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(57) ABSTRACT

Systems and methods for near-field photolithography utilize
surface plasmon resonances to enable 1maging of pattern
teatures that exceed the diffraction limit. An example near-
field photolithography system i1ncludes a plasmon superlens
template including a plurality of opaque features to be imaged
onto photosensitive material and a metal plasmon superlens.
The opaque features and the metal superlens are separated by
a polymer spacer layer. Light propagates through the super-
lens template to form an 1mage of the opaque features on the
other side of the superlens. An intermediary layer including
solid or liquid material 1s interposed between the superlens
and a photoresist-coated semiconductor water to reduce dam-
age resulting from contact between the superlens template
and the photoresist-coated semiconductor wafer.
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PHOTOLITHOGRAPHIC SYSTEMS AND
METHODS FOR PRODUCING
SUB-DIFFRACTION-LIMITED FEATURES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application 1s a divisional application of
U.S. application Ser. No. 11/329,755, filed Jan. 11, 2006,
entitled “PHOTOLITHOGRAPHIC SYSTEMS AND
METHODS FOR PRODUCING SUB-DIFFRACTION-

LI_MITED FEATURES,” which 1s hereby incorporated by
reference herein in its entirety.

BACKGROUND

[0002] 1. Field

[0003] The present teachings relate to photolithography
systems and methods such as for use in fabricating semicon-
ductor devices.

[0004] 2. Description of the Related Art

[0005] Conventional “far-field” photolithography systems
use light and a lens system to 1mage a reticle having a pattern
thereon onto a layer of photosensitive material deposited on a
semiconductor wafer. Such conventional photolithography
systems are referred to as “far-field” systems because the
image produced 1s in the far field. Accordingly, the size of
features 1n the reticle pattern that may be reproduced on the
layer of photosensitive material 1s limited by far-field difirac-
tion. The minimum feature size W that may be produced
using a conventional far-field photolithographic system 1s

A (1)
W = ky —
NA

where NA 1s the numerical aperture of the system, A 1s the
wavelength of light used by the photolithography system, and
k, 1s the resolution factor, which depends on other aspects of
the system including, for example, the aberrations introduced
by the specific photolithography system and the properties of
the photosensitive material. According to this equation, to
produce smaller features, the photolithographic system must
utilize smaller resolution factor, a larger numerical aperture,
a smaller operating wavelength, or a combination thereof.

[0006] Current far-field lithographic systems include com-
plex lens that are well-corrected for aberrations. Accordingly,
current far-field lithographic techniques have decreased the
resolution factor to k,=0.3, which is slightly greater than the
theoretical lower limit of 0.25 for half-pitch imaging. These
complex lens, however, may include many optical elements
and are expensive.

[0007] The numerical aperture has also been increased.
However, 1n systems where light propagates through air from
the lens system to the semiconductor water having photosen-
sitive material thereon, the numerical aperture 1s limited to
one. Immersion lithography wherein the light propagates
through a medium having an index of refraction greater than
one has lead to increases in NA. Immersion techniques, how-
ever, suller from problems such as incompatibility of the fluid
and the water, bubble formation, and polarization etlects.
Further increases in NA are limited, however, because of the
limited range of compatible immersion tluids having refrac-
tive indexes above one.
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[0008] Smaller features may also be produced by using
light sources having shorter operating wavelengths. Commer-
cial photolithography systems may use visible light having
wavelengths 1n the range of 350 nm-800 nm. Ultraviolet
photolithographic systems operating with wavelengths 1n the
range of 100 nm-350 nm may be used to print smaller fea-
tures. Ultraviolet systems, however, also suifer from draw-
backs such as increased cost, shorter lamp lifetimes, and
lower efficiency. Furthermore, photoresist that 1s sensitive to
visible light 1s cheaper and more robust with respect to air-
borne contaminants than ultraviolet-sensitive photoresist.
[0009] Thus, what 1s needed are photolithography systems
that are not restricted to the diffraction limit of far-field opti-
cal systems and need not rely on use of complex and expen-
stve lenses, immersion techniques, or the use of ultraviolet
wavelengths.

SUMMARY

[

[0010] A variety of different embodiments of the invention
are disclosed herein. Some of these embodiments comprise
photolithographic systems comprising near-field optical sys-
tems.

[0011] One embodiment, for example, comprises a photo-
lithographic system for exposing a photosensitive material
having a first index of refraction and responsive to light hav-
ing a wavelength, A. The system comprises a plurality of
features that are opaque to the light, a dielectric material
disposed forward of the plurality of opaque features, a super-
lens disposed forward of the dielectric matenial and rearward
of the photosensitive material, and an intermediary layer
between the superlens and the photosensitive matenial. The
dielectric matenal 1s substantially transmissive to the light.
The mntermediary layer comprises material substantially
transmissive to the light with the material being different than
the photosensitive materal.

[0012] Another embodiment comprises a photolitho-
graphic system for producing a near-field image. The system
comprises a substrate that 1s substantially transmissive to
light, the light having a wavelength A. The system further
comprises one or more features disposed on the substrate, the
features being substantially opaque to the light, a spacer
material disposed on the substrate, the spacer material being
substantially transmissive to the light, and a superlens formed
on the spacer material. The spacer material has a first complex
permittivity with a real part that 1s positive, and the superlens
comprises material having a second permittivity with a real
part that 1s negative. The system further comprises a layer of
photosensitive material that 1s 1n proximity to the superlens
and an intermediary layer that 1s interposed between the
superlens and the layer of photosensitive material such that
the superlens 1s separated from the photosensitive material.
The layer of photosensitive material has a first index of refrac-
tion, and the mtermediary layer has a second index of refrac-
tion substantially equal to the first index of refraction. The
system produces a near-field image of the features in the layer
ol photosensitive material.

