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Abstract Liquid Crystal Display (LCD) makes to pursue light and thin trend, and
towards high resolution development. To promote the LCD high resolution, the
process requires more precise micromachining. The major key is lithography, but
also generally known as the photolithography process. This research uses Six
Sigma DMAIC steps (Define, Measure, Analyze, Improve, Control) to an empir-
ical study of the pattern pitch machining process in a domestic optoelectronic
manufacturer. Constructed in the photolithography process, the pattern pitch
machining process capability improves and a process optimization prediction
mode. Taguchi method is used to explore the parameters combination of photo-
lithography process optimization and to understand the impact of various
parameters. The findings of this research show that Cpk can upgrade from 0.85 to
1.56 which achieve quality improvement goals and to enhance the LCD photoli-
thography process capability.
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1 Introduction

The liquid crystal display (LCD) has major advantages over its competitors. It is
thinner, smaller and lighter than other displays and also has low power con-
sumption, low-radiation, high-contrast and high-dpi. Hence, the LCD panel is
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widely applied in daily electronic products, and the demand for the LCD panel
increases. LCD production process consists of the following three main processes:
TFT Array process, Cell assembly process, and Module assembly process, and
each process consists of some sub-processes (Chen et al. 2006). The most critical
modules that include mask process numbers and LCD resolution quality are
photolithography technology. Significantly reduction in manufacturing costs result
if there are fewer a mask process number during photolithography process. In
addition, the higher resolution of the photolithography process will improve the
LCD quality. This study focuses on the LCD array process which requires 4–8
mask process numbers and each mask process needs handling after photolithog-
raphy process. It hopes to find a suitable model for the LCD photolithography
process improvement by actual machining experiments of one domestic opto-
electronic manufacturer.

In recent years, Six Sigma DMAIC (Define-Measure-Analyze-Improve-Control)
approach has been widely used in many research areas (Breyfogle et al. 2001).
Through Six Sigma approach, Analysis of variance (ANOVA), and Taguchi
method (TM), the study aims to construct a suitable LCD photolithography process
improvement mode for the optoelectronics industry. Therefore, the study has the
following objectives: (1) Six Sigma DMAIC approach is used to establish a project
process, and combined with Taguchi method and ANOVA analysis to design a new
process analysis and prediction mode. (2) Taguchi method is used to identify the
various design parameters and key factors of the photolithography process to find
out the optimal process conditions and to verify the results of the experiments.

2 Literature Review

2.1 Six Sigma

Dr. Mike J. Harry developed Six Sigma for management practices in 1980s. Six
Sigma’s most common and well-known methodology is its problem-solving
DMAIC approach. The 5-step DMAIC method is often called the process
improvement methodology. Traditionally, this approach is to be applied to a
problem with an existing, steady-state process or product and service offering.
DMAIC resolves issues of defects or failures, deviation from a target, excess cost
or time, and deterioration (Pete and Larry 2002). DMAIC identifies key require-
ments, deliverables, tasks, and standard tools for a project team to utilize when
tackling a problem. The DMAIC process and key steps are shown as in Fig. 1.
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2.2 Taguchi Method

Taguchi technique provides a simple, efficient, and systematic approach to opti-
mize design for performance, quality, and cost. Taguchi quality control is divided
into three stages, system design, parameter design, and tolerance design (Su 2008).
This methodology is valuable when design parameters are qualitative and discrete.
Taguchi parameter design can optimize the performance characteristics through
the setting of design parameters and reduce the sensitivity of the system perfor-
mance to the source of variation (Chen and Chuang 2008).

This study focuses on the photolithography process of LCD Array and adopts
nominal-the-best, NTB characteristic. The closer to the original mask design
value, the better the quality characteristics after developing pattern pitch. It means
that the quality characteristics measured value close to the target is better. The
Signal-to-Noise ratio, S/N for each design parameter level is computed based on
S/N analysis. The nominal S/N ratio corresponds to a better performance char-
acteristic. Hence, the optimal design parameter level is the level with the nominal
S/N ratio. The nominal S/N ratio can be written as given in Eq. (1). The confidence
interval, CI then can be calculated as Eqs. (2) and (3) (Su 2008).

g ¼ �10 log10
u2

r2

� �
¼ �10 log10 MSDð Þ ¼ �10 log10 u� mð Þ2þ r2

h i
ð1Þ

Fig. 1 DMAIC process and key steps
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where, represents S/N ratio; MSD stands for Mean Square Deviation. Fa represents
critical values of the F-distribution for the significance level a; Ve represents the
pooled error variance.

