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Abstract

The ability to improve yield in the manufacturing process is a very important
competitiveness determinant for LCD manufacturing firms. LCD contains three major
manufacturing sectors: the array, cell and module assembly processes. The yield loss
from the cell process is one of the most critical steps. The mapping operation matches
one thin-film-transistor (TFT) and one color-filter (CF) glass-plate together to form
one LCD plate. Each plate contains a certain aumber of cells. The matched LCD cell
is good only when the TFT and-CF _cell match-i1s good. When only a TFT or CF cell is
good, there is a yield loss. We propose-a linear programming (LP) formulation to
maximize the yield rate through- an eptimal matching process to improve the cell
process yield.

The sorter is a robot used in LCD manufacturing systems to achieve higher yield
for matching TFT and CF plates. This sorter contains several ports that can transfer
CF glasses from CF cassettes to match TFT glasses. This research proposes a linear
programming formulation to compare the performance of the various ports in the
post-mapping yield. This method provides an optimal solution and offers LCD
manufacturers important yield information. Next, we propose an algorithm to reduce
the number of ways for choosing different matched objects when the number of
matched cassettes is large. This algorithm avoids computer over load and provides an
excellent solution. The empirical results illustrate the efficiency and effectiveness of

the proposed approaches.

Key Words

LCD, Matching, Yield Mapping, Hungarian Method, Combinatorial Optimization.



RHEEFE L § AR TR R PR F

g;

TR A o R L p L W e b Y

(EYFIHNEEE T EF I G HF B R N h DT
KRG RP  ABRE  B R ERPEEAEHET T HE AT F
FRAL RAHYLHRAE W PLRID R H

RHENLFALHAST AL 2R GHRD & - RF LT 3 &
BEARAFIRFREAR BE  RH P A EFY s frhkBR T T HF
WA Ap e chd Foaes @g@fjx,gg%,p?(#ﬁ S FHB AR
ZSLEPS TR

RAE T4 %P s ERE S5 0 R8T nfles it

B4 RHE 5 b ) A R R e b

Bt RHAh A2 23 RECRE LD FEGRIBES BT
e[ %0 RAN L s o R F ARG REARRE P L3

B RA e



CONTENTS

ChINESE ADSIIACT ..o et e e e e e e i

A o1 (= To! A i

Acknowledgements

(000 1] (=101 YT RUETRRPRN | |

S 0 T U=

I o) B 1= o] [T

N Ta) € oo (U1 dT0] o T

1.1 Research MOtiVatioN ... .....oeoe e e e e e e

1.2 ReSearch ODJECTIVES ......v i e e e

1.3 0rganization ........coouinii et et e e e e e

2.Background Information ... .0 i

2.1 The a-Si TFT-LCD manufacturing ProCeSS e ... ...vuuueeerreeieriieiieeriennens

2.2 The LTPS TFT-LCD manufacturing ProCeSS .. .......cuvveereeennerineannnenns

2.3 Linear programming ... .. o i

3. TFT-LCD Yield Mapping .........oi i e s re e e e e

11

K 1= o I U T

11

3.2 Proposed approaches .........c.v.uiuioeieeee e e e e e e

14

3.3 HHUSIIAtION ..o e e e e

18

4. TFT-LCD Yield Mapping by Using Sorter

23

4.1 MapPINg USING @ SOTTEE ... .vtetie et e e ete eae e e e e e e e e e e e eneees

23

4.2 Proposed apPrOaChes ... .....ove it e e e e e

26

R 11 [V (- L (o] o IR

34

I O] 1 410 F= g Sl ] o P

43

5.1 Comparison of the matching algorithms

43

5.2 Comparison of the matching algorithms for defect types

46

B. CONCIUSIONS ... et et et et et e e e e e e e e e e e e e e e,

51

RO ENCES ...t e e e e e e e

53

Vi



1. Introduction

1.1 Research motivation

The market for liquid crystal displays (LCDs) is growing rapidly and impacting
new fields. LCD applications include: personal digital assistants (PDA), cellular
phones, digital cameras, computers, notebook computers, flat panel TVs, and various
computer game units. During the past twelve years the market for LCDs has grown at
over 20% on average per annum. The price for LCD products is significantly reduced
due to both the technology maturity and ample manufacturing capacity. The downward
pricing trend further promotes LCD applications.

LCDs can be divided into three major products: TN (twisted nematic), STN (super
twisted nematic), and TFT (thin:film transistor).. The most widely used LCD for high
information content displays is:the TET-LCD. In the TFT-LCD each picture pixel is
controlled using a thin film transistor. In the 1980s; market demand forced a transition
from twisted nematic displays to super twisted nematic displays. This higher-performance
display is expected to grow rapidly and have a major market share in the display market.
This led to today’s amorphous silicon and low temperature poly silicon (LTPS) thin film
transistor liquid crystal display. LTPS technology has gathered much attention from
many display manufacturers because it has several advantages over amorphous displays,
as shown below [1]:

1. The feasibility of integrating the peripheral drive IC circuit onto the substrate.

2. Faster TFT response time, smaller dimensions, fewer contacts and components.

3. Simplified system design.

4. Increasing panel reliability.

5. High Aperture Ratio and Resolution.



LTPS production technology aimed at manufacturing small and medium sized LCD
panels for rapid growth in the digital still cameras (DSC), digital video camcorders
(DVC), car automotive global positioning system (GPS), cellular phones and personal
digital assistants (PDA) markets. In the future, this production technology will be
applied not only to large size displays but also to large glass substrates.

The manufacturing technology, capital investment and industrial infrastructure are
key factors affecting LCD industry competition [2]. The ability to improve yield in the
manufacturing process is an important competitiveness determinant for LCD factories
due to the significant yield loss ranging from 5 to 25%. This loss is attributed to three
major manufacturing sectors: the array, cell and module assembly processes. The yield
loss from the cell process is one-0f the most critical steps. To increase cell process

yield, more conforming LCD pahels must be produced-from one glass substrate.

1.2 Research objectives

There are two options for cell process yield improvement. The first is to improve the
TFT and/or CF plate yield. This approach requires improvement in the manufacturing
processes, technology, tooling, etc., and may be costly and have technological constraints.
For example, Kim and Choi [3] developed a megasonic cleaner to remove very small
particles from the LCD panels to improve the manufacturing yield rate. The second
option is to use a judicious mapping policy to optimize yield mapping. The matching
technique plays an important role in TFT and CF yield mapping. We propose a linear
programming (LP) formulation to solve the problems. This approach could be very

efficient and does not alter the cell process or add equipment. We will:



1. Using LP formulation to minimize the yield loss or maximize the yield rate
through an optimal matching process to obtain a greater number of acceptable
LCD panels to improve the cell process yield.

2. Using the proposed reduction algorithm to avoid computer over load when the
number of matched cassettes is large.

3. The sorter is a robot used in LCD manufacturing systems to achieve higher yield
for matching TFT and CF plates. We use LP formulation to compare the performance
of the number of sorter ports in the post-mapping yield. This method provides an

optimal solution and offers LCD manufacturers important yield information.

1.3 Organization

The rest of this dissertation will summarize the-TFT-LCD production process and
linear programming formulation in Chapter 2. Chapter 3 of this dissertation will
introduce an assignment model-to provide insight into yield mapping in TFT-LCD
fabrication, and then apply those models:to: TFT-LCD’s using the Hungarian method.
A case study adapted from LCD manufacturing to illustrate the effectiveness of the
proposed optimal solution approach. Chapter 4 of this dissertation will discuss above
case study from LCD manufacturing firm by using a sorter. We propose a linear
programming formulation to compare various ports in the post-mapping yield control
problem. In addition, we propose a reduction algorithm to reduce the number of ways
for choosing different matched objects when the number of matched cassettes is large.
Chapter 5 of this dissertation will compare the greedy algorithm, genetic algorithm (GA),
and proposed reduction algorithms for the computation results. We also compare the
performance of different algorithms for four defects types of LCD plates. Finally,

Chapter 6 will summarize the key conclusions of the proposed approaches.



2. Background Information

2.1 The a-Si TFT-LCD manufacturing process

The manufacturing process for LCD may be likened to making a sandwich [4, 5].
The bottom substrate is the TFT array. The top substrate is the color filter plate. Color
filter (CF) glasses are usually purchased from outside vendors. There are three main
production sequences for TFT-LCD. They are shown schematically in Figure 2.1 [4, 6, 7].
For a concise presentation, readers are referred to O’Mara [4] for a detailed discussion

of the manufacturing process.

(Array Process) (Cell Process) (Module Process)
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Figure 2.1 TFT-LCD manufacturing process



1. TFT array process: Thin film transistor fabrication

The TFT fabrication process sequence is a series of deposition and etching
sequences, as with integrated circuit fabrication. Deposition processes are used first to
form the thin film transistors onto the glass substrate. A photoresist is then applied and
imaged to allow thin film etching to the appropriate dimensions.

