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Abstract

The liquid crystal displays (LCDs) possess the most mature technology and best consuming competitiveness in the
flat panel display (FPD) industries. Of all the LCDs, thin film transistor-liquid crystal display (TFT-LCD) keeps some
real advantages. It is thinner, smaller and lighter than other displays and has low power consumption, low-radiation,
high-contrast and high-dpi at the same time. Hence, the TFT-LCD panel is widely applied in daily electronic products,
and the demand for the TFT-LCD panel increases. The product life cycle of the TFT-LCD panel is gradually getting
into the mature stage, and meanwhile, Taiwan�s firms face fierce competition from South Korea and Japan. Thus, at
present, continual cost reduction is an all-out pursuing topic for Taiwan�s panel manufacturers. If the quality and yield
of the TFT-LCD panel can be effectively enhanced, the non-conforming rate and the cost of the TFT-LCD panel will be
reduced. In this study, TFT-LCD panel manufacturing process is discussed, and then five critical-to-quality (CTQ)
characteristics (or sub-processes) are identified and summarized. At the early stages, the assessing model of process
quality index (Cpm) and the MAIC (i.e., measure-analyze-improve-control) approach of Six Sigma are used to measure
and analyze the CTQ characteristics that make TFT-LCD panel unqualified and incapable. During the later stages,
Hartley�s homogeneity test and joint confidence intervals were conducted to determine the optimal parameter setting
of the critical factor in TFT-LCD panel manufacturing process. By using these optimal settings, Six Sigma quality level
can be achieved.
� 2005 Elsevier Ltd. All rights reserved.
1. Manufacturing process description––TFT-LCD panel

The display is an important interface of sending mes-
sage and communicating each other for people in this
information technology age. The display has gradually
developed from cathode ray tubes (CRTs) to flat panel
displays (FPDs). Among them, liquid crystal display
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(LCD) technology has created a wide range of computer
and consumer products that would have not been possi-
ble with CRTs. The flat and thin characteristics of LCDs
make them ideal for mobile or portable applications. In
addition, LCDs have some advantages, including low-
radiation, high-contrast and high-dpi (dots per inch) as
well as being able to operate at low voltage levels and
dissipate with low heat exposure. Therefore, it has
become increasingly common in a wide variety of con-
sumer electronic devices, including cellular phones, dig-
ital cameras, LCD televisions, computer displays, and
personal digital assistants (PDAs). In general, twisted
ed.
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nematic (TN), super twisted nematic (STN) and thin
film transistors (TFT) are the terms used to describe
three types of LCDs. Besides, LCDs can also be divided
into two types––passive matrix drive (PMD) and active
matrix drive (AMD)––by different circuit-driven ways.
However, the LCD panel manufacturing process is quite
complicated. It combines semiconductor, photo-electric-
ity, chemical material and sealing manufacturing process
technologies. The possibility of committing mistakes is
quite high in LCD panel manufacturing process. There-
fore, panel makers should pay much attention on all of
the manufacturing process stages and technologies.
Quality defects in some stages can lead to process fail-
ure. And, most of the WIP (work in process) cannot
be reworked. Finally, the later process stages or the
function of final products will be affected. As a result,
Fig. 1. The TFT-LCD panel
cost will increase. Hence, improving the process capabil-
ity of LCD panel is one of the most important missions
for panel manufacturers. Of all the LCDs, TFT-LCD
has some of the best characteristics. It is thinner, smaller
and lighter than other displays and has low power con-
sumption, low-radiation, high-contrast and high-dpi at
the same time. In this paper, the TFT-LCD manufactur-
ing process of a medium-sized panel maker in Taiwan is
provided as an illustrative example.

A TFT-LCD panel manufacturing process consists of
three main stages (or processes)––TFT array, cell assem-

bly and module assembly process, and at the same time,
each stage consists of some sub-processes. TFT array

process is similar to the semiconductor manufacturing
process, except that transistors are fabricated on a glass
substrate instead of a silicon wafer. As shown in Fig. 1,
manufacturing process.



Table 1
Specifications for five CTQ characteristics of TFT-LCD panel manufacturing process

Stages CTQ characteristics Specifications

TFT array process Photo-resist coating thickness 20,000 Å ± 2000 Åa

Etching path width 20 lm ± 1 lmb

Cell assembly process Polyimide thickness (PI thickness) 500 Å ± 100 Å
PI baking thickness 300 Å ± 50 Å
Density of spacer spray 160 ± 60 pcsc

a 1 Å = 10�10 m.
b 1 lm = 10�6 m.
c pcs = bead/cm2.
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the main raw material of TFT array process is the glass
substrate which must be processed 5–7 times through
cleaning, coating, exposure, developing, etching, and
stripping, etc. Cell assembly process is a special stage
in TFT-LCD panel manufacturing process, in which
two components, color filter and TFT array substrate

will be processed through cleaning, alignment-layer
printing, rubbing and so forth. Then, color filters will
be added on the seal and be appended to TFT array sub-

