yy) of the IC chips, the wafer-bumping yield (Yg), and the
good die cost (Cp). The actual wafer-bumping cost per wafer (Cp) is:

C‘ﬁ = CW'B +(1- YB]YTNgc'D (2.7a)

where Cjy is the actual wafer-bumping cost per wafer, Cyp is the wafer-
bumping cost per wafer (ranging from $25 to $250), Y3 is the wafer-
bumping yield per wafer, Cp is the good die cost (not the cost of an
individual die on the wafer), NV, is given in Eq. 2.1, and Yy is the true IC
chip yield after at-speed/burn-in system tests. It can be seen that the
actual wafer-bumping cost per wafer depends not only on the wafer-
bumping cost per wafer but also on the true IC chip yield per wafer,
wafer-bumping yield per wafer, and good die cost.

Wafer-bumping yield (Y3) plays a very important role in wafer bump-
ing. The wafer-bumping yield loss (1— Yz) could be due to (1) incorrect pro-
cesses, (2) different materials, (3) bump heights that are too tall or short,
(5) not enough shear strength,(6) solder bridging, (7) broken wafer or dies,
(8) damaged bumps, (9) missing bumps, and (10) scratching of the wafer.
It should be noted that solder bumps are not reworkable. The process has
to be done right the first time; otherwise, someone has to pay for it!

For example, if the die size of a 200-mm wafer is 100 mm? (IV, = 255),
true IC chip yield per wafer is 80 percent, wafer-bumping yield per wafer
is 90 percent, wafer-bumping cost per wafer is $200, and good die cost is
$100 (e.g., microprocessors), then the actual wafer-bumping cost per
wafer is $2240. For the same size wafer, if the good die cost is $1 (e.g.,
memory devices), then the actual wafer-bumping cost per wafer is
$220.40. On the other hand, if the wafer-bumping yield is inereased from
90 percent to 99 percent, then the actual ecost for bumping the micropro-
cessor wafer is $404 and the actual cost for bumping the memory wafer
is $202.04. Thus, wafer-bumping vield plays an important role in the cost
of wafer bumping and the wafer-bumping operations should strive to
make Yy greater than 99 percent, especially for expensive good dies.

Cost per good die for wafer bumping. The wafer-bumping cost per good
die (Cyp) can be determined by

Cs
Com = —— 2.76
M TN, ( )

Figure 2.11 shows the wafer-bumping cost per good die (Cyp) for var-
ious Yr values for the 200-mm wafer. It can be seen that Cpyp increases
as Y decreases. Also, it can be shown from Egs. 2.1 and 2.7 that if the
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Figure 211 Wafer-bumping cost per die (200-mm wafer).

wafer-bumping cost (Cyp) of the 200-mm wafer is no more than 2 tum?s
of that of the 150-mm wafer, then the wafer-bumping cost per good die
is cheaper for the larger wafer (assuming Y3, Yy, and good die cost are
the same for both wafers). Finally, for example, for a 200-mm wafer
with A = 100 mm?, N, = 255. Assuming Cws = $100 and Y = 100 per-
cent, then Cgp = $0.44 if Yo= 0.9 and Cap = $0.65 1f: }r.T = 0.6. Thus YT
plays an important role in wafer bumping. Unless it is mandated ft_ar
reasons of density, form factor, and/or perforn_nance, splder—bmnped flip
chip technology is not suitable for very low-yield devices.

Cost per pad on a good die for wafer bumpln_g. The wafer-bumping cost
per pad (Cyp) on a good die can be determined by

Cs
YrN.N,

CBI'P - (2.8}

where N. is given in Bq.2.1, N, is given in Eqs. 2.4, ?.5, or 2.6, Cp is the
actual wafer-bumping cost, and Y is the true IC chip ylgld. _

Figure 2.12 shows the Cgp for the 200-mm wafer with Peqpheral—
area-array pads. It can be seen that Cgp depends on the chip size, pad

i ip si higher the
itch, Cg (Cys, Ys, Cp), and Yr. The larger the chip size, the hig !
I(}Z'W, anﬁ 1;1-1“:3B larger the pad pitch, the higher the Cgp. Also, Cgp 18

Chip-Level Interconnects: Wire Bonds and Solder Bumps 39

0.000009

Chip area (A)
0.000008 4 400 mm’

306.25
225
156.25
100
25

0.000007 4~
0.000008 -l-

0.000005 4

Y1Cap
Cs

0.000004 -r
0.000003 4
0.000002 4

0.000001

o T
0.15 0.2

0.25 0:3 l:l..:is D.4
Pad Pitch (mm)

Figure 2.12 Wafer-bumping cost per pad (200-mm wafer with area-array pads).

cheaper for the 200-mm wafer if the Cy of the larger wafer is no more
than twice of that of the smaller wafers.

