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Fabrication of 5 nm linewidth and 14 nm pitch features
by nanoimprint lithography
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We report advances in nanoimprint lithography, its application in nanogap metal contacts, and
related fabrication yield. We have demonstrated 5 nm linewidth and 14 nm linepitch in resist using
nanoimprint lithography at room temperature with a pressure less than 15 psi. We fabricated gold
contactgfor the application of single macromolecule device#h 5 nm separation by nanoimprint

in resist and lift-off of metal. Finally, the uniformity and manufacturability of nanoimprint over a

4 in. wafer were demonstrated. ZD04 American Institute of PhysidDOI: 10.1063/1.1766071

The field of nanotechnology is advancing rapidly. Appli- molecular-beam epitaxyMBE)] with a dilute solution of
cations of nanotechnology include subwavelength optical elhydrofluoric acid(HF).“' This mold fabrication process of-
ements, biochemical analysis devices, photonic crystalders many advantages, specifically very dense sub-50 nm
high-density single-domain magnetic storage, and singlepitch topologies can be manufactured over a large area with
molecule devices, to name a few. Yet, key to the commerciavertical and smooth sidewalls, low defect and linewidth
success of these nanotechnology applications are low cogariation, and the pitch and duty cycle are controllable to
and high throughput manufacturing capabilities. State-of-theatomic precision. In addition, the GaAs mold has multiple
art manufacturing photolithography patterning tools are bottVIBE superlattice growths of varying pitch, thus allowing us
too expensive and incapable of producing the necessary pitdd determine the minimum pitch resolution of P-NIL.
and feature sizes of these applications. Thus, presently, re- The GaAs mold was pressed into a P-NIL resist on a
searchers have been largely constrained to using lowtransparent quartz substrate, and the resist was exposed to
throughput lithography tools, such as electron-beam lithogUV light through the quartz, curing the resist, allowing the
raphy(EBL), atomic force microscopgAFM), and ion-beam mold to be released, leaving the resist patterned on the sub-
lithography. For high-throughput and low-cost lithography, Strate. After imprint, the cured polymer was sputter-coated
various “nanoprinting” technologies have been develdpéd. With 4 nm of Ir to aid in scanning electron microscopy
Here, we report our investigation of the resolution limit of (SEM) imaging, however, thermal damage to the patterned
nanoimprint lithography, where we demonstrated a nanoimstructures by the SEM electron beam limited our ability to
print record of 5 nm linewidth features and 14 nm pitch over'€solve the imprint patterns. Figuréa2shows a SEM image

a large area, its applications in nanogap metal contacts, and% the P-NIL polymer after imprint with 14 nm pitch and
study of fabrication yields. 7 nm linewidth pattern, the densest patterning we were ca-

In photocurable nanoimprint lithography(P-NIL) pable of confirming with SEM analysis of the polymer, but

(shown in Fig. 3}, a mold is pressed into a low viscosity

photocurable resist liquid to physically deform the resist () imprint Mold

shape such that it conforms to the topology of the mold. The Lu—u—u—u—l

resist is cured with exposure to UV light, crosslinking the v v

various components in the resist liquid, producing a uniform,

relatively rigid polymer network. The mold is then separated

from the cured resist. Finally, an anisotropic reactive ion etch

(RIE) removes the residual resist in the compressed area,

exposing the substrate surface. (2) Separation
In order to explore the performance of P-NIL, a variety

of molds were fabricated to test specific attributes, including

minimum pitch (maximum density, minimum feature size,

and large-area uniformity patterning. Previousljy, 10 nm dots

and 40 nm pitch have been demonstrated by Nilith the

t t
resolution limited by our ability to fabricate the mold, as m

UV-NIL Resist
Transfer Polymer
Substrate

proximity effects inherent with EBL make sub-35 nm pitch 1 RE

patterning very difficult. To produce a mold with a pitch

resolution surpassing EBL capabilities, we fabricated a NIL

mold by selectively wet etching AkGa, sAs from a cleaved FIG. 1. Schematic of the nanoimprint lithography processA low vis-

edge of a Ga_As/,Q,|7G;30 As superlattice [grown by cosity resist film is pressed with a mold to create a thickness contrast in the
' ' resist. The resist is then exposed to UV light, curing it to produce a rigid and

durable tightly bonded polymer network that conforms the mold features.

3Electronic mail: mdaustin@princeton.edu (b) The mold is separated from the polymer filta) Pattern transfer using
PMember of NanoStructure Laboratory. anisotropic etching to remove residue resist in the compressed troughs.
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FIG. 3. Demonstration of 5 nm resolution photocurable nanoimprint lithog-
raphy with application for single-molecule contaata) SEM images of a
FIG. 2. (a) Demonstration of ultrahigh density photocurable nanoimprint silicon oxide mold.(b) SEM images of the imprinted P-NIL resist after UV
lithography with a SEM image of cured P-NIL polymer patterned by a mold curing and mold separation. Mold features as small as 5 nm were reliably
with a 14 nm pitch grating with 7 nm linewidtlib) SEM of a P-NIL mold reproduced in the resigt) SEM images of Au contacts after evaporation of
showing 30 and 45 nm pitch trough(s) SEM of cured P-NIL polymer with  metal and lift-off of the resist. Contact gaps as narrow as 5 nm can be
protruding 30 and 45 nm pitch lines continuous over several hundred mifabricated.