[0013] Another embodiment 1s a method of fabricating an
integrated circuit device on a semiconductor wafer. The
method comprises depositing a material to be patterned over
the semiconductor water. A photosensitive layer 1s deposited
on the material to be patterned. A superlens template 1s dis-
posed 1n an optical path between a light source and the pho-
tosensitive layer. The photosensitive layer has a first index of
refraction and 1s responsive to light having a wavelength, A.
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The superlens template comprises a plurality of features sub-
stantially opaque to the light, a dielectric material disposed
torward of the plurality of opaque features, and a superlens
disposed forward of the dielectric matenial and rearward of
the photosensitive layer. The dielectric material 1s substan-
tially transmissive to the light. The photosensitive layer has a
first index of refraction and 1s responsive to light having a
wavelength, A. The method further comprises interposing an
intermediary layer between the superlens and the photosen-
sitive layer to reduce contact of the superlens with the pho-
tosensitive layer. The intermediary layer comprises material
substantially transmissive to the light. The light 1s directed
into the superlens template thereby exposing portions of the
photosensitive layer to the light.

[0014] Another embodiment comprises a photolitho-
graphic system for exposing a photosensitive material to a
light beam. The system comprises means for blocking por-
tions of the light beam to form a pattern of light and means for
generating plasmons with the pattern of light. The system
turther comprises means for coupling the pattern of light into
the plasmon generating means and means for protecting the
photosensitive material from contact with the plasmon gen-
crating means. The coupling means are substantially trans-
missive to the light beam, and the protecting means are dis-
posed such that light couples out of the plasmons into the
protecting means.

[0015] An additional embodiment comprises a method of
exposing a photosensitive material to a light beam. The
method comprises blocking portions of the light beam to form
a pattern of light, propagating the pattern of light, and gener-
ating plasmons with the pattern of light. The method further
comprises coupling light out of the plasmons 1nto a medium
substantially optically transmissive to the light coupled out of
the plasmons and protecting the photosensitive material from
contact using the medium.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 1s a top view of a superlens template for an
embodiment of a near-field photolithography system wherein
the superlens template comprises opaque features (shown)
and a metal superlens layer (not shown).

[0017] FIG.21sacross-sectional view of anembodiment of
the superlens template taken through the line 2-2 1n FIG. 1
that shows both opaque features and the metal superlens
layer.

[0018] FIG. 31sacross-sectional view of an embodiment of
a near-field photolithography system showing the superlens
template disposed over a photosensitive material and having,
an intermediary layer therebetween.

[0019] FIG. 4A 1s a schematic diagram of an embodiment
ol a near-field photolithography system wherein the interme-
diary layer comprises a coating on the photosensitive mate-
rial.

[0020] FIG. 4B 1s a schematic diagram of an embodiment
ol a near-field photolithography system using a flowing fluid
as the mtermediary layer.

DETAILED DESCRIPTION OF CERTAIN
PREFERRED EMBODIMENTS

[0021] Various embodiments of the invention comprise
photolithography systems that use a superlens template 14, a
top view of which 1s shown schematically in FIG. 1. This

Aug. 13,2009

superlens template 14 comprises a substrate 18 and a pattern
23 comprising one or more features 22 to be imaged by the
photolithography system.

[0022] Images of the pattern 23 may be produced by propa-
gating light through the superlens template 14. In certain
embodiments, for example, the light may be incident on an
upper suriace of the template 14. The light may have an
operating wavelength A. This wavelength may correspond to
a central wavelength of a wavelength band. This wavelength
band may be a narrow band having a bandwidth (FWHM) of
one nanometer or less or may include one or more nanom-
cters. Suitable operating wavelengths may be 1n the ultravio-
let and visible range of the electromagnetic spectrum from
about 100 nm-800 nm, and may include, for example, the
I-line of mercury lamps (A=365 nm), krypton-tluoride exci-
mer lasers (A=248 nm), or argon-fluoride excimer lasers
(A=193 nm). Use of visible wavelength offers several advan-
tages such as described above. However, other operating
wavelengths of light may be used, including extreme ultra-
violet and infrared wavelengths.

[0023] Accordingly, in various embodiments, the substrate
18 15 substantially transmissive to light of the operating wave-
length and may comprise materials such as glass or quartz.
Other materials that are substantially transmissive to light of
the operating wavelength may be used. The material compris-
ing the substrate 18 may have a substantially flat surface
produced by, for example, polishing or planarization tech-
niques, although the surface may be other than flat.

[0024] Conversely, the features 22 may comprise material
that 1s substantially opaque to the operating wavelength.
Other characteristics of the material comprising the features
22 may include a low skin depth such that light 1s quickly
absorbed into the material. The features 22 need not be
extremely thick to attenuate the light transmitted through the
substrate 23. Additionally, the material may resonate at fre-
quencies far from the plasmonic resonances of metals in the
system. The material comprising the features 22 may also be
able to wet and adhere to the substrate 18. Suitable materials
include, for example, chromium, tungsten, titanium, titanium
silicide, titamium mitride, silicon nitride, or their alloys or
composites. In certain preferred embodiments, chromium 1s
used. The thickness of the features 22 may range from 1 nm to
100 nm and may, for example, be about 50 nm. Other mate-
rials and other thicknesses, however, may be used.

[0025] The features 22 may be produced by depositing a
layer of suitable material that may be etched to produce the
pattern 23. In one embodiment, waler processing techniques
using conventional photolithography are used to pattern the
teatures 22. For example, material that 1s to comprise the
pattern 23 1s deposited on the substrate 18. Photoresist 1s spun
on, and the template 14 1s exposed using a reticle or mask
configured to produce the pattern 23 comprising the desired
features 22. The photoresist 1s developed and etched to the
substrate 18, leaving the features 22 adhered to the substrate
18. This embodiment may be suitable to print features 22
having pitches and sizes within the capabilities of conven-
tional photolithographic systems that expose photosensitive
material such as photoresist to pattern.