strate as shown in Fig. 1. After assembling, the liquid
crystal will be injected into the spacer. Module assembly

process is the final stage of TFT-LCD panel manufactur-
ing process where the TFT-LCD panels passed from
liquid crystal process are assembled with all the neces-
sary parts such as black lights, driver IC, and printed
wiring board (PWB), to complete the final TFT-LCD
product. Among them, both TFT array and cell assem-

bly processes are regarded as the most critical stages that
can affect TFT-LCD panel quality. As manufacturing
process variations arise in TFT array or cell assembly

process, process faults such as the non-uniformities of
panel thickness, spacer density, or etching path width
occur frequently. Moreover, module assembly process

or the function of final panels will be impacted to cause
lower process performance and higher cost. Thus, pro-
cess quality excellence is very important in TFT array

and cell assembly processes. Hence, they are key issues
in this paper. In Fig. 1, the sub-process with bold itali-
cized words, referred to as critical-to-quality (CTQ)
characteristic, is required to meet specified specification.

In TFT array process (or stage), photo-resist coating
thickness and etching path width are two CTQ character-
istics (sub-processes) which determine whether the qual-
ity of following sub-processes meets the requirement. In
addition, the uniformities of PI thickness, PI baking
thickness and density of spacer spray in cell assembly pro-

cess are three CTQ characteristics. If they are non-uni-
form, then either the following module cannot be
assembled or the color aberration of panel display is sig-
nificantly impacted. The corresponding specifications for
these five CTQ characteristics of TFT-LCD panel manu-
facturing process are shown as Table 1.
Obviously, all of the five CTQ characteristics belong
to nominal-the-best type listed in Table 1. Based on
Bothe [1], Huang et al. [13] and Chen et al. [7], the cus-
tomers will be satisfied with the product only when all
quality characteristics of a multi-characteristic product
meet the specification requirements. However, research
on TFT-LCD panel manufacturing process is compara-
tively scarce and incomplete, and most studies focus
only on production technology and process quality
assessment [14]. Process quality improvement methods
and models were seldom proposed for poorer processes.
Consequently, in this paper, the capability assessment
model of TFT-LCD panel manufacturing process is pro-
vided to measure whether the process meets the require-
ments based on the five mentioned CTQ characteristics.
Furthermore, MAIC approach of Six Sigma, proposed
by Ham and Lee [11], is used to find the CTQ character-
istics that make TFT-LCD panel unqualified or incapa-
ble. Finally, it will assist panel manufacturers in
enhancing process quality and performance.
2. The process quality index for TFT-LCD panel

As described above, TFT array and cell assembly

stages possess two and three CTQ characteristics,
respectively. These CTQ characteristics are all nomi-
nal-the-best type with symmetric tolerance as displayed
in Table 1. Chen et al. [7] have already developed a nom-
inal-the-best multi-characteristic product capability
analysis (MCPCA) chart for Spk to monitor and assess
the performance of an entire product and all process
characteristics simultaneously. Nevertheless, according
to Boyles [3], the index Spk is defined based on process
yield and is irrelevant to target value (T) for normally
distributed process. There is a one-to-one mathematical
relationship between Spk and process yield. However, it
fails to assess the process loss. To solve the problem,
Chan et al. [4] have pointed out that the index Cpm

can reflect the process loss and how the process center
deviates from the target value. This paper employs this
process quality index Cpm for responding process yield
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and process expectation loss at the same time. Besides,
based on Govaerts [10], we have process yield
Yield% P 2U(3Cpm) � 1 when Cpm is sufficiently large.
Since TFT-LCD panel manufacturing process includes
five CTQ characteristics, the index Cpmj of jth CTQ
characteristic can be written as following:

Cpmj ¼
USLj � LSLj

6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

j þ lj � T j

� �2
q ¼ dj

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

j þ lj � T j

� �2
q ; ð2:1Þ

where j represents jth CTQ characteristic in Table 1,
j = 1, . . . ,5, and USLj is the upper specification limit of
jth CTQ characteristic. LSLj is the lower specification
limit of jth CTQ characteristic. Tj represents process tar-
get value of jth CTQ characteristic. lj and rj denote pro-
cess mean and process standard deviation of jth CTQ
characteristic, respectively; dj = (USLj � LSLj)/2 repre-
sents process tolerance of jth CTQ characteristic. In-
deed, given Cpmj = c, we have:

P j 6 2� 2U 3cð Þ; ð2:2Þ
lj � T j

�� ��
dj

6
1

3c
; ð2:3Þ

where Pj represents the non-conforming rate of jth CTQ
characteristic. U is a cumulative probability function of
standard normal distribution, and |lj � Tj|/dj denotes
the departure ratio of process tolerance from target
value for jth CTQ characteristic. The larger the index
Cpmj value (c) implies that the smaller the |lj � Tj|/dj

and the process non-conforming rate. Since all TFT-
LCD panel manufacturing sub-processes are mutually
dependent, based on Bothe [1], the relationship between
non-conforming rates of entire TFT-LCD panel (P) and
five individual CTQ characteristics (Pj) is