There are various sizes in the glass substrates, depending on the generation of
manufacturing equipment. Substrate size can have critical impact on display size.
For example, for 550x650mm substrates could accommodate two 17 inch displays.
Increase this size to 650x850mm could accommodate four 17 inch displays. The cost

per display for the larger size substrate is much lower as a result of the four-up layout.

2. Cell process: Liquid crystal fill and seal

A TFT-LCD assembly line consists.ofione  TFT.and color filter line each, usually
in parallel production steps. This critical step- differs from semiconductor wafer
fabrication. Both the TFT plate and calor filter plate are first coated with a thin layer
of polyimide [8]. The polyimide layers are then rubbed in prearranged directions to
align the liquid-crystal director. The color filter plate is then sprayed with spherical
plastic spacers. To obtain good display quality, these spacers have precise dimensions
and are used to produce uniform spacing (4-10 ¢ m) between the glass plates.

An epoxy seal material is applied to the TFT plate, which is then aligned to the
color filter plate. The two substrates are laminated together and the glass plate is
scribed to the appropriate display panel. Finally, a liquid crystal material is injected
into the gap between the glass plates. Polarizers are applied to both sides of the

liquid-crystal cell.

3. Module assembly: Bonding the driver ICs to the liquid crystal cell

Module assembly involves mounting the integrated circuits for driving the display



and attaching the backlight to the module. Three most common bonding techniques
for the external 1Cs to the LC cell are Chip-on-board, tape automated bonding (TAB),
and chip on glass (COG). The most popular method for packaging the driver ICs to
the LC cell is with the TAB technique. The display then undergoes a final test to

complete the operation.

2.2 The LTPS TFT-LCD manufacturing process

Generally, the LTPS manufacturing process will be achieved while the process
temperature is under 600 degrees centigrade. The LTPS process uses laser-annealing
technology to shift amorphous silicon to polysilicon, which uses a different process
from amorphous silicon (a-Si). The LTPS module assembly process involves applying
polarizers to both sides of the liquid-crystal celland integrating the peripheral drive
IC circuit onto the substrate for driving the display- The process does not need any
outer driver LSI, so the tape automated-bonding (TAB) and chip on glass (COG)
processes are eliminated. A typical LTPS TET LCD process is shown in Figures 2.2, 2.3,
2.4 and 2.5 [1]. For a concise presentation, readers are referred to Blake [9] for a

detailed discussion of the manufacturing process.

TFT Array Process

Yield Mapping
Cell Process Module Process

Color Filter Process

Figure 2.2 LTPS TFT LCD process flow
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2.3 Linear programming

Linear programming (LP) is-a,tool for determining optimal solutions to problems
that involves restrictions or constraints.-An-assignment problem is a special type of
linear programming problem. Assigning.n jobs to n machines with the least total cost

is a common application of the assignment problem. If job i is assigned to machine j

with a cost c;. The problem can be formulated in LP standard forms as follows:

Maximize ~ Z =>">c;X, (2.1)
i=1 j=1

Subject to X; =1 for j=12,---,n (2.2)
i=1
D ox; =1 for i=12,---,n (2.3)
j=1

and

x; {01} (2.4)

where x; =1 means job i is assigned to machine j, otherwise X; =0

8



Due to its structure, some special algorithms have been developed that can solve the
problem very efficiently. The most well-known is the Hungarian method, first proposed
by Kuhn [10] in 1955. The method needs to cover all zeros in the reduced cost matrix
by determining the minimum number of lines. To use the Hungarian method, a one-to-one
matching is required. For example, each job must be assigned to only one machine.

The basic procedure of the Hungarian method is [11]:

Step 1: Subtract the minimum element in each row from every element in the row.
Construct the results in a new matrix.

Step 2: Subtract the minimum element in each column of the new matrix from every
element in the column. Construct the results in another matrix (called the
reduced cost matrix).

Step 3: Draw the minimum number of lines needed: to cover all zeros in the reduced
cost matrix. If the number of lines equals the number of rows, an optimal
solution is available among the covered zeros in the matrix. Otherwise go on
to Step 4.

Step 4: Subtract the minimum uncovered element from every uncovered element in
the matrix. Add the minimum uncovered element to the elements that is

covered by two lines. Return to Step 3.

As pointed out by Lotfi [12], finding the minimum number of lines to cover all of
the zeros can become a tedious task. He developed a labeling algorithm for this task.
Besides the Hungarian method, the Simplex method for linear programming was
modified to solve the assignment problem (Paparrizos [13], Hung [14]). A scaling
algorithm for the assignment problem was introduced by Goldberg [15]. Other relevant

research solutions can be found from Balinski [16], Ji et al. [17], and Arora et al. [18].



The matching technique plays an important role in TFT and CF yield-matching.
Several useful matching techniques have been proposed and implemented in various
domains, such as string matching, dynamic programming matching, relaxation matching,
heuristic matching and optimal combination matching. Among these methods,
dynamic programming matching is usually used to compare two sequence of features.
Lahmar et al. [19] use a dynamic programming algorithm to determine optimal feature
assignment and vehicle sequences at an automotive manufacturer.

In the literature, the Hungarian method has been applied to solve matching
problems. For example, Hsieh et al. [20] proposed a bipartite weighted matching
method for online Chinese character recognition. Liu et al. [21] proposed a two-layer
assignment method for online Chinese character recognition. Their method was stroke
order and number-free. However,.the former required a longer time to complete the
recognition task. Fielding and=Kam [22] applied the Hungarian method to stereo
matching. The correspondence problem-in.stereo vision involves calculating matches
between pixels (points) or features'(e.gs;.lines)in‘stereo images. For a general review,
readers are referred to Burkard [23] for a detailed discussion of the matching and

assignment problem.
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3. TFT-LCD Yield Mapping

3.1Yield issues

A TFT-LCD cell (or panel) is an independent application unit, e.g., one piece of
the PDA display. The glass plate contains a certain number of independent cells that
belong to the same product. A given plate may contain different numbers of cells
depending on its embedded cell size. The size of a cell varies from the small size used
in a camera viewfinder to the large diagonal panel used in a television display.
The selected yield-matching CF glass in a TFT product can have a critical impact on
cell process yield improvements. For example, each TFT and CF glass contains four
panels. The yield-matching information-is'shown in Figure 3.1. In Figure 3.1, (b) and
(c), the TFT glass contains a defective cell.and the CF glass has two defective cells.

Only one good panel is produced in (C), while (b) has:two good panels.

O if cell is conforming by inspection

where panel =
= X if cell is nonconforming by inspection

Figure 3.1 TFT and CF yield-matching

The matched LCD cell is “good” only when both the matching CF and TFT cells
are “good”. A “good” cell conforms to production specifications; otherwise, it is

“bad” (or a defective cell). When one of the cells from either the TFT or CF plates is

11



bad, the matched LCD cell is bad, resulting in a post-mapping yield loss. The status
(good or bad) for a cell in either a TFT or a CF cell is determined by inspection before
the mapping operation commences. Industrial experience has shown that the bad cell
location on a plate is a direct result of the manufacturing process and material
problems.

We considered improving the cell process in this work. Assume that there are N
TFT and N CF cassettes in queue. Their sequences in the queues are a direct result of
the manufacturing process. Each cassette is typically in lot sizes of 20 glass substrates
[24]. The mapping process commences in two sequential stages: cassette and plate
matching. A pair of cassettes from the N TFT and CF cassette lines must be chosen
first. The matched pair of glass plates is then released into the cell process. The
mapping process has a one-to-one.match for both plates. The objective is to match the
N TFT and corresponding N CF cassettes to obtain the greatest number of acceptable
panels.

In the first stage, a cassette for-moving.twenty plates is used as a unit load. The
mapping process first retrieves one cassette from each queue line. Assume that the ith
and jth cassettes from the TFT and CF queue lines are selected. The ith TFT and jth
CF cassettes are then matched. This is the “cassette-matching” step, as illustrated in
Figure 3.2.

The next stage is to match the plates from the ith TFT cassette and the jth CF

cassette to form LCD plates. Assume that the twenty plates from the TFT and CF lines
are numbered T, T,,...,T;,,andC;;,C,,...,C,,,, respectively. The plate matching
chooses one TFT plate (T, ) and one CF plate (C;) to form a matched LCD plate.

This step is called “plate-matching”, as illustrated in Figure 3.3.

Finally, T, and C ; are cell mapped to form one LCD plate, as illustrated in Figure 3.4.

12



TFT CF
Cassettes Cassettes

TFT
Cassettf_;“-""“ Ti

Figure 3.2 Cassette matching Figure 3.3  Plate matching

No change No change
No change
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/0/0/6/x/0/0) [/o/o/o/x/X/e] [O/X/X/0/0/0,

(©) Move to cover on TFT

@) Rotation 180° (b) Reversé 180°

Figure 3.4 The cell mapping process (The CF glass goes through rotation and
reverse then move to cover on TFT glass.)

