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ABSTRACT 

The introduction of emerging technologies into existing 
manufacturing facilities is not necessarily encouraged by 
the people responsible for the output of the facilities.  Any 
“new” technology carries risks and people responsible for 
delivering manufactured products are, by nature, risk-
adverse.  This paper demonstrates the advantage of evalu-
ating the impact of attempting to introduce a new technol-
ogy into an existing facility before actually attempting the 
introduction. The first part of the analysis examines the 
impact on the total product delivery for a comparable vol-
ume of two facilities, one with the traditional processes and 
one with the new process replacing existing ones.  Based 
on these results, a conclusion can be reached if there are 
sufficient benefits to consider pursuing the development 
and introduction of the new techniques.  An example is 
employed that evaluates the introduction of nano-imprint. 

1 INTRODUCTION 

The Semiconductor Industry has been following a technol-
ogy acceleration curve that is referred to as Moore’s Law.  
The curve in Figure 1 indicates the growth of the number 
of transistors in a unit area of 1cm2.  While this doubling 
of density every 2 to 3 years is impressive, the realm of 
physics that is being entered into is even more impressive.  
This shrinkage of feature size has definite markers or iden-
tifiers for the feature size and is based on 70% shrinkage in 
linear dimension every three years or less.  The 70% 
shrinkage results in an area reduction of 50% every three 
years.  To keep things understandable, the feature size be-
comes the measure of a generation.  In the mid 1990s, the 
feature size was defined as 250nm or ¼ micron.  That 
means that the minimum dimensions for lines and spaces 
for dense (tightly packed) features was ¼ micron.  That 
generation was followed by the 180nm generation, the 
130nm one, and the current 90nm lines and spaces feature 
sizes. 

 

2

The minimum feature size that can be produced by an 
optical system is equal to K1*lambda/NA, where K1 is a 
factor that has a theoretical limit of 0.25.  The first ap-
proach that was employed was to reduce the wavelength of 
light and it has progressed from 365nm (I-line) to 248nm 
and now is at 193nm.  In the last 20 years the Numerical 
Aperture (NA) has increased from less than 0.5 to the cur-
rent 0.93 through material and design enhancements.  In 
order to keep shrinking feature sizes, alternatives have 
been investigated.  157nm illumination was evaluated and 
shelved due to material requirements that were beyond the 
capability of existing technology.   

The future is challenging with the 90nm generation be-
ing followed by 65nm, 45nm, and 32nm in the next few 
years.  The process of creating the semiconductors in-
volves creating multiple levels of circuitry with the transis-
tors at the bottom and the interconnect layers at the upper 
levels.  An example of the issues that are arising can be 
demonstrated by considering the upcoming 65nm genera-
tion.  The feature size of the gates (the basic part of the 
transistor) will be 25nm!  The light that is used to create 
the current features is 193nm.  This means that these fea-
ture sizes will be approximately 1/8 the wavelength of the 
light employed to create them.  This is a non-trivial chal-
lenge.  While optical engineering has provided significant 
advances in capabilities of exposure systems, even these 
enhancements appear to be approaching a limit.  Since 
1996 there has been significant effort in developing alter-
native or next generation lithography (NGL) technologies.   

The time it takes to produce a production worthy new 
technology is another consideration.  The development cy-
cle of a new lithographic technology has taken a minimum 
of eight years.  The technology consists of the fundamental 
tool, the patterning device (traditionally an optical mask 
with the patterns), the resist (where the patterns are 
formed), and associated infrastructure elements to provide 
a viable manufacturing platform.  The development efforts 
required are non-trivial.  It is estimated that the cost to the 
industry for the development of Extreme UltraViolet 
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(EUV) technology will be in excess of $7.6B.  The devel-
opment costs for making the 193nm technology production 
worthy was in excess of $2.5B (Trybula and Newberry 
2004). 

In the last two years an alternative approach has been 
developed.  By employing a liquid between the optical sys-
tem and the wafer with the semiconductor device, the NA 
can be increased.  NAs of 1.30 to 1.35 now appear to be 
possible.  There are even development efforts underway to 
increase the NA to greater than 1.5.  Alternative technolo-
gies, like EUV with a wavelength of 13.5nm are being de-
veloped for the future manufacturing.  Then there are non-
optical approaches, like nano imprint, that are also vying 
for the opportunity to become the next technology that will 
be inserted into manufacturing.  How can the selection be 
made? 

2 CHALLENGE 

Consider a specific example to understand the evaluations 
that must be undertaken.  The current state of the existing 
193nm technology indicates that there will be some manu-
facturing challenges at the 45nm generation for 193nm li-
thography.  This opens opportunities for EUV to fill the 
need.  However, the timing for the 45nm generation is 
2009, which may challenge the ability to have the technol-
ogy manufacturing ready.  The 32nm generation, which is 
two years later, is less time constrained.   

While there has been substantial progress made in de-
veloping newer technologies for the very leading edge ap-
plications, the impact of the feature size shrinkage is that 
moderate size features are now becoming sub wavelength.  
These features become harder (consequently more expen-
sive) to implement in manufacturing.   

