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Abstract: The electronics industry in Taiwan has achieved a complete information and communication
technology chain with a firm position in the global electronics industry. The integrated-circuit (IC)
packaging industry chain adopts a professional division of labor model, and each process (including
wafer dicing, die bonding, wire bonding, molding, and other subsequent processes) must have
enhanced process capabilities to ensure the quality of the final product. Increasing quality can also
lower the chances of waste and rework, lengthen product lifespan, and reduce maintenance, which
means fewer resources invested, less pollution and damage to the environment, and smaller social
losses. This contributes to the creation of a green process. This paper developed a complete quality
evaluation model for the IC packaging molding process from the perspective of a green economy.
The Six Sigma quality index (SSQI), which can fully reflect process yield and quality levels, is selected
as a primary evaluation tool in this study. Since this index contains unknown parameters, a confidence
interval based fuzzy evaluation model is proposed to increase estimation accuracy and overcome the
issue of uncertainties in measurement data. Finally, a numerical example is given to illustrate the
applicability and effectiveness of the proposed method.

Keywords: integrated-circuit packaging; Six Sigma quality index; confidence interval based fuzzy
evaluation model; a-cuts; membership function; fuzzy number

1. Introduction

Integrated-circuit (IC) packaging is a procedure in which a processed wafer is cut into dies and
then coated in materials such as resin, ceramics, and metal. The small volume of ICs means that
electronic components are very close together, but this allows circuits to work faster and more reliably
and protects the crystallites from external contamination. Thus, ICs are fundamental components
of electronic products [1]. The cluster effect in the electronics industry in Taiwan has resulted in
a complete information and communication technology industry chain with a firm position in the
global electronics industry [2—-4]. At present, the output values of Taiwan’s wafer foundry industry
and IC packaging and testing industry take up the largest shares of the global market (approximately
70% and 50%, respectively). Companies in Taiwan also provide vertically integrated services including
design, research and development (R&D), component supply, assembly, and original equipment
manufacturer (OEM) manufacturing, such as MediaTek’s IC design services, Taiwan Semiconductor
Manufacturing Company (TSMC)’s wafer foundry services, and Foxconn’s assembly and production
services [5]. During the production process, the quality of all components and the assembly must be
ensured so as to provide consumers with safe products of good quality and performance. For this,
process capability indices (PCls) are useful and convenient tools used to determine whether the process
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quality reaches the customer’s requirements [6-15]. A number of researchers have examined the
relationship between PCIs and Six Sigma quality levels [5,16-18].

As ICs are the key components of modern electronic products, a package is required to protect
the die so that it does not take on any physical or chemical damage during component and circuit
production processes. The molding process in IC packaging has three crucial smaller-the-better (STB)
quality characteristics: (A) lead frame deformation, (B) wire sweep, and (C) package warpage. Excessive
lead frame deformation, wire sweep, or package warpage will affect subsequent IC product processes or
the functions of the final product. Moreover, a PCI contains unknown parameters, yand o, which means
that it requires sample data for estimation. In this paper, we investigate the relationships between the
process quality levels w and the value of a Six Sigma quality index (SSQI) Qpy; for the three STB quality
characteristics. We propose a novel, confidence interval based fuzzy testing method using the upper
confidence limit of SSQI Qpy; to evaluate the quality of the IC packaging molding process. Because this
approach is grounded on confidence intervals, it reduces the risk of misjudgment caused by sampling
errors and also increases the accuracy of decision-making in measuring the quality of the IC packaging
molding process.

The remainder of this paper is organized as follows. Section 2 proposes an SSQI for the IC
packaging molding process. Estimators of index accuracy and index precision are used to derive
confidence interval based fuzzy numbers of SSQIs as well as the membership function for the
development of a fuzzy evaluation model. Section 3 presents an example of a practical application.
Finally, conclusions are provided in Section 4.