In practice, the large-sized displays usually scribe glass in advance and then into
cell process. For the small and medium size LCD panels, scribing glass in advance
and then into cell process produces lower economy of scale. For example, per plate
contains 50 panels scribing glass in advance that must perform cell process 50 times.
An efficient method is desired to improve yield rate for the small and medium size

LCD panels.
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3.2 Proposed approaches

This research proposes a linear programming (LP) formulation approach to solve
this problem. This approach could be very efficient and does not alter the cell process
or add equipment. The results were benchmarked against two heuristics used in
practice. The two heuristics will be discussed in the next section followed by the

proposed LP approach.

1. Random heuristic

The simplest method is to match TFT and CF using a random approach. This
approach randomly chooses a pair of cassettes and a pair of plates for cassette and
plate matching. The advantages of random matching are that it is quick and easy to
perform. A possible disadvantage is that.not considering glass yield information might

lead to LCD scrap and yield losses.

2. Best-first heuristic

This approach uses sorting ‘techniques to improve the post-mapping yield as

follows.

Step 1: Sort the N TFT cassettes in queue in descending order by yield rate.

Step 2: Sort the twenty TFT plates in each TFT cassette in descending order by
yield rate.

Step 3: Based on the sequence from step 1, perform the “best” cassette-matching
sequentially. “Best” indicates the highest yield. For example, the first TFT
cassette in queue (after sorting) has the highest priority to choose the best
matching CF cassette from those N CF cassettes in queue. Step 4 discusses
how the cassette-matching yield is calculated. The second TFT cassette
in queue then chooses its best matching CF cassette from those remaining

N — 1 CF cassettes. This procedure continues until the last TFT cassette in

14



the queue is matched with the last CF cassette in queue.

Step 4: When the ith TFT cassette (after sorting) and the jth CF cassette are
selected, the proposed procedure performs the “best” plate matching
sequentially. It is similar to the above “best” cassette matching procedure.
Based on the sequence from step 2, the first TFT plate in TFT cassette i
has the highest priority to choose the “best” matching CF plate from those
20 CF plates in CF cassette j. When a TFT plate and a CF plate are chosen,
their post-mapping yield is a direct compound as shown in Figure 3.4. The
second TFT plate then chooses its “best” matching CF plate from those
remaining 19 plates. This matching procedure continues until the last TFT

plate is matched with the last CF plate.

Best-first search can potentially improve .the -post-mapping yield better than
random heuristic, but cannot assure the optimal solution. The best yield-matching for
any one TFT glass (or cassette) may.not be consistent with a maximum-value when all
TFT glasses (or cassettes) are considered. The best-first heuristic can be implemented

on a program.

3. Linear programming formulation

Linear programming involves restrictions or constraints for determining optimal
solutions to problems. The proposed LP formulation first solves the plate-matching
problem for all of the possible cassette matches. The result then becomes the input to
the cassette-matching problem. Notation is defined before the linear programming

formulation as follows:

N =the total number of cassettes in queue.

r = the plate quantities of cassette.

15



¢; = the optimal matching yield of the ith TFT cassette and the jth CF cassette.

This value is the result from the plate-matching LP solution.

f.; = the mapping function represents the matching yield for the kth plate of the

ith TFT cassette and the Ith plate of the jth CF cassette.

X =1 when the kth plate from the ith TFT cassette is matched with the Ith plate

from the jth CF cassette. Otherwise, x;;, =0. This is the decision variable

of the plate-matching LP formulation.

y; =1 when the ith TFT cassette is matched with the jth CF cassette. Otherwise,

y; = 0. This is the decision variable of the cassette-matching LP formulation.

Then, the plate-matching problem canbe formulated as equations (3.1) — (3.4).

r r

Maximize ¢, = Eon X (3.1)
k=1 1=1

Subject to Xpg =1 for 1=12,---,r (3.2)
k=1
D Xg =1 for k=121 (3.3)
1=1

and
Xiq €10.1} (3.4)

Equation (3.1) is the objective function to maximize the yield when the ith TFT

cassette and the jth CF cassette are chosen. Equation (3.2) assures that each CF plate

has exactly one matching TFT plate. Equation (3.3) assures that each TFT plate has

exactly one matching CF plate. Equation (3.4) is the {0, 1} constraints for the decision

variables.

16



The proposed LP approach will solve the plate-matching LP formulation N x N
times for all of the possible cassette-matching instances. Although this formulation is
a combinatorial problem and for each pair matched cassettes there are 201~ 2.4 x10"
different matches, it has the special structure of a typical assignment problem that
can be solved efficiently using a special algorithm, the Hungarian method. In the
Hungarian method a one-to-one match is required. Readers are referred to Taha [25]
and Winston [11] for a detailed discussion of the assignment problem and Hungarian

method.

The proposed methodology then uses theg; from the plate-matching solution

results as the input to model the optimal cassette matching problem as shown in

equations (3.5) — (3.8).

N= N
Maximize ~ Z = Y- dy; (3.5)
i=1 j-1
N
Subject to Dy =l for-j=12,---,N (3.6)
i=1
N
dy;=1  fori=12--N (3.7)
j=1
and
y; {01 (3.8)

Equation (3.5) is the objective function that maximizes the yield through cassette
matching. Equation (3.6) assures that each CF cassette is matched to exactly one TFT
cassette. Equation (3.7) assures that each TFT cassette has exactly one matching CF
cassette. Equation (3.8) is the {0, 1} constraint for the decision variables. The cassette
matching formulation also has the special assignment problem structure and can be

solved efficiently using the Hungarian method.
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3.3 Hlustration

To illustrate the effectiveness of the proposed optimal solution approach, a case
study was adapted from a LCD manufacturing firm in Hsinchu, Taiwan. In this case
study, the plate size was 620 mm x 750 mm. N is equal to 10. Five different cell sizes use
the same plate. The larger the cell size, the fewer the number of cells used for a single

plate. The corresponding number of cells for a given cell size is shown in Table 3.1.

Table 3.1 Cell size versus number of cells

glass substrate size: 620mm x 750mm
Number of Panels 6 30 50 70 100
Size (inch) 14.1 6.7 5.2 3.9 3

The TFT average yield rate is‘about 90% for LCD factories. Color filter (CF)
glasses are usually purchased from outside vendors. Therefore, the CF yield rate varies.
The higher the CF yield rate, the higher-the-purchasing cost. Based on the company’s
historical data, three scenarios were investigated in this study. That is, the total
average yield rates for TFT and CF plates were set at 90% and 85%, 90% and 90%,
90% and 95%, respectively.

In practice, the data can only be obtained through extra procedures with special
equipment. Without losing this reality, random numbers were used to simulate the
defective cells for a given yield rate. A random number generator output a value of 0
or 1 determined using the Bernoulli distribution. If the output value is 1, the cell is
good. If the output value is 0, the cell is defective. Ten replications were performed to
construct the 95% confidence interval [26] on the mean for each experimental scenario.
The numerical results are summarized in Table 3.2 and Fig. 3.5, Table 3.3 and Fig. 3.6,

Table 3.4 and Fig. 3.7.
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Table 3.2 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 85% (N = 10)

ethod
Random Best-first LP Improvement Yield
Panels
6 76.4928 + 0.014881.3333 + 0.2810|83.3583 £ 0.1541 | 6.8655%, 2.0250%
30 |76.4926 £0.0070|78.6417 £ 0.0943(80.4233 + 0.0343|3.9307%, 1.7816%
50 |76.4951+ 0.0065|78.0530 + 0.0755|79.5440 + 0.0379 | 3.0489%, 1.4910%
70 |76.4992 +0.0036|77.7793 £ 0.0734|79.0579 + 0.0249 | 2.5587%, 1.2786%
100 |76.4989 £ 0.0037|77.5630 £ 0.0453|78.6170 £ 0.0170|2.1181%, 1.0540%
Average 76.4957 % 78.6741 % 80.2001 % 3.7044%, 1.5260%
85
84 |- ——LP ]
83 | & —&— Best-first
- 82 —&— Random
)
©
[}
>

30

50

70

Number of panels per substrate

Fig.3.5 Comparison of effect with three different algorithms for various panels in 10
TFT and CF cassettes average yield rates are 90% and 85%, respectively.
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Table 3.3 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 90% (N = 10)

ethod
Random Best-first LP Improvement Yield
Panels
6 81.0035 *+ 0.0092 |85.4333 + 0.2173|87.0083 £ 0.1895 | 6.0048%, 1.5750%
30 [80.9986 £ 0.0067|82.8993 £ 0.0701 [84.4567 + 0.0304 | 3.4581%, 1.5584%
50 ]80.9998 + 0.0048|82.3840 + 0.0723(83.6350 + 0.0194 | 2.6352%, 1.2510%
70 [81.0024 +0.0040| 82.1464+ 0.0511 |83.2307 £ 0.0172|2.2283%, 1.0843%
100 |81.0000+ 0.0022 {81.9075 £ 0.0347 |82.8365 * 0.0148 | 1.8365%, 0.9290%
Average 81.0009 % 82.9539 % 84.2334 % 3.2325%, 1.2795%
89
88 |- ——LP ]
87 | &« —&— Best-first
. 86 —&— Random
S
©
[7]
>

