
In the fields of micro- and nanolithography, major

advances in resolution have been achieved through

the use of shorter wavelengths of light. Using phase-

shift mask technology, it has been demonstrated that

193 nm photolithography can produce sub-100 nm

features. Such improvements come with an ever-

increasing cost for photolithographic tools. As

conventional projection lithography reaches its limits,

NGL tools using shorter wavelengths and higher

numerical apertures (NA) may provide a means to

further pattern reduction, but are expected to have a

price tag that will be prohibitive for many companies.

The development of light sources and optics are primarily

responsible for the rise in the cost of an NGL tool. 157 nm

lithography, for example, requires the use of CaF2 as a lens

material. In the case of extreme-UV lithography, no source

has yet been identified with sufficient output that will meet

the industry’s throughput requirements. Clearly, a technology

that can reduce tool cost by an order of magnitude will have

a significant effect on the economics of the fabrication

process1.

Imprint lithography is essentially a nanomolding process in

which the topography of a template defines the patterns

created on a substrate. Investigations by several researchers

in the sub-50 nm regime indicate that imprint lithography

resolution is only limited by the resolution of the template

fabrication process2-4. This approach possesses important

advantages over photolithography and other NGL techniques

since it does not require expensive projection optics or

advanced illumination sources. 
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The escalating cost of next generation lithography

(NGL) is driven in part by the need for complex

sources and optics. The cost for a single NGL tool

could soon exceed $50 million, a prohibitive amount

for many companies. As a result, several research

groups are looking at alternative, low-cost methods

for printing sub-100 nm features. Many of these

methods are limited in their ability to do precise

overlay. In 1999, Willson and Sreenivasan developed

step and flash imprint lithography (S-FIL™). The use

of a quartz template opens up the potential for

optical alignment of the wafer and template. This

paper reviews several key aspects of the S-FIL

process, including template, tool, ultraviolet (UV)-

curable monomer, and pattern transfer. Two

applications are also presented: contact holes and

surface acoustic wave (SAW) filters.
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Devices that require several lithography steps and precise

overlay need an imprinting process capable of addressing

registration issues. A derivative of imprint lithography, S-FIL,

solves this problem by using a transparent fused silica

template, facilitating the viewing of alignment marks on the

template and wafer simultaneously5,6. In addition, the

imprint process is performed at low pressure and room

temperature, minimizing magnification and distortion errors.

In the S-FIL process, a low-viscosity photocurable

monomer (known as the etch barrier) is dispensed onto the

surface of the substrate7. The transparent template is

brought into contact with the monomer, causing it to spread

across the surface and fill the relief structures of the

template. UV light photopolymerizes the monomer and the

template is separated from the wafer, leaving a solid replica

of the template on the substrate surface. Post-processing

consists of a breakthrough etch of the residual layer of the

monomer, followed by a selective etch into transfer layer.

Fig. 1 schematically depicts the entire process. 

S-FIL templates
Early template fabrication schemes started with a 

6” x 6” x 0.25” conventional photomask plate and used

established Cr and phase-shift etch processes to define

features in a glass substrate7. Although sub-100 nm

geometries were demonstrated, critical dimension (CD) losses

during etching of the thick Cr layer make the fabrication

scheme impractical for 1x templates. It is not unusual, for

example, to see etch biases as high as 100 nm8. 

More recently, two methods have been employed to

fabricate templates9,10. The first method uses a much thinner

(15 nm) layer of Cr as a hard mask. Thinner layers still

suppress charging during electron-beam exposure of the

template and have the advantage that CD losses during the

pattern transfer through the Cr are minimized. Because the

etch selectivity of glass to Cr is better than 18:1 in a fluorine-

based process, a sub-20 nm Cr layer is also sufficient as a

hard mask during the etching of the glass substrate. The

second scheme attempts to address some of the weaknesses

associated with a glass substrate. Because there is no

conductive layer on the final template, scanning electron

microscopy (SEM) and defect inspection are compromised. By

incorporating a conductive and transparent layer of indium

tin oxide (ITO) on the glass substrate, charging is suppressed

during inspection and the transparent nature of the final

template is not affected. The experimental details of the

processes are covered elsewhere10,11.