[0026] In another embodiment, features 22 that have
pitches and sizes beyond the capability of such conventional
photoresist-based photolithographic systems may be pro-
duced, for example, by charged particle beam lithography.
For example, some embodiments may utilize focused 1on
beam (FIB) etching or electron beam lithography (EBL).
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Charged particle beam lithography advantageously may be
used for limited-volume production of templates 14, espe-
cially those with small-scale features 22. In one embodiment,
FIB lithography may be used to produce a pattern 23 com-
prising an array of 60 nm wide nanowires on a 120 nm pitch.
In another embodiment, FIB lithography may be used to
produce features 22 having a width in the range from 10 nm to
80 nm and preferably about 40 nm. Features outside these
ranges may also be produced.

[0027] FIG. 1 depicts one embodiment of the pattern 23.
The pattern 23 1s intended as a sample and 1s not intended to
limit the scope of the patterns or features that may be printed
by the near-field photolithography system 10. The pattern 23
comprises four substantially parallel and substantially rect-
angular lines 22a-22d that are intersected by one substantially
rectangular line that ends 1n a T-shaped region 22e. The num-
ber of lines selected to be 1llustrated in the pattern 23 in FIG.
1 1s by way of example only and 1s not intended to limait the
scope of the patterns 23 1n the photolithography system 10.
The spacing of lines 22a-22d 1s substantially uniform, and the
width of line 224 1s greater than the width of lines 22a-22c.
The pattern 1llustrated 1n FIG. 1 also includes four substan-
tially circular dots 22/ Patterns 23 with shapes and configu-
rations other than the one depicted 1n FIG. 1 may be disposed
on the substrate 18. Additionally, patterns 23 comprising
greater or lesser numbers of features 22 and different sizes
and spacings than shown in FIG. 1 may be printed.

[0028] FIG. 2 1s a cross-sectional view along line 2-2 1n
FIG. 1 that further schematically illustrates aspects of the
superlens template 14. Light, indicated by arrows 50, 1s 1nci-
dent on the template 14 and 1s substantially transmltted
through the substrate 18. The light follows an optical path
defined by the system 10. In the embodiment shown in FI1G. 2,
light 1s shown as being directed along a straight line that 1s
substantially perpendicular to the superlens template 14,
although the light may be incident on the superlens template
at other angles in other embodiments. The terms “forward”
and “rearward” used herein are made with respect to this
propagation direction of the light along the optical path
through the superlens template 14 to the target (e.g., photo-
resist on a semiconductor water). For example, a first element
may be said to be forward (rearward) of a second element 11
the first and second elements are disposed such that light
propagates through the second element before (after) it
propagates through the first element.

[0029] Thesuperlens template 14 may comprise in addition
to the substrate 18 and the features 22, a spacer layer 30 and
a superlens 34. The superlens 34 may be forward of the spacer
layer 30, which may be forward of the features 22. FIG. 2
shows sample features 22a-22d formed on a surface 29 of the
substrate 18. The pattern 23 may comprise features 22 having
a width D, and a spacing D,. The length scale D 1s defined to
be D,+D,. The length scale D commonly refers to the pitch of
the smallest scale features 22 1n the pattern 23. In half-pitch
imaging, D,=D,=D/2.

[0030] An advantage of the near-field photolithographic
system 10 1s the ability to reproduce copies of the features 22
that are smaller than the diffraction-limited s1ze W 1n Eq. (1).
For example, the system 10 may substantially accurately
reproduce 1mages of features 22 having width D, wherein
D, <W. The width of the features may range from 10 nm to
1000 nm. The spacing between features may also range from
10 nm to 1000 nm. For example, 1n one embodiment of the
photolithographic system 10, an array of 60-nm wide nanow-
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ires may be patterned on a D=120 nm pitch. Accordingly, the
spacing between features may be 60 nm.

[0031] Insome embodiments, the pattern 23 may comprise
a periodic array of features 22 such as, for example, an array
of wires, dots, circles, rings, triangles, or rectangles. The
pattern 23 may be 1n the form of a grating. In other embodi-
ments, the pattern 23 may comprise features 22 that are non-
periodic or that are a combination of periodic and non-peri-
odic components. The features 22 may be substantially
parallel, as 1n a periodic array of nanowires, or they may
intersect. The pattern 23 may comprise features 22 having a
symmetry, such as linear, rectangular, or circular. The fea-
tures 22 may be rounded, circular, triangular, rectangular,
rectilinear, or may be 1rregular 1n shape. In various embodi-
ments, the features 22 may correspond to shapes of different
teatures formed in layers on a semiconductor water. A wide
range of other shapes, configurations, arrangements, spacings
and sizes are possible.

[0032] As shown in FIG. 2, the spacer layer 1s disposed on
the substrate 18 and the features 22 thereon. After patterning,
the features 22 on the surface 29, for example, the superlens
template 14 may be planarized by depositing the spacer layer
30 on the surface 29 of the substrate 18. The spacer layer 30
comprises a spacer material that 1s substantially transparent to
light of the operating wavelength of the photolithographic
system 10. It 1s advantageous for the spacer matenal to have
good control of flow characteristics and physical stability. In
addition, in certain embodiments, the spacer material has an
index of refraction similar 1n value to that of the photoresist as
discussed more fully below. The spacer material should have
the ability to withstand the formation of the superlens 34, for
example the deposition of material forming the superlens.

[0033] Spacer materials may generally comprise noncon-
ductive materials. The electromagnetic properties of the
spacer material may be characterized by a permittivity, € .. In
general, the permittivity of a material 1s a complex number,
which has a real part and an imaginary part. The permittivity
of amedium generally depends on the wavelength of the light
propagating through the medium. For convenience in the
description provided herein, references to a value of a per-
mittivity will be to the real part unless the imaginary part 1s
explicitly stated for example by reference to the “complex
permittivity.” Dielectric maternials have positive permittivities
and may be suitable spacer materials. In one embodiment, the
spacer material may be a polymer such as, for example,
polymethyl methacrylate (PMMA) or parylene. Other mate-
rials such as quartz, glass, or S10, may be used for the spacer
layer 30. For reference, the permittivity of PMMA 1s approxi-
mately 2.4 at a wavelength of about 365 nm. Other materials
and other permittivities may also be used.