30

50

70

Number of panels per substrate

Fig.3.6 Comparison of effect with three different algorithms for various panels in 10
TFT and CF cassettes average yield rates are 90% and 90%, respectively.
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Table 3.4 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 95% (N = 10)

ethod
Random Best-first LP Improvement Yield
Panels
6 85.5038 + 0.0063 |88.8083 + 0.2249|89.4417 £ 0.0845 | 3.9379%, 0.6334%
30 [85.4991 £ 0.0059|87.0433 £ 0.0783(88.0083 + 0.0528 | 2.5092%, 0.9650%
50 |85.4991 + 0.0037|86.6350 + 0.059387.5000 + 0.0241 | 2.0009%, 0.8650%
70 [85.5005 + 0.0028 |86.3964 * 0.0451| 87.1871% 0.0161 | 1.6866%, 0.7907%
100 [85.5019 £ 0.0017 | 86.2230+ 0.0484 | 86.8870+ 0.0108 | 1.3851%, 0.6640%
Average 85.5009 % 87.0212 % 87.8048 % 2.3039%, 0.7836%
93
02 | ——LP ]
o1} —&— Best-first
—&— Random
S 90
N
i®)
[o}
>

30

50

70

Number of panels per substrate

Fig.3.7 Comparison of effect with three different algorithms for various panels in 10
TFT and CF cassettes average yield rates are 90% and 95%, respectively.
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To obtain solutions, we used the commercial software MATLAB and EXCEL. The
average CPU time on a Pentium 4 workstation for the LP approach was about 1 minute.
The best-first heuristic required about 0.8 minutes. The proposed linear programming
method consistently generated superior solutions than the other heuristics. In Table 3.2,
the average improvement yield from Random heuristic and Best-first heuristic were
3.7044% and 1.5260%, respectively. Considering the costly TFT and CF plates, the
expected improvement represents a significant profit increase. In the case study example,
the monthly throughput was 30,000 LCD plates. The average cost per LCD plate is
about US$876. The expected monthly profit increases from random heuristic and
best-first heuristic were about US$970,000 and US$400,000, respectively. Similarly,
in Tables 3.3 and 3.4, the expected monthly profit increase to Random heuristic and
Best-first heuristic were US$850,000 and US$340,000, US$610,000 and US$210,000,
respectively.

In Figure 3.5, 3.6, and 3.7, the straight-line. at the bottom represents the average
yield ratio from random matching, without respect to the panel quantities per substrate.
This is unlike the other algorithms where average yield ratio increased as the panel

quantities decreased.
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4. TFT-LCD Yield Mapping by Using Sorter

4.1 Mapping using a sorter

Assume that there are N TFT and N CF cassettes in queue. The mapping process
first places three CF cassettes and one empty cassette onto a sorter that has four ports,
as illustrated in Figure 4.1. The sorter is a robot used in LCD manufacturing systems
to achieve higher yield for matching TFT and CF plates. This sorter usually contains s
ports that can transfer (load/unload) CF glasses from (s-1) CF cassettes into an empty
cassette to match an indicated TFT cassette. The indicated TFT cassette and the empty
CF cassette (filled with 20 CF glasses with the slot order the same as the matched TFT
cassette glasses) will be transferred onto & loader for Pl coating in the cell process.
After the sorter transfers the remaining 40°CF-glasses onto two other CF cassettes, one
cassette becomes an empty cassette. The sorter- transfers CF glasses from two CF
cassettes onto the empty cassette to imatch-‘another TFT cassette. The sorter then
transfers the remaining 20 CF glasses onto an empty cassette to match the third TFT

cassette. These steps are shown schematically in Figure 4.2.

TFT CF
Cassettes Cassettes

=
-
-3

CF
Cassette

-

Empty CF
Cassette Cassette
0 TFT glasses 20 CF glasses{

Figure 4.1 Mapping by using a sorter with 4 ports
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(a) (b)
Selected CF Rearrange
Cassette A =) CF Cassette
Indicated Step 1 Selected CF|| | Another Step 1 Rearrange e
TFT Cassette Cassette B Indicated TFT] CF Cassette
-
Pairing analysis Selected CF Pairing analysis
Cassette C
)
Sorter EMPY | g Sorter EMPY | g
Casiette Step2 Cas;ette Step2
Paired CF Paired CF
Cassette Cassette
|
(c)
Rearrange
CF Cassette Cell Process
; Step 1
The third £ g @
Indicated TFT]
P
Pairing analysis TFT %g @ % @@ @
o
%@ o
Sorter Empty ||
Cas;e“e Step2 Cell Process
Paired CF
Cassette

Figure 4.2 The sorter transfers CF glasses from CF cassettes into an empty cassette
to match an indicated TFT cassette.
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The mapping process involves two sequential stages: cassettes matching and
plates matching. We suppose the sorter has 4 ports. In the first stage, the mapping
process retrieves three cassettes as one sample from each queue line first. This sorter
will transfer (load/unload) CF glasses from 3 CF cassettes into empty cassette to
match TFT cassettes. Assume that the ith and jth sample cassettes from the TFT and
CF queue lines are selected. The ith TFT and jth sample CF cassettes are then
matched. This is the “cassettes-matching” step. If each sample contains only one cassette,
this is “cassette-matching” as illustrated in Fig. 3.2.

The next stage involves matching the plates from the ith sample TFT cassette and

the jth sample CF cassette to form LCD plates. Assume that sixty plates from the TFT

and CF lines are numbered T,,T,,...,Ti(;andC;;,C,,...,Cq, respectively. The

plate matching process chooses gne TFT plate (T, )-and one CF plate (C ) to form a

matched LCD plate. This step is called “plates-matching” as illustrated in Figure 4.3.
Similarly, if each sample contains.only one cassette, this is “plate-matching” as

illustrated in Figure 3.3.

Finally, T, and C ; are cell mapped to form one LCD plate, as illustrated in Figure 3.4.

CF
TFT Cassette
Cassette T
. ™
Ti2 J
sample
|
sample
|/
""" Tieo

Figure 4.3 Plates matching (A sample has 3 cassettes)
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4.2 Proposed approaches

Because the number of ports on the sorter is an important determinant in the
post-mapping Yield, this research first proposes a linear programming formulation to
optimize the plates-matching problem for the various ports. This approach provides an
optimal solution and offers LTPS manufacturers important yield information. Next,
we propose an algorithm to reduce the number of ways for choosing different match
objects when the number of matched cassettes is large. This algorithm avoids computer
over-load and provides an excellent solution. A random heuristic will be discussed

followed by the proposed two approaches.

1. Proposed LP formulation for solving the plates-matching problem

An assignment problem is a special, type of linear programming problem. The
usual assignment problem is given the same-number of jobs and machines. In each
assignment, assigning the job to the machine; has a fixed profit. This problem assigns
each machine a unique job such that.the=sum of-the profit from the machines is
maximum. Without loss of generality, we will‘refer to jobs as TFT plates, machines as
CF plates, and the profit as the matching yield for the TFT and CF plate. Therefore,
plates-matching can be formulated as a linear programming problem. The notations are

defined before the LP formulation as follows:

N = the pair quantities of TFT and CF cassettes in queue.
r = the plate quantities of cassette.

s = the number of sorter ports.

f.y = the mapping function represents the matching yield for the kth plate from

the ith sample TFT cassette and the Ith plate from the jth sample CF

cassette. Let two ordered n-tuples p =(p,, p,,..., p,) andq =(q,,d,,.-.,4,)
represent TFT plate and corresponding CF plate panels (after rotation and
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reversing). Where p,, p,,..., P,,%,0,,...,4, = O (bad panel) or 1 (good
panel). Then fi =p-q = PG, + P,0, +...+ P, 0.
¢; = the optimal matching yield from the ith sample TFT cassette and the jth

sample CF cassette. This value is the result from the plates-matching LP

solution.

Xs =1 when the kth plate from the ith sample TFT cassette is matched with the

Ith plate from the jth sample CF cassette. Otherwise, X;; =0. This is the

decision variable from the plates-matching LP formulation.

The plates-matching problem can then be formulated as Equations (4.1) — (4.4).

r(s—1yr(s-1)

Maximize = Z z fiijXiij (4.1)
k=L 1=
r(s-1)

Subject to > Xgi=1 for 1=12,---,r(s-1) (4.2)
k=L
r(s-1)
D Xy =1 for k=12,---,r(s-1) (4.3)
I=1

and
Xikil {01} (4.4)

Equation (4.1) is the objective function for maximizing the yield when the ith

sample TFT cassette and the jth sample CF cassette are chosen. Equation (4.2) assures

that each CF plate has exactly one matching TFT plate. Equation (4.3) assures that

each TFT plate has exactly one matching CF plate. Equation (4.4) is the {0, 1}

constraint for the decision variables. Using Equations (4.1) - (4.4), we can solve for

various ports in the post-mapping yield problem.
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The proposed LP approach will solve the plates-matching LP formulation
Cl, xCl, times for all of the possible cassettes-matching instances. Although this

formulation is a combinatorial problem and for each sample matched cassettes there
are(r(s—1))! different matches. This is the typical assignment problem structure that
can be solved efficiently using the Hungarian method. Another approach to solving

the assignment problem is referred to Hung and Rom [27].