The Cr-based template pattern transfer process consists of

an exposure in a Leica VB6 electron beam writer and

development of the ZEP-520 positive resist, followed by an

oxygen descum, Cr etch, resist strip, quartz etch, and a Cr wet

etch. It is interesting to note that it is necessary to remove

the resist prior to the quartz etch. If left in place during the

CHF3 based quartz etch, the amount of polymer deposited

during the etch process is substantial enough to impact the

fidelity of the quartz features. Additional amounts of oxygen

may be necessary to minimize polymer formation. The

process sequence for 30 nm features is depicted in Fig. 2.

Widespread use of imprint lithography will require that

the template is both inspectable and repairable. For 

sub-100 nm lithography, it will likely become necessary to
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Fig. 1 Schematic of the S-FIL process.
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Fig. 2 SEM images depicting the template pattern transfer sequence for 30 nm trenches.

(Reprinted with permission from9. © 2002 SPIE.)



inspect templates using electron beams. If this is the case,

the template will need a charge reduction layer to dissipate

charge during the inspection process. A fabrication scheme

that incorporates a transparent conducting oxide, such as

ITO, into the final template addresses this problem. A thin

layer of oxide is deposited over the ITO using plasma-

enhanced chemical vapor deposition (PECVD), which defines

the thickness of the imprinted resist layer. Features are

formed on the template by patterning an electron-beam

resist, transferring the pattern via reactive etching into the

oxide, and stripping the resist.

The ITO must have sufficient conductivity to avoid

charging effects, first during resist exposure and later during

template inspection. The resistivity of the as-deposited ITO

film is on the order of 2.0 x 106 ohms/sq. The resistivity

decreases substantially, however, after the films are annealed

at a temperature of 300°C. In its annealed state, the ITO film

resistivity is about 3.5 x 102 ohms/sq. Charge dissipation

during electron-beam writing and SEM inspection is realized

at this conductivity level. The ITO must be also be very

transparent at the actinic wavelength (365 nm) used during

the S-FIL etch barrier exposure process. It is possible to

achieve transmission well above 90% at 365 nm12. The ITO

has the additional attribute of performing as an excellent

etch stop during the pattern transfer of the PECVD oxide

layer. Examples of final template features formed using this

process are shown in Fig. 3.

It is interesting to note that the methods described in this

section can also be used sequentially to form multilayer

structures for fabricating devices such as T-gates or optical

grating couplers13. SEM images depicting two-tiered and

three-tiered structures are shown in Fig. 4. Figs. 4a and b are

tiered structures produced using alternating layers of ITO and

PECVD oxide. 

Both types of template have been tested for compatibility

with mask-inspection tools. The Cr-based template was

inspected using a KLA-Tencor RAPID model 526 DUV

Photomask Inspection System. The system operates with a 

90 nm pixel size and was set up in both transmission and

reflection mode at 257 nm wavelength with sensitivity

settings that are typical of reticle inspection. Fig. 5 shows

images taken with the inspection system on a 280 nm

pattern in the transmission mode. Both programmed and one

nuisance defect can be visually identified. Reflection mode

gave better contrast by a factor of three over transmission

mode when the illumination was adjusted to compensate for

the low surface reflectivity of these chromeless templates.

The optical properties of the template can be thought of as a

pure phase chromeless mask with a reduced phase change

from the 80 nm relief height in the template. This resulted in

better reflective contrast and became our preferred method

for inspection.

Special imprint templates with ITO have been made

recently that are consistent with the requirements for

electron-beam inspection. They have the same programmed

defect patterns as depicted in Fig. 5. A test template was

placed in a prototype electron-beam inspection system of a

KLA-Tencor eS30. The initial images (Fig. 6) confirm that

these ITO templates are inspectable. This means that two

Fig. 3 SEM images of final features (100 nm, 60 nm, 30 nm, and 20 nm) on an ITO-based

template. (Reprinted with permission from16. © 2003 SPIE.)
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Fig. 4 SEM images showing cross sections of multitiered structures on a template

fabricated with alternating layers of ITO and PECVD oxide. (Reprinted with permission

from13. © 2002 Elsevier Ltd.)