Consider a 200-mm wafer with A = 10 x 10 = 100 mm? and p = 0.25
mm. Assuming Cz = Cyg = $200 (Y3 = 100%) and Yt = 0.9, then Cgp =
$0.00057 for area-array pads, Crp = $0.00559 for peripheral-array pads,
and Cgp = $0.002883 for peripheral-staggered-array pads. It can be seen
that the cost savings for chips with area-array pads is very compelling.

Cost per die for wire bonding. The wire-bonding cost per die (Cwp) can
be determined by

YiL.CuN,
Cypy — 22 ;.w 2 2.9)
T

where Cy is the wire cost (Table 2.3), L, is the average wire length per
pad, Y; is the initial screening IC chip yield (after 1-MHz screening
test), Yr is the true IC chip yield, and N, is given by either Eq. 2.5 or
Eq. 2.6.

Figure 2.13 shows the Cypp for the chips with peripheral-array pads
(x = y has been assumed). It can be seen that Cyp decreases with pad
pitch increase and chip size decrease,

Petitioner Samsung Ex-1011, 0024



40 Chapter Two

TABLE 2.3 Cost of Gold Wire (September 1998)

Diameter
(inch) 1,000 (ft) 5.000 (ft) 10,000 (ft) 25,000 (ft)
0.0007 $485.00/LOT $143.70/Kft $ 93.70/Kft $ 60.00/Eft
0.001 $375.00/LOT $135.90/Kft $ 96.50/Kft $ 70.30/Kft
0.0015 $410.00/LOT $192.10/Kft $149.70/Kft $121.10/Kf

99.99 percent gold wire (spool: 2 inch).

Consider a chip with z = 10 mm, v =8 mm, and p = 0.25 mm. Assum-
ing L, =4.572 mm, Cy = $70.30/Kft = $0.00023/mm, ¥;=0.9, and Yy =
0.8, then Cywp = $0.22 for peripheral-array pads and Cyp = $0.44 for
peripheral-staggered-array pads. If ¥; = 0.7 and Y; = 0.6, then Cyp =
$0.17 for peripheral-array pads and Cyp = $0.34 for peripheral-
staggered-array pads. It can be seen that for wire-bonding technology
it is desirable to have ¥; — Y. Otherwise, the expensive gold wire will
be bonded on the bad dies.

Cost per pad for wire bonding. The wire-bonding cost per pad (Cwp) can
be determined by

ViLaCw

2.10)

CW!P _

600

500 +

400 4
gl s
A&
(; = 300 Chip area (A)
=
> 400 mm”
200 +
306.25
225
156.25
100 K 4
49
25
0 T T - _;_
015 0.2 0.25 0.3 0.35 0.4

Pad Pitch (mm)
Figure 2,13 Wire bonding cost per die (wafer with peripheral-array pads).
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Figure 2.14 Wire bonding cost per pad.

Equation 2.10 is shown in Fig. 2.14 with various values of ¥; and Yo.
It can be seen that the higher the Yr, the lower the Cysp. :Also, for a
given Yr, the Cyp increases with a higher Y;. For example, consider a
200-mm wafer with A = 100 mm? and p = 0.25 mm. Assuming L, = 4572
mm and Cy = $0.000231/mm, then Cyp = $0.001115 if Y; = 0.9 and
Y:=0.95, and Cyp = $0.001056 if Y1 = Y1 = 0.9. By comparing this exam-
ple with that in the section on wafer-bumping cost per good die, it can
be seen that Cwp is smaller than Cgp. However, flip chip technalogy
provides the possibility for area-array pads, and in this case Cppis a
few times smaller than Cyp.

Cost comparison. The cost ratio (B) between the wafer-bumping cost
per die (Eq. 2.7) or pad (Eqg. 2.8) and the wire-bonding cost per die (Eq.
2.9) or pad (Eq. 2.10) is given by

- _._HH.CB - -
~ YiL.CwN,N.