2. Proposed reduction algorithm for solving the cassettes-matching problem
Assume that there are N TFT and N CF cassettes in queue. The objective of the
cassettes-matching problem is to find N TFT cassettes matching N CF cassettes such
that the panel sum from the matching is maximized. In this subsection, we consider
the situation when the sorter has four. ports. - The mapping process arbitrarily retrieves

three cassettes each time from each queue:line.

Given a set S={123...,N}, let sample spaceS,,S,andS,be the set of all

combinations of C.',C) and C.'’respectively,and m is a positive integer. We define
6; =1 when the ith sample TFT cassette is matched with the jth sample CF

cassette. Otherwise, &; =0.

Let

Xii

oy =1Yj, if each sample contains two cassettes

if each sample contains three cassettes

z., if each sample contains one cassette

ij?
and

if each sample contains three cassettes
#; =1by, if each sample contains two cassettes
if each sample contains one cassette

Then, the maximum matching problem can be stated as follows:
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1) when N =3m

cy ¢l
Maximize  Z =) > a;X;
i-1 j=1
cy
Subject to dYx;=1  for icA
=1
ci

D ox; =1 for jeA

i=1
and

x; €{0,1} for all iand j

(4.5)

(4.6)

(4.7)

(4.8)

where A={A, A,,..., A, | AL Ay Ay €Sy, ANA =¢ Yizj, L_mJA =S}

2) when N =3m+2

(s el
Maximize — Z =Y a;x; + > Y b, ¥;
i=T 1 =1 j=1
)
Subject to > x;=1  for.ieD
j=1
)

D ox; =1 for jeD
cy
Dy, =1 forieE
=

cy
Dy =1 for jeE
i=1

and

X;, ¥y €{0.1} for alliand j

where D={B,,B,,...,B,}cB, E={B,,,}<B

B={B,B,,...,B B, .|B.B,,...B €S, B, €S,

m+1

and B,NB;=¢ Vi=j, UBi:S}
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3) when N=3m+1

cy ¢ c ¢

Maximize ~ Z => > a;x; + > > ¢;Z; (4.15)
i=1 j=1 i=1 j=1
)

Subject to Y x;=1  for ieF (4.16)
j=1
ci
D x;=1  for jeF (4.17)
i=1
c
dz;=1 for ieG (4.18)
j=1
c
dz;=1 for jeG (4.19)
i=1

and
X, Z; £{0.1} for all i and j (4.20)

where F ={C,,C,,...,.C.}cC, G={C ,}cC
C={C.C,,...,.CiC. 4 |CCs:..,C;eS;, C,, €S,

m+1

and C,nC,;=¢ Vi=j, [ Jc =S}

Although these formulations have an assignment problem structure, the Hungarian
method cannot be applied to obtain the optimal solution because the elements in the
sample spaceS,andS, are not pairwise mutually exclusive events and they cannot
satisfy a one-to-one match. However, if N is small, we can use the total enumeration
method to find an optimal solution by computing all of the possible assignments.
When N is large, the total enumeration method is not practical for solving the matching
problem because of the very high computation time requirements. In this study, we
present a reduction algorithm based on the Hungarian method for solving the large-sized

TFT and CF cassettes matching problem.
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The proposed approach uses the 4, from the plate-matching solution results as the

input to model the optimal cassette-matching problem, as shown in Equations (4.21) — (4.24).

N N

Maximize  Z =) > ¢,z (4.21)
-1 j=1
N

Subject to Yz, =1 for j=12,--,N (4.22)
i=1
N
> z;=1  for i=12-,N (4.23)
=

and
z; {01} (4.24)

Equation (4.21) is the objective function that maximizes the yield through cassette
matching. Equation (4.22) assures, that each CF, cassette is matched to exactly one TFT
cassette. Equation (4.23) assures that each TFT cassette has exactly one matching CF
cassette. Equation (4.24) is the {0,.1} constraintfor.the decision variables. The cassette
matching formulation also has the ‘special-assignment problem structure and can be
solved efficiently using the Hungarian method.

Using Equations (4.21) - (4.24), each TFT cassette has exactly one matching CF
cassette. This is the optimal solution for the cassette-matching. The proposed reduction
algorithm based on the optimal solution for the cassette-matching produces an
excellent solution and reduces the computational complexity for cassettes-matching.

The procedure for the proposed reduction algorithm is listed as follows:

Step 1: Using Equations (4.1) - (4.4) find ¢, for plate-matching.

Step 2: Using Equations (4.21) - (4.24) find Z for cassette-matching.

Step 3: Let TFT, represent the ith TFT cassette andCF; represent the jth CF
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cassette. By step 2, each TFT cassette has exactly one matching CF

cassette. This can be denoted by (TFT,) <> (CF;) 1i,j=12,...,N.

Adjusting CF cassette in order such that j =i. We have
(TFT.) < (CR) i=12,...,N
Step 4: The assignment of the ith sample TFT cassette to the jth sample CF

cassette must satisfy the following conditions:

(TFT,, TFT,,TFT,) & (CF,CF,,CR) i, j,k=12,...,N , i# =k

(TFT,,TFT,) <> (CK,CF;) i#] when N=3m+2
(TFT,) <> (CF)  when N =3m+1
Step 5: Using Equations (4.1) - (4.4) calculate all assignments in step 4.

Step 6: Find maximum yield for-N"TFT cassettes matching N CF cassettes.

The proposed algorithm can be used to find an excellent solution with much less
computational effort. Using step 2, an"optimal solution for one-to-one cassette-matching
can be obtained. When the sorter is used, selecting the corresponding cassettes as a

sample group will produce better solutions. In step 4, the number of plates-matching
sets will be reduced from CJ)' xC}' to C.'. Table 4.1 compares the optimal solution

and proposed reduction algorithm for computational results whenN =4,5,6,andn =30,
where n represents the plate cell (panel) quantities. Under these test conditions, we
can see that the solutions obtained using the proposed reduction algorithm were
optimal or near optimal. When N is large, finding an optimal solution becomes
complex and difficult. Table 4.2 compares the total enumeration method and proposed

reduction algorithm in computational complexity for a sorter with 4 ports.
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Table 4.1 A comparison of optimal and proposed reduction algorithm solutions
when N =4,5,6,and n=30

Conditions Proposed Optimal solution | Difference

Method Reduction algorithm| (Total enumeration ) |~ (Panel)
TFT yield 90% N=4 1946 1946 0
CF yield 85% N=5 2444 2444 0
s=4,n=30 N=6 2932 2932 0
TFT yield 90% N =4 2044 2044 0
CF yield 90% N=5 2556 2556 0
s=4,n=30 N=6 3070 3070 0
TFT yield 90% N=4 2123 2123 0

CF yield 95% N=5 2654 2655 1 panel

s=4,n=30 N =6 3191 3192 1 panel

Table 4.2 A comparison of total enumeration and proposed reduction algorithm for
computational complexity (s =4)

Solution
Proposed-Reduction algorithm |  Total enumeration method
Cassettes
LP operation C) +(NxN)+1 C)' xC)
N'=3m | The number Cy) xCy P xCMPx...xCy | (C) xCy 2 xC) P x...xCJ)?
of ways m! m!
LPoperation| Cj' +C;' +(N xN)+1 C,' xC,' +C,' xC,
N'=3M+21 The number | CN xCN2xCNl ¥ x...xC3 | (CY xCN2xCN5x...xCP)?
of ways m! m!
LP operation C) +(NxN)+1 C) xC} +C/' xC)
N'=3m+1 The number Cl xCl ™ xCl ™ x...xCJ | (C! xC) ' xCM*x...xC2)?
of ways m! m!
LP operation 221 14500
N =10
The number 2800 47040000
of ways
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4.3 lllustration

1. Implementation results of the plates-matching

To illustrate the effectiveness of the proposed approaches, we conduct the same
case study as illustrated in section 3.3, but a sorter with 2 to 5 ports is considered.
Using proposed LP formulation, the implementation results (optimal solutions) for
various ports on the sorter are summarized in Table 4.3 and Figure 4.4, Table 4.4 and
Figure 4.5, Table 4.5 and Figure 4.6.

In Table 4.3, the average yield ratio increases as the number of ports increases.
The average improvement yield was 0.5908%, 0.2561% and 0.1935% every time the
sorter added one port. Similarly, in Tables 4.4 and 4.5, the expected yield increase was
0.5151%, 0.2473% and 0.3124%, 0.4639%, 0.2080% and 0.1476%, respectively.