MaxfP 1; . . . ; P 5g 6 P 6
X5

j¼1

P j. ð2:4Þ

Based on Eqs. (2.2) and (2.4), the relationship between
the non-conforming rates of entire TFT-LCD panel
Table 2
Various Cpm values versus corresponding Cpmj values and non-confo

Cpm (m) Non-conforming rate (%)

1.0 0.26997961
1.1 0.09668483
1.2 0.03182172
1.3 0.00961927
1.4 0.00266915
1.5 0.00067953
1.6 0.00015867
1.7 0.00003397
1.8 0.00000666
1.9 0.00000120
2.0 0.00000020
(P) and individual process quality index (Cpmj) can be
derived as following:

P 6
X5

j¼1
P j 6

X5

j¼1

½2� 2Uð3CpmjÞ�. ð2:5Þ

According to Eq. (2.5), the entire process quality index
(Cpm), which can reflect the non-conforming rate of en-
tire TFT-LCD panel, is defined as below

Cpm ¼
1

3
U�1 1�

X5

j¼1

½1� Uð3CpmjÞ�
( )

. ð2:6Þ

By Eq. (2.6), clearly, the relation between the entire non-
conforming rate (P) and the entire process quality index
(Cpm) is

P 6 2� 2Uð3CpmÞ. ð2:7Þ

Based on Chen et al. [6], Huang et al. [13] and Chen
et al. [7], when the entire process capability of TFT-LCD
panel is required to be at a specified level, the individual
process capabilities of all five CTQ characteristics must
be better than the required standard for the entire prod-
uct. For example, assuming the entire process quality
index value Cpm = m is given, we have

Cpm ¼
1

3
U�1 1�

X5

j¼1

½1� Uð3CpmjÞ�
( )

¼ m. ð2:8Þ

When the preset minimum values of individual process
quality index (Cpmj) are equal and refer to as w (i.e.,
Cpmj = w), the critical value (w) for individual process
quality index can be obtained by solving Eq. (2.8) as
following:

w ¼ 1

3
U�1 Uð3mÞ þ 4

5

� �
. ð2:9Þ

Table 2 displays various commonly used Cpm values,
the corresponding Cpmj values and non-conforming
rates. For an entire TFT-LCD panel manufacturing pro-
cess with five CTQ characteristics, each individual
rming rates

Cpmj (w) Non-conforming rate (%)

1.153 0.05399592
1.243 0.01933697
1.333 0.00636434
1.425 0.00192385
1.517 0.00053383
1.610 0.00013591
1.704 0.00003173
1.799 0.00000679
1.894 0.00000133
1.989 0.00000024
2.085 0.00000004
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process capability (or quality) for the five characteristics
should exceed w (Cpmj P w), thus, the entire process
capability of TFT-LCD panel can be guaranteed to be
m at least (i.e., Cpm P m). For instance, when w = 1.153
for all five characteristics, then the entire process capa-
bility value (m) can exceed 1.000.
3. Four phases of the Six Sigma approach

So far, the literature on quality assessment of TFT-
LCD panel manufacturing process was comparatively
scarce and incomplete. Some scholars and engineers only
proposed the assessment approaches of process quality
and production technology, but seldom provided
improvement methods for the process quality [14]. Since
the early 1900s, Six Sigma has been launched in service
industries and manufacturing processes using statistical
tools and techniques. It has been proven to be successful
in reducing costs and cycle times, eliminating defects, rais-
ing customer satisfaction, and significantly increasing
profitability [21]. Therefore, in this paper, Six Sigma qual-
ity improvement of the TFT-LCD panel through the
MAIC approach, proposed by Ham and Lee [11] will be
presented. The MAIC approach is divided into four core
phases defined as (1) Measure phase: a review of measure-
ment system types and the CTQ characteristics is
included. The nature and properties of data collection
must be thoroughly understood by TFT-LCD panel man-
ufacturers. (2) Analyze phase: specific statistical methods
and quality control tools are used to analyze and find
out the critical information that is important to explaining
the number of defects. (3) Improve phase: the critical fac-
tors that cause problems are discovered. The improve-
ment actions will be taken for solving critical problems.
(4) Control phase: the processes that create the product
or service are controlled and monitored continuously in
order to ensure that the problem will not occur again.
The details of the MAIC approach in this paper are
described as below.