Equation 2.11 is plotted in Fig. 2.15 for the 200-mm wafer with
peripheral-array pads. It can be seen that B is larger for larger chipsize
and larger pad pitch. Also, B is larger for smaller Y;. When p 2 1, this
means the costs of solder-bumped flip chip are no less than those of
wire bonding.

p (2.11)
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Figure 215 Cost ratio between wafer-bumping cost per pad and wire bonding cost per
pad (200-mm wafer with peripheral-array pads).

For a 200-mm wafer with x =y = 10 mm and p = 0.25 mm on a
peripheral-staggered-array pad configuration, assuming that L, =
4.572 mm, Cy = $0.00023/mm, Cy = Cyp = $100 (Y = I), and Y;= 0.9,
then p = 1.35. This means that from materials, labor, and operation
points of view, flip chip technology is more expensive than wire-
bonding technology. It should be remembered that the major equip-
ment cost for wire bonding is higher than that for flip chip (1.77
times). Thus, flip chip is still cheaper. If we reduce the pitch to p =
0.16 mm and keep everything else the same, then p = 0.85. That
means flip chip is cheaper, even without counting on the major equip-
ment cost advantage. However, for the peripheral-array pad configu-
ration, wire bonding is cheaper.

If we reduce the chip size tox =y = 5 mm, then B = 0.63 for p = 0.256
mm on peripheral-staggered-array pads and = 0.39 for » =0.16 mm
on peripheral-staggered-array pads. Thus, in this case, flip chip is
cheaper even with peripheral-array pads. It should be pointed out, as
shown in the section on wafer-bumping cost per die, that flip chip could
be even cheaper if the area-array pad configuration is used. Unfortu-
nately, it cannot be compared with wire bonding, since the latter can-
not use area-array pads.
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22.4 Summary

The cost analysis for wire-bonding chip and solder-bumped flip chip on
board or on a PBGA substrate has been presented. Useful equations for
determining the wafer-bumping and wire-bonding costs per die and
per pad have also been provided. Furthermore, useful charts relating
the important variables such as the wafer size, IC chip yields, wafer-
bumping yield, chip dimensions, and costs are provided for engineering
practice convenience. Some important results are summarized in the
following list.

= The major equipment cost of wire bonding is higher than that of flip
chip.

® Wire bonding occupies more manufacturing floor space than flip chip
does.

® Wafer-bumping cost per die increases as Y decreases.

m Wafer-bumping cost per die is cheaper for larger wafers.

= Wafer-bumping cost per pad is higher for larger chip sizes.

® Wafer-bumping cost per pad is higher for larger pad pitches.

m Wafer-bumping cost per pad is cheaper for larger wafers.

m Wafer-bumping cost per pad is very low for area-array chips.

= Wire-bonding cost per die decreases as pad pitch increases.

m Wire-bonding cost per die decreases as chip size decreases.

n Wire-bonding cost per pad increases with higher ratios of ¥y and Y.

u Area-array solder-bumped flip chip is cheaper than wire bonding.

= For peripheral-array chip, wire bonding is cheaper than flip chip if
the chip size and pad pitch are very large. Otherwise, flip chip is
cheaper.

» In order for solder-bumped flip chip to be cost competitive with wire
bonding, the wafer-bumping yield should be higher than 99 percent,
especially for high-cost dies.

= For low-yield dies, actual wafer-bumping cost may be too high for flip
chip applications, unless it is compensated for by performance, den-
sity, and form factor.

23 Wafer Bumping with Solders

Wafer bumping is the heart of solder-bumped flip chip technology.
Today, there are many different ways to put the tiny solder bump (usu-
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Figure 2.45 Wafer bumping by
IBM’s molten solder injection
process.

V = solder bump volume = nl-ﬂ)iv’lZ(D. + Dy}

H =height from Al-pad surface to upper surface of mask
Dy = diameter of mask opening

D, = Al-pad diameter

The application of SS for wafer bumping is shown in Fig. 2.47. It can
be seen that the process steps are very simple. First, the SS paste is
applied to the entire wafer or just the entire pad region. Stencils or
masks are not needed since SS is not applied to individual pads. Then
the whole wafer is heated and cleaned. The solder bump height is about
20 to 25 pm. Multiple SS paste applications are possible to reach the
desirable bump height. However, this will increase manufacturing time
and cost.