Figures 4.4, 4.5, and 4.6 show that the improvement decreases with the increase in
the number of panels. Given the same defect rate, the number of defective patterns
increased with the number of panelsiin‘a-plate.-.Assume that the average defect rate is
20% for a plate. When the number of panels.is'5, there is 1 defective panel that results
in 5 defect patterns. This one defect has five possible panel locations. When the
number of panels is 10, the number of defective patterns is C;’ =45. For both
instances, the number of matching plates remains the same (=20 x N ). The ratio of
the number of matching plates to the number of defective patterns for the former and
latter instances are (20x N)/5and (20 x N)/45, respectively. The greater the number
of patterns, the smaller the mapping yield. This forms a constraint to the solution
quality and explains why the improvement decreases with the increase in the number

of panels.
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Table 4.3 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 85%

Method
ol 2 ports/sorter 3 ports/sorter 4 ports/sorter 5 ports/sorter
anels
6 82.9167 £ 0.4215|83.7917 + 0.3568 | 83.8889 + 0.3628 | 84.0625 + 0.4457
30 |80.2333£0.2463|80.9333 £0.1219|81.2889 + 0.1040 | 81.5292 + 0.0675
50 |79.3200%0.1610|79.8400 + 0.0731 | 80.1200 + 0.0796 | 80.3875 + 0.0567
70 | 78.8357 £0.1406 | 79.2893 £ 0.1113 | 79.5905 + 0.0400 | 79.7482 £ 0.0440
100 |78.3900 % 0.0920 | 78.7950 + 0.0375 | 79.0417 £ 0.0585 | 79.1700 £ 0.0702
Average 79.9391 % 80.5299 % 80.7860 % 80.9795 %
85
—e— 5 ports/sorter
—&— /4 ports/sorter ||
—&— 3 ports/sorter ||
’\a —%— 2 ports/sorter
©
T 81 [N
S an R T ]
78
6 30 50 70 100
Number of panels per substrate
Fig.4.4 Comparison of the effect with different numbers of ports on the sorter

for various panels with TFT and CF plates average yield rates are 90%
and 85%, respectively.
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Table 4.4 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 90%

Method
ol 2 ports/sorter 3 ports/sorter 4 ports/sorter 5 ports/sorter
anels
6 86.2500 £ 0.7567 | 86.7500 + 0.6560 | 87.0833 £ 0.6016 | 87.8333 + 0.4342
30 [84.0833+0.1013|84.8750+0.1645 | 85.1278 £ 0.2070 | 85.4208 £ 0.1758
50 |83.4800 % 0.1501 |84.0000 + 0.1306 | 84.2167 + 0.0828 | 84.4325 + 0.0631
70 [83.0143+0.1315|83.4357 £ 0.0668 | 83.6619 + 0.0722 | 83.8250 + 0.0583
100 [82.6600 + 0.0980 | 83.0025 + 0.0677 | 83.2100 £ 0.0491 | 83.3500 * 0.0223
Average 83.8975 % 84.4126 % 84.6599 % 84.9723 %
89
—e—5 ports/sorter
88 [ —8— 4 ports/sorter |
 om —4&— 3 ports/sorter ||
;\é? 87 —%— 2 ports/sorter
~ 86 - NN Tttt oo oo
©
T 85 [N
>_ 84 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
83 [~ TR -
82
6 30 50 70 100
Number of panels per substrate
Fig.4.5 Comparison of the effect with different numbers of ports on the sorter

for various panels with TFT and CF plates average yield rates are 90%
and 90%, respectively.
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Table 4.5 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 95%

Method
ol 2 ports/sorter 3 ports/sorter 4 ports/sorter 5 ports/sorter
anels
6 88.5833 £ 0.6315|89.2500 + 0.4168 | 89.5000 + 0.2616 | 89.6250 + 0.1962
30 |87.6333%£0.176088.2833 £ 0.1691 | 88.4833 + 0.1634 | 88.6833 £ 0.1135
50 |87.3200 % 0.1253|87.6400 + 0.0889 | 87.8633 + 0.0307 | 88.0225 + 0.0381
70 |87.0357 £0.0909 | 87.3786 + 0.0514 | 87.5952 + 0.0501 | 87.7268 + 0.0471
100 [86.7100 %+ 0.0980 | 87.0500 + 0.0572 | 87.2000 £ 0.0329 | 87.3225 £ 0.0230
Average 87.4565 % 87.9204 % 88.1284 % 88.2760 %
92
—e— 5 ports/sorter
91 [ —8— 4 ports/sorter |]
Yo N —&— 3 ports/sorter ||
S —%— 2 ports/sorter
S8 =y
D 88 [ g ]
>- 87 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ——_
86 [~
85
6 30 50 70 100
Number of panels per substrate
Fig.4.6 Comparison of the effect with different numbers of ports on the sorter

for various panels with TFT and CF plates average yield rates are 90%
and 95%, respectively.
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2. Implementation results of the cassettes-matching

Figure 4.7 shows that 10 TFT cassettes and 10 CF cassettes in queue can be

divided into four classes for yield mapping on a sorter with four ports. The optimal

matching yield for the four classes is not practical to solve because of the very high

computation time requirements.

10 TFT cassettes
match
10 CF cassettes

3 TFT cassettes
match
3 CF cassettes

+

3 TFT cassettes
match
3 CF cassettes

3 TFT cassettes
+ match
3 CF cassettes

+

1 TFT cassettes
match
1 CF cassettes

Figure 4.7 TFT and CF match for a case involving N = 10when the sorter has 4 ports.

In practice, the random mapping approach is frequently employed by engineers

when n is large. This approach randomly chooses a pair of cassettes and a pair of

plates for the cell process. This.‘approach does.not need to use the sorter. It is

straightforward in implementation. but the solution quality cannot be guaranteed.

Another method is to use sorting technigues-to-improve the post-mapping yield. This

approach uses the LP formulation aecording to the magnitude of the yield rate.

However, it cannot assure the optimal solution. The sort approach procedures are

listed as follows:

Step 1. Sort the N TFT cassettes in queue in descending order by yield rate.

Step 2. Sort the N CF cassettes in queue in descending order by yield rate.

Step 3. Using Equations (4.1) - (4.4) calculate all assignments:

(TFT,, TFT,,TFT,) «< (CR,CF,,CF,) ,(TFT,, TFT,, TFT,) <> (CF,,CF,,CF,),

(TFT,, TFT,, TFT,) <> (CF,,CFK,,CF,), (TFT,) <> (CF,)

Our proposed reduction algorithm can be used to find an optimal or near-optimal

solution. To illustrate the effectiveness of the proposed reduction algorithm, we also

conduct the same case study as illustrated in section 3.3, but the situation of N = 10
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and s = 4 is considered in this subsection. To obtain solutions, we used the commercial
software MATLAB and EXCEL. The numerical results for random mapping, sort
approach and proposed reduction algorithm mapping are summarized in Tables 4.6,
4.7, 4.8, and Figures 4.8, 4.9, 4.10. The average CPU time on a Pentium 4 workstation
for the proposed reduction algorithm was about 3 minutes. The sort approach required
about 0.5 minutes.

In Table 4.6, the proposed reduction algorithm for the average improvement yield
from random mapping and using sort approach mapping were 4.5309% and 0.3628%,
respectively. Considering the costly TFT and CF plates, the expected improvement
represents a significant profit increase. In the case study example, the monthly
throughput was 30,000 LCD plates. The average cost per LCD plate is about US$876.
The expected monthly profit increases from randem mapping and using sort approach
mapping were about US$1,200;000.and US$95,000, respectively. Similarly, in Tables
4.7 and 4.8, the expected monthly profit-increase from random mapping and using
sort approach mapping were about-US$1,100,000 and US$97,000, US$740,000 and
US$66,000, respectively.

For small and medium size LCD panels, if a random mapping approach is used, a
great quantity of LCD display scrap is produced. Labor, material, and overhead costs
are lost on scrapped displays. The proposed reduction algorithm can provide a better
choice. However, if the displays size is very small or CF yield rate is very high,
random mapping is feasible because the mapping average yield ratio decreases
gradually as the panel quantity increases and the distances between the top curve and
the bottom straight line for figures 4.8, 4.9, and 4.10 become smaller. For the
large-sized displays, if TFT and CF glasses have higher yield, this proposed reduction
algorithm could replace prior glass scribing. The mapping approach is more suitable

for mass production than prior glass scribing.
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Table 4.6 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 85% (N =10, s =4)

Method ;
. Proposed Reduction
Danels Random Mapping| Sort Approach Algorithm Improvement
6 76.4928 £ 0.0148|83.6083 £ 0.1378| 84.4583 + 0.1596 |7.9655%, 0.8500%
30 |76.4926+0.0070(81.1500 £ 0.0592| 81.4267 + 0.0352 |4.9341%, 0.2767%
50 |76.4951+ 0.0065(80.0630 +0.0392| 80.3280 + 0.0314 |3.8329%, 0.2650%
70 |76.4992 £ 0.0036(79.5129 + 0.0371| 79.7050 + 0.0312 |3.2058%, 0.1921%
100 |76.4989 £ 0.0037|78.9850 + 0.0237| 79.2150 + 0.0514 |2.7161%, 0.2300%
Average 76.4957 % 80.6638 % 81.0266 % 4.5309%, 0.3628%
85 - -
ga |---XRo - —e— Proposed Reduction Algorithm
83 |- DN —&— Sort Approach
—a— Random Mapping
;@ 82 |
~ 81
© 0
= 80
= 79 -
78 |
77 B A A A A A
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Fig.4.8 Comparison effect with three different algorithms for various panels using 10
TFT and CF cassettes with average yield rates of 90% and 85%, respectively.
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Table 4.7 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 90% (N = 10,s =4)