2. Materials and Methods

2.1. Six Sigma Quality Index for an Integrated-Circuit (IC) Packaging Molding Process

As previously mentioned, the molding process in IC packaging has three crucial STB quality
characteristics: (A) lead frame deformation, (B) wire sweep, and (C) package warpage. For these STB
quality characteristics, the target value T is zero [19]. Thus, the tolerance d = USL — T = USL, and let

X-T X
Y= d ~ USL’ M
where USL is the upper specification limit. Then, Y is distributed normally with mean 6 = p/USL and
standard deviation y = o/USL (i.e., Y ~ N(9, yz)). Therefore, the transformed USL is 1, and an SSQI
for STB quality characteristics can be defined as follows [19]:

LSL - _
H 15— % +15. @)

PU =

When USL — u > (w — 1.5)0, then the process reaches w — sigma quality level [19]. If we let Qpyr(w)
denote the value of Qpy; with USL — u = (w — 1.5)0, then

(w—-15)

Qru = Qru(w) = P r15=w. 3)

Obviously, when the process quality level is w — sigma, then the value of Qpy; is at least equal to w.
Furthermore, under the assumption of normality, there exists a one-to-one mathematical relationship
between index Qpr and process yield, which can be shown as follows:

1 Opu-15
p= f N(6,y%)dy = f 1 dgz) = ®(Qpu - 1.5), 4)

(o)

where ®(z) is the cumulative function of standard normal distributions (i.e., Z ~ N(0,1)).



Appl. Sci. 2019, 9, 2623 30f11

Table 1 displays the upper specification limit USL, of these three quality characteristics (h =1, 2,
and 3).

Table 1. Upper specification limit (USLy) of three quality characteristics.

h Quality Characteristic Specification
1 Lead frame deformation <0.05 mm
2 Wire sweep <10%

3 Package warpage <3 mil

Assume a random variable Y}, is normally distributed with mean 0; and standard deviation
yh(i.e., Yy, ~ N(6p, yﬁ)) The SSQI for these three quality characteristics can, therefore, be defined

as follows:
1-9y

Qpun = +1.5. (5)

As in the work of [1], the SSQI for the IC packaging molding process can be defined as follows:
3
Qpy = c1>—1{1 - Z[l ~ ®(Qpup - 1.5)]} +15. ©)
h=1

Let the event E;, = {Y} <1} and the compliment event of E;, be E}f ={Y,>1},h=1,2,and 3.
Then, based on Equation (4),

Yy <1) = {z<1‘5h}—fQ””h_l'5 1 {Zz}d — B(Qpun - 1.5); @)
Prh=pPYp =1l =pyL = ™ = . \/z—nexp 5 (2= PURK D),
gn = 1-pi = p(E};) = 1 - ®(Qpun — 1.5). ®)

Let E = E1 N E; N E3. Then, based on the De Morgan theorem and Boole’s inequality, the yield pr
of the IC packaging molding process is as follows:

3
pr = P(E) = P(Ey N E; N E3) > 1- P(ES) - P(ES) - P(ES) = 1 —hgl[l — ©(Qpun — 1.5)] = ®(Qf, — 15).
Thus, there is an inequality between index QIT,u and process yield pr. For example, when

Qpy; = 5.0, then we can guarantee the product yield pr > ®(3.5) = 99.977%. Let Q},, = w, then

pr 2 pr(w) = ®(w - 15). )

Obviously, pT(qu) is an increasing function of qu. When the required quality level of the IC
packaging molding process is w — sigma, then the quality levels of the three quality characteristics must
reach @’ —sigma and w < ' [5,20]. Based on Equation (6),

3
w= q>—1{1 -y n-ow - 1.5)]} +15.
h=1

Equivalently,
1-®(w-1.5)

l:q>—1 1_
of —o ‘

)+ 1.5. (10)

Table 2 presents a comparison of quality levels for w and «’. For example, when the quality levels
of the three quality characteristics reach w’ — sigima, then we can guarantee the quality level of IC
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packaging molding process is 60. Clearly, for the IC packaging molding process to be 60, the quality
characteristics should reach 6.23¢.

Table 2. Comparison of quality levels for w and «’.

’

Quality Level w w
60 6.00 6.23
50 5.00 5.28
40 4.00 4.37
30 3.00 3.51

2.2. Confidence Interval Based Fuzzy Numbers

As mentioned previously, the proposed scheme can derive the SSQI for the IC packaging molding
process, which further enables development of a fuzzy model. An estimator of index accuracy 6;, and
an estimator of index precision yj, are used to derive confidence interval based fuzzy numbers for the
SSQI as well as the membership function for development of the fuzzy evaluation model.