Figure 2.48 shows the secondary ion mass spectrometry (SIMS) mea-
surement results of the oxidation near the solder bump surface using
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(RCOO),Pb

(RCOO),Sn

05

T

Stcp 1 Disassociation of organolead sait:
(RCOO),Pb — 2RCOO" + P2
(heat)

Step2 Substitution of tin by lead:
Pb™ + Sn ~= Pb + Sa?*
(heat)

Step3 Diffusion of deposited lead into metallic tin and
alloying:
Sn + Pt — Sn-Pb alloy
(heat)

Step4  Formation of organotin salt:
Sn* + 2RCOO" — (RCOQ),Sn

(cool)

Figure 246 SuperSolder process. A paste composed of
tin powder, organolead salt, and flux (SS paste) is heated
and undergoes the reaction steps.

the stencil printing, electroplating, and SS methods. It can be seen that
the oxidation in SS solder bumps is lower than that in stencil printing
and electroplating solder bumps. This is because in applying the SS
technology, solder is melted and supplied within a reducing atmo-
sphere. As a result, SS technology is ideal for forming solder bumps
with optimal mountability. The solder supply volume (V) and the solder
supply variation (AV) are given in Fig. 2.49. It can be seen that for the
larger value of ¢ in SS solder supply, the larger solder supply volume V'
can be attained; however, at the same time the solder supply variation
AV also increases.

In order to avoid multiple applications of SS and still reach sufficient
bump height, Furukawa and Motorola recommended increasing the
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5.3.3 FCOB with Au bumps and ACA

Figure 5.30 shows the cross section of a Au-bumped flip chip on board
with Au/polymer-filled adhesive D (bonding force of 50 g per bump). It
can be seen that there are two current paths, via particles and directly
between bump and electrode, because the electroplated gold bump
itself is deformed and forms a direct contact with the PCB electrode.
Also, the gold-coated polymer particles have not only been deformed
but have penetrated into the Au bump.

Figure 5.31 shows the cross section of a Au-bumped flip chip on
board with 5.0-um Ni conductive particles of adhesive E (bonding force
of 50 g per bump). It can be seen that the Ni particles penetrate into

the Au bump. Also, the electrodes are bent where they are supported by
the glass fibers.

5.3.4 Accelerated aging test and results

Table 5.5 shows the bonding forces and curing schedules for the sam-
ples subjected to the following accelerated aging tests: (1) high-tem-
perature storage at 125°C, (2) temperature cycling at 55 to +125°C,
(3) humidity storage at 85°C/85% RH, and (4) reflow test after humid-

Figure 530 Interconnection using Au coated polymer filled
ACA (adhesive D).
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Figure 5.31 Interconnection using Ni filled ACA (adhesive E).

ity storage. Table 5.6 shows the test results. A failed contact is defined
as a complete opening or a 10-fold increase in initial contact resis-
tance. Figure 5.32 (humidity storage test) shows that Ni-filled adhe-
sive E performs the worst. This could be due to the corrosion of the Ni
particles.

Figure 5.33 (temperature cycling test) shows that most of the fail-
ures during temperature cycling tests are observed with the Ni-filled
adhesive and electroplated Au bumps. The adhesive with the best per-
formance is filled with 5.7-um Au-coated polymer (adhesive D) with Ni-
Au bumps and electroplated Au bumps.

5.3.5 Summary®
1. Unlike on polyimide, ACA materials may form voids on PCB. Either

prebaking of the PCB or preheating of the ACA materials could
reduce voiding to zero.

TABLE 5.5 Sample Preparation for Reliability Tests

Adhesive Bumps Bond force Cure schedule
A Au stud 70 g/bump 5s5@200°C
B Au stud 70 g/bump 10 s @ 200°C
D Ni Au 50 g/bump 10 s @ 200°C
D Electroplated Au 50 g/bump 10 s @ 200°C
E Ni Au 100 g/bump 10 s @200°C
E Electroplated Au 50 g/bump = 10 s@200°C
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Chapter

Flip Chip on Board with
Conventional Underfilis

6.1 Introduction

Flip chip is defined as a chip mounted on a substrate with various
interconnect materials and methods such as TAB, wire interconnects,
isotropic and anisotropic conductive adhesives, metal bumps, compli-
ant bumps, fluxless solder bumps, and pressure contacts, as long as the
chip surface (active area or I/O side) is facing the substrate. Compared
to the face-up chip mounting configurations, flip chip provides the
shortest possible leads, the lowest inductance, the highest frequencies,
the best noise control, the highest density, the greatest number of I/Os,
the smallest device footprints, and the lowest profile.’** In this chap-
ter, the focus is on flip chips with solder-bump materials.