[0034] Invarious preferred embodiments, the super lens 34
comprises a layer of maternial such as shown 1n FIG. 2. More-
over, 1n certain embodiments, the superlens 34 comprises a
material that may support surface plasmon oscillations at a
frequency corresponding to the operating wavelength A of the
light used 1n the photolithographic system 10. Surface plas-
mons are charge-density oscillations that propagate along a
surface of the superlens 34. The amplitude of the oscillation
decays exponentially 1n a direction transverse to the surface
of the superlens 34. The interface between the superlens 34
and the spacer layer 30 will be capable of supporting surface
plasmon oscillations 11 the permaittivity of the spacer material
1s positive and the permittivity of the superlens matenal 1s
negative. Accordingly, the superlens 34 comprises material
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that may be characterized by a negative permittivity, &_. At
optical and ultraviolet frequencies, most metals have negative
permittivities and may be suitable materials for the superlens
34. In certain embodiments, the imaginary part of the super-
lens permattivity 1s suificiently small compared to the abso-
lute value of the real part the permittivity so that the surface
plasmon oscillations do not substantially dissipate their
energy into heat.

[0035] In metals, the permittivity 1s negative for frequen-
ciecs smaller than the plasma frequency of electrons in the
metal’s conduction band. Accordingly, in certain embodi-
ments, the metal used for the superlens 34 1s such that its
plasma frequency exceeds the vacuum frequency of the light
used 1n the system 10. In some embodiments, noble metals,
such as, for example, silver or gold, may be suitable materials
for the superlens 34, because the collective excitation of
conduction electrons enables a surface plasmon oscillation at
optical frequencies. In other embodiments, metals such as, for
example, aluminum, copper, chromium, or tantalum, may be
used as the superlens 34 material. Other materials may also be
employed.

[0036] The superlens 34 is deposited on the spacer layer 30
by, for example, evaporation, sputtering, chemical deposition
or using other techniques. The interface between the surface
of the spacer layer 30 and the surface of the superlens 34 may
be planarized to avoid surface roughness and corrugations
that scatter surface plasmons and distort the 1maging capa-
bilities of the photolithographic system 10. In one embodi-
ment, the root mean square surface roughness modulation
may be below 1 nm for both the spacer layer 30 and the
superlens 34. Smoother or rougher surfaces, however may
also be used 1n different embodiments.

[0037] FIG. 3 schematically illustrates further aspects of an
embodiment of the photolithographic system 10. In the
embodiment shown, the superlens template 14 1s arranged to
print images of the features 22 onto a photosensitive layer 44
disposed on a semiconductor waler 48. Accordingly, the
superlens template 14 1s disposed over the semiconductor
waler 48 and 1n particular over the photosensitive layer 44 on
the semiconductor wafer. An mtermediary layer 40 1s
between the superlens template 14 and the semiconductor
waler. More particularly, the intermediary layer 40 1s dis-
posed between the superlens 34 and the photosensitive layer

44.

[0038] In various embodiments, the intermediary layer 40
comprises a material substantially optically transmissive to
the light propagated through the superlens template 14. This
material may be a fluid or a solid and may be a dielectric as
discussed more fully below.

[0039] The photosensitive layer 44 may comprise photore-
s1st that 1s sensitive to the operating wavelength propagated
through the superlens template 14. Conventional semicon-
ductor processing techniques may be used to spin the photo-
resist onto the semiconductor water 48. In one embodiment,
a 120 nm thick layer of negative photoresist [NFR105G,
Japan Synthetic Rubber Microelectronics (JSR Micro)| may
be used. Other techniques both well known 1n the art as well
as those yet to be discerned may be used to deposit and/or
prepare the photosensitive materia.

[0040] As shown in FIG. 3, light indicated by arrows 50, 1s
incident on the template 14 and 1s substantially transmaitted
through the substrate 18. Light that 1s incident on one of the
teatures 22 1s substantially blocked, whereas light that 1s not
incident on a feature 22 propagates through the spacer layer
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30, which 1s substantially transmissive to the light. The light
that propagates beyond the features 22 comprises both propa-
gating waves that can reach the far-field and evanescent waves
that are present only 1n the near-field. Evanescent waves do
not diffract like optical waves 1n the far-field. Evanescent
waves, for example, retain the size and shape of the features
22 more than waves 1n the far-field even if the features 22 are
on the order of a wavelength or smaller. Accordingly, 1n
various embodiments, optical energy from evanescent fields
incident on the photosensitive material may have a size and
shape similar to that of the features 22. Therefore, evanescent
waves can be said to carry subwavelength information about
the features 22. The near-field photolithography system 10
uses the evanescent fields to expose subwavelength portions
of the photosensitive material thereby yielding subwave-
length resolution patterning. In this respect, the near-field
photolithography system 10 may capture information present
in the evanescent waves and use this information for high
resolution 1imaging and patterning.

[0041] Since the intensity of evanescent waves decays
exponentially with increasing distance from the features 22, 1t
may be difficult to resolve subwavelength features 22 11 the
photosensitive layer 44 1s located at too great a distance from
the features 22. For a line array with period D, the character-
1stic distance Z over which the intensity of the evanescent