crons in length. These lines were fabricated from the mold show()in

clearly showing that no residue polymer remains in the mold after separa-

tion, and the pattern transfer fidelity is high. over the entire surface of the substrate. Tight control over the

resist thickness is vital to maintaining control over patterned
critical dimensions. The thickness of the film depends on the
which may not represent the ultimate resolution limit of poid depth, but is typically 100 nm. The resist consists of
P-NIL. multiple components whose exact composition is proprietary

Figure 2b) shows the troughs of 30 and 45 nm pitch gnd can be purchased from Nanonex Inc. The primary com-
GaAs molds after imprint, and Fig(@ the cured imprinted ponent is a reactive silicon containing oligomer whose func-
P-NIL polymer with the reproduced 30 and 45 nmpitch lines.tion is to provide high etch resistivity to an oxygen plasma
The fidelity of the pattern transfer is excellent as the linesRIE etch, and reduce surface energy to aid in mold separa-
extend for several hundreds of microns without defects ofion. A photoinitiator component initiates polymerization
variation in width, mirroring the troughs of the GaAs mold. upon exposure to UV by allowing a crosslinking agent to
P-NIL resist adhesion to the GaAs mold after separation wagorm bonds with neighboring reactive oligomers, thus pro-
reduced by treating the mold with an alkanethiol self-ducing a tightly bonded polymer network. An acrylate mono-
assembled monolay€BAM) to reduce its surface energy. mer provides high solubility for the various components, a
As Fig. 2b) shows, the mold troughs are clear of polymerlow viscosity of approximately 100 cp before curing, and
residue after imprint. prevents shrinkage during curing.

Further investigation of the minimum size capability of The P-NIL resist solution is spin-coated over a transfer
P-NIL was performed with a silicon wafer mold fabricated layer polymer film of polymethylmethacrylate(PMMA) on
using EBL patterning. Here, EBL is advantageous as sparse silicon substrate. The transfer layer material can be varied
small features can be reliably patterned on a silicon substratéo suit the specific application required. Here, PMMA was
These patterns are then transferred into the silicon substratehosen for its high solubility in acetone for a lift-off process.
as described in Ref. 1 with a dry RIE etch producing a moldThe NIL mold is then pressed into the low viscosity P-NIL

The silicon mold consists of nanogap contacts for potenresist at room pressufé5 ps) allowing the solution to con-
tial use as traps for single-molecule self-assembly, as showform to the patterns of the mold. Polymerization of the
in Fig. 3(@). Figure 3b) shows an SEM image of the im- P-NIL resist is then performed by exposing the film to a
printed and cured P-NIL resist. The smallest feature size obbroad band xenon UV lamp source, ensuring a dose of
the mold of 5 nm was reproduced in the resist without teargreater than 40 mJ/cinAfter exposure, the mold is re-
ing the polymer between the contacts. As this was the smalleased, leaving the P-NIL polymer patterned. Polymer adhe-
est feature size on the mold obtainable by EBL patterningsion to the silicon mold is prevented by reducing surface
the ultimate resolution of P-NIL is still unknown. energy with a fluoroalkyltrichlorosilane SAM.

Key to this lithography technology is the photocurable  After separation, the residual P-NIL polymer in the im-
NIL resist and its associated processing. Unlike Ref. 3, ouprint trough is anisotropically etched with a RIE plasma of
resist was spin-coated, thus ensuring a uniform thicknes€HF; and G until the PMMA is exposed. The PMMA is

S
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(a) Uniform 200 nm pitch imprint over 4 inch wafer Finally, we studied a large-area P-NIL imprint, and dem-
onstrated excellent uniformity over a 4 in. silicon wafer. Fig-
ure 4a) shows the P-NIL pattern transfer process over a
4 in. silicon wafer substrate after the two-step polymer RIE.
Hence, the entire wafer was patterned with a 200 nm grating
in a single step. SEM images at the center, and around the
3-in.-diameter circumference show patterned polymer uni-
formity can be obtained over the entire wafer with no notice-
able variation in critical dimension, thickness, sidewall
roughness, or aspect ratio. Figur@yshows a higher reso-
lution image of the polymer bilayers with the cured P-NIL
resist on top, and transfer layer underneath. The sidewalls are
almost perfectly straight due to the high resistively of the
P-NIL resist to the anisotropic oxygen plasma etch.

In summary, we have demonstrated that P-NIL is ca-
pable of 14 nm pitch lines, 5 nm critical dimension features,
and can uniformly pattern an entire 4 in. wafer in a single
: step. The nanoimprint process is performed at room tempera-
(b) Cross section of 200 nm pitch imprint ture and requires less than 15 psi pressure, thus allowing for
a wide range of temperature- and pressure-sensitive applica-
tions. The bilayer polymer film, with the unique spin-coated
application of the P-NIL resist, ensures tight process control
200nm over the entire substrate, aspect-ratio enhancement, no “tear-
: _ . off,” and precise pattern transfer of metal with lift-off. Future
Silicon Wafer work will involve further development of the P-NIL poly-

_ _ o . mer, deep sub-micron alignment for multilayer NIL, and
FIG. 4. Demonstration of large area and uniform imprint over a 4 in. silicon

wafer:(a) After imprint of a 200 nm period grating, and anisotropic etching, greater automation of the imprint process.
sections of the 4 in. wafer were cleaved and examined under SEM. The
patterned polymer bilayer shows no indication of variation in critical dimen-
sion control, thickness, sidewall roughness, or aspect r@jd\ high mag- L )
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