3 Methodology

3.1 Define

A TFT-LCD array process consists of three main modules—Thin Film, Photoli-
thography, and Etching (Chen et al. 2006). Photolithography process includes
some sub-processes such as dehydration bake, HMDS, photoresist coating, soft/
pre-bake, exposure, development, and post-exposure (as in Fig. 2). The high
complexity and precision processing, means that every sub-process directly
influences the success or failure to the entire photolithography process. LCD
manufacturing is a glass substrate which must go through photolithography pro-
cess 4–8 times to achieve complete circuit. Therefore photolithography process
plays an important role of the entire LCD manufacturing process.

Patterns after developing the photolithography process can be classified into
normal developing, incomplete developing, under-development and over-
development etc. This study focuses on the pattern pitch after developing of the

Fig. 2 Photolithography process
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photolithography process to meet the design target value 60 ± 5 (nm). The closer
to the original mask design value, the better it is. Developing from the pattern pitch
the left is incomplete developing, and the right is developing normally, as shown
in Fig. 3.

3.2 Measurement

Process capability indices (PCIs) are practical and powerful tools for measuring
process performance. Process capability indices have been widely used in the
manufacturing industry to provide numerical measures on whether a process is
capable of reproducing items meeting the manufacturing quality requirement
preset in the factory. Numerous capability indices have been proposed to measure
process potential and performance. The two most commonly used indices Cp and
Cpk discussed in Kane (1974), and the two more-advanced indices Cpm and Cpmk

are developed by Chan et al. (1990), and Pearn et al. (1992). Cpk measures how
close one is to one’s target and how consistent one is to one’s average performance
(Wright 1995). The larger the index, the less likely it is that any item will be
outside the specifications. Of this study before improvement the Cpk 0.85 \ 1.33
presents the process is substandard, unstable and insufficient process. Process
improvements must be given high priority and documented in a corrective action
plan. The measurement data of the pattern pitch by 30 randomly selected devel-
oping products are shown in Table 1.

Fig. 3 Actual pattern pitch from developing

Table 1 Measure data of pattern pitch (nm)

57.90 58.97 58.34 60.39 57.36 62.39
59.99 62.39 61.80 59.64 62.90 58.90
57.91 59.64 60.50 62.84 63.20 63.28
59.45 61.32 62.32 60.30 58.00 57.65
56.00 63.75 63.90 61.09 61.50 60.12

Note 1 pitch = 130 nm
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3.3 Analyze

Three senior engineers with an average engineering experience of more than six
years in the photolithography process, participated in this project. These experts
identified control factors and fixed factors. The control factor chosen for this study
had 4 control factors, including developing time, exposure energy, photoresist
developers, and temperature. Table 2 presents the chosen control factors and the
developer ingredients are Tetra Methyl Ammonium Hydride (TMAH).

3.4 Improve

Design of experiments (DOE) is a discipline that has very broad application across
all the natural and social sciences and engineering. An excellent solution to this
project is an approach known as Taguchi Parameter Design. As a type of fractional
factorial design, Taguchi Parameter Design is similar to traditional DOE methods
in that multiple input parameters can be considered for a given response. There
are, however, some key differences, for which Taguchi Parameter Design lends
itself well to optimizing a production process (Muthukrishnan et al. 2012).
Taguchi Parameter Design methodology includes selection of parameters, utilizing
an orthogonal array (OA), conducting experimental runs, data analysis, deter-
mining the optimum combination, and verification. In this experiment, the pattern
pitch 60 ± 5 (nm) after the developing be used to obtain a set of best combination
of experimental parameters. The use of orthogonal array can effectively reduce the
number of experiment necessary. The experiment layout using a Taguchi’s L09OA,
as shown in Table 3, was used to design the Taguchi experiment in this study.

The greater the S/N ratio, the better quality has. The largest S/N ratio can get
the best parameter level combinations. The experimental data shows that the S/N
ratios for optimal factors combination are A2B3C2D2. Figure 4 presents main
effects plot for S/N ratios.

