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Abstract: Thisarticleis directed towards nanolithography, which is the unit process required to
pattern nanostructures. While the critical dimension in the microelectronics industry is
continually going down due to developments in photolithography, it is coming at the expense of
exponential increase in lithography tool costs and rising photomask costs. Sep and Flash
Imprint Lithography (S-FIL) is a nano-patterning technique that not only results in significantly
lower cost of the lithography tool and process consumables, but also appears to be at least as
good as photolithography in other aspects of patterning costs. In this study, a comparison of S
FIL with Extreme Ultraviolet (EUV) photolithography technique is provided at the 50nm node'.
Advantages and disadvantages of SFIL for various application sectors are provided. Finally,
cost of ownership (CoO) computations of SFIL versus EUV is provided. CoO computations
indicate that SFIL may be the cost-effective technology in the sub-100nm domain, particularly
for emerging devices that are required in low volumes.

1. Introduction:

The unique physica and chemica phenomena a the nanoscale can lead © novel devices
that potentidly have significant practicd vaue. However, in order to fabricate such devices in a
cost-effective manner, nano-manufacturing techniques that substantiadly retain the cost benefits
of wafer-scae microdectronics manufacturing are required. MEMS devices have benefited from
the fact that they possess critical dimensions that are a least one order of magnitude larger than
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to fully benefit from the fidd of nanotechnology.

Figure 1 illugraes the wel-known Moor€'s law associated with the growth of the
microelectronics industry. The packing of more and more trangstors per chip with smaler and
gmdler criticad dimensons has led to a continuous advantage in cost and performance. For
example, in 1987 a Cray | computer cost $8M and required 60Kwatts of power, while today a
Nintendo that draws only about 5 watts and performs 3.5x as many additions per sec only costs
about $300.00! In order to keep progressing at this rate, it is essentid to continualy print smaler
dructures and devices a gpproximatey the rate shown in the lithogrgphy plot in Figure 1. In
summary, size matters in the microelectronics industry and lithography controls sizel

Higoricdly, the lithography technology of choice has been photolithography. The
minimum feature d9ze (F) in photalithogrgphy is given by: F = (ki)(I )/NA. Here | is the
exposure wavelength, NA is the numericd aperture of the lens systlem in the photolithography
tool with typical vaues of 0.5 to 0.8, and k is a process related term with typica vaues of 0.7 to
0.4. The reduction of F has been achieved by periodicdly going to smdler and smdler exposure
waveengths. Photolithography is now operating a a deep UV waveength of | = 248 nm, while
| = 193 nm is undergoing beta testing and is expected to go into production within a year.
Concurrently, | = 157 nm is being researched and is being touted as the successor to 193 nm
optica lithography. Findly, the primary candidate for next generation lithography beyond 157
nm is beieved to be extreme ultraviolet lithography (EUV) that operates at | = 13.2 nm. This
continuous reduction is waveength combined with highly sophisicated designs of lenses and
mirrors, design of advanced and complex masks, innovation in materids, processes, and
precison machines will surdy enable sub-100nm lithography, and may even result in sub-70nm
lithography. However, with shorter waveengths, there are long ligs of new and subgtantia
technica chalenges. For ingance, fused dlica has been the established lens materid in optical
lithography. However, fused dlica is not transparent at 157 nm. Therefore, the 157 nm research
efforts are focused on usng CaR, as the lens materid, which has led to dgnificant origind
research problems with respect to manufecturing of sufficient quantities of high-purity CaF and
crecumverting the high levd of birefringence that is characterigic of this materid. At | = 13.2
nm, there are no known transparent materias, therefore dl the optica systems and photomasks
ae based on reflective optics. Further, obtaining a source with sufficient power a this EUV
waveength is dill an open problem. High-resolution e-beam lithography techniques, though very
precise, are too dow for high-volume commercid applications. They ae believed to be best
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process. Higtorically, the cost of optical exposure tools has increasing exponentidly (see Figure
2). Even if fundamenta challenges are overcome a | = 157 nm and 13.2 nm, it is believed that
the historical exponentia increase in tool cost could become even steeper. In addition to the cost
of the tool, the recurring and consumable costs associated with process materids, environmentd
control, complicated photomasks, eic. makes next generation lithography a high-risk proposition.
The only way to recover these codsts is to have high throughputs, long tool lives, long photomask
lives, and excdlent feature fiddity within a chip, between chips and between wafers.

