NANOIMPRINT LITHOGRAPHY PROMISES A REVOLUTIONARY ADVANCE IN NANOTECHNOLOGY

BY STERHEN ¥

n the world of transistors and computer chips, small is
everything, The smaller the transistors, the faster and cheaper
they are, the less power they consume, and the more of them can
he packed into a chip for more compulalion power. Since the
invention of integrated circuits in 1960, every
six vears the transistor size has halved and
the number ol 1ransistors per chip has

quadrapled (so-called Moare's law). Small is

structures 20 times smaller than

also the saul of the intrigning, fast-growing
field of nanostructures, As the struetire size
hecames smaller than some fundamental
physical Tength scales, conventional physics
theary may no longer apply, leading to new
apportunities for innovation and discovery,
Nevertheless, despite their promise
demonstrated in the laboratory, mosl
d ":'ilt-r't-nnlpln(‘l‘ chips and innovative nanosiructures with
dimensions smaller than 100 nm are currently loo expensive to be
produced commereially, The key problem has been the lack of a
low-cost and high-throughput lithography for producing such small
structures.
Things started changing two years ago, when a new
lithographic paradigm, nanoimprint lithography, was
demanstrated. Nanoimprint lithography has achieved feature sizes
ol 10 . a piteh size of 40 nm, and excellent uniformily in an area
al about 6 em® (1 square inch). Studies indicate that with further
development, nanoimprint lithography will be able to labricate and
replicate even smaller feature sizes (<10 nm) over a large area,
with high throughput and at low cost—a feal impossible using
existing lithographic methods. Such technology will open up many
apportunities Tor commercial application, not only in
microclectronies, but also in data storage, biology, chemistry,
chemical engineering and medicine, to name a few areas.
Mareover, nanoimprini lithography may play the role that personal
tamputers served in the computer industry—making
manostriclures aceessible for everyone, aceelerating nanostructure
research and triggering avalanches of innovations. Many of the

innovations may be bevond our current imagination.
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A die can be used on a

lithographic resist to impress

can be achieved photographically.
Professor Stephen Chou of the
University of Minnesota explains
how it is done and considers

prospective applications.

CHOU

CONVENTIONAL LITHOGRAPHY

Lithography is a process in which a thin film (called a resisl) is
applied to a substrale and is patterned. In a subsequent process, the
substrate surface unprotected by the resist is modified (e.g. by
being etched away or by the addition of a
new material on top of it) but the protected
surface remains the same, transferrving the
pattern from the resist into the substrale.
Lithography was invented in 1796 by Alois
Senefelder, a German actor-turned-printer,
as a method to ereate the plates for printing:
the word is derived from the Greek words
At6oo (lithos = stone), and wagerv (graphein
= to write), since Senefelder used limestone
as the substrate and wrote with a grease
pencil to apply and paltern the resis,

In the lithography used today for making computer chips and
other micro- and nanostructures, a thin radiation-sensitive polymer

(the resist) is cast on a substrate and is patlerned by exposing some

AAMTMAAARSEES

U I < ok

-« resist
<+— gsubstrate

<«— resist
<— substrate

Positive Resist

Negative Resist

Figure 1: Schematic of conventional lithography where radiation changes the
solubility of a resist.
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Figure 2: Schematic of the nanoimprint lithography process: (1) imprinting using a mold to
create a thickness contrast in a resist; and (2) pattern transfer using anisotropic etching to

areas of the resist to particle radiation, such as photons, electrons
or ions. The radiation alters the chemical structure of the exposed
area and hence changes its solubility in a developer solvent (Figure
1). For a positive resist, the exposed area is removed in the
developer, while for a negative resist, the unexposed area is
removed. A resist can be selectively exposed either in parallel by
smg a flood of particles through a mask that conlains the
desired image, or in series by writing a point at a time with a
focused particle beam. One advantage of patterning by lithography
over other pallerning methods (such as self-assembly) is that, in
principle, lithography allows for complete freedom in designing
the size, shape, and spacing of the pattern. Such freedom is
essenlial in many innovative applications.

The minimum feature size (often called the resolution)
achievable with conventional lithography depends on a number of
factors: the wavelength of the radiation used, the scattering and
interference of particles in the resist, the backscattering of the
particles in the substrate, the resist properties and the developer
chemistry.