In addition to the efforts in EUV, there has been sub-
stantial progress in the nano imprint technology.  This is an 
approach that creates an impression in the resist-like mate-
rial to create the patterns.  While this technology is a rela-
tive new-comer to the industry, it has some strong claims 
about being more cost effective than other approaches.  
How can we evaluate the impact on production of tech-
nologies that are not developed? 

2.1 Specific Example 

While there has been substantial progress made in develop-
ing newer technologies for the very leading edge applica-
tions, the impact of the feature size shrinkage is that mod-
erate size features are now becoming sub wavelength.  
These features become harder (consequently more expen-
sive) to implement in manufacturing.   

The 65nm generation is expected to have between 38 
and 40 layers for leading edge logic.  This translates into 
over 600 processing steps.  The interconnection layers are 
really a layer for each pair of conductors.  The conductor 
2

on the bottom needs to have a connection to the layers 
above it.  Typically, this connection or via layer is the size 
of the conductor on the bottom.  Figure 1 shows the level 
build up of the circuitry.  Due to the use of illumination to 
stabilize the “resist” the process is knows as Step and Flash 
Imprint Lithography (SFIL). 

 
 

conductor 
conductor

via

via 

conductor 

conductor
via

via

 
 

Figure 1: Level of Circuitry (Courtesy IBM) 
 
Currently there is a process, nano imprint, being pro-

posed for rapid insertion into the manufacturing environ-
ment.  The claim is that it will provide significant cost sav-
ings and provide an efficient process for manufacturing 
semiconductors.  The process involves replacing the opti-
cal process with an imprint process (SFIL-r) as shown in 
Figure 2.  An additional concept is the development of a 
process that actually produces two layers simultaneously, 
and is called the dual damascene process (SFIL-d2). 
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Figure 2: SFIL Process Flow 

 
The ability of the nano imprint process (SFIL-d2) to 

actually make both conductor and via level in one process-
ing step has provided incentive to evaluate the potential of 
nano imprint.  If it were possible to reduce the number of 
steps from 24 to 8 for each of the eight metal layers, the 
savings would be 128 process steps out of slightly more 
than 600 processing steps.  Figure 3 show the comparison 
of the optical process and the dual damascene process 
(Stewart et al. 2005). 

 

219



Trybula, Wright, Adusumilli, and Goodall 

 

1. Copper barrier
2. Low-k via ILD
3. Etch-stop
4. Low-k metal ILD
5. Bottom hard mask
6. Top hard mask
7. BARC
8. Coat resist
9. Exposure
10. Develop 
11. Etch Trench hard mask
12. Ash resist
13. Plate seed
14. Coat resist
15. Expose
16. Develop
17. Etch via hard mask
18. Etch via and trench stop
19. Ash and trench hard mask open
20. Trench and via etch
21. Barrier etch
22. CU Seed
23. Cu plate
24. CMP

1. Copper barrier
2. Deposit SFIL Low-K ILD
3. Imprint
4. Base layer etch
5. Barrier etch
6. Cu Seed
7. Cu plate
8. CMP

SFIL – nano imprint processExisting semiconductor process

Conductor and via in one process

 
Figure 3: SFIL-d2 and Optical Process Flows 

 
Obviously, there is potential for significant savings. 

This raised the question, “How much saving could be ex-
pected for implementing nano imprint?” 

3 INFORMATION REQUIRED 

What needs to be understood is the impact on the existing 
process if nano imprint were introduced into manufactur-
ing.  How much savings would be generated?  What would 
be the impact on cycle time?   

The issues that arise with projected technological in-
sertion are that there are a large number of unknowns.  At 
the early development stage of a technology only estimates 
are available for equipment throughput, maintenance, sup-
plies, etc.  The cost of both the imaging masks and the re-
sist are unknown for both cost and operating conditions.  
An example of this is evidenced by values published in 
(Wright William and Kelly 2004) that present the imprint 
mask (template) as being about 35% of the cost of an opti-
cal mask.  In an ongoing SEMATECH study (Hector 2005) 
the cost of the template is 92% of the optical mask.  Since 
the mask costs can approach and even exceed $100K each, 
this is a non-trivial difference (Trybula 2001). There are 
other examples of potential projections that can not be 
proved until equipment is developed, debugged, and made 
fully operational. 

The approach is to perform a modeling analysis on the 
proposed technology and compare  it with a similar analy-
sis of the existing technology.  By employing a range of 
variables, it is possible to create a range of expected values 
that should provide enough information to bracket the 
plausible answer. 

4 MODELING EFFORTS 

The modeling effort needs to deliver an answer on the po-
tential cost impact on the manufacture of wafers.  There 
are two complimentary approaches that are employed 
within SEMATECH and ISMI.  The first approach is a 
static modeling efforts that is based on the Cost of Owner-
22
ship (CoO) model and the Cost Resource Model (CRM) 
that were developed by SEMATECH in the mid 1990s.  
Every wafer generation since 350nm has been modeled 
with these tools.  The output of the modeling effort in-
cludes the total number of each type of equipment re-
quired, the cost of each layer, and the total cost of the fin-
ished wafer. 