3.1. Measure phase

To measure the quality and performance for TFT-
LCD panel manufacturing process, the five CTQ charac-
teristics of an entire TFT-LCD panel and their corre-
sponding individual indices Cpmj have been completely
introduced and discussed in the preceding section. Based
on these concepts, a process assessment model will be
developed to judge whether the process quality of each
individual CTQ characteristic meets the requirement.
Moreover, unqualified CTQ characteristics (or sub-pro-
cesses) will be analyzed to find out the critical factors (or
assignable causes). Next, the corrected action will be
taken for improving the process quality of the entire
TFT-LCD panel.
Since there are five CTQ characteristics in the TFT-
LCD panel manufacturing process and each individual
CTQ characteristic is nominal-the-best type with sym-
metric tolerance, in this paper we combine the
approaches of Chen et al. [6], Deleryd and Vännman
[9] and Sung et al. [19] with index Cpmj to develop a
new process capability control chart, called ‘‘multi-char-
acteristic product capability analysis chart – MPCAC/
Cpm’’, for assessing the process capability of the TFT-
LCD panel. This control chart can transform the speci-
fication tolerance (LSLj, Tj, USLj) of each individual
CTQ characteristic into (�1, 0, 1) by standardized pro-
cedure and describe all characteristics in one single chart
to assess the process capabilities of these characteristics
simultaneously. The procedure is presented as below.
First of all, given Cpmj = w, we have

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrj=djÞ2 þ ½ðlj � T jÞ=dj�2

q ¼ 3w; j ¼ 1; . . . ; 5. ð3:1Þ

Moreover, the accurate index (Qaj) and precision index
(Qpj) for jth CTQ characteristic are defined as following,
respectively:

Qaj ¼
lj � T j

dj
; j ¼ 1; . . . ; 5; ð3:2Þ

Qpj ¼
rj

dj
; j ¼ 1; . . . ; 5. ð3:3Þ

Obviously, the smaller the Qaj and Qpj values imply that
the higher the process accuracy and process precision.
Based on Eq. (3.2), if lj < Tj, then Qaj < 0; if lj > Tj,
then Qaj > 0; and if lj = Tj, then Qaj = 0 (the process is
just on process target). Since the individual CTQ charac-
teristic is nominal-the-best type with symmetric toler-
ance, if lj = LSLj, then Qaj = �1; and if lj = USLj,
then Qaj = 1. Thus, the specification tolerance of jth
CTQ characteristic can be transformed from (LSLj, Tj,
USLj) into (�1, 0, 1). If the indices Qaj and Qpj are rep-
resented as the X-axis and Y-axis, respectively, Eq. (3.1)
can be rewritten as

X 2 þ Y 2 ¼ r2; ð3:4Þ

where X = Qaj, Y = Qpj and r = 1/(3w) is the radius of a
circle (or contour curve). The contour curve with bold
line for Cpmj = w can be drawn and shown as Fig. 2.
Clearly, the smaller the Qaj and Qpj values imply the
smaller the r value and the larger the index Cpmj value.
In addition, the higher the process accuracy and process
precision imply the better the process capability of jth
characteristic.

As proposed by Chen et al. [6], Motorola�s Six Sigma
quality level means that process standard deviation is
r = d/6 with a 1.5r shift. That is, Qpj = 1/6 and
|Qaj| 6 0.25. Assuming that entire process quality for
TFT-LCD panel is required to meet Six Sigma quality
level, the corresponding entire process capability should



Fig. 2. Multi-characteristic product capability analysis chart
(MPCAC/Cpm).
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exceed 1.109 (i.e., Cpm P 1.109). The TFT-LCD panel
manufacturing process possesses five CTQ characteris-
tics, according to Eq. (2.9), the corresponding lower
limit value of individual index Cpmj value can be calcu-
lated to be 1.251 (i.e., Cpmj P 1.251). For the same rea-
son, the Cpm values of various quality levels such as 5
Sigma, 4 Sigma and so forth as well as the corresponding
Cpmj values can be attained (shown in Table 3).

Moreover, combining the individual Cpmj value
(w = 1.251) listed in Table 3 with equation r = 1/(3w),
the radius r = 0.267 is attained and the corresponding
bold contour curve (or control limit) can be drawn as
Fig. 2. Qaj and Qpj represent the axis-X (horizontal axis)
and axis-Y (vertical axis), respectively. Obviously, a
coordinate point (X,Y) represents an individual CTQ
process (or characteristic). When the corresponding
coordinate point of each individual CTQ characteristic
is plotted on MPCAC/Cpm, we can judge the process
quality condition by the corresponding location on the
control chart. However, as the parameters lj and rj

for the indices Qaj and Qpj are unknown, they must be
estimated by sampling. Cheng [8] and Huang et al. [13]
indicated some practitioners and scholars simply
employed the point estimates of the indices to determine
whether a process capability meets the requirement.
Those approaches are not objective since sampling
errors are neglected [16]. Hence, in this paper we replace
a coordinate point (Qaj,Qpj) with its joint confidence
region for assessing TFT-LCD panel process quality.
The approach is described as following.
Table 3
The Cpm values of various quality levels and the corresponding
Cpmj values