We assume that the random variables Y}, ~ N (6h, yi) represent the process distribution of quality
characteristic i, where Yy1, ..., Ypi, ..., Yy, is a set of sample data related to quality characteristic #,
and the sample size is n. The estimator of index Qpyy, for quality characteristic i can be derived using
these sample data, as follows:

1-96]

Qb = -5 h 15, 11)

2
where 6; = ntx Y, Yy and v, = \/anl):?:l(Yhi - 62) i
Similarly, if we let

Z= «/ﬁ[(QPUh —1.5) = (Qpyyy — 1.5) X (%)] - w (12)
then Z follows standard normal distribution; i.e., Z ~ N(0,1).
Therefore, .
p{ %[(Qm ~1.5) = (Qpyy, — 1.5) % (%)] < Za/z} =1- %
Equivalently, .
P{QPUh < (Qpy —15) (%) + Z“—\/%Z + 1.5} =1-%, (13)

where Z,/; is the upper a/2 quantile of standard normal distribution. Conversely, if we let

2
(n-1)y;2  Ei(Yni—5;)
o o

K — , (14)

then K presents a chi-square distribution with n — 1 degrees of freedom (i.e., Xﬁ_l). Thus, we can further
derive the following:

IR

(n=1y2
P[ 2 S N—ajan-1| = 1—

* 2
Vi X—a/2,n-1 a
WP =iy I 15
p y, < 1 > (15)

Equivalently,
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h 2 i
where x7_ 5.4

is the lower a/2 quantile of the chi-square distribution with 7 — 1 degrees of freedom

In fact, index Qpyyy, is a function of (6, y;,). To derive the (1 — a) X 100% upper confidence limits on
index Qpyyy, this paper defines events A and B of (6, yj,) as follows

A ={Gum)

Qpun < (Qyyy —15) (”)+

Vh

2
“EL 5} B= {(6h,yh) ;—L < \/—Xl‘gﬁ"‘l }
Clearly, p(A) = p(B) =1-a/2 and p(AC) = p(BC) = a/2. According to De Morgan’s theorem
C
we have (AC U BC) =ANBandp(ANB) =1- p(AC U BC) >1 p(AC) p(BC) =1-a.Thus

P{QPUh < (Q}Lm ~15)x (ﬁ)

. 2
Z X _
+ 222 45, Zﬂg\ﬁiﬁgﬂl >1-a.
Vh \/a Vi n-1
Equivalently,
oy z
" 1-a/2,n-1 a/2
< -1. 15} >1-a. 16
p QPUh = (qu;, 5) n—1 \/ﬁ + = a ( )
Let yy,; be the observed value of Yj,; and the observed values of 6; and y; be
n
Oho =

1 . 1 v
,;Z yni and yj, = J HZ(W - 6ho)
i=1 i=1
described as follows

Similar to [10], the observed value of the 100(1 — a)% upper confidence limit UQp;;,0 can be

Xa) V4
N 1-a/2,n-1 /2
uQPUhO = (QPUhO - 15) X na_ 1n + a
1-67
where Qoo =

+ 1.5,
Vn
—2 +15.
Yo

(17)

Applying the upper confidence limit UQpy,o in accordance with the method from [21], the a—cuts
of the half-triangular fuzzy number Qpjo are derived as follows

Opunolal = [UQpumo(1), UQpuno(@)], for 0.01 < <1
PUROX] = [UQpuno(1), UQpuno(0.01)], for 0 < a <0.01

, (18)
= * Xz—a n— Za
where UQpo(a) = (QP o~ L 5) % 4|2 n/zi 1 /2

Vi + 1.5.
Thus, the half-triangular fuzzy number of UQpyg is QPUhO =

A( Qmn, Qray), where
Qmn =

05n1
(quho 5 1 L5

(19)
. /X0975n 1 Zooz5
QRh - (QPUhO 5 5.

(20)
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It follows that the membership function of the fuzzy number épuho is

0 lf x < QMh

_ )1 ifx=Qmn
L I if Qmn <x<Qprp ’ @D

0 if Qry<x

where a is determined by UQpyo(a) = x; i.e.,

X z
(Qpuno —15)x | ==+ j/%z +15=1x. (22)

The numerical examples of 1;,(x) are shown in Section 3.