4.1.1 Static Modeling 

Factory level cost modeling (CRM) was performed making 
comparisons for the 65nm (high performance logic) node 
for optical, SFIL-d2  (two layers simultaneously) and 
SFIL-r (replacing only one optical level). More specifi-
cally, the analysis centers around the modeling of metal 
levels 5 –7 and compares the cost of processing these metal 
levels using optical photolithography with 248nm DUV 
equipment to that of Imprint tools and imprint technology 
process steps for the same metal levels. Additional com-
parisons are made to the use of 193nm dry and immersion 
equipment. Table 1 shows the Imprint equipment assump-
tions. The throughput is given in terms of wafers per hour 
(wph). In either cases, the mask life is assumed to be 4000 
wafers per mask. 
 

Table 1: Equipment Assumptions 
Flow Cost 

 
wph 

 
Resist 
(\gal-
lon) 

Resist 
usage 

(\wafer) 

Mask 
template 

cost 
SFIL-d2 $5M 15 $12K 0.7 ml 30,000 
SFIL-r $5M 12 $8K 1 ml 50,000 

 
The resulting cost of each metal level can be seen be-

low in Table 2. The SFIL-d2 process yields the greatest 
savings in process costs indicating a 51% decrease in costs 
whereas the SFIL-r process yields a savings in processed 
cost of 20% per metal level when one compares the cost of 
248nm processing versus imprint lithography.  

 
Table 2: Cost per Metal Level 

Flow Cost of metal 
levels 5-7 

Total processed 
wafer cost 

Number of 
process steps 

SFIL-d2 149 3,998 542 
SFIL-r 246 4,281 617 
248nm 306 4,413 608 

 
When comparing the results of overall total processed 

wafer cost, SFIL-d2 and SFIL-r each result in a savings of 
9% and 3% respectively. The capital cost assumptions for 
this modeling assume a $14M capital cost for 248 DUV 
and an effective throughput of 35 wafers per hour. Corre-
spondingly, the imprint equipment was modeled at a cost 
of $5M with a throughput of 12 wafers per hour (SFIL-d2) 
and a slightly faster throughput of 15 wafers per hour for 
the SFIL-r process.  The cost comparison of the metal lev-
20
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els as well as the total processed wafer cost consider equip-
ment depreciation and maintenance, materials, personnel, 
and building depreciation. 

 
Table 3: Processing Costs  

Wafer Processing Costs SFIL SFILr Optical 
Tool Depreciation 1,492 1,606 1,658 

Tool Maintenance 522 562 580 
Direct Personnel 32 35 34 

Indirect Personnel 24 26 26 
Direct Space 313 340 340 

Indirect Space 10 11 11 
Direct Material 1,171 1,222 1,254 

Indirect Material 434 479 509 
Total Cost 3,998 4,281 4,413 

 
Table 3 shows a summary of all processing costs. As 

expected, materials and equipment related expenses are the 
major contributors to overall processing cost. The SFIL 
process has the advantage of reduced number of process 
steps and thus requires 11% less equipment capital to 
manufacture the 20k wafer starts per month, common 
across all models. 

4.1.2 Dynamic Modeling 

While the results of the static modeling are promising, 
there area still unanswered questions about actual quanti-
ties of equipment and cycle time.  With the cost of con-
struction of cleanroom space of $4,000 per square foot and 
annual costs of $750 per square foot, the size required for 
the equipment is important.  The discrete event simulation 
model was built using AutoSched Accelerated Process-
ingTM (ASAP) v 8.0, an object-oriented modeling tool.  
This effort builds on the previous models that have been 
validated with existing manufacturing facilities. 

The key findings from this analysis is that the cycle 
time for the three imprint dual damascene layers is reduced 
from 82.5 hours to 65.5 hours or a decrease of seventeen 
hours.  Considering that a number of the process steps that 
are eliminated are non-queueing, non-capacity limited op-
erations, it is not surprising that the reduction is small.   

5 CONCLUSIONS 

The first conclusion is that there is an apparent significant 
reduction in the both cost and cycle time by inserting the 
dual damascene process.  This is an incentive to push the 
technology forward at as fast a pace as possible.  Since 
there is the potential for significant savings, the savings 
will vary depending on the actual values that the equip-
ment can achieve and the related costs of mask and mate-
rial.  However, this potential is great enough that further 
efforts are warranted.  The SFIL-r process indicates that 
22
there would be a savings, but the difference is not very 
large and could be reduced with the technology develop-
ment process delivering actual results that have much less 
optimistic values. 

The effect of employing simulation, both static and 
dynamic, provides a means of evaluating the impact of new 
technology.  By coupling the modeling with cost analysis, 
a measure of the potential for the technology can be devel-
oped along with an assessment of risk.  While it is not pos-
sible to develop an accurate measure of a technology that is 
not developed, bounds can be created that provide an indi-
cation of the anticipated returns. 

Future work will be directed at an analysis of employ-
ing the imprint process for an increasing number of layers, 
as well as resolving the cost recovery time for a new proc-
ess that has a lower yield at its introduction than an estab-
lished technology. 
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