Quality level Cpm value Cpmj value

6 Sigma P1.109 P1.251
5 Sigma P0.925 P1.088
4 Sigma P0.740 P0.930
3 Sigma P0.555 P0.781
The X � S2 control chart is applied to monitor the
mean and variability of TFT-LCD panel manufacturing
process in this study. Assume that m sub-samples of
size n are taken from an �in-control� TFT-LCD panel
manufacturing process. The estimators of Qaj and Qpj

can be defined as Q̂aj ¼ ðX j � T jÞ=dj and Q̂pj ¼
ffiffiffiffiffi
S2

j

q
=

dj, where X j ¼
Pm

i¼1X ji=m is the average of all sub-
sample means for jth CTQ characteristic.
S2

j ¼
Pm

i¼1S2
ji=m is the average of all sub-sample vari-

ances for jth CTQ characteristic. X ji ¼
Pn

k¼1X jik=n is

ith sub-sample mean. S2
ji ¼

Pn
k¼1ðX jik � X jiÞ2=ðn� 1Þ is

ith sub-sample variances. Next, we mimic Deleryd and
Vännman [9] and Sung et al. [19], thus, the joint
confidence region is a rectangle constructed by the
100(1 � a)% confidence interval of Qaj, ½Q̂aj � T a=4ðmÞ
Q̂pj=

ffiffiffiffiffiffi
mn
p

� and the 100(1 � a)% confidence interval of

Qpj,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mQ̂

2

pj=v
2
a=4ðmÞ

q
;

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mQ̂

2

pj=v
2
1�a=4ðmÞ

q
�, where degrees

of freedom m = m(n � 1), Ta/4(m) is an upper a/4 percen-
tile of T distribution with m degrees of freedom.
v2

1�a=4ðmÞ and v2
a=4ðmÞ are upper 1 � a/4 and a/4 percen-

tiles of v2-distribution with m degrees of freedom, respec-
tively. Consequently, the four corner points of the joint
confidence region for coordinate (Qaj, Qpj) can be repre-
sented as following in clockwise order from upper-right
coordinate to upper-left coordinate:

Upper-right: Q̂ajþT a=4ðmÞQ̂pj=
ffiffiffiffiffiffi
mn
p

;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mQ̂

2

pj=v
2
1�a=4ðmÞ

q� �
;

ð3:5Þ

Bottom-right: Q̂ajþT a=4ðmÞQ̂pj=
ffiffiffiffiffiffi
mn
p

;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mQ̂

2

pj=v
2
a=4ðmÞ

q� �
;

ð3:6Þ

Bottom-left: Q̂aj�T a=4ðmÞQ̂pj=
ffiffiffiffiffiffi
mn
p

;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mQ̂

2

pj=v
2
a=4ðmÞ

q� �
;

ð3:7Þ

Upper-left: Q̂aj�T a=4ðmÞQ̂pj=
ffiffiffiffiffiffi
mn
p

;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mQ̂

2

pj=v
2
1�a=4ðmÞ

q� �
.

ð3:8Þ

As we previously mentioned, when the entire process
quality of the TFT-LCD panel is required to meet Six
Sigma quality level, all process quality index values for
individual CTQ characteristics should exceed 1.251
(i.e., Cpmj P 1.251). Thus, the contour curve with
radius r = 0.267 for Cpmj = 1.251 can be drawn and
shown as Fig. 2. Since computer technique has been
rapidly developed, Montgomery [15] indicated that
the larger sample number for a continuous random
variable can be conveniently collected. Based on this
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concept, 30 sub-samples of size 11 are taken from each
CTQ characteristic (or sub-process) of TFT-LCD panel
manufacturing process. Thus, X j and S2

j can be calcu-
lated at significance level a = 0.05. Furthermore, Q̂aj,
Q̂pj and the four coordinate points of joint confidence
region for jth CTQ characteristic can also be obtained
(see Table 4). Finally, the joint confidence regions of
the five CTQ characteristics are plotted on MPCAC/
Cpm as shown in Fig. 2. The TFT-LCD panel manufac-
turing process meets Six Sigma quality level when all
joint confidence regions are located within or on the
control limit. Conversely, the CTQ processes are
unqualified and must be upgraded when some of the
joint confidence regions are located outside the control
limit. The process capability of entire TFT-LCD panel
is incapable at the same time.

3.2. Analyze phase

First of all, MPCAC/Cpm was employed to discover
unqualified CTQ characteristics. As a result, three
CTQ characteristics, etching path width, PI baking
thickness and density of spacer spray, meet Six Sigma
quality level among five CTQ characteristics in Fig. 2.
Table 4
Estimated index values for five CTQ characteristics and correspondin

CTQ characteristics Specification Unit Q̂aj Q̂pj

Photo-resist coating thickness 20000 ± 2000 Å �0.03 0.41
Etching path width 20 ± 1 lm 0.13 0.24
PI thickness 500 ± 100 Å �0.19 0.33
PI baking thickness 300 ± 50 Å �0.11 0.24
Density of spacer spray 160 ± 60 pcs 0.18 0.17