While lithography was primarily developed by the slicon microdectronics indudry, it is
fast becoming a key unit process for severa other gpplication aress such as micro-fluidic
devices, optical switches, flaa pand displays, SAW devices, etc. Emerging nano-resolution
goplications incdude sub-wavedength opticd components, biochemicd andyss devices, high-
gpeed compound semiconductor chips, distributed feedback lasers, photonic crystds, and high-
densty paterned magnetic media for storage. The above discussion clearly indicates that there
exigs a need for low-cost dternatives to nano-resolution photolithography. It is bdieved that if a
aufficently low cost lithography solution can be developed, it will provide a maor competitive
edge to manufacturers of traditiona and emerging devices, and enable new kinds of devices that
ae currently not economicd. The cosg and complexity trends in photolithography have
motivated us to investigate and develop a non-optical, low-cogt lithography technique known as
Step and Flash Imprint Lithography (S-FIL).

3. The S-FIL Technology:

While looking for low-cost lithography dternatives, our goal was to deveop a
technology thet not only resulted in sgnificantly lower cost of process consumables and the tool
(see projected tool cost for SFIL in Figure 2), but dso ensured that other aspects of lithography
were as good or better than photolithography. These other aspects include life of the todl; life of
the master (used instead of the photomask); master cost; process yidld; throughput; and festure
fiddlity within a chip, between chips and between wafers.

We have invedigated imprint lithography (IL) techniques for paitern replication capable
a aub-100nm resolution on dlicon wafers. IL has severd important advantages over
conventiond opticad  lithography and EUV  lithogrgphy. The parameters in the dassc
photolithography resolution formula (I, ki, and NA) are not relevant to IL because the
technology does not use reduction lenses. Invedtigations by others and us in the sub-100nm
regime indicate that the resolution is only limited by the pattern resolution on the template, and
replication of sub-20 nm features has been demondrated usng IL. The resolution of IL is a
directly a function of the resolution of the template fabricating process. Therefore, the IL tools
ae multi-generational leading to dgnificant cost advantages in new process development and
integration. IL techniques are essentidly micromolding processes in which the topography of a
template defines the patterns crested on a polymer film coated onto the subgrate. Traditiona
micromolding or embossing processes require high pressures and temperatures (pressures greater
than 10MPa may be required, and temperatures must be greater than the T of the polymer film).
This leads to unpredictable digtortions in the imprinted structures. Also, our experience with such
high-temperature and high-pressure process illustrated another serious problem. Imprinting with
vaying patern dengty resulted in incomplete displacement of the polymer even a devated
temperature and high pressure for long periods. In particular, it is impractical to try and replicate
isolated recessed structures present in the template.



| <«4— Quartz Template Step and

Orient substrate and - L M Hash Imprint
treated template S Relexse Layer D

_ oty G

Substrate is an  improved

Dispense UV curable
liquid monomer

verdon of traditiond
micromolding. S-FIL
is based on a low-

viscosity, Uv-
Close gap and <+ Uvblanketepose o ple liquid  etch

illuminate with UV. . ;
— i

HIGH res. LOW conjunction with a
arate the template ' i-
Sep P aspect-ratio relief bi-layer approech.

from the substrate. The template is rigid
and trangparent

M onomer

dlowing for UV

Halogen break-thru «4— HIGH res, HIGH cuing of the ech
& oxygen etch aspect-ratio feature barrier and the
adaptation of

Figure 3: The Step and Hash Imprint Lithography (S-FIL) Process traditiond  layer-to-
layer dignment

techniques. Thisresultsin alow pressure, room temperature process (Figure 3) that is.

Multi-generationa with nano-resolution capability

Insengitive to variations in pattern dengty,

Particularly suited for high-resolution layer-to-layer dignment, and

Capable of generating high aspect ratio, high-resolution features with high throughpt.

A dealed discusson of the S-FIL process including its sub-100nm resolution capahility,
its ability to sdf-cdlean (in-9tu ceaning of contaminants from the template), and its ability to
print over pre-existing topography is provided esewhere [1].

4. Comparison of S-FIL with Mainstream Next Gener ation Lithography (NGL) Schemes:

S-HL can potentidly compete wel with the mainstream NGL technologies such as
157nm photolithography (PL), dectron projection lithography (EPL), and extreme ultraviolet
lithography (EUV) techniques. The key competitive advantages of S-FIL over the other NGL
techniquesinclude:

Ultra- high (sub-20nm) resolution

Resolution = f(template); S-FIL isamulti- node technology

Sgnificantly lower cogt structure of S-FIL (Table 1)

The extendibility of projection lens based PL is widely bdieved to end with 157 nm PL.
While 157 nm PL is a mgor variation of photolithography, any technique such as EUV or EPL
will be a disuptive departure from the well-established technology of photolithography. During
these trangtions, a clear opportunity exigs for S-FIL to become a viable solution, if it has been
deveoped adequately. The low-cost nature of S-FIL dlows its investigation in other
goplications to reduce the risk of inserting it for high-end Slicon manufacturing. The high-cost
of the other NGL lithography techniques Sgnificantly increases the risk of insating these
technologies, particulaly snce these techniques cannot be invedtigated in a codt-effective
manner for other gpplications.