waves decays 1s Z=(D/4m)/ \/ 1€ _(D*/A\%), where €, is the per-
mittivity of the spacer layer 30. As an example, the decay
length in PMMA (Ed 2.4) 1s 11 nm for 60 nm half-pitch
features 1imaged at an operating wavelength of 365 nm. If the
photosensitive layer 44 1s located at too great a distance from
the features 22, the subwavelength information carried by the
evanescent waves may be lost, and only features having sizes
larger than the diffraction limit in Eq. (1) may be imaged.
[0042] Without subscribing to any particular theory, the
superlens 34 may enhance the itensity in the evanescent
waves. Optical energy incident on a rearward surface of the
superlens 34 may be coupled mnto plasmon modes, which are
excited as a result of the incident light. Optical energy may be
coupled out of a forward surface of the superlens 34 and may
propagate to the photosensitive layer 44. The superlens 34
may provide enhanced energy throughput due to resonant
excitation of surface plasmon oscillations. Resonant plasmon
excitation occurs, for example, if the materials comprising the
superlens 34 and the spacer layer 30 are selected to have
permittivities that are substantially equal and of opposite
sign, that 1s, € ~-C .. In embodiments of the photolitho-
graphic system 10 1n which the spacer layer 30 and the super-
lens 34 comprise materials selected to satisiy this resonant
condition, a broad range of plasmons may be excited by light
transmitted by the spacer layer 30 and incident on the super-
lens 34. This effect 1s known as “superlensing.” See, ¢.g., N.
Fang, etal., “Sub-Diffraction-Limited Optical Imaging with a
Silver Superlens,” pp. 534-5377, Science, Vol. 308, Apr. 22,
20035, which 1s herein incorporated by reference 1n 1ts entirety.
Accordingly, the maternials comprising the superlens 34 and
the spacer layer 30 may have permittivities that are substan-
tially opposite 1n sign. These permaittivities may also be sub-
stantially equal in magnitude. In these embodiments, sub-
wavelength information carried by the evanescent waves can
be used for sub-difiraction-limited imaging. In one embodi-
ment, features 22 with sizes comparable to A/6 may be
resolved.

[0043] Thethicknesses ofthe spacer layer 30 and the super-
lens 34 may be selected so that the template 14 provides
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superlensing. The thickness of the spacer layer 30 may be
selected to be in the range 5 nm-200 nm. I the thickness of the
spacer layer 30 1s many times greater than the decay length of
the evanescent waves, the throughput of the photolitho-
graphic system 10 may be reduced. In one embodiment, the
spacer layer 30 may comprise a 40 nm layer of PMMA.. Other
thicknesses are also possible.

[0044] The thickness of the superlens 34 may be selected to
be 1n the range of 5 nm-200 nm. Values outside this range may
be possible 1n certain embodiments. The superlens effect,
however, can be reduced 11 the thickness of the superlens 34 1s
too thick or too thin. Substantial enhancement of evanescent
waves may occur if the superlens 34 1s selected to have a
thickness comparable to the hali-pitch size of the features 22
to be 1imaged or to have a thickness that 1s a fraction of the
operating wavelength, for example, A/10. In one embodiment
designed for imaging an array of 60 nm wires at 120 nm pitch,
the superlens 34 may be a 35 nm layer of silver. If the super-
lens 34 1s too thick, 1t may act as an attenuator of evanescent
waves, rather than an amplifier, and the photolithographic
system 10 may be able to resolve only features that are larger
than the diffraction-limited size 1n Eq. (1). For example, 1n an
embodiment of the photolithographic system 10 operating at
3635 nm, a superlens 34 that 1s 120 nm thick may blur features
22 smaller than the diffraction limit. See, e.g., S. Durant, et
al., “Comment on ‘Submicron imaging with a planar silver
lens’,” p. 4403, Applied Physics Letters, Vol. 84, 2004, which
1s herein incorporated by reference in 1ts entirety.

[0045] Conversely, in various embodiments, the features 22
comprise a material that does not possess plasmon resonances
near the resonant frequency of the spacer layer 30 and super-
lens 34. Suitable materials for the features 22, for example,
may have permittivities that are not substantially equal to the
permittivity of the superlens material. In an example embodi-
ment 1n which the superlens 34 1s comprised of silver (€ ~—
2.4 at 365 nm) and the spacer material 30 1s comprised of
PMMA (€ ~+2.4), the features 22 advantageously may be
comprised of chromium (€ _,,~-8.55). The features 22 may
comprise other materials as well.

[0046] The surface plasmons excited in the superlens 34
reradiate light that may be imaged by the photosensitive layer
44 deposited on the semiconductor waler 48. As described
above and schematically illustrated in FIG. 3, the intermedi-
ary layer 40 1s interposed between the superlens template 14
and the photosensitive layer 40. In various embodiments, the
intermediary layer 40 1s substantially transmissive to light
comprising wavelengths that are transmitted by the superlens
34. The intermediary layer 40 may also provide a level of
protection for the layer of photosensitive material 44 from
physical contact with the superlens template 14 and may also
provide protection to the superlens 34 from contact with the
photosensitive material 44.

[0047] As described above, the intermediary layer 40 may
comprise a liquid or solid layer 1n certain embodiments. The
intermediary layer 40 may comprise an organic material.
Organic materials suitable for use 1n various embodiments
include, for example, ethyl epoxy propionate (EEP), cyclo-
hexanone, ethyl laurate (EL), propylene glycol monomethyl
cther (PGME), or commercially available bottom anti-retlec-
tion coatings (BARCs). Additionally, other organic materials
may be used. The organic material may comprise a liquid or
a solid material 1n various embodiments. This organic layer
may be chemically compatible with the photosensitive layer

44 such that the photosensitive material works efiectively. To
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reduce internal reflections and to improve throughput, the
intermediary layer 40 may {ill the region between the super-
lens 34 and the photosensitive layer 44 so that there 1s no air
gap between them. The refractive index of the intermediary
layer 40 also may be similar in value to the refractive index of
the material comprising the photosensitive layer 44 to reduce
Fresnel reflection. By matching the refractive indices and
climinating air gaps, the intermediary layer 40 provides good
optical coupling between the superlens 34 and the photosen-
sitive layer 44 and improves the efficiency of the photolitho-
graphic system 10. Additionally, 1n certain embodiments, the
intermediary layer 40 comprises material that 1s readily
removable from the photosensitive layer 44. Organic coatings
comprising some or all of these desired characteristics are
available from many commercial manufacturers such as, for
example, Clariant Corp. (Charlotte, N.C.), Brewer Science,
Inc. (Rolla, Mo.), Sigma-Aldrich Co. (St. Louis, Mo.), Ship-
ley Co. (Marlborough, Mass.), or Tokyo Ohka Kogyo Co.,

Ltd. (Kanagawa, Japan). Other materials may also be used.