The solder-bumped flip chip was introduced by IBM in the early
1960s for its solid logic technology (SLT), which became the logical
foundation of the IBM 360/System computer line. The so-called C4
(controlled-collapse chip connection) technology utilizes solder bumps
deposited on wetable metal terminals on the chip and a matching foot-
print of solder wetable terminals on the substrate. The solder-bumped
flip chip is aligned to the substrate, and the solder joints are made
simultaneously by reflowing the solder bumps (Fig. 6.1).

In this book, the solders on the chip before it is joined to the sub-
strate are called solder bumps. After the solder bumps have been
reflowed on the substrate, they are called solder joints.

For its C4 bumps, IBM used the 5wt%Sn-95wt%Pb solder alloy,
which has solid and liquid temperatures of 308 and 312°C, respectively.
Sometimes, IBM also used the 3wt%Sn-97wt%Pb solder alloy, which
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deformation of the solder joint is very small.) Tl}e other adyantagfas 9f
underfill encapsulant are that it protects the? chip fr.om moisture, 1§n1c
contaminants, radiation, and hostile operating en.vn'or}ments suc _taills
thermal and mechanical conditions, Sho(.tk, and vibration. Also, wi t—
out heat sink, underfill is usually the major heat path from the chip to

the PCB. .
The most desired features of underfill materials are:'®”

s Low viscosity (fast flow), which can increase throughput

s Low curing temperature/fast curing time, which can reduce cost and
be less harmful to other components

s Low TCE, which can reduce thermal expansion mismatch between
the chip, solder bumps, and PCB

= High modulus, which leads to good mechanical properties

s High glass transition temperature, which enables endurance of
higher temperature environments

= Low moisture absorption, which can extend shelf life

# Good adhesion, which can improve product life time

Some companies that provide various underfill materials are
Ablestik, Alpha Metal, Dexter, Emersion, Epoxy Technology, HYSOL,
Johnson Matthey, Kester, Loctite, Matsushita, Thermoset, and Zymet.
It should be emphasized that the curing conditions and material prop-
erties of the underfill materials provided by the vendors are for refer-

ence purposes only. For good engineering, the end users should verify
the data through measurements.

6.5 Handling and Application of Underfills

underfill materials are premixed at the supplier 51te°s, packed

gsgla;l;%ic syringes (5 to 10 cc), and then frozer} packed .at —40 C ti) 1i)re:
vent curing. Shipping of these underfill matzerlals requires specia kane
dling to maintain the low temperature contmuogsly. When the pack E
is received, it should be unwrapped and the syringes should be q12(()3003;
removed and stored in an uninterrupted temperature-controlled ((—1- h
freezer. In this case, most of thefunderﬁll encapsulants would have

imately 1 year of storage life.
aplI;Ie;(i)'zll‘glthe );ngerﬁll materials are applied, they are removed from
the freezer and thawed at room temperature. Tt takes about 1 h to t}ilaw
a 5- to 10-cc syringe. Once thawed, most of the underfill materials have

i 14 to 16 h. . .
: I]);)fngZang the underfill encapsulants through a syringe 1s accom:
plished with a version system (to locate the edges of chip) and a pump
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ing system (to control the amount of underfill materials). The temper-
ature of the heating plate is around 90°C. After the underfill materials
are dispensed on either one side or two adjacent sides of the chip, the
chip and substrate should remain on the heating plate for about 30 to
90 s (depending on the chip size and the gap between the chip and the
substrate) to enhance the flow rate of the underfill. After the underfill
has flowed out from the other sides of the chip (sometimes touch-up is
necessary), the chip on board will be put into a curing oven for 10 to 60

min at 130 to 170°C depending on the curing conditions of the under-
fill materials.

6.6 Curing Conditions of Underfills

Ten different underfill materials with different sizes and filler contents
(underfills A through J) are under consideration, as shown in Table 6.1.
For all these materials, the filler is silica. Most components of the
underfills are bis-phenol-type epoxies and trade secret resins.

To determine the curing conditions of underfill materials, they are put
into an aluminum pan (which will form a disc sample 6.4 = 0.2 mm in
diameter and 1.6 * 0.1 mm in height), weighed, and then put into DSC
equipment. Since the system is always directly measuring energy flow to
or from the sample, the DSC can directly measure temperature at onset
of curing. The kinetic software enables analysis of a DSC peak to obtain
specific kinetic parameters that characterize a reaction process.