Fig. 5 Inspection images of defects written on a 280 nm defect cell. Three programmed

defects and one nuisance defect were detected within the cell. (Reprinted with permission

from25. © 2004 American Institute of Physics.)
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important issues have been resolved: the contrast is excellent

and surface charging does not seem to be an issue with

transparent oxide conductors. Present electron-beam

sensitivity is ~50 nm. Contrast and sensitivity to the full

spectrum of nuisance defect types needs to be established

next, along with inspection feedback on the imprint process.

In parallel, the sensitivity of future electron-beam inspection

systems needs to be extended to at least 20 nm to be

consistent with 45 nm, 1x mask requirements.

S-FIL tools
Imprint lithography relies on the parallel orientation of

template and substrate. Inaccurate orientation may yield a

layer of cured etch barrier that is nonuniform across the

imprint field. Thus, it is necessary to develop a mechanical

system where template and substrate are brought into

coparallelism during etch barrier exposure. This was originally

achieved in S-FIL by way of a two-step orientation scheme. In

step one, the template stage and wafer chuck are brought

into coarse parallelism via micrometer actuation. The second

step uses a passive flexure-based mechanism that takes over

during actual imprint5,6.

The first step-and-repeat system was built at The

University of Texas at Austin by modifying a 248 nm

Ultratech stepper that was donated by IBM. Key system

attributes include a micrometer-resolution z-stage that

controls the imprint force; an automated x-y stage for step-

and-repeat positioning; a precalibration stage that enables

parallel alignment between the template and substrate; a fine

orientation flexure stage that provides a highly accurate,

automatic parallel alignment of the template and wafer; an

exposure source to cure the etch barrier; and an automated

fluid delivery system that accurately dispenses known

amounts of the liquid etch barrier.

A commercial S-FIL tool is now available from Molecular

Imprints, Inc., a US-based start-up company. The 

Imprio™ 100 is designed as a step-and-repeat patterning tool

and can accommodate wafer sizes up to 200 mm in

diameter14. Standard die size is 25 mm x 25 mm, although

both smaller and larger die sizes are possible. A close-up of

the stage is shown in Fig. 7. In order to minimize defect

issues during the imprint process, the tool is equipped with a

class 0.1 mini-environment. Although the Imprio 100 is a

substantial improvement over the first university tool, it has

neither the throughput nor the overlay specifications (~250

nm at 3σ) necessary for Si integrated chip (IC) fabrication.

Recent work has focused on identifying the system

requirements necessary for achieving precise overlay.

The low-viscosity precursor that makes low-pressure

printing possible also enables nanoscale gliding movements

of the template with respect to the wafer while they are in

close proximity, allowing very precise in situ alignment

corrections. The S-FIL technology makes use of field-by-field,

in-liquid ‘through the template’ alignment. Advantages of in

situ liquid alignment are several, including nanometer-scale

alignment correction capability and in situ correction just

prior to UV-exposure with ‘locking’ of the alignment.
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Fig. 7 Close-up of the imprint stage on an Imprio 100 system.

Fig. 6 Electron-beam inspection of a 400 nm cell. Note the excellent contrast and lack of

charging in the picture.  (Reprinted with permission from25. © 2004 American Institute of

Physics.)



For the purposes of evaluating the alignment-

measurement and error-correction modules, measurement

versus actuation was investigated in a prototype S-FIL tool.

Actuation of the error-correction module was closed-loop

controlled via a separate feedback device. Such fine in situ

measurement/correction is a key advantage of the S-FIL

process for high-resolution alignment. An example of the

capability exhibited to date shows sub-10 nm alignment at

3σ (Fig. 8)15. It is expected that improvements in

temperature control will lead to further improved results.

Magnification control of approximately 10 ppm has been

achieved by applying pressure to the sides of the template

and deforming it to provide the appropriate scaling. Since the

template is made of a 6025 substrate and is approximately

6.35 mm thick, it is very stiff and deforms uniformly without

out-of-plane bending.

A visual demonstration of this is shown in Fig. 9, where a

photoelastic plate was used to characterize deformation.