Perform ANOVA to identify significant parameters. ANOVA establishes the
relative significance of parameters. Factors A, C, and D are significant in this
experiment. The percentage of the experimental error of 2.42 %, less than 15 %

Table 2 Control factors and fixed factors

Factors Range Conditions

Control factors Developing time (sec) 45 * 80 50
Exposure energy (mj) 200 * 700 300
Photoresist thickness (Å) 25,000 * 29,000 26,000
Temperature (�C) 110 * 125 115

Fixed factors Ingredients TMAH
Photoresist developers 2.5 %

598 Y.-T. Jou and Y.-C. Wu



can be identified in this experiment did not ignore some important factors. The
F value of experimental factors A, C, D is greater than 4, which means that the
factors’ effect is considerable. The calculated optimal expectation S/N ratios and
CI1 are 88.39 and 16.82. According to S/N ratios and CI1, the range of the optimal
conditions is [88.39 ± 16.82] = [71.57, 105.21]. This experiment performed three
trials. Table 4 presents the results of the confirmation experiment.

Further, CI2 is 20.103, the S/N ratio confidence interval of confirmation
experiment is [88.39 ± 20.103] = [68.287, 105.50]. Through the confirmation
experiment, S/N ratios fall within the 95 % confidence interval which indicates the
success of the experimental results. Using the patterns pitch after developing and

Table 3 Experimental layout using L09 34ð Þ OA

A B C D Developing time Exposure energy PR thickness Temp. SN

1 1 1 1 60 300 25,000 115 40.869
1 2 2 2 60 400 27,000 120 75.607
2 3 3 3 60 500 29,000 125 70.692
2 1 2 3 70 300 29,000 125 80.281
2 2 3 1 70 400 25,000 115 68.871
2 3 1 2 70 500 27,000 120 71.406
3 1 3 2 80 300 27,000 120 65.550
3 2 1 3 80 400 25,000 125 41.147
3 3 2 1 80 500 29,000 115 57.332
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Main Effects Plot (data means) for SN ratios
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Fig. 4 Response graph for SN ratios

Table 4 Results of confirmation experiment

Factors Pattern pitch values after developing SN

A B C D Observed value 1 Observed value 2 Observed value 3

2 3 2 2 60.3 60.31 60.32 75.6078
2 3 2 2 59.64 59.63 59.64 80.2815
2 3 2 2 60.31 60.29 60.32 71.9275
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optimal factors combination of the experiment perform 30 times, process capa-
bility indices Cpk is improved from 0.85 to 1.56 in experimentation (as in Fig. 5).
This study clearly shows that through optimal factors combination A2B3C2D2,
including the developing time of 70 s, the exposure energy of 500 mj, the pho-
toresist thickness of 27,000 Å, and temperature of 115 �C, machining process is
greatly improved for photolithography process.

3.5 Control

After confirmation experiments and process capability analysis, this study thus can
verify conclusions and has two-point suggestions for control. (1) Changing the
factors combination, the control factors of the developing time from 50 to 70 s,
exposure energy from 300 to 500 mj, the photoresist thickness from 26,000 to
27,000 Å, and maintaining the temperature at 115 �C. (2) Keeping observation the
photolithography process records and monitoring the process capability analysis,
the products quality and process stability will be improved.

4 Conclusions

This study uses Six Sigma DMAIC steps, technical data of one domestic opto-
electronics manufacturer, to do investigate the potential improvement of photoli-
thography process. Combined with Taguchi DOE and ANOVA analysis, the
chosen key factors are use to identify the pattern pitch 60 ± 5 (nm) process
optimization. Taguchi method was applied to this experiment to get the optimal
processing factors including the developing time of 70 s, the exposure energy of
500 mj, the photoresist thickness of 27,000 Å, the temperature of 115 �C, and its
process capability analysis results show that Cpk is upgraded from 0.85 to 1.56 in

64.563.061.560.058.557.055.5

LSL USL
LSL 55

Target *
USL 65

Sample Mean 62.2948

Sample N 29
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StDev (Overall) 0.536935
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1.56CPU
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PPM < LSL 0.00
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PPM Total 1.53
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PPM < LSL 0.00
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Exp. Overall Performance

With in
Over all

Process Capability of C1

Fig. 5 Process capability after improvement
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experimentation. It will obviously improve the products quality of precision and
process capability. In addition to increasing the competitiveness of products, the
experiment results of photolithography process can also provide technical refer-
ences for the domestic optoelectronic manufacturers and related industries.
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