Optical lithography, which dates back over 160 years, is still the
primary tool used to manufacture computer chips because of its
low cost compared with other lithography approaches. State-of-
the-art optical lithography using 248-nm wavelength light (deep
ultraviolet) can pattern a feature as small as 250 nm in the resist.
The size is limited by the wavelength of light. Industry expects to
use 193 nm wavelength optical lithography to manufacture 130 nm
size features in the year 2004. However, for light with a wavelength
shorter than 193 nm, glass materials that are transparent in the
visitle and near UV are opaque; thus a fundamental change in
li:: :J-'raphy tool design will be required. Whether optical

/ mold

- resist
e ———

lithography can produce structures smaller than e
130 nm feature size is unclear.

Scanning'électmn beam lithography, invented 60
years ago, has demonstrated a resolution of 6 nm.
Since it exposes a point at a lime, it has a very low
throughput, and is used mainly for producing masks
for optical lithography. To pattern 250-nm features
(e.g. a dot array) covering a 15 cm (six inch) diame-
ter wafer would take 100 to 1,000 times longer with
state-of-the-art electron beam lithography than with
an optical lithographic tool. Governed by electron
optics, the throughput of electron-beam lithography
diminishes quickly as the minimum feature size gets
smaller. Since an e-beam lithography system costs at
least $5 to $10 million, it is econamically impractical
to mass-produce sub-100 nm structures using cur-
rent e-beam lithography systems.

X-ray lithography, originated in the 1970s, has a demonstrated
20-nm resolution. Seemingly a natural extension of optical lithog-
raphy, X-ray lithography, because of the short wavelength of the
radiation used, actually requires very different technologies to gen-
erate and focus enough photons and to make high-fidelity masks.
Those technologies are very expensive. For instance, the cost of a
synchrotron radiation ring plus exposure station and necessary
safely protection equipment can easily be tens of millions of dollars.

Devised in the late 1980s, lithographies based on scanning
proximal probes have showed a 10-nm resolution. But they are in
the early stages of development. Thus, no existing lithographies
based on modification of polymer chemical structure can, al
present, fabricate sub-100-nm structures with high throughput and
low cost.

NANOIMPRINT LITHOGRAPHY
Fundamentally different from conventional lithography,
nanoimprint lithography, originated in 1994, patterns a resist Iy
deforming it with a mold, rather than by changing the chemical
structure (and solubility) using radiation. More specifically
nanoimprint lithography consists of two steps: (a) the imprint step,

1

in which a mold with nanoscale features is pressed into a resist filin
cast on a substrate, creating a thickness contrast pattern in the
resist; and (b) the pattern transfer step, in which an anisotropic
etching process (i.e. etching in the vertical direction much laster
than that in the lateral direction) is used to transfer the paltern
through the entire thickness of the resist by removing the remain-
ing resist in the compressed areas (Figure 2). During the imprint
step, the resist, a thermal plastic, is heated to a temperature above
its glass transition temperature, becoming a viscous liquid that can
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Figure 3: Scanning electron microscopy (SEM) image of a 10 nm diameter
and 40 nm period hole array imprinted in polymethyl methacrylate (PMMA).

kit heedeformed To the shape of the molil, Tn oo sense,

vt Lithoeeiphis partterns aoresist the way o cookic culter

s rolled gt dovgh, T nlike conventional lithography methaods

reniprint fithographngs does not use any energetic heams and
ot alter vesist chiemical property, <o its resolition is not lim-

weonany ol the prablems enconntercd in conyentional lithog-
topil

Picore Sshows anareay of 10-nm-diameter holes with a 40-nm
vt pabvmethy bmethaceslate (PNXIMA) imprinted with a
Sthevnsdionade mold al o 1307 Ctemperature and a t APy pressure,
P hode deptheis 60 o determined by the intension of the mold.
Pl mitia LIV thickness was 735 nm—thicker than the intrusion
e moldssacthat the mald wonld not toueh the substrate, which
voessential toinerease the molds ifetime. A typical sidewall profile
rmprinted PMYINTY i< shown in Fignre 1. 11 has very smooth
cevehiess fess than 3 mm, vertical sidewalls, and nearly 90"
s tamparison of e imprinted PYINDY with the mold

teheeades that the IYINTA preolile conforms (o the mold.
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Figure 4: SEM image of a profile of strips formed into a PMMA film by the
imprint technique. The strips are 70 nm wide and 200 nm tall, have 3 high
aspect ratio, a surface roughness of less than 3 nm, and nearly perfect 90
degree corners.