Fig. 3. The cause-and-effect diagram for renderi
Besides, two CTQ characteristics––photo-resist coating
thickness and PI thickness––did not meet Six Sigma
quality level, in which the quality level of photo-resist
coating thickness was the worst. Obviously, we knew
large process variation (or lack of process precision)
has occurred and resulted in photo-resist coating process
capability incapable by the location of corresponding
joint confidence region on MPCAC/Cpm. Therefore, in
this paper photo-resist coating process was selected as
the first improvement project for TFT-LCD panel man-
ufacturing process. Next, we used some statistical tools
and quality methods like cause-and-effect (or fish-bone)
diagram, brainstorming and so forth to find out the crit-
ical factors rendering photo-resist coating process inca-
pable. In practice, when enterprises in Taiwan carry
out quality activities, the cause-and-effect diagram is a
necessary and useful tool. Besides, Syrcos [20] used the
cause-and-effect diagram to study and analyze the cast-
ing density. In this study, to analyze and discover the
critical factors for making photo-resist coating process
incapable (or lack of process precision), the cause-and-
effect diagram (shown in Fig. 3) would be an improve-
ment tool of TFT-LCD panel manufacturing process
project.
g coordinates

Upper-right Bottom-right Bottom-left Upper-left

[0.03, 0.45] [0.03, 0.37] [�0.08, 0.37] [�0.08, 0.45]
[0.16, 0.26] [0.16, 0.22] [0.10, 0.22] [0.10, 0.26]
[�0.14, 0.36] [�0.14, 0.30] [�0.23, 0.30] [�0.23, 0.36]
[�0.07, 0.26] [�0.07, 0.22] [�0.14, 0.22] [�0.14, 0.26]
[0.20, 0.18] [0.20, 0.15] [0.15, 0.15] [0.15, 018]

ng photo-resist coating process incapable.
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After a thorough discussion of the cause-and-effect
diagram shown in Fig. 3 with Six Sigma project manager
and process engineers, three machine parameter settings
(i.e., critical factors)––height of roller space, dropping
speed of medicinal liquid and rotational speed of con-
veyer belt––were identified as major causes which made
process capability of photo-resist coating process for
TFT-LCD panel incapable. Herein, roller space that is
too high or too low can make photo-resist coating thick-
ness either too thick or too thin. Thus, the exposure pro-
cess quality will be impacted. Besides, photo-resist
coating thickness will be non-uniform when dropping
speed of medicinal liquid is too fast or too slow. Finally,
rotational speed of conveyer belt that is too fast or too
slow will affect baking time of the panels in the oven
after finishing photo-resist coating. Moreover, the
photo-resist coating process quality will deteriorate. In
other words, the setting values of three aforementioned
machine parameters will directly impact the precision
of photo-resist coating process. They can even render
TFT-LCD panel manufacturing process incapable or
unqualified. Consequently, project manager and process
engineers decided to actively focus their improvement
plan and study on these three machine parameters and
discover the optimal parameter settings. Among them,
although the height of roller space was a critical factor
which impacts coating thickness uniform, based on pre-
viously experimented results, the process precision of
TFT-LCD panel was the most stable when the height
of roller space was preset to be 2.3 mm. Besides, when
rotational speed of conveyer belt was preset to be
625 cm/min, process stability was also the best. Thus,
the dropping speed of medicinal liquid would be further
discussed and researched in the following section to
improve the capability and performance for TFT-LCD
panel manufacturing process.
Table 5
The 95% confidence intervals of the index ratios for three
dropping speeds of medicinal liquid

Lower
confidence limit

Upper
confidence limit

Results

Cpm1/Cpm2 0.1199 0.7201 Cpm1 < Cpm2

Cpm1/Cpm3 0.3114 1.8670 Cpm1 = Cpm3

Cpm2/Cpm3 1.0598 6.3636 Cpm2 > Cpm3
3.3. Improve phase

In the analysis of above mentioned MPCAC/Cpm

approach, the result showed that the capability and preci-
sion of photo-resist coating process was not satisfactory.
Then, the cause-and-effect diagram and brainstorming
were used to find out the critical factor (i.e., dropping
speed of medicinal liquid) rendering photo-resist coating
process incapable. In this phase, Hartley�s homogeneity
test [12,17] and joint confidence intervals [5] were con-
ducted to determine the optimal parameter setting of the
dropping speed of medicinal liquid. It was divided into
three factor levels––35, 40 and 45 drops/min in this study.
At the same time, ni samples were selected at each level.
Then, Ĉpmi ¼ ðUSL� LSLÞ=f6½S2

i þ ðX i � T Þ2�1=2g can
be calculated, where i represents ith factor level (i = 1, 2,
3). To test H0: Cpm1 = Cpm2 = Cpm3 against the alterna-
tive H1: Not all Cpmi are equal (i = 1, 2, 3), this paper fol-
lows Hartley�s test [12,17] to employ Fmax as a testing
statistic, which was defined as

F max ¼
min Ĉ

2

pm1; Ĉ
2

pm2; Ĉ
2

pm3

n o
max Ĉ

2

pm1; Ĉ
2

pm2; Ĉ
2

pm3

n o . ð3:9Þ

When H0 is true, then

F max¼
max Cpm1=Ĉpm1

� �2
; Cpm2=Ĉpm2

� �2
; Cpm3=Ĉpm3

� �2
n o

min Cpm1=Ĉpm1

� �2
; Cpm2=Ĉpm2

� �2
; Cpm3=Ĉpm3

� �2
n o .