Figure 6.14 shows the typical DSC thermal gcan curve. It can be seen
that the peak curing temperatures for underfills B and F are 135.2 and
141.1°C, respectively. The exothermic peak of curve B is wider than
that of curve F, which is very sharp. This means that underfill F has to
be cured within a narrow temperature range while underfill B can be
cured along a wide temperature range. Also, underfill B needs more
time to be fully cured than underfill F (10 min at 150°C for underfill B,
and 5 min at 150°C for underfill F). In general, lower temperatures and

TABLE 6.1 Average Curing Conditions for Underfills A Through J

Filler Curing Temperature
Content Temperature Curing Conditions (°C) at 15 minutes
Underfill and Size (°C) [temperature (°C)/time (min)] of Curing
A 40% < 10 pm 136.2 150/ 27 160/10 165/17 170/ 4 155.8
B 60% < 10 pm 135.2 150/ 10 160/ 4 165/2 170/1.2 146.3
C 40% < 10 pm 117 150/8 160/5 165/4 170/3 139.9
D 60% < 10 pm 143.3 165/83 170/ 38 180/9 185/4 175.4
E 60% < 10 pm 142.9 165/693 170/268 + 180/43 185/18 188.3
F 50% < 20 pm 141.1 150/5 152/3 154/2 156/1 146.4
G 60% < 20 pm 137.1 150/297 160/54 165/24 170/11 167.9
H 55% < 20 pm 141.9 150/186 160/60 % 165/35 170/21 172.9
I 60% < 20 pm 153.6 165/182 170/112 180/44 185/28 191.7
J 60% < 10 pm 139.7 150/169 160/60 165/36 170/22 173.3
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In Ref. 214. four different underfill materials are formulated by adding
1% (wt) of the selected silane coupling agents to a base resin (called
Base) as shown in Table 6.4, where the storage modulus values for these
materials are also given. The interfacial fracture toughness between
these underfill materials and alumina, polyimide (PI), and benzocy-
clobutene (BCB) have been measured and are shown in Figs. 6.31
through 6.33. respectively.?!* It can be seen that, for all the cases consid-
ered (alumina, PI, and BCB), (1) underfill materials S1, S2, and S4 yield
higher interfacial toughness than the base material, indicating that the
silane additives in these materials enhance the interface toughness;
(2) the epoxy functionalized silane has the maximum interfacial fracture
toughness enhancement, and the methacrylate functionalized silane has
no significant effect; and (3) the mode mixities are near 45°C (46.37 to
52.37°C). indicating that they are almost evenly mixed between open and
shear modes of fractures. Also, for the interface between BCB and under-
fill, even the S3 material leads to higher interfacial toughness than the
base material. Finally, it seems that PI yields the best results.

6.7.10 Fracture toughness of underfill-PCB interfaces?"

The interfacial toughness between the underfill materials and the FR-4
PCB with solder mask has also been obtained®** and is shown in Fig.
6.34. It can be seen that (1) all the underfill materials containing silane
additives yvield higher interfacial toughness than the base material on
FR-1 PCB with solder mask, and (2) just as on the chip surface, the epoxy
functionalized silane has the maximum interfacial toughness enhance-
ment. and the methacrylate functionalized silane has the minimum
effect on the interface toughness of FR-4 PCB with solder mask. Also, it
is interesting to note that the interface fracture toughness between the
underfills and the FR-4 PCB with solder mask is greater than that
between the underfills and the alwunina, PI, and BCB on the chip surface.

6.8 Flow Rate of FCOB with Underfills

The flow rates of underfills A through J, discussed in Secs. 6.6 and 6.7.1
through 6.7.4. are measured underneath a solder-bumped flip chip on

TABLE 6.4 Storage Modulus of the Base Underfill and Four Underfills
Storage Moduli (GPa)
Silane Coupling Agents with

Amine Epoxy Methacrylate Vinyl Organofunctional
Base Sh 1521 (S3) (S4)
3.03 3.18 3.17 3.43 2.99

Underfills formulated by adding 19 (wt) of selected silane agents to the base resin.
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Figure 6.31 Interfacial fracture
toughness of alumina/underfill
interface.

Figure 6.32 Interfacial fracture

toughness of polyimide/underfill
interface.

Figure 6.33 Interfacial fracture
toughness of benzocyclobu-
tene/underfill interface.

Filgure 6.34 Interfacial fracture
toughness of FR-4 with solder
mask/underfill interface.
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