To cheek i the reactive ion elehing used in the pattern transher
step reduces the Tateral dimension of the PNIMA Teatures, (he
PAINIA pesist stractures ereated by impring Hthography were nsed
as the template Tor lifting off metals. In the liftoff process, 3 nn)
litanivm and 10 nm gold flms were fiest deposited onto the entire
sample, and then the metal on the PYINIA surface was remon e
when the PNINIA was dissolved in acetone. Henee the metal et on
the substrate represents the foot-print of the mold, Figure 3 shows
[0 nm-diameter metal dots with a 10-mm period. made by a 10 ol
method using the PYINTA template of 10-nm-diameter holes shown
in Figure 3. Figure 6 shows (3-nm-wide metal lines with 60-nm-
period. made by H-oft technigues, Comparison of these metal
features with the imprinted PYINA templates before the pitlern
tramsfer step reveals no noticeable differences between the liftol
metal structures and the PNIND patterns, This indicates thal,
during the process of etehing with reactive oxveen jons. the

compressed PYINDA areas were completely vemos ed while Hie
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Figure 5: SEM image of 10 nm diameter and 40 nm period metal dots on
silicon, fabricated using a lift off process with the PMMA shown in Figure 3 as

the template.

Fateral size of the PNIVIA features experienced
little change.

The minimum Teature size ol imprini
lithography demonstrated here is limited by the
minimum feature size on the current molds,
The molds were Fabricated using electron-
beam lithography. Further experiments have
shown that a variation of a few nanomelers on
the mold can be translerred successtully into
the side walls of the PMINIAL This means that il
the polymer has sullicient mechanical strength,
nanvimprint Hthography should be able to
produce Teatures with sizes less than 10 nm.
Furthermore, the nanoimprini lithography
process has been found 1o be repeatable and
Ahee mold is durable: Uniform 30-nm-wide lines

WO0-mm period over an area of 15 i by

Figure 7: Schematic of a quantized
magnetic disk which consists of
patterned, single-domain, magnetic
structures uniformly embedded in a
non-magnetic disk.
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Figure 6: SEM image of 15 nm wide and 40 nm period metal lines fabricated
by imprint lithography and a lift off process.
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P mm lave been achieved. 1t should be possible 1o expand the

; tniformity of the imprinted area, curvently limited by the particular

elmlu used in fabricating the mold. to areas of as much as 15 1o 20
concincdiameter, Moreover, nanoimprint lithography has heen used

stecesstully to Tabricate nanoseale silicon transistors.

BEYOND MICROELECTRONICS

A\ the omly existing technology curvently capable of fabricating

strnctures ol less than 10 nm in size over a large area with high

thranghput and Tow coste nanoimprint lithography would greally

me
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impact many liclds—not only microclectronics, hul also tala
storage, nanomalerials, chemistry, biology, and medicine. Sinee
applications oulside microelectronics often do nol require
multilayer alignment, they might be among the first to henefit from
nanoimprint lithography, The ollowing discussion covers o small
sample of possible applications.

The firstis the production of quantized magnetic disks, The
data density of conventional magnelic disks is approaching the
fundamental limit imposed by the properties of thin magnetic films.
One way 10 overcome this limitis to replace the current dishs with
quantized magnetic disks (QNIDs). In OND, the thin magnetic
lilm is replaced by diserete, single-domain, magnetic strnetures
(e pillars) uniformly embedded in a non-magnetic disk (Figure
7). A magnetic structure can spontaneously hecome a single
magnetic domain (like a permanent magnet) without an external
licld if its size is smaller than the wall size hetween two magnelic
domains. (Depending upon the material, a domain wall is Ipicalis
about 100 nm thick.) The shape anisotropy of the structure keeps
the stable magnetization direction along its long axis, resulting in
anly two states for the element's magnelizalinn: cqual in
magnitude. bul opposite in direction. Each stracture can represent
a bit of binary information. QMDs have many advantages over
conventional disks, such as much higher storage density and ease
inwriting. reading and tracking, However, such disks were