ð3:10Þ
Since ðCpmi=ĈpmiÞ2 � v2

mi
=mi (i = 1, 2, 3) [2,5], where mi =

ni · [(1 + ki/ni)
2/(1 + 2ki/ni)] and ki ¼ ni � ðli � T Þ2=

r2
i , then F max � F max½3;�m�1� (see Appendix 1 for details).

Consequently, Fmax is a Hartley�s Fmax distribution with
3 and �m� 1 degrees of freedom, where �m ¼

P3
i¼1mi=3 and

3 represents the number of selected factor level. mi de-
notes the degree of freedom of ith factor level.

The null hypothesis H0 is rejected at a level if
Fmax > C0, where C0 is a critical value which is satisfied
with P(Fmax > C0|H0 is true) = a. Furthermore, we
checked the table of Hartley�s Fmax distribution [17] based
on a value, 3 and �m� 1 degrees of freedom, C0 could be
attained. Assuming that null hypothesis H0 is rejected,
that means there is a significant difference among the three
levels. Next, to distinguish the process quality and perfor-
mance of one level from other levels, C3

2 ¼ 3 kinds of mul-
tiple comparisons––called the confidence intervals for
Cpm1/Cpm2, Cpm1/Cpm3 and Cpm2/Cpm3, were constructed
and calculated. Conversely, the null hypothesis H0 is not
rejected if Fmax < C0. That means no significantly better
level exists in dropping speed of medicinal liquid. At this
time, the experiment of another level for dropping speed
of medicinal liquid must be performed and analyzed.
Moreover, since samples had been collected at each level,
the three estimates––Ĉpm1, Ĉpm2 and Ĉpm3––were calcu-
lated as 1.005, 1.289 and 1.150, respectively. Next, we
obtained Fmax[3,29] = 0.9907/0.2911 = 3.425 by Eq. (3.9).
Clearly, H0 was rejected at a = 0.05 level since Fmax[3,29] >
C0 = 2.4. That meant there was a significant difference
among the three factor levels. Finally, to investigate and
find out the best factor level, the confidence intervals of
Cpm1/Cpm2, Cpm1/Cpm3 and Cpm2/Cpm3 [5] were calculated
at 95% confidence level and the results were shown in
Table 5.



K.S. Chen et al. / Microelectronics Reliability 46 (2006) 1189–1198 1197
According to the results of the final column in Table
5, obviously, Cpm2 value was significantly larger than
Cpm1 and Cpm3 values. Hence, when dropping speed of
medicinal liquid was set to be 40 drops/min, the process
performance was best and the process capability could
be upgraded to around 1.289. That means the TFT-
LCD panel manufacturing process meets Six Sigma
quality level.
3.4. Control phase

As preceding experiments showed, when the drop-
ping speed of medicinal liquid was set to be 40 drops/
min and other process parameters remained unchanged,
the process precision and capability for TFT-LCD panel
were the best. Thus, TFT-LCD panel manufacturing
process would be preset to the combination of these
factor levels in the future. According to Spiring [18],
after the Improve Phase of Six Sigma has been finished,
the process is generally stable. Thus, Cpm control chart is
suitable for this section. Moreover, based on Boyles [2],
Cpm control chart was developed and employed to mon-
itor the process quality and presented as following. First
of all, m sub-samples of size n were taken from the TFT-
LCD panel manufacturing process. Thus, parametric
estimators are described as below. X l ¼

Pn
k¼1 X lk=n

denotes lth sub-sample mean and S2
l ¼

Pn
k¼1

ðX lk � X lÞ2=ðn� 1Þ represent lth sub-sample variance.
Thus, the average of all sub-sample means is X ¼Pm

l¼1X l=m, and the average of all sub-sample variances

is S2 ¼
Pm

l¼1S2
l=m. Furthermore, the process quality

index value, Cpml ¼ 1= 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSl=dlÞ2 þ ½ðX l � T lÞ=dl�2

q� 	
,

for lth sub-sample as well as the average of quality index
values for all sub-samples, Cpm ¼

Pm
l¼1Cpml=m, could be

obtained.
In fact, based on Boyles [2] and Chen and Chen [5],

m� ðC2
pm=Ĉ

2

pmÞ approximately follows Chi-square distri-
bution (v2) with degrees of freedom m, where m = mn ·
[(1 + k/mn)2/(1 + 2k/mn)] and k = mn · (l�T)2/r2. Esti-
mator of the unknown parameter k is defined by �k ¼
mn� ðX � T Þ2=S2, and estimated degree of freedom is
�m ¼ mn� ½ð1þ �k=mnÞ2=ð1þ 2�k=mnÞ�. Hence, the upper
and lower control limits for Cpm control chart could be
easily derived by mimicking S2 control chart. They are
presented as following:

UCLCpm
¼ I1 � Cpm; ð3:11Þ

CLCpm
¼ Cpm; ð3:12Þ

LCLCpm
¼ I2 � Cpm; ð3:13Þ

where I1 and I2 are the functions of v2
1�a=2ð�mÞ and v2

a=2ð�mÞ,
respectively, and v2

1�a=2ð�mÞ and v2
a=2ð�mÞ are upper 1 � a/2
and a/2 percentiles of v2-distribution with �m degrees of
freedom, respectively:

I1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mn� 1þ X � T


 �2
�

S2

� �2
,

1þ 2 X � T

 �2

�
S2

� �( ),
v2

1�a=2ð�mÞ

vuut ;

ð3:14Þ
I2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mn� 1þ X � T


 �2
�

S2

� �2
,

1þ 2 X � T

 �2

�
S2

� �( ),
v2

a=2ð�mÞ

vuut .