2.3. Fuzzy Evaluation Model

Before developing the fuzzy hypothesis testing method, we examined the process of statistical
hypothesis testing. In determining whether the index Qp;;;, was at least equal to @’, we adopted the
null hypothesis as Hy : Qpyy;, = @’ and the alternative hypothesis as Hy : Qpy, < @’. For the upper
confidence limit UQpyjpo, the rules of statistical hypothesis testing were as follows:

o If UQpuno=w’, then do not reject Hy, and conclude that Qpj, > @’.
o If UQpuno<w’, then reject Hy, and conclude that Qpj, < @’.

In fact, UQpyyo is a decreasing function of sample size n, which can be rewritten as UQp(n).
Let n’ < n” such that UQpy0(n’) 2w’ and UQpypo(n” )<w’, then

e UQpun(n’)=w’, do not reject Hy, and conclude that UQp >’
e  UQpun(n”)<a’, reject Hy, and conclude that UQpyy, < w’.

It is clear that sample size n influences the statistical inference results. Thus, this paper will
be in accordance with [21] and [22] to propose a fuzzy hypothesis testing method. For the sake of
convenience, we referred to [22] and replaced the area of membership function with the bottom line
of membership function. Based on this concept, we developed a novel approach to fuzzy testing
involving Hp : Qpyn, > @’ and Hy : Qpyy, < @’. Figure 1 presents a diagram corresponding to the
membership function 7;,(x) and vertical line x = w’.

.4

0,0 X
.
Q.U i al Q) ”h

Figure 1. Diagram corresponding to 1, (x) and vertical line x = «’.
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We can compute the total area agy, of 1;,(x) as follows:

Qrn
ary = f Mn(x) dy. (23)
Qmn

Similarly, we can compute the slashed area agy, of 1, (x) as follows:

QRh
aRrn = f n(x) dx. (24)

w’

According to [21], we can use agy, as the numerator and 247y, as the denominator and then perform
fuzzing testing using agy, /2a7y,. Supposing that dg, = Qgj, — @’, dgy, is the base of slashed area 7 (x).
Based on Equation (20), dgj, can be shown as follows:

2
. Xo975,n-1 | Zo.025 /
drp = (Qpyyo — 1.5) X \ =1 T v — (@' —15). (25)

Similarly, the base of 1;,(x) can be expressed as dr;, = Qgry, — Quy,- Based on Equations (19) and (20),
dry, can be shown as follows:

2 2
. X0.975,1-1 Xosn-1|  Zooos
dry = (Qpyypo — 1.5) X \/ -1\t |t (26)

For the sake of convenience, we referred to [22] and replaced agy, / 2a7;, with dgy, /2d7y, for fuzzy
testing; dgy, /2dy, is defined as follows:

0 if o' 2 Qry
drn/ 24, = o if Qun <@’ < Qi (27)
1/2 if o' <Qmn

If welet 0 < ¢y < ¢ < 0.5, in accordance with [21], we can consider employing two numbers
as follows:

(1)  Ifdgy/2d7y, < @1, then we reject Hy, and we conclude that Qpyj, < ’.
(2) If ¢y <dgry/2dry < @2, then we make no decision regarding whether to reject/not reject.
(3) If pp < dgy/2d7y, < 0.5, then we do not reject Hy, and we conclude that Qpj, > @’.

Figure 2 illustrates the procedures of the proposed fuzzy evaluation model for the IC packaging
molding process. The evaluation report produced by this model offers concrete measures for improving
the process.
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Lead frame deformation

@ . . N ot .
/ Upper confidence limit of Six Confidence interval based

Y Sigma quality index | g ‘

Wire sweep fuzzy testing method ~ /

Package warpage

uality evaluation repo

Figure 2. Flowchart of the fuzzy evaluation model for the IC packaging molding process.