Photoelastic materials become optically anisotropic when a

mechanical stress is applied. This phenomenon is referred to

as photoelasticity, stress birefringence, or mechanical

birefringence. It is widely used for qualitative study of

mechanical stress in otherwise transparent materials. The

color variations are seen when the stressed element is placed

between crossed polarizers. The photoelastic material used

for these tests is a specially annealed polycarbonate plastic

that is particularly suited for two-dimensional photoelastic

models. It has good machining properties for precise and

smooth surface finishing. The material is not only optically

transparent but also ductile, which makes it suitable for

repeated magnification loading. A uniaxial pressure of 

0-50 psi (corresponding to a range of 10 ppm) shows uniform

deformation over the template active area (denoted by the

25 mm × 25 mm area in the center of the template). The

color change over the entire range of applied forces was

uniform in the active area. There are, of course, point

distortions at the localized pressure points, but these

localized forces do not transmit to the active area. In the

second graphic, a biaxial force is demonstrated over this

same range. The photoelastic plate remains uniform and

unchanged in color – indicating consistent deformation is

occurring equally in all directions.

The use of multiple pressure points on each side of the

template permits deformation to meet orthogonality and

keystone type distortions. Such localized corrections are

critical to compensate for lens-induced overlay errors with

conventional lithographic tools. An example of how this

manipulation of the multiple pressure points can compensate

for localized error is shown in Fig. 9c. In this case, point loads

of equal magnitude were applied in both directions. The fact

that there is no significant color change or variation in the

active area suggests that the strains in both directions along

REVIEW FEATURE
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Fig. 8 In situ (in-liquid) alignment: pre- and post-exposure alignment errors of ten

different fields across the wafer.

Fig. 9 A photoelastic replica of a template was used to characterize deformation: 

(a) uniaxial mag, (b) biaxial mag, and (c) local correction using photoelastic plates show

uniform color (strain fields) in the active area.
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the loaded axes are the same, so verifying controlled

localized deformation.

S-FIL etch barrier
The resist stack typically consists of a Si-containing etch

barrier over an antireflective coating or transfer layer. The

etch barrier is patterned via the imprint process. The

subsequent pattern transfer process involves an etch of the

remaining residual layer (~60 nm in thickness), followed by

an anisotropic etch of the transfer layer.

The etch barrier material is subject to several constraints.

The etch barrier liquid must be dispensable from an

automatic fluid dispense system, and must not change

significantly in composition between dispensing and

imprinting, for example, by component evaporation. It must

be readily displaced during the imprint step and

photopolymerize rapidly during exposure. Shrinkage as a

result of polymerization must be controlled. The polymer

must release from the template and adhere to the transfer

layer and it must exhibit sufficient rigidity to avoid feature

collapse. It must exhibit some level of temperature stability

to withstand the etching temperature, and it must have

sufficient etch selectivity during the reactive ion etch step to

allow high aspect ratios to be generated in the transfer layer.

Examples of imprinted features are shown in Fig. 10.

The S-FIL process relies on photopolymerization of a low-

viscosity, acrylate-based solution. The current etch barrier

liquid is a multicomponent solution that has previously been

described in detail16. A silylated monomer provides etch

resistance in the oxygen transfer etch. Crosslinker monomers

provide thermal stability in the cured etch barrier and also

improve its cohesive strength. Organic monomers serve as

mass-persistent components and lower the viscosity of the

etch barrier formulation (<4 cps). Photoinitiators dissociate

to form radicals upon UV irradiation, and these radicals

initiate polymerization.

Acrylate polymerization is known to be accompanied by

volumetric shrinkage as a result of chemical bond formation.

Consequently, the size, shape, and placement of the

replicated features may be affected. This has been studied in

detail by Johnson et al.17. Transmission electron microscopy

(TEM) cross sections of the S-FIL mold were compared to

SEM images of the corresponding imprinted features. Fig. 11

depicts the results for dense 70 nm features. There is

extremely good correlation between the widths of the

template trench top and the corresponding printed line

bottom for each targeted feature width and pitch. The

measured dimension for each is almost identical after taking

into account the standard deviation. This is indicative of a

boundary condition between the printed etch barrier and the

underlying planarizing layer, which acts as rigid body

minimizing any movement at the base of the feature. The top

of the resist feature is not subject to this boundary condition

and does show some deviation from the bottom of the

template relief image for larger features. As feature size

decreases, there is good agreement down to ~40 nm. The

bottom of the trench in this case is difficult to characterize,

however, and the difference is most likely attributable to

measurement error. 

Most interesting is the change in feature height between

the relief image and the printed feature. The initial relief

images on the template measured approximately 105 nm.
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Fig. 10 Imprinted images obtained with the S-FIL process: 50 nm dense lines, 20 nm

semidense lines, 60 nm posts, and a three-tiered structure.