[0048] Someembodiments of the photolithography system
10 may 1ncorporate a superlens template 14 that comprises
more than one superlens 34. In such embodiments, the super-
lenses 34 may be separated from each other by spacer layers
30, which may comprise the same or different dielectric mate-
rials. In one embodiment, one of the spacer layers 30 com-
prises a gain medium for the operating wavelength. The num-
ber, thickness, and separation of the superlenses 34 may be
varied so as to reduce diffraction and to increase the resolu-
tion of the image of the features 22. For example, 1n some
embodiments, a single 40 nm superlens may be replaced by
two 20 nm superlenses or four 10 nm superlenses, each sepa-
rated by layers of dielectric material such as PMMA. A vari-
ety of other arrangements and designs are possible.

[0049] FIG. 4A schematically 1llustrates one embodiment
of the near-field photolithography system 10. A light source
50 provides light, represented by arrows 34, with operating
wavelength A to form an 1mage of the features 22 in the
photosensitive layer 44 deposited on the semiconductor waler
48. The operating wavelength of the light source 50 1is
selected to be suitable for exposing the photosensitive layer
44, which may be comprised of photoresist. The operating
wavelength may, in general, range from about 100 nm to
about 800 nm, extending from the extreme ultraviolet through
the visible part of the electromagnetic spectrum. In some
embodiments, infrared operating wavelengths may be used.

[0050] In certain embodiments, the photolithographic sys-
tem 10 may use relatively mnexpensive high pressure vapor
lamps. Various preferred embodiments, for example, may use
a high-pressure vapor light source 50 that emits light at oper-
ating wavelengths of about 365 nm or 580 nm. Alternatively,
shorter wavelength light sources, such as, for example, exci-
mer lasers, may be used. However, because the operating
wavelength may comprise a visible wavelength, light sources
that have higher efliciency and lower maintenance costs than
excimer laser light sources may be used. Additionally, certain
photoresists sensitive to visible wavelengths such as the mer-
cury I-line are less expensive and more robust with respect to
airborne contaminants than chemically amplified resists used
in deep ultraviolet photolithography. Other types of light
sources and operating wavelengths may be used as well.

[0051] The features 22 may be imaged by exposing the
photosensitive layer 44 to light 54 of the operating wave-
length for a predetermined exposure time and at a predeter-
mined exposure flux. The exposure time and the exposure tlux
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may depend upon the operating wavelength, the photosensi-
tivity of the layer 44, the size of the features 22, and the
throughput of the superlens template 14. The photosensitive
layer 44 may be developed and etched using conventional
semiconductor watfer processing techniques. In one embodi-
ment, the template 14 may be tlood-exposed to light 54 hav-
ing a 365 nm operating wavelength at a flux of 8 mW/cm” for
a time of 60 seconds. Other operating wavelengths, exposure
fluxes, and exposure times may be used 1n other embodiments
of the system 10. For example, the exposure time may range
from seconds to minutes depending on the exposure tlux.

[0052] The light 54 1s incident on the template 14 so as to
produce sub-difiraction-limited images as described herein.
For example, 1n one embodiment, features 22 with widths D,
as small as A/6 may be accurately reproduced without
enlargement or blurring. As shown 1n the embodiment shown
in FI1G. 4 A, the light source 50 1s disposed directly above the
superlens template 14; however, other configurations may be
suitable. For example, the light source 50 may be disposed to
one side of the system 10 and one or more mirrors, prisms,
lenses or other optical elements may be used to direct the light
54 onto the template 14. Other configurations of the light
source 30 are also possible.

[0053] The semiconductor water 48 1s supported by awafer
stage 38, which may be configured to position the water 48. A
controller 62 may be used to control the vertical and lateral
positioning of the water stage 58 with respect to the superlens
template 14. The water stage 38 1n F1G. 4 A may be configured
to translate 1 both horizontal directions and/or the vertical
direction. For example, the water stage 38 may be adjusted so
that the photosensitive layer 44 on the semiconductor water
48 1s 1n the near field of the superlens template 14. The
controller 62 may optionally utilize a feedback system (not
shown) to assist in positioning the waler stage 38 and 1n
maintaining the photosensitive layer 44 1n the near-field of the
superlens 34. The controller 62 may comprise a computer,
computer network, one or more microprocessors, or any elec-
tronics or apparatus suitable for controlling the wafer stage
58. Servomotors, stepper motors, or piezoelectric-driven
devices may be used to move and position the waler stage 58.
In some embodiments, the template 14 may be smaller than
the water 48, as shown 1n FIG. 4A, while 1n others the tem-
plate 14 may be of equal or greater size. Accordingly, embodi-
ments of the photolithographic system 10 may be configured
tor full-wafer printing, stepping, scanning, or other arrange-
ments.

[0054] The superlens template 14 may be supported with
respect to the semiconductor water 48 by a support (not
shown). The template support may be fixed or 1t may be
movable. The controller 62 or a separate template controller
(not shown) may be used to control the movement and posi-
tioming of the superlens template 14. In some embodiments,
the wafer stage 58 may be fixed and the template support may
be configured to move the superlens template 14 with respect
to the wafer stage 58. The template support may for example
be adjusted so that the photosensitive layer 44 on the semi-
conductor waler 48 1s in the near field of the superlens tem-
plate 14. FIG. 4A shows an embodiment of the photolitho-
graphic system 10 wherein the superlens template 14 1is
positioned above the semiconductor water 48. In other
embodiments, the relative positions of these components may
be different. For example, 1n one embodiment the semicon-
ductor water 48 may be secured to the waler stage 58 and
disposed above the superlens template 14.
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[0055] Other configurations are also possible. For example,
the photolithographic system 10 may be configured difier-
ently and may include additional components. The order and
arrangement of the components may be different and some of
the components may be removed. The individual components
themselves may be different. For example, a wide array of
light sources 50, waler stages 58, and controllers 62 may be
used. The photolithographic system 10 may be configured to
use a wide variety of semiconductor walers 48 and photosen-

sitive layers 44. The superlens template 14 may be arranged
and configured differently than illustrated in FIG. 4A.