Tablel: Comparison of S-FIL and other NGL techniques

Sub-Systems SFIL 157 nm EPL EUV
Tool Life Multi-Node Single Node Multi-Node Multi-Node
Imaging System None Expensive Expensive Expensive
Process Materials | Standard Speciaized Speciaized Speciaized
Source Cost Low High High Very High
Environment Standard Inert Vacuum Vacuum
Throughput Good Good Low Good
Power Low Medium High High
Master Cost Mediumto High | Medium Medium High

5. Comparison of S-FIL with Other Imprint Lithography Techniques:

A brief discusson of two prominent research programs in the area of imprint lithography

is provided next. Professor Chou of Princeton and ;
Professor Whitesdes of Harvard have made sgnificant
contributions to the development of imprint lithography
techniques. Professor Chou's group has advanced the
high pressuretemperature  nanomolding technique to
unprecedented levels of resolution [2]. This is a smple
process and it is wdl suited for many applications.
Unfortunately, the pattern dependent issues, and high
operating pressures and temperatures make it difficult to
adapt the technique to (i) the fabrication of multi-layer
devices that require precise layer-to-layer dignment, and
(i) the processing of compound materids such as GaAs
and InP.

The techniques developed in the Whitesides group are eegant and inventive and can be
used in conjunction with various functiond maerids, they are dso suited for patterning curved
asurfaces with flexible templates [3]. However, the use of flexible templates makes it unsuitable
for gpplications where digtortion in the template diminate layer-to-layer dignment potentia and
leed to variationsin critical dimensons.

Figure 4: Sub-50nm spaces on S-FIL
template fabricated by Motorola

6. 1X Template Fabrication:

The S-FIL templates are fabricated using processes that are amilar to phase shift mask
fabrication technology. We have a partnership in place with Motorola Labs, in Tempe, Arizona
for the purpose of fabricating sub-50nm templates (Figure 4). We have dso recelved sub-100nm
templates from Dupont Photomask, Inc. (DPI) in Round Rock, Texas. It should be noted that the
use of a thick, dructurdly dable template avoids problems associated with processng 1X
membrane masks of the sort used in x-ray and ion projection lithography techniques.

The ultimate resolution of imprint technologies is limited by the resolution of the imprint
template. It is therefore desirable D extend the ability to pattern these templates to coincide with
the ITRS. As an example, by the year 2005, the ITRS cdls for 65nm minimum resist features for
microprocessor  gate length and 130nm minimum mask feaiure dze for optica proximity
correction features. Therefore, for 1X paitern transfer with imprint lithography, there would be
need to accelerate mask feature Size targets in the ITRS to coincide with the resist feature targets.
Perhgps the most dgnificant chdlenge facing the 1X template fdbrication is in ingpection.
Exhaudtive inspection followed by repar is essentid in the faorication of high-end dlicon



microdectronic devices, since the presence of even a single defect in the master could lead to
zero yidd in subsequent processes. 1X templae ingpection will likey require eectron beam
based inspection that could sgnificantly increase the template cost. However, it is beieved tha
the cost of masks of competing techniques is dso likely to be high. For example, it is predicted
that the cost of EUV masks is likely to be high due to the need for complex, 80 monolayer stacks
required to create the reflective masks. Further, the significantly lower tool costs of SFIL and its
potentid use in agpplications that do not require exhaudive ingpection makes it attractive from a
cost point of view as discussed in the next section.

7. Cost of Owner ship Estimates: S-FIL vs. EUV at the 50nm Node:

This anayss presents a comparison of the Cost of Ownership (CoO) of the S-FIL
technology to that of the EUV photolithography (PL) a the 50nm node. This comparison is
believed to provide a basdine for patterning cost in the sub-50nm domain. CoO represents the
cog of lithography per wafer levd and is widely used to compare lithography costs of various
technology options. The CoO andysds presented here is derived primarily from [4]. The red
technologicd advantage of the S-FIL technology lies in its ultra-high resolution (sub-50nm), low
tool cogs and long tool life (multi-node technology). The andyss invedtigeates the variaion of
CoO with respect to (i) production volume or throughput (no. of wafershour), (ii) Template
(mask) usage, (iii) Template (mask) cost reduction in gpplications that do not require exhaudive
ingpection, and (iv) Template cost uncertainty.