Method ;
. Proposed Reduction
Danel Random Mapping| Sort Approach Algorithm Improvement
6 81.0035 £ 0.0092|87.3250 £ 0.2291| 88.2500 + 0.1013 |7.2465%, 0.9250%
30 |80.9986 £ 0.0067(85.0350 + 0.0905| 85.3583 + 0.0309 |4.3597%, 0.3233%
50 80.9998 £ 0.0048(84.1190 + 0.0450| 84.3660 + 0.0246 |3.3662%, 0.2470%
70 |81.0024 £ 0.0040(83.6107 + 0.0234| 83.8121 +0.0240 |2.8097%, 0.2014%
100 |81.0000+£ 0.0022 |83.1655 + 0.0352| 83.3085 + 0.0151 (2.3085%, 0.1430%
Average | 81.0009 % 84.6510 % 85.0190 % 4.0181%, 0.3679%
89 - -
88 |- & - —e— Proposed Reduction Algorithm
g7 |- B —&— Sort Approach
—a— Random Mapping
< 86 |
o
<~ 85
S 84 ¢
[}
S B3 [
82
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80
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Fig.4.9 Comparison effect with three different algorithms for various panels using 10
TFT and CF cassettes with average yield rates of 90% and 90%, respectively.
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Table 4.8 Mapping results in 95% confidence interval for TFT average yield 90%
and CF average yield 95% (N = 10, s = 4)

Method ;
. Proposed Reduction
Danel Random Mapping| Sort Approach Algorithm Improvement
6 85.5038 £ 0.0063 |89.3500 * 0.1005| 89.8750 + 0.0644 |4.3712%, 0.5250%
30 |85.4991 % 0.0059 |88.3933+ 0.1062| 88.6467 +0.0798 |3.1476%, 0.2534%
50 |85.4991 % 0.0037 |87.8340 £ 0.0289| 88.0450 + 0.0308 |2.5459%, 0.2110%
70 | 85.5005 % 0.0028 |87.5129 £ 0.0296| 87.6621 + 0.0152 |2.1616%, 0.1492%
100 [85.5019+0.0017 |87.1610 +0.0217| 87.2815% 0.0163 [1.7796%, 0.1205%
Average 85.5009 % 88.0502 % 88.3021 % 2.8012%, 0.2518%
92 - -
91 |- —e— Proposed Reduction Algorithm
90 |- e —&— Sort Approach
— —a— Random Mapping
o 89 |
(=)
; 88
) 87 |
> 86 [ P N
85
84 |
83

30

50

70

Number of panels per substrate

100

Fig.4.10 Comparison effect with three different algorithms for various panels using 10
TFT and CF cassettes with average yield rates of 90% and 95%, respectively.
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5. Comparison

5.1 Comparison of the matching algorithms

In the literature, several heuristics have been developed for combinatorial
optimization problems, such as: construction methods [28], limited enumeration
methods [29], improvement methods [30], sampling and clustering [31], simulated
annealing methods [32], genetic algorithms [33,34] and greedy randomized adaptive
search procedure (GRASP) [35]. Among these, genetic algorithms (GAs) are a
popular method for avoiding local optimal in improving the search. The GA attempts
to parallel the biological evolution process to find better solutions. The genetic
algorithm concept was introduced by:Holland'[33] in 1975. Recently, Ahuja et al. [34]
produced very good results on:large scale. QAPS (quadratic assignment problems)
from QAPLIB (a well-known library of QAP instances) by apply a hybrid algorithm
called a greedy genetic algorithm, Out of the 132 total instances in QAPLIB, the
greedy genetic algorithm obtained the best known solution for 103 instances

A greedy algorithm makes a locally optimal choice and hopes with a globally
optimal solution. Hence, the algorithm does not always yield the optimal solution.
However, the greedy algorithm is quite powerful for a large-sized combinatorial
problem. We discuss the greedy algorithm for plates and cassettes-matching for a

sorter with 4 ports as follows:

1. The greedy algorithm for plates-matching
Step 1: Sort the sixty TFT plates in descending order by yield rate.
Step 2: Based on the sequence from step 1, perform the “best” plates-matching
sequentially. “Best” indicates the highest yield. For example, the first TFT
plate has the highest priority for choosing the “best” matching CF plate from
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60 CF plates. When a TFT plate and a CF plate are chosen, their post-mapping
yield is a direct compound, as shown in Figure 3.4. The second TFT plate
then chooses its “best” matching CF plate from the remaining 59 plates.
This matching procedure continues until the last TFT plate is matched with

the last CF plate.

Table 5.1 compares the greedy algorithm and Hungarian method for the
plates-matching problems. Ten replications were performed to compare the mean for
various panels using 3 TFT and CF cassettes with average yield rates of 90% and
85%, respectively. Under these test conditions, the differences in yield between the
optimal solution and the solution obtained using the greedy algorithm has an average
of 1.28 %.

Table 5.1 A comparison of the:greedy algorithm.and.-Hungarian method for
plates-matching

Method . Hungarian Method | Difference
Conditions GraggyAlgorithig (Optimal Solution) (%)

n==6 82.6111 % 83.8889 % 1.2778 %

TFTyield90% | , _3g 79.7000 % 81.2889 % 1.5889 %
CF yield 85%

N =3 n=50 78.8267 % 80.1200 % 1.2933 %

10 replications | n=70 78.3524 % 79.5905 % 1.2381 %

n =100 78.0367 % 79.0417 % 1.0050 %

CPU time About 1 second | About 1 second

2. The greedy algorithm based on the Hungarian method for cassettes-matching
Step 1: Sort the N TFT cassettes in queue in descending order by yield rate.
Step 2: The first three TFT cassettes in queue (after sorting) have the highest priority
to choose the best matching CF cassettes from those N CF cassettes in

queue. The cassettes-matching yield is calculated using Equations (4.1) - (4.4).
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The second three TFT cassettes in queue then chooses its best matching CF
cassettes from the remaining N — 3 CF cassettes. This procedure continues
until the last TFT cassette(s) in the queue is matched with the last CF

cassette(s) in queue.

For comparison purposes, we randomly created an initial population of size 50 and
used Equations (4.1) - (4.4) in the GA process. The genetic operation settings were
length of string = 20 bits, crossover rate = 0.8 with PMX (Partial Matched Crossover)
operator, mutation rate = 0.1 and 20 iterations. Nine samples were performed to
compare the greedy algorithm, GA, and proposed reduction algorithms results for the
case of N =10. The results are shown in Table 5.2. As we can see, the proposed
reduction algorithm consistently generated superior solutions than the other
algorithms for the case using 10 TET and CF, cassettes with average yield rates of

90% and 85%, 90% and 90%, 90% and 95%, respectively.

Table 5.2 Comparison of the computation results for greedy, genetic, and proposed
reduction algorithms when N =10

Conditiong/lethOd Greedy Algorithm | Genetic Algorithm Propc:le;dorRitehdrﬁction
TET vield 90% 81.37 % 81.45 % 81.53 %
CF yield 85% 81.17 % 81.32 % 81.40 %
s=4,n=30 81.10 % 81.34 % 81.40 %
TET yield 90% 85.22 % 85.30 % 85.42 %
CF yield 90% 84.90 % 85.24 % 85.32 %
554,11 =30 84.97 % 85.24 % 85.30 %
TET vield 90% 88.52 % 88.61 % 88.75 %
CF yield 95% 88.37 % 88.63 % 88.70 %
s=4,n=30 88.37 % 88.54 % 88.58 %
CPU time About 3 minutes | About 30 minutes | About 3 minutes
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5.2 Comparison of the matching algorithms for defect types

LCD plates have some defect types. The sources of defect types are from different
stages of the manufacturing process. Materials, equipment, operations, etc., can cause
the problems. We compare the performance of different algorithms for the following

four defects types of LCD plates:

1. The defective panels scatter randomly on the TFT plate as illustrated in Fig. 5.1(a).

2. There are 80% defective panels gathered at the second quadrant of the TFT plate
as illustrated in Fig. 5.1(b).

3. There are 80% defective panels gathered at the center of the TFT plate as
illustrated in Fig. 5.1(c).

4. There are 80% defective panels gathered at the edge of the TFT plate as

illustrated in Fig. 5.1(d).

.. ° ° ° 0‘5..:0. .
(a) (b)
(c) (d)

Figure 5.1 Defect types

The total average yield rates for four defect types of TFT and CF plates were set at
90% and 85%, respectively. The numerical results (N = 3) for random mapping, greedy

algorithm and Hungarian method mapping using a sorter with 4 ports are summarized
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in Tables 5.3, 5.4, 5.5 and 5.6. The greedy algorithm is implemented on a program.