Fig. 11 TEM cross sections of a 70 nm trench in a template and the corresponding

imprinted feature.



After imprinting, this height decreases by approximately

20%, indicating a volumetric shrinkage associated with the

densification of the monomer. The shrinkage in the z

direction appears to be independent of feature size, even for

the smallest printed features in this study. Both mesoscopic

and finite-element models have been proposed to explain the

shrinkage18. Further study is required to characterize the

differences between template and printed feature and will be

the focus of future work.

S-FIL pattern transfer
S-FIL utilizes a multilayer scheme similar to that of bilayer

resist technology; however, unlike bilayer systems, a residual

layer of the etch barrier remains as part of the printed

pattern. This residual layer requires a break-through step

prior to etching the transfer layer, which is typically an

antireflective coating. Another obstacle with S-FIL technology

is the imaging resist used. Distinct from optical resists, the

etch barrier material used for S-FIL is of a different material

formulation. This formulation especially deviates from typical

bilayer stacks in that Si content is extremely low (~9%). In

addition, the material properties for the etch barrier are

selected based upon imprint requirements (e.g. viscosity,

mechanical strength, etc.) and not necessarily on etch

requirements. As a result, this film does not provide sufficient

etch resistance during the transfer layer etch using state-of-

the-art, oxygen-based plasma etching techniques. Conversely,

in bilayer resist systems, the imaging material typically

contains a high percentage of Si. For example, Shipley’s resist,

SiBER, contains approximately 19 wt.% Si. From an etch

perspective, this is desirable since the higher the Si content,

the higher the selectivity that can be achieved19-22. Though

addition of Si to the etch barrier material is desired to boost

selectivity, it compromises the imprinting requirements and

therefore poses a less than straightforward solution.

Fig. 12 illustrates the etch sequence steps for complete

pattern transfer into the substrate. The first etch step is the

etch barrier process, where an inductively coupled plasma

with fluorine-based chemistry is used. Based on the residual

thickness, a timed etch is used to clear this layer. The second

step is etching the polymethylglutarimide23 transfer layer.

This step is crucial and requires a highly selective process

since the transfer layer not only defines the pattern, but also

acts as a hardmask for pattern transfer into the underlayer. It

was found that NH3 chemistry was not as aggressive to the

etch barrier as compared with oxygen-based chemistry, and

so provided the desired selectivity needed. In attempts to

predict possible chemical reactions, Auger electron

spectroscopy and X-ray photoelectron spectroscopy analyses

were carried out on both the transfer layer and the etch

barrier areas post-NH3 exposure. Not surprisingly, the data

indicates that the transfer layer film is composed mostly of

C, O, and N. N is isolated in a thin (<40 Å) surface layer that

is the result of reaction products between the transfer layer

and the plasma. Likewise, the atomic composition of the etch

barrier is mostly O, C, Si, and N. Again, just as with the

transfer layer, N is isolated in a thin surface, which suggests

the presence of reaction products of the NH3 plasma. Using

NH3 gas with low bias (10-80 W) and low pressure 

(5-30 mT), a selectivity of about 5.5:1 (transfer layer: etch

barrier) is achieved. The remaining etch barrier and transfer

layers now provide a mask to the final pattern transfer, and

appropriate chemistry is used, depending on the device

material. For example, if the device material is oxide, a

fluorine-based chemistry is used and, if the material is a

metal such as Al, a chlorine-based chemistry is used. Sidewall

veils are typically observed post-final etch and, therefore, an

oxygen ash followed by a wet chemistry step is used to

remove the veils. Fig. 12 depicts the etch sequence for 

100 nm dense lines.