regarded as *a pic-in-the-sky™ becanse ol the lack of a low cosl

Figure 8: (a) SEM image; (b) tapping-mode atomic force microscopy (TMAFM)
image; and (c) magnetic force microscopy (MFM) image of 3 by 3 bits of a
QMD with 10 Gbits/cm’ (65 Gbits/in") density. In the SEM, the oxide layer
was removed to expose the Nj pillars. The TMAFM image shows a very
smooth surface with a roughness of 0.5 nm (root mean square). In the MFM,
the red represents the attractive force between tip and sample and the blue
represents repulsive force.
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TMAFM image after 1000 scans of nano-CD

f‘r\’\llm'nin;_- technalogy Tor producing them. Nanoimprint

]f:fllltag_'l‘aph_\ is well suited for fabricating QNDs. In fact, QMDs of 10
GhitsZem® (1 Ghil = 10" hils) storage densily, which is nearly two
orders of magnitude higher than the current commercial disk,
have already been demonstrated (Figure 8).

A second application is in nanoscale compact disks (nano-
CHs)y A current compact disk (CD) read-only-memory (ROM) has
an outer diameter of 115 em (4.6 inch), an inner diameter of 4.5
e and aodata storage capacity ol 5.2 Ghits (a bit size ol 0.83 i, i
tricck spacing ol 15 iy therefore a data density ol 75 Mbit/em?).
With shorter wavelength lasers emerging (particularly blue lasers),
new CH ROANs in development will have a bit size and track
spacing hall that of current CDs and hence a data storage capacily
ol 20 Gbits ina 115 emdish. Using nanoimprint lithography, a
pattern density ol 62.5 Ghit/em® (400 GbitZin®) has been
demonstrated, leading to lour terabits in a LL5-cm-diameter disk

(Figure 9). This density, though not the highest that can he

achieved using nanoimprint lithography, is nearly three orders of

magnitude higher than that of current CDs, In other words, @ niano-
CD the size of a penny could hold data that would fill 30
conventional CDs, such as four hours of high-quality movies.
Nano-Chs can be vead using an atomic foree microscope (AFM) tip.
I/-—-‘f\'\\ as found that when using a tapping mode, both the APM tip and

)
cie disk can be used for a long time without degradation, because

Figure 9: Atomic Force Microscope reading of a nano-CO with
62.5 Gbits/cm’ (400 Gbits/in‘) density.

the Torce between them is in the Ou-10 tao New o

b range (Figure 9).

A thivd application area is the crealion ol e

nanomalterials, not only electronie materials, bt also

supramolecular materials. Nanoimprint lthography cian

; credte patlerns on substrates, and can precisely contiol

300 the size, shape, spacing, orientation and surlace
[ properties of the pattern. When the scale of the patterns

hecomes comparable 1o the fundamental physical lengnl

scales, such as the diflusion length ar the supramoleole
size, the paltlern can uniquely “zuide™ the growtl ol
other materials (organic or inorganicy on the stbstrale
| leading Lo new materials that by e unique propectios ol
| found in natural materials. The specilic gaiding i
determined by the geometry and surlace propertines ol
the patterns put on a substrate. the so-called
I_| functionalization ol a substrate,

300 One can confidently predict that nanoinpr o
lithography will also provide devices Tor use 1
subwavelength optics, displays, biology and tedicie

(e special sieves Tor liltering DNA and bacteria. and Hie goided

growth of biomaterials on a patterned substrate).

FUTURE CHALLENGES

Despite the demonstration of arvays ol 10 non leature size. b
nm periods, and uniformity over several square contimeie
nanoimprint lithography is still inits infanes. Many technologies
essential for turning it into a viable manufacturing method are gt
currently available. To advance nanoimprint Tihograpli
developments in five areas are extremely eritical: (1 nanomprng
machines; (2) mask technology (molds); (3) resist design anl
synthesis; (4) process development, metrology, and mualtiley el
alignment; and (5) device applications using wanoip il
lithography. While tremendous challenges venain, mwany soonps
have started actively looking into this technology sivee tie His
report on nanoimprint lithography appearved in 1995, No doubi
signilicant progress in the developient of this new techioluey aind

inits applications should be expected in the near luture. ©
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