7.1 Basic CoO Moddl:

The CoO modd assumes that the cost per wafer levd is the sum of the costs associated
with mask (or template), process costs, and tool costs. Other costs such as cost of operating the
fabrication fecility, maintaning the environment control, the footprint of the equipment, etc. [4]
have not been included in this anadyss since they are comparaively smal. However, dl these
factors should favor the S-FIL technology due to its Ssmpler tools and environmenta control
requirements.

CoO(in$perwaferlevel =R, + Mo + E, +(D)XE.)
M, (D)XT)(U)(365)(24)

Here, Py = Process cost per wafer level (resst and etch costs)
Mo = Photomask/template cost in $
M, = Photomask/template usage in no. of wafer levels
E = Litho & coat/bake capital equipment costsin $
Ev = Litho equipment annua maintenance costsin $
Er = Totd litho equipment costsin $ = { E, + (D)(Ew)}
D = Equipment depreciation in years
U = Utilization of equipment
T = Throughput in wafer levels per hour
7.2 Assumptions:

Severa assumptions have been made for the S-FIL and EUV a the 50nm node. These
assumptions are representative of discusson in [4] and are listed below:
1. Py = $7.00isassumed to be constant for S-FIL & EUV at the 50 nm node*

¥ Thisassumption is conservative from the point of view of S-FIL since S-FIL resist costs are expected to be very
small, and the etch costs are expected to be comparable to that of EUV.



2. M, = With inspection and repair, Mo is nominaly assumed to be $40K for both S-FIL
and EUV (Figures6 and 7).

3. In the absence of exhaudtive ingpection (for gpplications such as optica devices and bio-
chemica anaysis devices), SFIL My = $15K. This cogt is based on the assumption that
the S-FIL template costs are dominated by ingpection (Figures 6 and 7).

4. Due to uncertainty associated with My for S-FIL templates, a separate analyss is

performed where M is assumed to vary between $30K and $50K, while Mp for EUV is

kept constant at $40K (Figure 8).

M, = Vaiablein Figure 7 (ranges from 250 to 10,000)

E; = At the 50nm node, totdl litho equipment cost for S-FIL = $10M, for EUV = $30M

D =5yearsis assumed to be a congtant for S-FIL & EUV at the 50 nm node

U = 70% is assumed to be a constant for S-FIL & EUV at the 50 nm node

T =Variablein Figures 5, 6 and 8 (typica range from 10 to 80 wafersg/hr.)

7.3 CoO Discussion:

The reaults of the CoO anadyses are presented in Figures 58. The trends clearly indicate
the vdue of the S-FIL technology for gpplications that a the 50nm node. The high totd litho
equipment cost of EUV necessitates high throughput, while the low totd litho equipment cost of
S-FIL can tolerate low throughput Stuations. Even a high throughputs, S-FIL technology is
predicted to cost lower. In Figure 7, the variaion of CoO as a function of template (mask) usage
is shown. In the case of very low template (mask) usage, the tool cost is dominated by the
template (mask) cost. Therefore, a very low usage, if My for both SFIL and EUV is assumed to
be the same $40K), then the CoO vaues become very smilar. Such low template (mask) usage
is likdy to be important for emerging devices and research applications where an exhaugtive
template (mask) ingpection is generdly not needed, and throughputs are expected to be low. In
such stuations, S-FIL clearly provides a cost advantage over EUV (Figures 6 and 7).

The mgor uncertainties associated with the S-FIL cost analyses presented here include
the template inspection cogts, template life and process yidds. The template life and process
yidds require more datidicd verification even though prdiminary expeiments suggest that
these numbers are encouraging. However, the S-FIL technology lacks the large historicd data
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Figure 6: SFIL & EUV CoO Vs. Throughput at the 50nm Node
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Figure 7: SFIL & EUV CoO versus Mask Usage at the 50nm node
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. References:

radigtion and contaminants
that out-gas from maerids
used in the process. Further,
due to the low cost nature of
S-FIL, it is more likely to be

usd on emerging
gpplications. Such
goplications can  provide

vauable datigtical data for
further devdlopment of the
patterning process.

8. Summary:

SHL is a nano-
patterning  technique  tha
substantidly mantains dl the
advantages of optical
lithogrephy.  S-HIL  tools
pOSsess sgnificant cost
advantages versus EUV in the
ub-50nm domain. Findly, S
FIL has lower cost of
ownership (CoO) than EUV.
This is paticulaly true for

emeging aoplication  areas
such as opticd
communications and

biochemicd andyss These
goplications do not require
exhaugtive template
ingpection, have low device
volumes, and are not likely to
Support high  throughput
lithography.
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