S-FIL applications
Contact holes

Imprint lithography has made significant advances,

consistently demonstrating resolving capabilities of well

REVIEW FEATURE
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Fig. 12 Pattern transfer process using NH3 chemistry.
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below 50 nm. As a result, the International Technology

Roadmap for Semiconductors has announced the inclusion of

imprint lithography to begin in production in 2013 at the 

32 nm node. The reliable imaging of dense arrays of contact

holes may be the toughest challenge for lithographers

addressing high-density Si semiconductor devices. Because of

their shape, contacts create a low-contrast aerial image in

projection lithography and, once printed, cannot for obvious

reasons be shrunk by trim etches routinely used to further

reduce the CD of gate resist lines. Currently in production

fabs, high NA 193 nm lithography systems are capable of

resolving 130 nm contacts using binary masks and

conventional illumination. The addition of off-axis

illumination, optical proximity correction, chromeless and

attenuated phase-shift and/or half-tone masks allows

additional reduction in resolution, pushing capability to near

100 nm. Further reductions will depend on the development

of NA immersion scanners. While dimensions can be 

reduced below 90 nm, it comes at the cost of new

lithographic tooling, which is expected to break the $30

million barrier. 

The printing of contacts with S-FIL may be a cost-effective

solution that addresses several generations of integrated

circuitry. An example of the total process for 80 nm contact

holes is presented in Fig. 13, showing the template used for

imprinting, the contact hole array after the imprint process,

and the final contacts after pattern transfer through the

residual layer, transfer layer, and underlying oxide.

Surface acoustic wave devices

SAW devices, including filters and correlators, are ideal

structures to be fabricated using S-FIL because of their

straightforward, single-layer process sequence and their

relatively large footprint (several square millimeters). A basic

SAW device consists of two metal patterns on top of a

piezoelectric substrate, such as quartz, GaAs, or LiNbO3. The

metal pattern (often Al) is comprised typically of two sets of

comb-like structures with their ‘fingers’ interlaced. These

interdigitated transducer (IDT) structures have applications in

communications (SAW filters), secure communications and

remote turn-on (SAW correlators), and chemical sensors

(IDT-based resonators).

SAW frequency is dependent on the pitch of the IDT

structures. High-frequency operation has been demonstrated,

however direct-write, electron-beam lithography is required

for the imaging step. Throughput of electron-beam systems is

notoriously slow, however, and the technology is not

considered to be viable for high-volume applications, such as

SAW filters. S-FIL also offers a fabrication advantage over

direct-write electron-beam lithography when using insulating

substrates, since electron-beam-induced charge build-up and

generation of backscattered electrons are eliminated. 

Fig. 14 depicts the patterning sequence for a SAW

correlator designed to operate at 2.4 GHz. The 130 nm Al

fingers of the SAW correlator correspond to a split-finger

February 2005 41

Fig.13 Processing sequence used to defined dense 80 nm contact holes: (a) template; (b) etch barrier after imprinting; and (c) contact holes after the pattern-transfer process. (Reprinted

with permission from26. © 2004 SPIE.)

Fig. 14 Processing sequence used to fabricate a 2.4 GHz SAW correlator: (a) template; 

(b) etch barrier after imprint; (c) SAW device after pattern transfer. (Reprinted with

permission from24. © 2004 American Institute of Physics.)
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electrode pattern with a 37% metallization ratio. Fig. 14a

shows the template used for the imprinting process, Fig. 14b

the imprinted IDT pattern, and Fig. 14c the Al lines after a

successful pattern transfer through the residual layer, transfer

layer, and Al. Fig. 15 shows the frequency response of the

device. The response is comparable to filters fabricated using

direct-write, electron-beam lithography24.

Conclusions
Imprint lithography has come a long way in a very short

period of time. Resolution seems limited to the ability to

form a relief image in the template and sub-10 nm printing

has already been demonstrated. The technology is cost

effective and applications will continue to grow as 

emerging markets in the field of nanotechnology continue 

to blossom.

To be considered as a method for fabricating Si ICs, several

concerns still need to be addressed. S-FIL appears to be the

best imprinting option for meeting the stringent requirements

of future generations of Si-based circuitry. Tools, templates,

and resists are readily available to start exercising the

technology and will be used to answer open issues such as

defectivity and overlay. Initial studies of defects using deep-

UV and electron-based inspection tools are progressing and

the data is promising25. If these issues can be resolved,

imprint lithography may be the NGL of choice, since

extension to at least 10 nm seems viable. The final

consideration is then the supporting infrastructure. Reduction

lithography has been in the mainstream now for over 

20 years, and the ability to write, inspect, and correct a 

1x template will need to be developed. Electron-based

inspection and repair tools, as well as better electron-beam

writing systems may provide the pathway for template

fabrication in the future.
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