ð3:15Þ

In practice, based on Eqs. (3.11)–(3.15), Cpm control
chart is constructed for monitoring and controlling the
process quality. For instance, if T = 100 and d = 2 are
given and 30 sub-samples of size 11 are collected, then

X ¼ 98, S2 ¼ 1 and Cpm ¼ 1:2 are calculated. Thus,
I1 = 1.05 and I2 = 0.96 are attained at a = 0.05 level,
and the upper and lower control limits of Cpm are calcu-
lated as 1.258 and 1.148, respectively. To sustain the
improvement results in TFT-LCD panel manufacturing
process, this control chart is recommended for the panel
manufacturers.
4. Conclusions

Since the TFT-LCD panel manufacturing process is
quite complicated, the possibility of committing
mistakes is very high. In addition, the earlier and later
manufacturing sub-processes for TFT-LCD panel are
mutually dependent, thus, quality defects in a sub-
process or a stage can impact the later stages or the func-
tion of final products and the cost will increase. Based
on the concepts, five CTQ characteristics in TFT-LCD
panel manufacturing process are identified and summa-
rized, and the entire process quality index (Cpm) and
individual CTQ index (Cpmj) are defined according to
Chen et al. [7] in this paper. Moreover, we combine
the approach of Chen et al. [6], Deleryd and Vännman
[9] and Sung et al. [19] with index Cpmj to develop a
new process capability control chart, called MPCAC/
Cpm, for assessing whether the process capability of
TFT-LCD panel meets requirement. Next, MAIC
approach of Six Sigma, proposed by Ham and Lee
[11], is used to discover the CTQ characteristics making
TFT-LCD panel unqualified or incapable and assists
panel manufacturers in enhancing process quality and
performance. In a word, this paper provides a Cpm-
based methodology for solving TFT-LCD panel process
problems and the empirical-based results can be suffi-
ciently applied to implement the other project of Six
Sigma. Besides, the CTQ characteristics are assumed
to be normally distributed throughout this paper. The
non-normal processes or characteristics are not dis-
cussed in this study. It will be an interesting research
issue in the future.
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Appendix 1

By Hartley�s test, to test H0: r2
1 ¼ r2

2 ¼r2
3 against the

alternative H1: not all r2
i are equal (i = 1, 2, 3), we obtain

the test statistic F max½3;�m�1� ¼ S2
max

S2
min

¼ max S2
1
;S2

2
;S2

3f g
min S2

1
;S2

2
;S2

3f g, when H0 is

true, then

F max½3;�m�1� ¼
max

m1S2
1

r2
1


 �
=m1;

m2S2
2

r2
2


 �
=m2;

m3S2
3

r2
3


 �
=m3

n o
min

m1S2
1

r2
1


 �
=m1;

m2S2
2

r2
2


 �
=m2;

m3S2
3

r2
3


 �
=m3

n o

¼
max v2

m1
=m1; v2

m2
=m2; v2

m3
=m3

n o
min v2

m1
=m1; v2

m2
=m2; v2

m3
=m3

n o ; ð1Þ

where �m ¼
P3

i¼1mi=3.
This paper follows Hartley�s method to employ a

testing statistic Fmax to test H0: Cpm1 = Cpm2 = Cpm3

against the alternative H1: not all Cpmi are equal (i =

1, 2, 3). Fmax is defined as F max ¼
min Ĉ

2
pm1 ;Ĉ

2
pm2 ;Ĉ

2
pm3

 �
max Ĉ

2
pm1 ;Ĉ

2
pm2 ;Ĉ

2
pm3

 �,
when H0 is true, then

F max¼
max Cpm1=Ĉpm1

� �2
; Cpm2=Ĉpm2

� �2
; Cpm3=Ĉpm3

� �2
n o

min Cpm1=Ĉpm1

� �2
; Cpm2=Ĉpm2

� �2
; Cpm3=Ĉpm3

� �2
n o ;

since ðCpmi=ĈpmiÞ2 � v2
mi
=mi ði ¼ 1; 2; 3Þ, we have

F max ¼
max v2

m1
=m1; v2

m2
=m2; v2

m3
=m3

n o
min v2

m1
=m1; v2

m2
=m2; v2

m3
=m3

n o . ð2Þ

As previously derived, Eq. (1) is equal to Eq. (2). We
have F max � F max½3;�m�1�.
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