3. Practical Application

In this section, a numerical example is used to verify the proposed confidence interval based
fuzzy evaluation model. As mentioned earlier, lead frame deformation (4 = 1), wire sweep (h = 2), and
package warpage (h = 3) are three crucial STB quality characteristics associated with the IC packaging
molding process. Based on [5,20], according to Table 2, if we want to test whether Qpyy, is bigger than
5.280 (w’= 5.28), then the null hypothesis Hy : Qpy, > 5.28 versus the alternative hypothesis will be
Hi : Qpun <528, h=1, 2, 3.Theobserved values of three indices with sample size n = 36 can be
described as follows:

Qpuio = 42/ Qpupo = 51, and Qpyy5) = 5.3

Based on Equations (19) and (20), the half-triangular fuzzy numbers of éplno, épuzo, and épugo
are as follows:

A(Qumi1, Qr1) = A(4.17, 547), A(Qapp, Qro) = A(5.07, 6.37), and A(Qums, Qrs) = A(5.27, 6.57)

In addition, based on Equation (21), the membership function of fuzzy number épuu) is

0 ifx<417
1 ifx=4.17

m(x) = -f ,
o if417 <x <547
0 if547 <x

where « is determined by

[,2

Xicas235  Zaj2

2.7 X 2 1.5 =x.
35 + 6 +15=x

Similarly, the membership function of fuzzy number épuzo is

0 ifx<5.07

|1 ifx=507
=Yy if507<x<637

0 if637<x

where « is determined by

2
Xi—as235  Zaj2
3.6 X . 1.5 =x.
N\—=3 "6 © :
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The membership function of fuzzy number épug() is

0 ifx<527
|1 ifx=527
BE) =1 4 527 <x<657
0 if657<x

where a is determined by

2
Xi—as235  Zaj2
3.8 x . 1.5 =x.
N\" 3 T T :

Obviously, the upper confidence limits of these three indices were all larger than 5.28. Based on
statistical testing rules, we do not reject Hyp. However, although the observed value of Q7 ,,, was 4.2,
which is far less than 5.28, our conclusion was that Qpy;; > 5.28. This was because the smaller sample
size (n = 36) led to a substantial error. We therefore applied the fuzzy evaluation model proposed in
Section 2.3. Based on Equations (25) and (26), the values of dg;, and dpy, for h =1, 2, 3 are as follows:

dri = Qri —5.28 = 5.47 —5.28 = 0.19;
dry = Qgro —5.28 = 6.37 —5.28 = 1.09;
drs = Qrs —5.28 = 6.57 —5.28 = 1.29;
dr1 = Qr1 — Q= 547 -4.17 = 1.30;
dra = Qro — Q2 = 6.37 —5.07 = 1.30;
dr3 = Qrs — Qms = 6.57 — 5.27 = 1.30.

Therefore,
dgr1/2d71 = 0.19/2.60 = 0.073;dg> /2d1o = 1.09/2.60 = 0.419;dRr3/2d13 = 1.29/2.60 = 0.496.

In fact, ¢1 and ¢p, can be determined by industry characteristics. In this paper, we adopted [21]
to set ¢1 and ¢ as 0.2 and 0.4, respectively. Because dr;/2dr; = 0.073 < ¢, then we reject Hy and
conclude that Qpyj; < 5.28. However, since both dro /2dT) and drs/2dr3 are larger than ¢;, we do not
reject Hp and conclude that Qpip > 5.28 and Qpyz > 5.28. Clearly, in this case, the quality level of lead
frame deformation in the IC packaging molding process does not meet requirements; improvements
are necessary.

4. Conclusions

The molding process of IC packaging has three crucial STB quality characteristics: lead frame
deformation, wire sweep, and package warpage. Since SSQIs are capable of comprehensively reflecting
Six Sigma quality levels and have one-to-one mathematical relationships with process yield, we adopted
these indices to evaluate these three STB quality characteristics. First, the estimators 6;, and y;, were
used to derive confidence interval based fuzzy numbers for SSQIs as well as the membership function
for development of a fuzzy evaluation model. This method reduces the risk of misjudgment caused by
sampling errors and also enhances the accuracy of decision-making in measuring the quality of the IC
packaging molding process. We also proposed an easier calculation method for dg;, /2dr;, to obtain
their approximate values in order to facilitate practical applications. Finally, we used an example to
demonstrate the proposed model, the results of which were more reasonable than those obtained using
conventional statistical testing methods because it reduced the substantial error caused by a smaller
sample size. In this paper, we used a-cut fuzzy estimators to develop a fuzzy evaluation model for
the molding process of IC packaging. Future studies could extend the proposed model by using
non-asymptotic fuzzy estimators [23] to compare the findings with this study.
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