The LP formulation is solved by a commercial mathematical programming solver, LINGO.

Both greedy algorithm and LP formulation computation time is about 1 second.

Table 5.3 Mapping results in 95% confidence interval for defective panels scatter
randomly on the plate with TFT average yield 90% and CF average yield 85%

PanelsethOd Random Mapping | Greedy Algorithm [Hungarian method| Improvement Yield
30 |76.4867 1£0.0161|79.7000 * 0.2393 | 81.2889 £ 0.1040 | 4.8022%, 1.5889%
50 |76.4880 1 0.0214 |78.8267 £ 0.1010 | 80.1200 £ 0.0796 | 3.6320%, 1.2933%
70 | 76.4916 £ 0.0061 | 78.3524 £ 0.1169 | 79.5905 * 0.0400 | 3.0989%, 1.2381%
100 |76.5094 £ 0.0163 | 78.0367 £ 0.0909.| 79.0417 + 0.0585 | 2.5323%, 1.0050%
Average 76.4939 % 78.7290% 80.0103 % 3.5164%, 1.2813%

Table 5.4 Mapping results in 95% confidence interval for 80% defective panels
gathered at the second quadrant of the plate with TFT average yield 90%
and CF average yield 85%

Panel:thOd Random Mapping | Greedy Algorithm |Hungarian method| Improvement Yield
30 |76.5082+0.0870|78.8389 £ 0.1701 | 80.5611 £ 0.2373 | 4.0529%, 1.7222%
50 |76.5190+0.0273|78.2667 £ 0.1211 | 79.7333 £ 0.0665 | 3.2143%, 1.4666%
70 76.4912 +0.0321 | 78.0119 + 0.1224 | 79.2048 £ 0.0618 | 2.7136%, 1.1929%
100 |76.4895 % 0.0495|77.6517 £ 0.0802 | 78.6917 £ 0.0832 | 2.2022%, 1.0400%
Average 76.5020 % 78.1923 % 79.5477 % 3.0458%, 1.3554%
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Table 5.5 Mapping results in 95% confidence interval for 80% defective panels
gathered at the center of the plate with TFT average yield 90% and CF
average yield 85%

ethod

el Random Mapping | Greedy Algorithm |Hungarian method| Improvement Yield
30 76.5193 £ 0.0801 | 78.8222 £ 0.2270 | 80.5333 + 0.2079 | 4.0140%, 1.7111%
50 |76.484110.0412|78.2367 £ 0.1033|79.7333 £ 0.0954 | 3.2492%, 1.4966%
70 |76.539110.0199 | 78.0833 £ 0.1293 | 79.3571 £ 0.0440 | 2.8180%, 1.2738%
100 |76.5186 £ 0.0249 | 77.7733 £ 0.0554 | 78.7967 + 0.0533 | 2.2781%, 1.0234%
Average 76.5153 % 78.2289 % 79.6051 % 3.0898%, 1.3762%

Table 5.6 Mapping results in 95% confidence interval for 80% defective panels
gathered at the edge of the plate with TFT average yield 90% and CF
average yield 85%

PanelsethOd Random Mapping | Greedy Algorithm [Hungarian method| Improvement Yield
30 |76.4869 1 0.0262|79.0611 £ 0.2048 | 81.1111 + 0.1060 | 4.6242%, 2.0500%
50 |76.5294 1 0.0293 | 78.5033 £ 0.1392 | 80.0000 £ 0.0803 | 3.4706%, 1.4967%
70 | 76.481110.0293|78.0786 £ 0.0779 | 79.4095 £ 0.0845 | 2.9284%, 1.3309%
100 |76.4896 £ 0.0146 | 77.7200 = 0.0878 | 78.8050 + 0.0500 | 2.3154%, 1.0850%
Average 76.4968 % 78.3408 % 79.8314 % 3.3347%, 1.4907%
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As we can see, the Hungarian method consistently generated superior solution
than the other algorithms for the four defect types with TFT average yield 90% and
CF average yield 85%. In Table 5.3, the Hungarian method for the average improvement
yield from random mapping and greedy algorithm were 3.5164% and 1.2813%,
respectively. Considering the costly TFT and CF plates, the expected improvement
represents a significant profit increase. In the case study example, the monthly
throughput was 30,000 LCD plates. The average cost per LCD plate is about US$876.
The expected monthly profit increase from random mapping and greedy algorithm
were about US$924,000 and US$337,000, respectively. Similarly, in Tables 5.4, 5.5,
and 5.6, the expected monthly profit increase from random mapping and greedy
algorithm were about US$800,000-and US$356,000, US$812,000 and US$362,000,
and US$876,000 and US$392,000; respectively.

In Tables 5.3, 5.4, 5.5 and5.6, the average yield ratio from random mapping,
without respect to the panel quantities per substrate. This is unlike the others algorithm
where average yield ratio increased as the panel quantities decreased. This implies
that if the displays size is very small or if CF is purchased by a very high yield rate,
random mapping is feasible.

Table 5.7 represents the numerical results for defective panels scatter randomly on
the plate with TFT total average yield rates 90% and CF total average yield rates 95%
to 99%. According to LCD firm estimation, the difference between random mapping
and using sorter mapping does not exceed yield 1%. Therefore, LCD firms should
purchase CF with yield rate no less than 99% for using random mapping with TFT

yield 90%.
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Table 5.7 Mapping results in 95% confidence interval for defective panels scatter
randomly on the plate with TFT average yield 90% and CF average yield

95% to 99%
Conditions Method Random Mapping | Hungarian method Difference
TFTyield | 1= 30 85.5009 + 0.0194 | 88.4833%0.1634 | 2.9824 %

90% n=50 | 85.503910.0091 | 87.8633%0.0307 | 2.3594 %
CFyield | n=70 | 85.5095*0.0097 | 87.5952 % 0.0501 2.0857 %
®%  |h_100| 85.5007+0.0091 | 87.2000+0.0329 | 1.6993 %
TFT yield | =30 86.3970 £ 0.0130 | 88.9389%0.0687 | 2.5419 %
90% n=50 | 86.4057+0.0085 | 88.5700%0.0650 | 2.1643 %
CFyield | n=70 | 86.3989+0.0087,| 88.2333+0.0513 | 1.8344 %
96% n=100 | 86.3974+0.0073.+| 87.9550%0.0342 | 1.5576 %
TFTyield | =30 87.2974:40.0131+| 89.4056 £ 0.0623 | 2.1085 %
90% n=50 | 87.3016+0:.0064 | 89.1567+0.0374 | 1.8551%
CFyield | n=70 | 87.2980£0.0093 | 88.8810+0.0681 | 1.5830 %
9% |n_100| 87.2085+0.0074 | 88.6583+0.0370 | 1.3598 %
TFTyield | "=30 | 88.2010 +0.0115 | 89.744410.0598 | 1.5434 %
90% n=50 | 88.2019%0.0064 | 89.583310.0377 | 1.3814 %
CFyield | n=70 | 88.2006+0.0071 | 89.4262 +0.0498 1.2256 %
%% |n_100| 88.1981+0.0050 | 89.3000+0.0446 | 1.1019 %
TFT yield | =30 89.0996 + 0.0079 | 89.9167£0.0429 | 0.8171%
90% n=50 | 89.0981+0.0063 | 89.8933+ 0.0293 0.7952%
CFyield | n=70 | 89.1007 £0.0033 | 89.8524+0.0287 | 0.7517 %
9% n=100 | 89.0998+0.0039 | 89.8000%0.0210 | 0.7002 %
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6. Conclusions

There are two options for post-mapping yield improvement. The first is to
improve the TFT and/or CF plate yield. This approach requires improvement in the
manufacturing processes, technology, tooling, etc., and may be costly and have
technological constraints. The second option is to use a judicious mapping policy to
optimize yield mapping. The yield mapping problem can be a significant loss
contributor. A judicious matching policy is very cost effective because it does not
require a significant investment to produce yield improvement. This study uses the second
approach to improve the yield. We first propose a linear programming formulation to
optimally solve the problem. The results were compared with two heuristics utilized
in practice and showed superior-solution quality.

Next, we consider a mapping problem-by-using asorter. We use LP formulation to
compare the various ports in the yield -mapping problem and a reduction algorithm to
reduce the number of ways for choosing different matched objects when the number
of matched cassettes is large. This LP method provides an optimal solution and offers
LCD manufacturers important yield information. The proposed reduction algorithm
avoids computer over-load and produces very good results on the large scale cassettes
matching problem. This avoids a great quantity of LCD display scrap, reduces production
costs and improves the production yield. The LTPS focuses on manufacturing small
and medium size LCD panels, scribing glass prior to the cell process leads to a much
lower economy of scale. The proposed reduction algorithm can provide a better choice.
Implementation results revealed that proposed approaches are effective in solving a

practical problem.
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For the large scale cassettes matching problem, future research can consider
developing a better classification method to reduce the number of ways for choosing
different matched objects. In addition, the mapping costs should be investigated to

obtain an overall optimal solution.
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