[0056] Inone embodiment illustrated in FIG. 4A, the inter-
mediary layer 40 may comprise an organic coating deposited
on the photosensitive layer 44. The organic coating may com-
prise a liquid or solid coating 1n some embodiments. How-
ever, the coating need not be organic. The use of a coating,
such as an organic coating, as an imntermediary layer 40 obvi-
ates the need for an adhesion-release layer 1n the photolitho-
graphic system 10, because the photosensitive layer 44 never
makes contact with the superlens template 14.

[0057] In various embodiments, the intermediary layer 40
mediates the positioning of the photosensitive layer 44 with
respect to the superlens template 14. For example, as 1s well
known 1n the art, current leveling technology may be used to
provide a substantially constant vertical separation between
the superlens 34 and the photosensitive layer 44. The inter-
mediary layer 40 may provide a tolerance for placement of the
template 14 with respect to the photosensitive material 44 as
the wafer stage 58 and the template are brought together. The
intermediary layer 40 may also provide cushioning and may
prevent damage as the photosensitive layer 44 1s brought into
near-field proximity to the superlens 34. As described herein,
the mtermediary layer 40 may provide good optical coupling
between the superlens 34 and the photosensitive layer 44 so as
to increase the elliciency and throughput of the photolitho-
graphic system 10.

[0058] Thethickness of the intermediary layer 40 should be
suificiently thin so that the photosensitive layer 44 1s within
the near-field of the superlens 34. In some embodiments, the
thickness of the intermediary coating 40 may be 1n the range
of 5 nm-1000 nm. Alternatively, the thickness of the interme-
diary layer 40 may be selected to be comparable 1n value to
that of the spacer layer 30 or the superlens 34. For example, in
one embodiment, the intermediary coating 40 may be about
40 nm 1n thickness. In other embodiments, the thickness of
the intermediary coating 40 may be 1n the range from 5 nm to
200 nm. The coating 40 may be thicker or thinner 1n different
embodiments. It may be beneficial for the coating to be easily
removable from the photoresist 44. In certain embodiments,
for example, the coating may be washed off or may be
removed by stripping with chemical solvents or rinse agents.
Other techniques for removing the coating may also be
employed.

[0059] In some embodiments, the intermediary coating
comprises a plurality of layers. These layers may have similar
properties as described above with respect to the coating 40
shown 1n FI1G. 4A. For example, the layers may have similar
refractive indices to reduce reflections. In some embodi-
ments, the different layers may have different properties. For
example, one of the layers may provide easy release from the
photosensitive material. Other configurations are also pos-

sible.

[0060] FIG. 4B illustrates an embodiment of the photoli-
thography system 10 wherein a liquid flow mechanism may
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be used to provide the intermediary layer 40. Many of the
components 1n 1llustrated 1n FIG. 4B are generally similar 1n

form or function to those illustrated in FIG. 4A and will notbe
turther discussed except 1n regard to their differences.

[0061] In the embodiment 1llustrated in FIG. 4B, the inter-
mediary layer 40 1s formed by injecting a liquid 80 from an
injection nozzle 70 such that the liquid 80 flows between the
superlens template 14 and the photoresist-coated semicon-
ductor watfer 48. The liquid 80 1s removed by an intake nozzle
74. The intake nozzle 74 may use suction to remove the liqud
80. Although two nozzles 70 and 74 are 1llustrated in F1G. 4B,
other embodiments may use one or more nozzles for both
injection and intake. In other embodiments, the intake nozzle
74 may be replaced by one or more drains (not shown) to
remove the liquid 80 form the system 10. The controller 62
may control the positioning of the wafer stage 58 1n substan-
tially the same manner as described 1n FIG. 4A. Optionally,
the controller 62 may control the rate at which the liquid 80 1s
injected into and removed from the system 10 through the
nozzles 70 and 74. A separate nozzle controller (not shown)
may be used in some embodiments.

[0062] The liquid 80 may be stored i1n a reservoir (not
shown) prior to injection 1nto the system 10 through the
injection nozzle 70. In some embodiments, surface tension of
the liquid 80 may provide the physical mechanism through
which the liquid spreads 1n the region between the superlens
34 and the photosensitive layer 44. An array of injection
nozzles 70 may also surround the semiconductor water 58 to
provide a flow of the liquid 80. In some embodiments, the
liquid 80 removed by the intake nozzle 74 1s recirculated
within the system 10, whereas 1n other embodiments, the
removed liquid 80 1s discarded from the system 10. One or
more pumps (not shown) may be used to imject the liquid 80
into the system 10. In some embodiments, the controller 62
may control the pumps so as to control the rate of flow of the
liquid 80 between the superlens template 14 and the semicon-
ductor water 48.

[0063] The liquid 80 may be used to mediate the transfer of
light from the superlens 34 to the photosensitive layer 44.
Accordingly, the liquid 80 may have a refractive index that 1s
similar to the refractive index of the matenal selected for the
photosensitive layer 44, e.g., photoresist to reduce retlection.
Additionally, the liquid 80 may be chemically compatible
with the photosensitive layer 44, be of substantially uniform
density, and be non-contaminating. The liquid 80 may be
substantially transmissive to light of the wavelengths trans-
mitted by the superlens 34 so as to provide sulficient optical
throughput of the photolithographic system 10. To prevent
spurious reflections, the liquid 80 advantageously may fill the
region between the superlens 34 and the photosensitive layer
44 so that there are no air gaps.

[0064d] The liquad 80 may comprise, for example, water,
and 1n particular, purified and de-gassed water. In other
embodiments, the liquid 80 may comprise supercritical car-
bon dioxide or choline chloride. Other liquids may also be
used. The liquid 80 may be selected such that 1ts properties,
such as, for example, viscosity, density, transparency, reirac-
tive index, surface tension, thermal conductivity, or thermal
compressibility, are suitable.

[0065] A liquid flow system 10 as illustrated in FIG. 4B
may be susceptible to the formation of bubbles in the liquid
80, especially 1n cavitation-prone regions near moving sur-
faces. Bubbles may result in image obstructions, aberrations,
and anomalies due to light absorption, retlection, or scatter-
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ing. Accordingly, it 1s desirable to reduce the incidence of
bubble formation in the photolithographic system 10. Option-
ally, some embodiments may utilize a temperature control
system (not shown) and/or a filtration system (not shown) to
control the properties of the liquid 80 so as to improve, e.g.,
the 1maging capabilities of the photolithographic system 10.
[0066] Theliquidtlow embodimentillustrated in F1G. 4B 1s
commonly known 1n the art as a “shower” configuration for
immersion photolithographic systems. Other embodiments
of the photolithographic system 10 may utilize alternative
configurations, such as, for example, a “bathtub” or “swim-
ming pool” configuration in which all or some of the system
10 1s immersed or submerged 1n the liquid 80. In certain
embodiments of the photolithographic system 10, the inter-
mediary layer 40 may comprise a coating on the photosensi-
tive material 44 and a liquid tlow mechanism.

[0067] The systems and methods described herein advan-
tageously enable the patterning of semiconductor waters 48.
A photosensitive layer 44 comprising photoresist can be
exposed, and 1images of the pattern 23 may be printed on the
semiconductor waler 48. The photolithographic system 10
may be used to pattern metal, semiconductor, and insulating
layers and to control doping or alloying of portions of such
layers as 1s well known 1n the art. The systems and methods
can be used 1n a wide range of other semiconductor device
fabrication applications as well. Although the system and
methods described herein have been discussed with regards to
photolithographically patterning the semiconductor waiter
48, the systems and methods may be used 1n other applica-
tions, for example, to pattern other types of samples or prod-
ucts. Other types of applications are possible, as well.
[0068] Advantageously, high-resolution, sub-diffraction-
limited photolithographic 1imaging may be provided by the
present systems and methods. However, the systems and
methods may be applicable to low-resolution patterning as
well. The photolithographic system 10 may also be used with
other types of plasmonic lenses. An advantage of the systems
and methods described herein 1s their simplicity of use 1n the
commercial fabrication of semiconductor devices.

[0069] Various embodiments of the mvention have been
described above. Although this invention has been described
with references to these specific embodiments, the descrip-
tions are intended to be illustrative of the invention and are not
intended to be limiting. Various modifications and applica-
tions may occur to those skilled in the art without departing
from the true spirit and scope of the invention as defined in the
appended claims.

What 1s claimed 1s:
1. A method of fabricating an integrated circuit device on a
semiconductor water, said method comprising:

depositing a material to be patterned over said semicon-
ductor wafer:

depositing a photosensitive layer on said material to be
patterned, said photosensitive layer having a first index
of refraction and responsive to light having a wave-
length, A;

disposing a superlens template 1n an optical path between a
light source operable to provide said light and said pho-
tosensitive layer, said superlens template comprising a
plurality of features substantially opaque to said light, a
dielectric maternial disposed forward of said plurality of
opaque features, said dielectric material being substan-
tially transmissive to said light, and a superlens disposed
forward of said dielectric material:
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interposing an intermediary layer between said superlens
and said photosensitive layer to reduce contact of said
superlens with said photosensitive layer, the intermedi-
ary layer comprising material substantially transmissive
to said light, the intermediary layer not permanently in
contact with said superlens; and

directing said light into said superlens template thereby

exposing portions of said photosensitive layer to said
light.

2. The method of claim 1, said method further comprising:

developing said photosensitive layer;

etching said material; and

removing said photosensitive layer.

3. The method of claim 1, wherein directing said light 1nto
said superlens template thereby exposing portions of said
photosensitive layer to said light produces a near-field image
of said features 1n or on said photosensitive layer.

4. The method of claim 1, wherein said photosensitive
layer comprises photoresist.

5. The method of claim 1, wherein said intermediary layer
has a second 1ndex of refraction that 1s substantially equal to
said first index of refraction of said photosensitive material.

6. The method of claim 1, wherein said superlens com-
prises a layer of metal.

7. The method of claim 6, wherein said metal comprises
silver, gold, or titanium.

8. The method of claim 1, wherein said dielectric materal
comprises polymethyl methacrylate.

9. The method of claim 1, wherein said intermediary layer
comprises an organic material.

10. The method of claim 1, wherein said intermediary layer
comprises a solid.

11. The method of claim 1, wherein said intermediary layer
comprises a liqud.

12. The method of claim 11, further comprising providing
said liquid from a flmid output port and removing said liquid
from a liquid 1nput port.

13. The method of claim 11, wherein interposing said
intermediary layer comprises flowing said liquid between
said superlens and said photosensitive layer.
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14. The method of claim 13, further comprising controlling
a rate of flow of said liquid between said superlens template
and said photosensitive layer.

15. The method of claim 11, wherein interposing said
intermediary layer comprises submerging at least a portion of
said photosensitive layer 1n said liquid.

16. The method of claim 1, further comprising providing
said intermediary layer as a coating on said photosensitive
layer.

17. The method of claim 16, wherein providing said inter-
mediary layer as a coating comprises depositing said coating
on said photosensitive layer.

18. The method of claim 16, wherein said coating com-
prises a plurality of layers.

19. The method of claim 18, wherein at least one of said
plurality of layers i1s configured to provide release of said
coating from said photosensitive layer.

20. The method of claim 16, further comprising removing,
said coating from said photosensitive layer after directing
said light into said superlens template.

21. The method of claim 20, wherein removing said coat-
ing comprises stripping said coating with a chemical solvent
Or a rinse agent.

22. 'The method of claim 1, wherein interposing said inter-
mediary layer between said superlens and said photosensitive
layer turther comprises providing a substantially constant
vertical separation between said superlens and said photosen-

sitive layer.

23. The method of claim 1, further comprising relatively
positioning said photosensitive layer and said superlens tem-
plate

24. The method of claim 23, wherein relatively positioning,
said photosensitive layer and said superlens template com-
prises maintaining said photosensitive layer in the near-field
of said superlens while directing said light into said superlens
template.
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